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Chapter 1 
 

General introduction 
 

The advancements of nanotechnology have provided a variety of nanostructured 

materials with highly controlled, interesting and exceptional properties. Among these 

materials, nanoparticles sized between 1 ~ 1000 nm elicit an intense interest because of their 

unique optical, electronic, magnetic, catalytic and other physical properties arising from the 

core material and the nanometer dimensions.  

The ability to attach nanoparticles onto planar surfaces in a well-defined, controllable, 

and reliable manner is an important prerequisite for the fabrication of micro- or 

nanostructured devices suitable for the application in the field of (bio)nanotechnology. The 

stability and ordering of these nanoparticle structures are the utmost important features of 

such structures in order to achieve function for long term applications.  

In general, there are two approaches to assemble nanostructured materials, namely 

physical assembly and chemical assembly. Physical assembly techniques are based on the 

assembly of non-functionalized nanoparticles on surfaces by physical forces, such as 

convective or capillary assembly,1 spin coating,2 and sedimentation.3 The physical assembly 

of nanoparticles generally results in relatively simple close-packed 2D or 3D particle arrays 

with limited stabilities. 

Hence, coupling chemistries are being incorporated to direct and control the 

deposition of nanoparticles with surface functionalities onto a functionalized substrate. 

Control over functional groups at the surface of nanoparticles allows tailoring of the 

nanostructures in a predictable manner, resulting in the formation of functional, more 

complex nanostructured architectures on surfaces to meet the needs for specific applications 

such as in molecular electronics and biosensing.4 Various chemical interaction strategies, e.g. 

covalent bonding,5 electrostatic forces,6 and host-guest interactions7 have been employed to 

chemically govern the self-assembly of nanoparticles onto surfaces. Crosslinking of the 

neighboring particles with chemical forces by selective binding can further enhance the 

stability of nanoparticle assemblies.8 These methods are anticipated to directly control the 
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spatial distribution of nanoparticles across a large area in more complex patterns when 

combined with nanopatterning schemes.  

The integration of particles into devices usually requires placing them in specific 

positions on surfaces. Top-down (nano)fabrication techniques, e.g. microcontact printing,9 

transfer printing,10 nanoimprint lithography,11 and photolithography12 have been combined 

with the self-assembly of nanoparticles in creating structures of nanoparticles with desired 

geometries and dimensions. 

The work in this thesis integrates nanotechnology and supramolecular chemistry to 

control the self-assembly of 2D and 3D receptor-functionalized nanoparticles. The aim is to 

generate stable and ordered 3D nanoparticle structures while using molecular recognition, 

both for establishing stability and order as well as creating a functionality of the resulting 

structure. The host-guest complexation of β-cyclodextrin (CD) and its guest molecules, e.g. 

adamantane and ferrocene, are applied in this thesis to assist the nanoparticle assembly. 

Direct adsorption of supramolecular guest- and host-functionalized nanoparticles onto 

(patterned) CD self-assembled monolayers (SAMs) via multivalent host-guest interactions 

and layer-by-layer (LbL) assembly are demonstrated and characterized using a variety of 

techniques. The control over the reversibility and fine-tuning of the nanoparticle-surface 

binding strength in this supramolecular assembly scheme are extensively examined. 

Furthermore, the supramolecular nanoparticle assembly has been integrated with top-down 

nanofabrication schemes to generate stable and ordered 3D nanoparticle structures, with 

controlled geometries and sizes, on surfaces, other interfaces, and as free-standing structures. 

Chapter 2 provides a literature review regarding the recent developments of 

chemically directed self-assembly of nanoparticle structures on surfaces that are essential in 

the fabrication of nanoparticle structures of various kinds to accommodate the need for 

device applications. Particular attention is paid to the chemical interactions used to direct the 

assembly of nanoparticles on surfaces and a few major top-down patterning techniques 

employed in combination with chemical nanoparticle assembly in manufacturing 2D and 3D 

nanoparticle structures.  

Chapter 3 describes the preparation of ferrocenyl-functionalized silica (SiO2-Fc) 

nanoparticles. The aim is to synthesize nanoparticles with guest moieties such that 

nanoparticles can be directly assembled on CD SAMs via specific adsorption. The 

supramolecular recognition properties of the ferrocenyl-functionalized nanoparticles towards 

complementary CD host surfaces and nanoparticles are studied in solution and at interfaces. 

2 
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In Chapter 4, the formation of particle monolayers by convective assembly is studied 

with three different kinds of particle-surface interactions: adsorption onto native surfaces, 

using additional electrostatic interactions, and using supramolecular host-guest interactions. 

The adsorption and desorption behavior of particles onto and from these surfaces is 

demonstrated in situ using a horizontal deposition setup. The resulting packing density and 

order of the adsorbed particle lattices are compared. 

Chapter 5 illustrates the reversible attachment of nanostructures of CD-functionalized 

nanoparticles of different core materials and sizes onto and from stimuli-responsive, pre-

adsorbed, ferrocenyl-functionalized poly(propylene imine) dendrimers at a CD SAM. 

Electrochemical oxidation of the ferrocenyl endgroups is employed to induce desorption of 

the nanostructures from the CD SAMs. The regenerability of the surface after multiple 

electrochemical modifications and the local desorption of nanoparticles is demonstrated. 

In Chapter 6, the supramolecular layer-by-layer assembly of 3D multicomponent 

nanostructures of nanoparticles on nanoimprint lithographic (NIL) patterns is demonstrated. 

Supramolecular nanoparticles of various sizes and materials are assembled onto the 

complementary surface via multivalent host-guest interactions. The effects of the 

nanoparticle assembly steps from large to small nanoparticles and small to large nanoparticles 

on the ordering, and the control over the thickness of the supramolecular hybrid 

nanostructures are studied. 

 Chapter 7 introduces a sequential process to construct highly stable and crystalline 

supramolecular nanoparticle crystals by convective nanoparticle assembly and 

supramolecular chemistry. The transfer printing technique is incorporated into the process, 

such that supramolecular nanoparticle crystals, the size of which is controlled by the 

geometry and size of the poly(dimethylsiloxane) (PDMS) stamps, can be transferred onto a 

target surface. 3D free-standing nanoparticle composite bridges on topographically patterned 

substrates are formed by strengthening the cohesion of the nanoparticle crystals by 

supramolecular LbL assembly of guest- and host-functionalized supramolecular glues within 

the nanoparticle crystals. The 3D receptor behavior of the nanoparticle crystal for the further 

assembly of complementary molecules is studied as well.  

 In Chapter 8, an approach is described to form stable and ordered free-standing 

hollow capsule ribbons by using a release-and-transfer technique that involves the self-

assembly of nanoparticles, templating and supramolecular LbL assembly. The geometry of 

the entire capsule structures can be designed by the geometry and size of the underlying NIL-

3 
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patterned template. The ability of the hollow capsules for storing organic fluorescent 

molecules is investigated.  
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Chapter 2 
 

Chemically directed self-assembly of nanoparticle 

structures on surfaces*

 

ABSTRACT. This chapter describes the recent developments of chemically directed self-

assembly of nanoparticle structures on surfaces. The first part focuses on the chemical 

interactions used to direct the assembly of nanoparticles on surfaces. The second part 

highlights a few major top-down patterning techniques employed in combination with 

chemical nanoparticle assembly in manufacturing 2D or 3D nanoparticle structures. The 

combination of top-down and bottom-up techniques is essential in the fabrication of 

nanoparticle structures of various kinds to accommodate the need for device applications. 
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Chemistry of Organic-Inorganic Hybrid Materials (Edited by K. Rurack), Wiley-VCH: Weinheim, 

2008. 



Chapter 2 

2.1. INTRODUCTION 

The self-assembly of ordered nanostructures consisting of nanoparticles with sizes 

between 1 - 1000 nm has attracted a lot of attention owing to their unique optical, electronic, 

magnetic, catalytic and other physical properties.1 The ability to attach nanoparticles onto 

planar surfaces in a well-defined, controllable, and reliable manner is an important 

prerequisite for the fabrication of micro- or nanostructured devices suitable for the 

application in the field of nano(bio)technology.2 

In general, there are two approaches to assemble nanostructured materials, namely 

physical assembly and chemical assembly. Physical assembly techniques are based on the 

assembly of non-functionalized nanoparticles on surfaces by physical forces, which include 

convective or capillary assembly,3,4 spin coating,5 and sedimentation.6 The physical assembly 

of nanoparticles generally results in relatively simple close-packed 2D or 3D particle arrays. 

In addition, the physically assembled nanoparticle structures lack long-term stability because 

they were deposited at relatively low surface pressures.7 

Chemical assembly utilizes coupling chemistries to direct and control the deposition 

of nanoparticles with surface functionalities onto a functionalized substrate. The control over 

the surface functionalities of nanoparticles allows tailoring of the nanostructures in a 

predictable manner and thus the formation of functional, more complex nanostructured 

architectures on surfaces to meet the needs for specific applications such as molecular 

electronics and biosensing.8 Various chemical interaction types, e.g. covalent bonding,9 

electrostatic forces,10 and host-guest interactions,11 have been employed to chemically govern 

the self-assembly of nanoparticles onto surfaces. Crosslinking of the neighboring particles 

with chemical forces by selective binding further enhanced the stability of nanoparticle 

assemblies.12 These methods are anticipated to directly control the spatial distribution of 

nanoparticles across a large area in more complex patterns when combined with 

nanopatterning schemes.  

In this chapter, the recent developments of chemically directed self-assembly of 

nanoparticle structures on surfaces are described. The first part focuses on the chemical 

interactions used to direct the assembly of nanoparticles on surfaces. The second part 

highlights a few major top-down patterning techniques employed in combination with 

chemical nanoparticle assembly in manufacturing 2D or 3D nanoparticle structures. The 

combination of top-down and bottom-up techniques is essential in the fabrication of 

nanoparticle structures of various kinds to accommodate the need for device applications.  
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2.2. CHEMICAL NANOPARTICLE ASSEMBLY ON NON-PATTERNED 

SURFACES 

Recent advances in nanotechnology have led to well-defined nanoparticles and self-

assembled monolayers (SAMs) with desired surface functionalities. The chemically directed 

assembly of functionalized nanoparticles onto SAMs utilizes the specific binding affinity 

between organic head groups of the SAMs with the surface functional groups of the 

nanoparticles. In this section, the use of covalent bonding13 and noncovalent interactions, 

including electrostatic interactions, metal coordination,14 hydrogen bonding,12 host-guest 

interactions12 and biomolecular interactions,15 for the construction of functional nanoparticle 

architectures is discussed.  

 

2.2.1 Covalent bonding 

The coupling chemistries that have been widely used in organic chemistry for 

producing chemical bonds have been applied to form irreversible and stable nanoparticle 

arrays on surfaces. Eychmuller et al. used the carbodiimide coupling chemistry to covalently 

assemble carboxylate-functionalized CdTe nanocrystals (NCs) onto amino-terminated glass 

surfaces, which resulted in densely covered nanoparticle films.13 The same principle was also 

applied to coat SiO2 microparticles by CdTe NCs.  

The assembly of monolayer of alkylbromide-functionalized Co nanoparticles onto 

amino-terminated silicon surfaces through direct nucleophilic substitution was reported by 

Kim et al.16 The nanoparticle density on the surface can be controlled by changing the 

immersion time of the silicon surface in the nanoparticle solution. Directed assembly of 

nanoparticles was observed on a chemically patterned surface. 

Yang et al. utilized the diazo-nucleophile covalent bonding to assemble 

poly(methacrylic acid) (PMAA)-capped Fe3O4 nanoparticles onto 2-nitro-N-methyl-4-

diazonium-formaldehyde resin (NDR) in a layer-by-layer (LbL) manner to form a 

multilayered photosensitive precursor film.17 The assembly was initiated by the electrostatic 

attraction between the negatively charged carboxylate groups of the PMAA surface and the 

cationic diazoresin of NDR. The multilayer films formed via electrostatic interactions are less 

stable in polar solvents or aqueous electrolyte solutions, which limits their application range. 

To circumvent the limited stability of the electrostatic LbL multilayer films, a photo-

crosslinking reaction between the diazoresin and carboxylate groups was performed by UV 

irradiation to convert the ionic bonds to covalent bonds. The stability of the LbL films was 

7 
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evaluated by solvent etching in a mixture of polar solvents, which indicated stable films with 

no obvious desorption of nanoparticles.  

Sun et al. extended the diazo-carboxylate covalent bonding to the assembly between 

diazo-resins and gold nanoparticles.18 The ionic LbL assembly was first achieved by using 

diazo-resins and citrate-capped gold nanoparticles. Under UV irradiation, diazonium groups 

decomposed to phenyl cations that reacted with the nucleophilic carboxylate groups on the 

gold nanoparticles via an SN1 reaction.  

p-Aminothiophenol-capped cadmium sulfide (CdS) nanoparticles were 

electrochemically crosslinked onto p-aminothiophenol-functionalized Au electrode 

surfaces.19 The covalent LbL assembly of nanoparticles to the electrode was monitored by 

electrochemistry and AFM imaging, which revealed a random and densely packed CdS 

nanoparticle array, with a surface coverage of 65% of the theoretical coverage of a dense 

monolayer of nanoparticles. The dianiline-bridged CdS nanoparticles assembled on the Au 

electrode revealed highly efficient photoelectrochemical properties in the presence of 

triethanolamine as a sacrificial electron donor. 

Huskens and Reinhoudt et al. demonstrated a functionalized surface with local 

isolated functional groups (Scheme 2.1).9 Au nanoparticles (d ~ 3 nm) stabilized with 

propanethiol and monofunctionalized with (mercaptopropyl)methyldimethoxysilane 

(MPMD) were first prepared by a place-exchange reaction. The Au nanoparticles were 

covalently assembled onto the surface via a single methyldimethoxysilane unit by reaction 

with Si-OH surface groups. AFM images revealed the attachment of Au nanoparticles to the 

surface in a dense but disordered fashion. The Au nanoparticles were then removed to set free 

the single functional units, spaced by a minimum distance governed by the nanoparticle size. 

This allowed reattachment of the other entities, but the subsequent attachment of 

nanoparticles via thiol place-exchange was found to be much slower than the initial covalent 

assembly reaction.  

 

 
Scheme 2.1. The preparation of surfaces with spaced single functional groups and 

(re)attachment of entities to these functional groups via specific interactions.  
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2.2.2 Noncovalent interactions 

Despite the high stability of the covalently bound nanoparticle films, the order is often 

lacking. This is attributed to the rapid and strong chemical reaction that occurs between the 

functional groups of the nanoparticles and SAMs, leading to irreversible anchoring of the 

nanoparticles onto the surface. Hence, fine-tuning of the coupling chemistry is needed to 

obtain a balance between the ordering and the stability of the nanoparticle array. 

The use of noncovalent interactions has been exploited for the synthesis of e.g. 

receptor-functionalized nanoparticles and/or SAMs with molecular recognition abilities at the 

interface. The advantage of noncovalent interactions over covalent bonding is that the former 

offer the possibility for error correction.20  

 

2.2.2.1 Electrostatic interactions 

Electrostatic assembly, which involves attractive forces between two oppositely 

charged entities (polymers, nanoparticles, and substrates), has been proposed in the 

pioneering work of Iler for the assembly of 2D and 3D structures.21 The LbL assembly of 

charged polyelectrolytes was later reported by Decher et al. for the fabrication of multilayer 

films of polyelectrolytes. Their technique is based on the consecutive adsorption of 

polyanions and polycations from dilute aqueous solutions onto a charged substrate (Scheme 

2.2).10,22  

 

 
Scheme 2.2.  Layer-by-layer (LbL) assembly of polyelectrolyte films.10 

 

Owing to its simplicity, the LbL assembly of multilayer films by electrostatic 

interactions has been widely extended to the assembly of chemically functionalized particles 

onto surfaces. The LbL assembly of multilayer nanoparticle films of metallic,23,24 

semiconductor,25,26 inorganic27 and polymeric nanoparticles27-29 has been demonstrated by 

using polyelectrolytes as a sandwich layer between the nanoparticles. Sandwich structures of 

9 
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negatively charged CdS, and TiO2 nanoparticles and positively charged polyelectrolytes have 

been fabricated (Scheme 2.3).25 The fluorescence emission intensity was found to increase 

linearly with increasing number of polyelectrolyte-CdS bilayers. Composite films of 

(polyelectrolyte-TiO2-polyelectrolyte-CdS) behave like a n-type semiconductor upon 

irradiation.25 

 

 
Scheme 2.3. The assembly of CdS nanoparticles and CdS-TiO2 composite films.25 

 

Similar methodologies were adopted by others. For instance, Akashi et al.30 and 

Kunitake et al.31 studied, independently, the adsorption of multilayers of nanoparticles and 

polyelectrolytes onto surfaces and its kinetics. Their studies revealed that the LbL films of 

nanoparticles and polyelectrolytes were molecularly flat after each bilayer assembly. 

However, both reports highlight the requirement of achieving an adsorption and desorption 

balance of the polyelectrolytes at the solid/liquid interface. The growth and properties of the 

multilayer films are sensitive to chemical factors such as polyelectrolyte and nanoparticle 

concentrations, ionic strength, pH, and hydrogen-bonding, more pronounced than observed in 

the LbL assembly of polyelectrolytes. In particular, an increase in ionic strength enhanced not 

only the extent of adsorption but also the nanoparticle-polyelectrolyte mass ratio per 

adsorption cycle, as a result of excess and free cationic sites on the polyelectrolytes. Murray 

et al. noticed the formation of multiple layers of poly(styrene sulfonate) and arylamine-

functionalized nanoparticles incorporated during a single adsorption cycle in a LbL process, 

implying looping/entanglement of charged polymer chains with charged nanoparticles.32 

Quantized double layer charging in a LbL assembled film was observed, indicating a 

substantial microscopic mobility of both the polyelectrolytes and the nanoparticles within the 

film. These observations indicated the structural differences between LbL films of pure 

polyelectrolytes and of polyelectrolytes and nanoparticles. The differences in size, 

morphology, and effective charge density between nanoparticles and polyelectrolytes 

significantly affect their adsorption behavior. 

10 
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The direct LbL assembly of oppositely charged nanoparticles, which did not involve 

polyelectrolytes, was also examined. Sastry et al. demonstrated the formation of alternating 

layers of gold and silver nanoparticles via sequential electrostatic assembly.29 In the absence 

of polyelectrolytes, the effective charging of gold and silver nanoparticle was accomplished 

by the adsorption of 4-aminothiophenol and 4-carboxythiophenol molecules on the 

nanoparticle surfaces, respectively. The multilayer films were stable up to 100 oC. 

Willner et al. demonstrated three-dimensional networks of Au, Ag and mixed 

composites of Au and Ag nanoparticles assembled on a conductive (indium-doped tin oxide) 

glass support by stepwise LbL assembly with N,N’-bis(2-aminoethyl)-4,4’-bipyridinium as a 

redox-active crosslinker.8,33 The electrostatic attraction between the amino-bifunctional 

crosslinker and the citrate-protected metal particles led to the assembly of a multilayered 

composite nanoparticle network. The surface coverage of the metal nanoparticles and 

bipyridinium units associated with the Au nanoparticle assembly increased almost linearly 

upon the formation of the three-dimensional (3D) network. A Coulometric analysis indicated 

an electroactive 3D nanoparticle array, implying that electron transport through the 

nanoparticles is feasible. A similar multilayered nanoparticle network was later used in a 

study on a sensor application by using a bis-bipyridinium cyclophane as a crosslinker for Au 

nanoparticles and as a molecular receptor for π-donor substrates.8  

 

2.2.2.2 Metal-ligand coordination  

Metal coordination chemistry enables ligand-bearing components to be assembled 

into supramolecular structures using appropriate metal or metal ions. The strong coordinative 

bonding between sulfur groups and transition metal surfaces, e.g. gold29,34 and silver,35 has 

been exploited in the assembly of thiol-functionalized nanoparticles onto surfaces. 

Fitzmaurice et al. studied the thiol-based self-assembly of TiO2 NCs on a substrate by two 

related methods.36 In the first method, bare TiO2 NCs were self-assembled on a thiol-

functionalized gold substrate, forming a NC SAM. In a second method, thiol-functionalized 

TiO2 NCs were assembled on annealed gold surfaces.  

Brust et al. adapted an LbL approach to form a 3D multilayered nanoparticle 

assembly.37,38 A substrate with free thiols was subjected to a gold nanoparticle solution. After 

washing, the substrate was rinsed with a dithiol solution, providing new surface thiol groups 

for attachment of additional layers of particles, forming multilayered Au nanoparticle films 

(Scheme 2.4). Their study indicated a linear relationship between the number of adsorption 
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layers and the apparent thickness of the nanoparticle assemblies.37 Optical investigation of 

the Au nanoparticle films revealed that the individual nanoparticles did not fuse into larger 

units because of the protection by the dithiol ligand shells. Study of the optical and electronic 

properties of LbL films of 6-nm Au nanoparticles and dithiols revealed nonmetallic 

properties.37 The temperature dependence of the conductivity of the nanoparticle films 

predicted that conduction occurred via an electron hopping mechanism.  

 

 
Scheme 2.4. The construction of nanomaterials from LbL assembly of Au nanoparticles and 

dithiol ligands.37 

 

Further characterization of 3D Au and Ag nanoparticle multilayered films, with a 

short dithiol as a crosslinker, was studied by Natan et al.39,40 They confirmed the porous, 

discontinuous morphology of the LbL films. Changes in electrical and optical film properties 

were reported when bifunctional dithiols of different lengths were used. Multilayer films 

assembled from more than six LbL cycles exhibited high conductivity and resembled bulk 

Au. In contrast, films of similar particle coverage generated using a longer cross-linker (1,6-

hexanedithiol) exhibited a higher transmission in the near-infrared region and showed a 

reduced conductivity. The presence of conductive and insulating regions consistent with the 

metal-insulator transition was observed. On conducting substrates, Au or Ag monolayers 

were electrochemically addressable and behaved like a collection of closely spaced 

microelectrodes.39 Dithiols have been further reported as crosslinkers for the multilayer 

fabrication of CdS nanoparticles26 and alternating layers of Pt and CdS nanoparticles41 on 

gold substrates.  

Bharathi et al. reported the construction of an electrochemical interface with a tunable 

kinetic barrier by a mercaptopropyltrimethoxysilane-modified silica network. The thiol 

served as a matrix for the encapsulation of gold nanoparticles.42 The silica network without 

Au nanoparticles exhibited a kinetic barrier for the electron transfer between the electrode 

surface and the electroactive species (ferrocyanide) in solution. However, with increasing 

immersion time of the silica network in a Au nanoparticle solution, the voltammetric 

12 
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response of ferrocyanide was gradually restored. This illustrated that the gold nanoparticles 

provided a conductive pathway to facilitate normal electron transfer. Wang et al. utilized a 

similar gold nanoparticle-modified electrode to inhibit the adsorption of cytochrome c onto a 

bare electrode and to act as a bridge for electron transfer between protein and electrode.43 

Rubinstein et al. constructed monolayers and multilayers (via LbL assembly) of 

bishydroxamate-functionalized Au nanoparticles onto bishydroxamate disulfide SAMs using 

Zr4+ as binding ions (Scheme 2.5).14 The thickness of the densely packed Au nanoparticle 

layers increased regularly with the number of nanoparticle layers assembled, indicating a LbL 

growth of a monolayer of nanoparticles at a time, as a result of the highly specific metal 

coordination binding. Controlled spacing of nanoparticle layers from the surface was 

accomplished by binding of the Au nanoparticles to an organic multilayer spacer. The spacer 

comprised of a Zn2+-coordinated monolayer of a bishydroxamate disulfide ligand on gold and 

multilayers of branched hexahydroxamate ligands. The electrical behavior of the coordinated 

nanoparticle layers spaced from the Au substrate by the organic spacer showed an ohmic 

resistance that increased with the number of nanoparticle layers, with a larger resistance 

observed when an organic multilayer spacer was used.  

 

 
Scheme 2.5. LbL assembly of bishydroxamate-functionalized Au nanoparticles onto the 

bishydroxamate disulfide SAMs by Zr4+ as binding ions (top). Controlled spacing of 

nanoparticle layer was achieved using multilayer of branched hexahydroxamate ligands 

(bottom).14 
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Murray et al. developed Cu2+- and Zn2+-carboxylate linker chemistry to prepare 

monolayer and multilayer films of Au alkanethiolate-monolayer-protected clusters (MPCs) 

onto a mercaptoundecanoic acid monolayer.44 [(2-Mercaptopropanoyl)amino]acetic acid- 

(tiopronin-)functionalized Au MPCs were subsequently attached via Cu2+-carboxylate 

chemistry. Quantized double-layer charging was observed in these films.44 Attachment of 

additional layers of tiopronin-MPCs was demonstrated by repeating adsorption cycles of Cu2+ 

ions and tiopronin-MPCs, resulting in a high yield surface attachment. The Cu2+-carboxylate 

chemistry was also used to induce the reversible formation of transient soluble tiopronin-

MPC aggregates. The aggregation was controlled by changing the pH of the Cu2+ solution, 

with increased aggregation at lower pH. The reversible formation of transiently soluble 

alkanethiolate- and tiopronin-MPCs was demonstrated by treatment with sodium acetate 

solution or concentrated acetic acid. In conclusion, the use of highly specific coordination 

chemistry offers a convenient tool for the construction of multilayer and multicomponent 

nanostructures on surfaces.  

 

2.2.2.3 Hydrogen bonding 

Assembling nanoparticles onto surfaces by means of hydrogen bonding was reported 

by Binder et al.12 On a monolayer of Hamilton-type receptors with an intrinsic binding 

strength of ~105 M-1, barbituric acid-functionalized Au nanoparticles were selectively 

adsorbed. The density of the receptors on the surface was varied by adjusting the receptor 

concentration during preparation. In addition, the Hamilton receptors were incorporated into 

one block of microphase-separated block copolymer thin films.12 Highly selective binding of 

barbituric acid-functionalized Au nanoparticles onto the specific block copolymer phases on 

the surfaces was observed. 

Lian et al. reported hydrogen bonding-based routes for LbL assembly of polymer/Au 

nanoparticle multilayer thin films.45 Au nanoparticles modified with carboxylate or pyridine 

groups, were adsorbed onto poly(4-vinylpyridine) (PVP) and carboxylate-functionalized Au 

nanoparticle surfaces, respectively. Alternating deposition of poly(acrylic acid) (PAA) and 

Au nanoparticles with pyridine groups resulted in a multilayer buildup, which showed a 

linear increase of the film thickness with the number of adsorbed Au nanoparticle layers. 

FTIR spectroscopy verified the hydrogen bonding between the pyridine and carboxylate 

groups, which is the driving force for the formation of the polymer/Au multilayer thin films. 

Similar polymer/Au nanoparticle multilayer thin films were made by Wu et al. in a 

study of pH-sensitive dissociation behavior of poly(3-thiophene acetic acid) (PTAA) and 
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PAA in a LbL film (of 8 bilayers).46 Unlike the pure polymer LbL film, the Au nanoparticles-

containing LbL films were difficult to be released from the substrate by varying the pH. It 

was suggested that the gold particles act as a crosslinker in between the multilayers, thus 

further enhancing the stability of the LbL films.  

Barbiturate-triaminodiazine hydrogen bonding was used to assemble CdS 

nanoparticles and gold/CdS nanoparticle hybrids onto gold surfaces.47 A CdS nanoparticle-

modified electrode generated a light-induced photocurrent in the system. A 2.6-fold 

enhancement in photocurrent was observed for the gold/CdS composite-modified electrode. 

The enhancement was attributed to the charge separation of the electron-hole pair that is 

generated upon the photochemical excitation of the CdS nanoparticles.  

 

2.2.2.4 Host-guest interactions 

Host-guest chemistry involves the complexation of two or more molecules that are 

held together in a unique structure via specific interactions, e.g. hydrophobic interactions, 

Van der Waals forces, or hydrogen bonding. Cyclodextrin is an interesting host molecule 

because it is a natural receptor that forms stable and specific inclusion complexes with a 

variety of organic guest molecules in aqueous media.48,49 The bond between hosts and guests 

are continuously broken and formed. Hence, the use of molecules with multiple binding sites 

is used to enhance the binding affinities (multivalency).50 

Different cyclodextrin monolayers have been synthesized and their surface properties 

have been characterized. Kaifer and Stoddart et al. prepared per-6-thiol-cyclodextrins, and 

described the interfacial monovalent ferrocene complexation at the monolayer.51 Mittler-

Neher et al. studied the kinetics of the adsorption of mono- and multithiolate-functionalized 

β-cyclodextrin (CD) SAMs.52,53 Huskens and Reinhoudt et al. introduced the concept of 

‘molecular printboards’, i.e. CD SAMs on gold or silicon oxide substrates, onto which 

complementary multivalent guest-functionalized dendrimer molecules were adsorbed, 

resulting in the formation of kinetically stable supramolecular assemblies.54-57 With the aid of 

adamantyl- or ferrocenyl-functionalized poly(propylene imine) dendrimers as a noncovalent 

supramolecular glue, CD-functionalized nanoparticles were assembled onto CD SAMs 

(Scheme 2.6).11,58 Ferrocenyl-functionalized silica nanoparticles were also directly adsorbed 

onto CD SAMs via host-guest complexation. All of these host- or guest-functionalized 

nanoparticle layers bind strongly at the interface owing to the formation of multivalent 

interactions.59  
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Scheme 2.6. The adsorption of multivalent guest-functionalized dendrimers onto a CD SAM 

and the subsequent assembly of complementary CD-functionalized nanoparticles. 

 

The stepwise construction of self-assembled organic/inorganic multilayers based on 

multivalent supramolecular interactions between guest-functionalized dendrimers and 

nanoparticles and host-modified gold nanoparticles has been developed, yielding 

supramolecular LbL assembly.11 Multilayer thin films composed of CD-functionalized gold 

nanoparticles and adamantyl-terminated dendrimers have been prepared on CD SAMs, 

whereby the thickness was controlled at the nm level.  

 

2.2.2.5 Biomolecular interactions 

In recent years, there has been a lot of research in the utilization of biomolecule-

functionalized nanoparticles for the formation of hybrid nanostructures. While much effort 

was spent on solution systems, there are some examples which exploit the binding specificity 

of the biomolecules, e.g. proteins, peptides, and DNA to assemble nanoparticles on surfaces.  

The strong and specific biotin-streptavidin binding was used to assemble 

biomolecule-functionalized nanoparticles in multilayered structures.60 Application of an 

electrical field allowed the assembly of multilayer structures by using extremely low 

concentrations of nanoparticles with minimal nonspecific binding. A microelectrode array 

was used to facilitate the rapid parallel electrophoretic transport and binding of biotin- and 

streptavidin-functionalized fluorescent nanoparticles to specific sites. By controlling the 

current, voltage, and activation time at each nanoparticle adsorption step, the directed 

assembly of more than 50 layers of nanoparticles was accomplished within an hour.  

Mirkin et al. used gold nanoparticles functionalized with thiol-modified 

oligonucleotides to detect the presence of the complementary sequence hybridized on a 

transparent substrate (Scheme 2.7).15 In comparison to conventional fluorophore probes, this 

16 



Chemically directed self-assembly of nanoparticle structures on surfaces 

technique is three times more sensitive in discriminating an oligonucleotide sequence with a 

single basepair mismatch. In addition, signal amplification by reduction of silver ions on the 

nanoparticles drastically increased the sensitivity of this detection system, exceeding that of 

the fluorophore system by two orders of magnitude. 

 

 
Scheme 2.7. The assembly of oligonucleotide-functionalized Au nanoparticles on a Au 

surface via DNA hybridization and signal enhancement by reduction of silver ions on the 

nanoparticles for DNA array detection.15 

 

Alternatively, a DNA array based on electrical detection was reported to detect a 

target oligonucleotide at a concentration as low as 500 fM. Oligonucleotide-functionalized 

gold nanoparticles were locally and specifically assembled between an electrode gap, 

functionalized with complementary oligonucleotides. The silver deposition on these 

nanoparticles resulted in conductivity changes, which allow the detection of target 

oligonucleotides.61  

 

2.3. CHEMICAL NANOPARTICLE ASSEMBLY ON PATTERNED SURFACES 

In device fabrication, the location of functional materials is as important as their 

properties. The integration of solid particles into devices usually requires placing them in 

specific positions. Hence, the combination of top-down patterning techniques and bottom-up 

self-assembly is crucial in obtaining (submicron) patterned functional nanostructures on 

surfaces.  

The introduction of SAMs on localized areas of a substrate allows straightforward 

further functionalization and directed assembly of nanoparticles. By using chemistry, specific 

binding can be introduced, allowing the control of nanoparticle assembly onto lithographic 

patterns. Wet-chemical self-assembly of nanoparticles is particularly attractive for the 

fabrication of nanoparticle-based nanostructures because of its compatibility with various 

kinds of substrates with complex shapes. In this section, conventional and non-conventional 

patterning techniques for the chemical assembly of nanoparticles will be highlighted.  
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2.3.1 Patterning by photolithography 

Conventional patterning techniques, e.g. photolithography and electron beam 

lithography are frequently used for the fabrication of patterned substrates owing to their 

capability to produce nanometer features with remarkable perfection. However, the slow 

process of electron beam lithography has limited most of its application fabricating high-end 

devices.62,63  

Photolithography is one of the most widely implemented fabrication techniques. It 

involves an exposure of a resist on an inert surface to an irradiation source (e.g. UV, X-ray) 

through a mask with a pre-fabricated pattern to induce chemical changes to the exposed areas 

of the substrate, yielding a replica of the pattern of the mask.64 Development of the exposed 

resist, e.g. by chemical etching, results in topographically or chemically patterned substrates. 

In general, chemical patterns with different wettability, owing to the relative simplicity, have 

been most widely employed for the assembly of multicomponent and 3D nanoparticle 

crystals. 

Heath et al. exploited photolithography to generate chemical patterns for the assembly 

of different nanocrystals (Scheme 2.8).65 Organic monolayers of an adsorbate-functionalized 

with the photolabile protection group nitroveratryloxycarbonyl (NVOC) were deprotected 

locally by UV exposure through a mask, resulting in spatially and chemically distinct areas 

on the substrate. On patterns of an adsorbate functionalized with the photolabile NVOC and 

amino-functionalized regions, multiple types of metal and semiconductor nanocrystals were 

produced. The adsorption of amine-functionalized CdSe/CdS core-shell nanocrystals, Au, and 

Pt nanoparticles onto the pattern was achieved by the ligand exchange of the amino groups of 

the nanocrystals by the substrate-bound amino groups. A wide range of fluorescence 

intensities (from 100/1 to 8/1 signal-to-noise ratio) of the CdSe/CdS core-shell nanocrystals 

on the surface was observed, indicating that the binding selectivity of the nanocrystals is 

dependent on the type of particle, the particle concentration, the chemical composition of the 

NC solution, and the immersion time of the pattern in the particle solution. The assembly of 

nanocrystals is characterized by strong interparticle and particle–substrate dispersion 

interactions that scale geometrically with the size of the particle. Such interactions can 

compete effectively with ligating particle–substrate interactions, and thus decrease the 

binding selectivity. 

 

18 



Chemically directed self-assembly of nanoparticle structures on surfaces 

 
Scheme 2.8. Reaction scheme for the stepwise preparation of multicomponent particle arrays 

by photolithography, employing NVOC as protection groups.65  

 

Similar NVOC deprotection chemistry was used by Jonas et al. to study the selective 

assembly of polybutylmethacrylate particles onto chemically patterned silane layers via 

electrostatic interactions.66 Substrates functionalized with triethoxysilane with photoprotected 

NVOC amino groups were patterned by photolithography. Site-specific nanoparticle 

adsorption was observed on the photo-deprotected layers after local conversion to amino 

groups. A three-step mechanism was suggested for the site-selective particle adsorption. The 

positioning and adhesion of the nanoparticles in liquid suspension are controlled by 

electrostatic attraction and polar interactions (e.g. hydrogen bonding) between the substrate 

and the particle surfaces. They depend on the solution pH that governs the pKa of the 

carboxylic acid on the nanoparticles. Capillary forces between particles and the surface 

laterally rearrange the particles during the drying process. Thirdly, an irreversible 

reorganization of the particle-substrate interface occurs after complete evaporation.  

Rotello et al. patterned silica substrates with thymine (Thy-PS) and positively charged 

N-methylpyridinium (PVMP) polymers by photolithography.67 By using the the triple 

hydrogen bonding diamidopyridine-thymine motif and pyridinium-carboxylate electrostatic 

interactions, selective self-assembly of diaminopyridine-functionalized polystyrene and 

carboxylate-derivatized CdSe/ZnS core-shell nanoparticles onto the complementary domains 

of the patterned substrate was observed. Owing to the specificity and selectivity of the 

interactions involved, the recognition-directed orthogonal self-assembly of multicomponent 

nanoparticle arrays can be performed in one step. 

The combination of patterning and chemical assembly has also been extended to the 

formation of patterned 3D nanoparticle crystals. Parikh et al. fabricated patterned substrates 

with different chemical functionalities and wettability by photolithography (Scheme 2.9).68 A 
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concentrated nanoparticle solution was injected into the gap between the patterned substrate 

and a hydrophilic glass substrate. After solvent evaporation, the structure was peeled off, 

leaving cleaved face-centered cubic nanoparticle crystals on each of the two surfaces, 

corresponding to the substrate hydrophilicity. The crystal thickness was controlled by the 

spacing between the substrates, and by the amount and concentration of the nanoparticle 

solution. The measured photonic stop gaps for the nanoparticle crystals were slightly lower 

than the theoretically predicted values, probably due to nanoparticle shrinking as a result of 

dehydration. 

 

 
Scheme 2.9. The patterning of nanoparticle crystals by combination of photolithography and 

surface wettability.68 

 

 
Scheme 2.10. The preparation of spherically shaped nanoparticle crystals.69

 

In addition to the manipulation of wettability of the patterned substrate, Masuda et al. 

utilized the dynamic interactions between particles, substrate and solution, and the shrinkage 

of nanoparticle droplets to form spherical particle assemblies (Scheme 2.10).69,70 A droplet of 

a SiO2 nanoparticle solution in methanol was placed on photolithographically patterned 

hydrophilic and hydrophobic SAMs. The substrate was then immersed in decalin. The 

nanoparticles selectively contacted the hydrophilic regions and bound to the droplet 

interfaces by surface tension of the emulsified droplets. The water in the particle droplets 
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slowly dissolved into the hexane, resulting in reduction of the droplet size and rearrangement 

of the nanoparticles resulting in close-packed spherical particle assemblies.  

The selective adsorption of catalytic nanoparticles onto patterned substrates has been 

demonstrated by Akamatsu et al. to allow direct metallization on insulating substrates.71 TiO2 

nanocrystals were selectively adsorbed onto a hydrophobic region of lithographically 

patterned glass substrate via electrostatic interactions. TiO2 nanocrystals, known for their 

strong oxidizing ability, were used as a photocatalyst to oxidize methanol in solution to 

produce formic acid. This led to the reduction of copper ions to produce metallic copper 

films. The thickness of the deposited copper films was controlled by varying the irradiation 

time and power, and by the initial concentration of methanol as a hole scavenger. The 

deposited copper thin films exhibited electrical conductivity slightly lower than bulk copper, 

probably due to the formation of relatively large grains of copper that were loosely connected 

to each other.  

 

2.3.2 Patterning by soft lithography 

Unconventional patterning techniques, such as soft lithography (e.g. microcontact 

printing), nanoimprint lithography, and scanning probe lithography, are increasingly used for 

the cost-effective fabrication of nanostructures. They are particularly attractive because they 

can be performed (even) without cleanroom facilities.  

Microcontact printing (μCP) utilizes an elastomeric stamp that can be molded from a 

patterned substrate pre-fabricated by photolithography or e-beam lithography.29,72 The 

elastomeric stamp, most commonly made of poly(dimethylsiloxane) (PDMS), is employed 

for transferring and fabricating features at the intended target surface in a non-destructive 

manner, making it particularly suitable for the patterning of SAMs, nanoparticles, 

biomolecules, and nanostructures.  

There are two μCP methodologies for the assembly of nanoparticles into patterned 

nanoparticle arrays on surfaces, i.e. (1) the direct use of nanoparticles as the ‘ink’ in μCP and 

thus the transfer of the nanoparticle ink to the substrate by the stamp, and (2) the preparation 

of patterned monolayers on a substrate to direct the adsorption of nanoparticles from solution. 

Whitesides and co-workers pioneered the μCP of SAMs and nanostructures. In their earlier 

work, micropatterns of palladium nanoparticles were prepared by μCP, which served as a 

catalyst for electroless deposition of copper (Scheme 2.11).73 A PDMS stamp was soaked in a 

Pd nanoparticle solution and stamped onto amino-functionalized substrates. The electroless 
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deposition of copper only occurred at the patterned Pd nanoparticle regions. Printing on 

curved substrates and the fabrication of free-standing copper and multilevel metal structures 

with variable thickness in different regions were also demonstrated.  

Andres et al. demonstrated the μCP of densely packed alkanethiolate-functionalized 

Au nanoparticle arrays in monolayer and multilayer structures.74,75 Dense and hexagonally 

packed monolayers of nanoparticles were first assembled on a water surface. By using the 

Langmuir-Schäfer technique, the Au nanoparticle monolayer was transferred to a PDMS 

stamp, and printed onto a substrate. Multilayers were prepared by repeating the printing 

process in a LbL scheme, in which subsequent particle layers may be made up of the same or 

different types of particles. Similarly, the assembly of irregular, densely packed monolayers 

of polystyrene nanoparticles on μCP substrates via carbodiimide coupling was reported.76 

The conformal contact of the carbodiimide-functionalized polystyrene particles resulted in 

the covalent attachment of the nanoparticles at a carboxylate-functionalized surface.  

 

 
Scheme 2.11. The μCP of Pd nanoparticles on an amino-functionalized substrate and the 

subsequent electroless deposition of copper.73 

 

Owing to the flexibility of PDMS stamps, nanocomposites could also be printed. 

Wang et al. reported the μCP of a polymeric/inorganic nanocomposite of hydrolyzed 

poly(styrene-alt-maleic anhydride) (HSMA) and TiO2 on substrates from a dispersion of 

TiO2 nanoparticles in a HSMA solution. The printed composite layers had a dish shape, with 

more nanoparticles accumulated in the periphery of the dishes. The size of the rim and the 

thickness of the printed dish depended on the TiO2 particle concentration. Calcination of the 

composite dishes removed the polymer and resulted in nanostructured TiO2 layers. In 

addition, Bittner et al. reported the μCP of CdS/dendrimer nanocomposites on hydroxy-

terminated silicon surfaces.77 Dendrimers were used as hosts for CdS nanoparticles, and 

facilitated the adsorption of the nanoparticles to the surface via electrostatic forces, hydrogen 

bonds and/or Van der Waals interactions. 
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Recently, Wolf et al. introduced the self-assembly, transfer and integration (SATI) of 

nanoparticles with high placement accuracy.78,79 By convective assembly, silica and polymer 

nanoparticles were positioned on a PDMS stamp (Scheme 2.12). By controlling the printing 

temperature or by using a thin polymer layer as an adhesion layer, nanoparticles of different 

shapes and sizes were printed onto the target substrate. By convective assembly of 

nanoparticles, they have demonstrated the printing of a 60-nm Au nanoparticle array with 

single-particle resolution.35 

 

 
Scheme 2.12. The use of convective  assembly to control the arrangement of nanoparticles on 

a patterned PDMS stamp and the subsequent printing of the nanoparticles with single-particle 

resolution.35

 

Huskens et al. exploited host-guest interactions between dendritic guest molecules 

and CD-modified nanoparticles for the formation of organic/metal nanoparticle multilayers 

on a PDMS stamp (Scheme 2.13).80 The multilayer stacks were transferred to a 

complementary host surface, while no materials remained on the protruding areas of the 

PDMS stamp. These multilayers showed a well-defined thickness control of 2 nm per bilayer.  

 

 
Scheme 2.13. The preparation of a multilayered supramolecular nanostructure on PDMS and 

transfer printing onto a CD SAM. 
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In the indirect printing approach, organic molecules were first printed onto substrates. 

The μCP of organic adsorbates serves to direct the assembly of nanoparticles for the 

formation of ordered 2D arrays of particles. Whitesides et al. prepared patterned surfaces 

with grids of hydrophobic (CH3-terminated) and hydrophilic (COOH-terminated) SAMs of 

alkanethiols on a gold substrate.81 The nanoparticle solution wetted exclusively the 

hydrophilic regions of surface by controlling the substrate withdrawing speed from the 

nanoparticle solution. The dimensions of these particle patterns can be controlled by the 

concentration and composition of the solution, and shape and area of the hydrophilic regions.  

Hammond et al. reported the self-organization of SiO2 and polystyrene nanoparticles 

on a μCP-patterned polyelectrolyte substrate (Scheme 2.14).27 The multicomponent 

nanoparticle assembly was driven by spatial electrostatic and hydrophobic interactions 

between the nanoparticles and the polyelectrolyte substrate. The surface charge density was 

modulated by pH, ionic strength and effective surface charge of the polyelectrolyte.82 

However, only a moderate packing density was achieved due to the repulsive forces between 

the particles. In addition, a balance between the interactions involved during the nanoparticle 

assembly is needed to obtain an optimum adsorption strength and deposition selectivity. 

 

 
Scheme 2.14. Chemical patterning by μCP, LbL assembly of polyelectrolytes and 

nanoparticle assembly.27 

 

Kang and Klenerman et al. studied the selective LbL assembly of NCs on microcontact 

printed carboxylate-functionalized SAMs.83 The LbL assembly was achieved by alternating 

adsorption of NCs functionalized with hydrophobic trioctylphosphine oxide and 2-

mercaptoethanesulfonic acid, and positively charged linear poly(ethyleneimine) (LPEI). By 

adsorption of 11-mercaptoundecylhexa(ethylene glycol) in the non-contacted areas, 

24 



Chemically directed self-assembly of nanoparticle structures on surfaces 

nonspecific interactions were minimized. A uniform and linear growth of the polymer-NC 

layers were observed.  

Combinatorially selected peptides and peptide–organic conjugates were used as 

linkers to direct the attachment of NCs on a microcontact printed carboxylate SAM.84 The 

use of genetically engineered peptides (GEPIs) allowed control over conformations during 

the nanoparticle assembly. In addition, the spatial configurations of the NCs at the surface 

were varied by tailoring GEPIs with -conjugated functional molecules. An increase in the 

average NC attachment density was observed when peptide–organic conjugates were 

employed in the formation of hybrid nanostructures.  

 

2.3.3 Patterning by nanoimprint lithography  

Nanoimprint lithography (NIL) is an embossing method for fabricating patterns by 

mechanical deformation of an imprint resist. Unlike μCP, it offers three-dimensional 

patterning with high resolution features down to 6 nm,85 making it a low cost, high 

throughput, and high resolution technique. Two general methods are used to pattern the 

imprint resist, i.e. hot embossing of a thermoplastic polymer and UV imprint lithography of a 

photocurable monomer. 

 

 
Scheme 2.15. The NIL process and nanoparticle assembly.  

 

Huskens et al. utilized NIL as a tool to pattern SAMs on silicon substrates.86 As 

shown in Scheme 2.15, a pre-fabricated silicon wafer with a pattern was pressed against a 

thin layer of PMMA on a silicon substrate above the glass transition temperature. The system 

was then cooled and the thin polymer residual layer was removed. SAMs of 

aminoalkylsilanes were formed on the uncovered regions. Carboxylate-functionalized 
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polystyrene nanoparticles were electrostatically attached to the amino-functionalized surface. 

Alternatively, chemical patterns were created by removing the patterned polymer layers, and 

adsorbing a second silane on the remaining areas. Selective attachment of carboxylate-

functionalized silica nanoparticles on complementary amino regions was observed in this 

case. 

NIL patterns were  also used for the assembly of nanoparticles via supramolecular 

host-guest interactions.87 The NIL-patterned substrate was functionalized with CD SAMs via 

a three-step synthesis process. The fabrication of 3D nanostructures was achieved by the 

alternating assembly of multivalent guest-functionalized dendrimers and CD-functionalized 

Au nanoparticles.80  

 

2.3.4 Patterning by scanning probe lithography 

The application of scanning probe lithography (SPL) has been widespread owing to 

its ability to modify substrates with very high resolution and ultimate pattern flexibility.88 

Dip-pen nanolithography (DPN),89 high contact force atomic force microscopy (AFM),90 and 

constructive nanolithography91 are some of the most commonly employed techniques, all of 

which aim to control the position and directed assembly molecules and nanoparticles.  

DPN is a scanning probe nanopatterning technique developed by Mirkin and co-

workers.89 An AFM tip is used to deliver molecules to a surface through a water meniscus, 

which naturally forms in ambient atmosphere. DPN can also be used to generate many 

customized templates from the same or different chemical inks. Making use of this idea, 

Mirkin et al. employed their DPN-based strategy for generating charged chemical templates 

to study the assembly of single particles into 2D lattices (Scheme 2.16). They used 16-

mercaptohexadecanoic acid (MHDA) to make templates, and positively charged protonated 

amino-modified polystyrene particles (d ~ 930 nm) were then electrostatically assembled 

onto the MHDA surface.92 The non-patterned regions were passivated by a hydrophobic 

alkanethiol, which prevented undesired particle diffusion. They also extended the DPN-

driven nanoparticle assembly to magnetic nanoparticles (e.g. Fe2O3, MnFe2O4).93 Detailed 

experimental studies showed that the size of the nanoparticle dots or lines correlated with the 

size of the dots or lines of the MHDA patterns generated by DPN. The template dot diameter 

could be controlled by tuning the tip-substrate contact time, whereas the line width could be 

controlled by adjusting the scan speed.  
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Scheme 2.16. DPN-based particle assembly. 

 

Sagiv et al. introduced ‘constructive nanolithography’, a surface patterning process 

utilizing conductive AFM tips as nanoelectrochemical ‘pens’.91 The top surface of an 

organosilane monolayer on silicon was electrochemically transformed and inscribed by 

electrical pulses delivered via a conductive AFM tip. Further surface chemical derivatization 

and guided self-assembly resulted in hierarchical LbL assembly. Utilizing this strategy, they 

reported the assembly of Au clusters on patterned silicon substrates. As shown in Scheme 

2.17, alkylsilane monolayer regions were electrochemically transformed to carboxylate-

functionalized monolayers.94,95 Subsequent exposure to nonadecenyltrichlorosilane (NTS) 

resulted in patterned monolayers with terminal vinyl groups (-CH=CH2). Photochemical 

radical addition of H2S to these vinyl moieties and further reduction (with BH3.THF) of a 

fraction of the disulfide groups produced a thiol-functionalized layer. Phosphine ligands on 

Au clusters were partially lost due to the exchange process during gold cluster attachment to 

the thiol-coated surface.  

 

 
Scheme 2.17. The template-directed self-assembly of Au clusters on silicon substrate 

patterned by constructive nanolithography. 

 

Liu et al. utilized AFM-based nanooxidation to fabricate Au nanoparticle arrays on 

silicon substrates.90 An octadecyltrichlorosilane (OTS) monolayer on silicon was first 

subjected to localized chemical oxidation by using a conductive AFM tip to form silicon 
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oxide. The oxide region was then further modified to an amino-terminated silane monolayer 

via selective chemical adsorption. The patterned substrate was exposed to negatively charged 

Au nanoparticles which resulted in the formation of nanoparticle arrays via electrostatic 

interactions in the amino-terminated silane regions. By optimizing the humidity, applied 

voltage and the pulse duration of the system, oxidized areas as small as 15 nm were 

fabricated. A very regular nanoparticle array, with only one nanoparticle per oxide dot was 

obtained.90 However, the assembly efficiency of nanoparticles onto the guiding templates was 

not perfect (70 %), and showed a decrease in efficiency when the oxide dots were smaller. 

The authors attributed this to smaller effective areas to adsorb nanoparticles compared to the 

actual geometrical areas. The difference in effective areas and geometrical areas were 

attributed to imperfectness of the AFM nanooxidation process.  

 

2.4. CONCLUSIONS 

Parallel advances in the development of the self-assembly of nanoparticles by chemical 

means and of different patterning strategies have enabled the creation of 2D and 3D 

nanoparticle crystals. In particular, the use of noncovalent chemistry for the directed 

assembly of functionalized nanoparticles onto desired patterned substrates has resulted in 

highly specific assembly of nanoparticles with controlled affinity and reversibility. However, 

it is clear that the reported nanoparticle crystals are still relatively simple in structure, and that 

the intriguing properties of the nanoparticle structures have not been extensively studied. 

Hence, the development of the integration of self-assembly of nanoparticles into 

nanofabrication schemes still requires more efforts to fully extend its potential to the 

fabrication of devices that target specific applications. It is anticipated, using chemically-

directed self-assembly as a nanofabrication tool, that more ordered and complex arrays of 

chemically, optically and geometrically tunable nanostructured building blocks can be 

realized. These will one day be of benefit for the development of novel technologies, such as 

optical data processing, molecular electronics, and quantum computing. 
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Chapter 3 
 

Ferrocenyl-functionalized silica nanoparticles: 

preparation, characterization and molecular recognition 

at interfaces*

 

ABSTRACT. Ferrocenyl-functionalized silica nanoparticles (SiO2-Fc, 6a - 6c) of about 60 

nm with supramolecular ‘guest’ properties were prepared. Nanoparticles 6a – 6c differed by 

the addition of different molar ratios of starting compounds during the functionalization step, 

i.e., 1:0, 1:10, and 1:90 of 2-ferrocenyl amidoethoxyethanol and diethylene glycol for 6a, 6b, 

and 6c, respectively. X-ray photoelectron spectroscopy (XPS) proved the presence of 

ferrocenyl groups on the surfaces of 6a - 6c, whereas the elemental analysis revealed an iron 

content of particles 6a - 6c of 0.10 - 0.16 %. Dynamic light scattering (DLS) results showed 

that, compared with 6a, 6b dispersed well in aqueous media, possibly due to the presence of 

diethylene glycol at the surfaces of 6b that significantly increases its overall hydrophilicity. 

Cyclic voltammetry of 6b indicated a totally irreversible system and a “mixed” diffusion-

adsorption behavior, which is attributed to sluggish electron transfer. The shifted |Ip,C/Ip,A*| 

ratio showed that the ferrocenyl groups are robustly attached to the nanoparticle surface 

within the experimental potential range. The supramolecular recognition of SiO2-Fc 

nanoparticles at interfaces was verified by their adsorption on β-cyclodextrin (CD) self-

assembled monolayers, as monitored by surface plasmon resonance (SPR) spectroscopy. The 

ability of the SiO2-Fc nanoparticles to form host-guest interactions was also demonstrated by 

the attachment of CD-functionalized Au nanoparticles (3 nm) onto the SiO2-Fc surfaces, 

when mixed in solution.  

 

____________________ 

* This chapter has been published in X. Y. Ling, D. N. Reinhoudt, J. Huskens, Ferrocenyl-

functionalized silica nanoparticles: preparation, characterization, and molecular recognition at 

interfaces, Langmuir 2006, 22, 8777. 
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3.1 INTRODUCTION 

Recent advances in nanotechnology have provided a variety of nanostructured 

materials with highly controlled, interesting and exceptional properties. Among these 

materials, nanoparticles sized between 1 ~ 1000 nm elicit an intense interest because of their 

unique optical, electronic, magnetic, catalytic and other physical properties.1 Apart from the 

properties arising from the core material and its nanometer dimensions, control over 

nanoparticles’ surface functionalities is equally important. As a result, one can control and 

tailor the properties of nanostructures in a very predictable manner to better suit their 

integration to the formation of functional, more complex nanostructured architectures on 

surfaces or in solution and to meet the needs of a specific application in molecular 

electronics, biosensors, etc.  

Various interaction types (e.g., covalent bonds,2 electrostatic forces,3 host-guest 

interactions4) have been employed to govern the assembly of nanoparticles on surfaces. 

These methods are anticipated to directly control the spatial distribution of nanoparticles 

across a large area and in more complex patterns and more reliable submicron 

nanofabrication schemes, where physical assembly of non-functionalized nanoparticles is not 

possible. Covalent binding of particles onto substrates was reported to form strong and stable 

particle arrays, however, in irregular patterns. This is due to the fact that self-correction is 

impossible in this case.2 Electrostatic assembly, which involves electrostatic interactions 

between oppositely charged nanoparticles and substrates,3 has also been further extended to 

the assembly of 2D and 3D nanostructures.5,6,7,8 The self-assembly of thiol-functionalized 

nanoparticles via strong coordinative bonds to transition metal surfaces was also extensively 

studied.9,10 Noncovalent interactions are attractive to assemble receptor-functionalized 

nanoparticles onto functional self-assembled monolayers (SAMs) with controllable molecular 

recognition abilities at the interface, and thus with the possibility for self-correction.11 

Recently, the idea of ‘molecular printboards’, i.e. β-cyclodextrin (CD) SAMs on gold or 

silicon oxide substrates that possess supramolecular host properties has been introduced.12,13 

On these CD SAMs, complementary multivalent adamantyl- or ferrocenyl-terminated 

dendrimer molecules were adsorbed and, as a result, kinetically stable supramolecular 

assemblies were formed.14,15 In addition, desorption of ferrocenyl-terminated dendrimers 

from the molecular printboards was stimulated efficiently by electrochemical oxidation of the 

ferrocenyl groups to ferrocenium cations.16,17 With the aid of adamantyl- or ferrocenyl-

terminated dendrimers as a noncovalent glue, CD-functionalized gold and silica nanoparticles 

have been assembled onto CD SAMs.4,18 
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The surface properties and assembly behavior of ferrocenyl- (guest-) functionalized 

nanoparticles are also potentially interesting for the assembly into more complex 

architectures. In fact, ferrocenyl-functionalized nanoparticles have already been reported 

earlier.19,20,21 Most of them describe gold nanoparticles of smaller than 10 nm, where 

ferrocenyl thiols were assembled onto the Au surface via ligand place exchange. The reported 

ferrocenyl-functionalized gold nanoparticles are only soluble in organic solvents, which limit 

the range of conditions for molecular recognitions studies.21 Aoki et al. synthesized 

vinylferrocenyl polystyrene nanoparticles that are dispersed in aqueous suspension.22 The 

effects of particle size on voltammetric electroactivity were extensively studied. However, 

the potential supramolecular guest properties of these ferrocenyl polystyrene nanoparticles 

were not examined.  

In this chapter, the preparation of ferrocenyl-functionalized silica (SiO2-Fc) 

nanoparticles is described. The aim is to synthesize nanoparticles with a controllable 

interface, i.e., tunable and specific adsorption and possibly (stimulated) desorption. Specific 

assembly is also anticipated to extend to buildup of supramolecular nanostructures via layer-

by-layer assembly. The scope of this chapter is the synthesis, characterization and basic host-

guest properties of the nanoparticles. The surface properties of the nanoparticles were 

characterized by X-ray photoelectron spectroscopy (XPS), elemental analysis, dynamic light 

scattering (DLS), zeta potential and electrochemistry. The supramolecular recognition 

properties of the ferrocenyl-functionalized nanoparticles in solution and at interfaces were 

studied by surface plasmon resonance (SPR) spectroscopy and scanning and transmission 

electron microscopy (SEM, TEM).  

 

3.2 RESULTS AND DISCUSSION 

Scheme 3.1 shows the multi-step synthesis and functionalization routes of ferrocenyl-

functionalized silica nanoparticles (SiO2-Fc). Silica particles with silanol surface groups (1) 

were prepared by using a modified Stöber method, as reported previously.18,23 Particles were 

then grafted with 3-aminopropyl triethoxysilane (APTES), which resulted in amino-

functionalized nanoparticles (2). The amino groups of 2 were functionalized by N,N’-

disuccinimidyl carbonate (DSC) to form particles 3. 2-Ferrocenyl amidoethoxyethanol (4) 

was added, forming particles 6a. In the cases of particles 6b and 6c, diethylene glycol (5) was 

mixed with the precursor 4 during the functionalization process. This was done to vary and 

control the density of ferrocenyl groups on the particle surface, such that complexation with 

CD is effective. Moreover, grafting of diethylene glycol chains onto the particle surface is 
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also anticipated to improve the hydrophilicity of particles 6b and 6c compared to 6a, and thus 

to increase their solubility in aqueous medium.  
 

SiO2

O

O

O

Si NH2 SiO2

O

O

O

Si N
H

O

O N

O

O

SiO2

Fe

O

N
H

O
OSi N

H

O

O
O
O

OO
Si N

H

OO O O

OH

Si
EtO

OEt
OEt

NH2

SiO2

OH

OH

OH

SiO2

Fe

O

N
H

O
OSi N

H

O

O
O
O

Fe

O

N
H

OOH

O
OH OH

DSC

1 2 3

6a

6b

6c

(4: 5= 1: 0)
4

5

(4: 5= 1: 10)

(4: 5= 1: 90)

 
Scheme 3.1. Functionalization routes towards ferrocenyl-functionalized silica nanoparticles, 

with indicated ratio of 2-ferrocenyl amidoethoxyethanol (4) and diethylene glycol (5). 

 

The conversion of 2 to 6a - 6c was qualitatively examined by Fourier Transform 

Infrared (FT-IR) spectroscopy (Figure 3.1). The spectrum of 2 shows a sharp -NH stretch and 

a small primary NH2 deformation at ~3400 cm-1 and ~1635 cm-1, respectively. For 6a, the 

primary amine peak was smaller and another peak appeared at ~1650 cm-1, indicating the 

formation of the newly formed amide group. The fact that the primary amine peak did not 

completely disappear indicates that not all 4 added to the reaction is incorporated onto the 

surface of 6, possibly due to incomplete functionalization in the preceding step leading to 3. 

For 6b and 6c, the amide peak remained and the amine peak became less apparent. These 

spectra also show a drastic broadening of the peak at ~3400 cm-1, indicating the presence of 

OH groups at the surface of these nanoparticles. It was impossible to identify the ether stretch 

vibrations as they overlap with the more dominant Si-O-Si antisymmetric stretching. The ring 

breathing vibration of ferrocene was not observed in all 6a – 6c as the concentration of 

ferrocene was in all cases far below the detection limit.  

Particles 6a - 6c were made from the same batch of 1. Hence, the size and size 

distribution of 6b were measured to represent all batches of 6a - 6c. SEM showed that the 
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average particle diameter distribution of 6b was 59 ± 11 nm. The dried particles, after 

repeated purification by centrifugation and freeze drying, displayed a yellowish color, 

indicating the presence of ferrocene.  
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Figure 3.1. FT-IR spectra of 2 and 6a - 6c.  

 

X-ray photoelectron spectroscopy (XPS) was used to determine the surface 

composition of ferrocene on the silica nanoparticles. The high-resolution Fe 2p scans for the 

starting compound (4) and 6a - 6c are given in Figure 3.2. All elemental scans show two 

peaks at ~ 722.3 eV and at ~ 709.0 eV, with intensities of approximately 1 : 2 ratio, 

corresponding to the Fe 2p1/2 and Fe 2p3/2, which is in agreement with control compound   4. 

These features clearly demonstrate the presence of ferrocenyl groups on the nanoparticles.  
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Figure 3.2. High-resolution XPS Fe 2p spectra of 4 and 6a - 6c.  

 

37 



Chapter 3                                                                                                                           

Knowing the density of ferrocenyl groups is crucial for control of the host-guest 

interactions. Table 3.1 compares the iron to nitrogen (Fe/N) atomic ratios and weight 

percentages of iron on nanoparticle 6a - 6c, as obtained from XPS and elemental analysis, 

respectively. The Fe/N ratio decreased from 0.09 to 0.04 for particles 6a to 6c, with 

decreasing amounts of ferrocenyl groups taking part in the reactions. These ratios are lower 

than the theoretical maximum Fe/N value of 0.33, when assuming that the surface is fully 

functionalized with 4 (see Scheme 3.1. ).24,25,26 In the case of 6a, this indicates that the 

functionalization of amino groups to carbamates and/or further to ferrocenyl was incomplete. 

In other words, there are unfunctionalized amino groups present on the surface of the 

nanoparticles. The relative similarity of the Fe/N ratios for 6a - 6c, especially when taking 

into account the large excess of 5 relative to 4 employed in the case of 6b and, even more so, 

6c, indicate a more efficient functionalization and/or a higher reactivity of the ferrocenyl 

precursor (4) compared to diethylene glycol (5). 

 

Table 3.1. The atomic Fe/N ratios and Fe weight percentages for 6a - 6c, as obtained from 

XPS and elemental analysis, respectively. 

Sample Fe/N atomic ratio (XPS) Fe wt/wt % (elem. anal.) 

6a 0.09 0.20 

6b 0.05 0.13 

6c 0.04 0.14 

 

The iron weight percentages of nanoparticles 6a - 6c were 0.20 %, 0.13 % and 0.14 

%, respectively. In general, elemental analysis is useful to approximate the molecular formula 

from weight percentages of carbon, nitrogen, hydrogen, and oxygen. However, in this case, 

due to excessively large amounts of silica in each sample, it is not appropriate to estimate 

ratios of ferrocenyl and diethylene glycol chains from such elements data.  

The results from elemental analyses were recalculated to numbers of ferrocenyl 

groups per nanoparticle. The theoretical maximum number of ferrocenyl groups that can 

occupy the surface of a SiO2 nanoparticle of average 59 nm in diameter, is about 32000.24 

Based on the elemental analysis data, the experimental average numbers of ferrocenyl groups 

per nanoparticle for 6a - 6c were approximately 5000, 3200, and 3350,27 which correspond to 

16 %, 10 %, and 11 % of the maximal geometrical occupancy, respectively. These 

occupancies reveal that the ferrocenyl moieties are widely dispersed over the silica surface 

and hence have sufficient freedom to exhibit host-guest interactions with CD molecules. In 
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fact, the geometrical percentages can also be directly compared to the Fe/N ratios obtained by 

XPS. Taking 6a as an example, 16 % surface coverage by ferrocenyl groups implies that ~ 8 

% of the amino groups of 3 reacted with 4,24 which indicates an Fe/N ratio after 

functionalization of 0.07, which compares well to the experimental value (0.09). By using the 

same approach, Fe/N ratios of 0.05 was estimated for both 6b and 6c. These calculations 

again nicely correlated with the experimental Fe/N ratios. Due to the high similarity between 

6b and 6c, only 6b was further compared to 6a in the experiments described below. 

The average hydrodynamic diameter, dav, which reveals the nanoparticle dispersity or 

aggregation behavior in different buffer solutions (either in the presence or absence of 10 

mM native CD) was studied by dynamic light scattering (DLS), as shown in Table 3.2. All 

DLS data showed considerably higher dav values as compared to those measured with SEM. 

This is because the hydrodynamic diameter depends on the nanoparticle shape 

(conformation) as well as the molecular mass. Small amounts of aggregates in the solution 

will distinctly influence the overall average size. Therefore, it is not surprising that the 

hydrodynamic size differs significantly from the true physical size.28 As shown in Table 3.2, 

nanoparticle 6a was unable to disperse well in buffers of any pH. The dispersity slightly 

improved in the presence of 10 mM CD at pH 2.0 or pH 9.5. Conversely, nanoparticle 6b 

showed much better dispersity in all buffers. Only a slight increase in dav was observed in 

water (pH 5.7) and HEPES buffer (pH 7.0). In buffer with native CD, the dispersity of 6b at 

pH 5.7 and 7.0 actually worsened as compared to buffer without native CD, while at pH 2.0 

or 9.5, the nanoparticles remained reasonably dispersed. 

 

Table 3.2. Average hydrodynamic diameters, dav, of particles 4 and 5 in the absence and 

presence of 10 mM CD as a function of pH of the buffer solution.  

6a 6b 

pH dav in buffer 

(nm) 

dav in buffer with 

CD (nm) 

dav in buffer 

(nm) 

dav in buffer 

with CD (nm) 

2.0 (aq. HCl) >1000 390.8 163.9 164.3 

4.0 (acetate buffer) >1000 980.5 177.4 216.5 

5.7 (water) >1000 >1000 234.9 >1000 

7.0 (HEPES buffer) >1000 >1000 269.4 495.7 

9.5 (carbonate buffer) >1000 294.2 179.1 220.2 
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It is not surprising that 6a did not disperse well in aqueous buffer at any pH, 

considering a large fraction of its surface is functionalized with hydrophobic ferrocenyl 

groups. Its solubility improved in the presence of 10 mM β-CD at pH 9.5 and at pH 2.0, 

which indirectly indicates that ferrocene complexes with native β-CD in solution. In contrast, 

6b has much a better dispersity. This can be rationalized by the presence of hydrophilic 

diethylene glycol chains and by a lower coverage of hydrophobic ferrocenyl groups.  

The surface charges of 6a and 6b over this pH range as assessed by zeta potential 

measurements (Figure 3.3) provided further support of the DLS data. The zeta potentials in 

pure buffer solutions and in the presence of CD were comparable at all pH values (data not 

shown). 6a and 6b exhibited comparable surface charges over the whole pH range. Both 

exhibited positive surface charges at pH 2.0, which inversed with increasing pH. At pH 9.5, 

the nanoparticles possessed clearly negative surface charges. We interpret these data as 

follows: at low pH, the protonation of unreacted amino groups creates positive charges at the 

surface of the nanoparticles.29 Both nanoparticle dispersions revealed an isoelectric point at 

pH 7, which explains the aggregation of nanoparticles around this pH. The charge reversal to 

negative charge, which is typical for unfunctionalized silica nanoparticles,30 is probably 

caused by binding of (hydroxyl) anions to the surface silanol groups of the nanoparticles at 

high pH. This conveys stability to the nanoparticle dispersion in the case of 6b. As for 6a, 

negative charges were insufficient to improve its dispersity, possibly because of the 

domination of the hydrophobicity of the ferrocenyl groups on the surface.  
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Figure 3.3. Zeta potentials of dispersions of 6a (■) and 6b (▲) as a function of the pH of the 

buffer solution.  
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For solubility reasons, we continued further electrochemistry and assembly 

experiments with 6b only. Electrochemistry was performed in a solution of 6b (0.25 wt %) in 

0.1 M aqueous K2SO4, with 10 mM carbonate buffer, pH 9.5, to obtain its best dispersity. 

The electrochemistry of 4 in 0.1 M K2SO4 solution was investigated as a control experiment.  

The formal potentials (Eo), as measured by differential pulse voltammetry, of 4 and 

6b were 0.44 V (versus Ag/AgCl) and 0.27 V, respectively (data not shown). Both formal 

potentials fall into the typical formal potential range of ferrocene, which again proves the 

presence of ferrocenyl groups on the surface of 6b.31 The slightly lower formal potential of 

6b compared to 4 can be attributed to a different solution environment as influenced by the 

surface immobilization, different pH, surface charging, etc.  

 

 
Figure 3.4. (A) Cyclic voltammograms (vs. Ag/AgCl) of 4 and 6b, in 0.1 M K2SO4 at 0.1 

V/s. The pH of the solution of 6b was adjusted to 9.5 by using a carbonate buffer. (B) Cyclic 

voltammograms of 6b at scan rates varying from 0.01 V/s to 0.25 V/s. (C) Plot of the 

oxidation peak current, Ip, vs. scan rate, ν.  

 

The cyclic voltammograms (CVs) of 4 and solutions of 6b are shown in Figure 3.4A. 

The solution of 4 showed a typical reversible electrochemical reaction, with an oxidation 
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peak at 0.49 V. For the ferrocenyl-functionalized silica nanoparticles 6b, a single distinctive 

oxidation peak occurred at 0.52 V, while its reduction peak at 0.12 V was well separated. The 

observed single oxidation wave suggests that all ferrocenyl groups within electrode proximity 

are electrochemically equivalent. The appearance of the reduction peak at a lower potential 

compared to 4 indicates that, for 6b, the current responds more sluggishly to the applied 

voltage compared to the reversible system of 4. In addition, the anodic and cathodic peaks are 

fully separated. The combined observations strongly indicate that the electrochemistry of 6b 

is that of a totally irreversible system.32

Figure 3.4B illustrates the CVs of 6b as a function of scan rate. The peak potentials 

shifted to more positive and more negative for the anodic and cathodic peaks, respectively, 

with increasing scan rates. This indicates a slow electron transfer process with respect to the 

time scale of the experiment.32 In general the cathodic scans displayed narrower reduction 

peaks, which can be attributed to adsorption of 6b on the electrode as ferrocenium-

functionalized particles (Fc+-SiO2).  

The absolute shifted ratio of the cathodic to anodic peak currents (|Ip,C/Ip,A*|) was 

examined.33 If the redox reaction would be coupled to chemical reactions, e.g., carbamate 

bond dissociation leading to ferrocene removal from the nanoparticle surface, the peak 

current of the reverse scan would be affected, resulting in non-unity |Ip,C/Ip,A*| ratios. At all 

scan rates, the |Ip,C/Ip,A*| ratios were close to 1, demonstrating that no chemical reaction was 

involved during CV. Thus we conclude that the ferrocenyl groups remain robustly attached to 

the nanoparticle surface within the experimental potential range. 

The electron transfer kinetics of 6b was determined by plotting the peak current, Ip vs. 

the scan rate, ν  (Figure 3.4C). A linear relationship was obtained, with a slope of 0.75. This 

is an intermediate value between diffusion-controlled kinetics (0.5) and surface-confined 

kinetics (1.0), suggesting a “mixed” diffusion-adsorption behavior.32 This could be due to the 

sluggish electron transfer kinetics between ferrocenyl groups on the nanoparticle surface and 

the electrode. Also, mass transport limitation may be involved as the 60 nm ferrocenyl-

functionalized nanoparticles are comparatively large and therefore diffuse slowly.34 

The adsorption behavior of 6b in 10 mM carbonate buffer at pH 9.5 was monitored by 

surface plasmon resonance (SPR) spectroscopy on CD and 1-mercapto-11-undecyl-

tetra(ethylene glycol) (PEG) SAMs. The SPR reflectivity (R) changes upon injection of an 

aqueous solution of 6b are shown in Figure 3.5. The adsorption was followed for 50 min 

followed by rinsing of the cell with the same buffer solution. The adsorption of 6b onto the 

CD SAM was clearly observed, while insignificant adsorption was seen on a PEG SAM. This 
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provides strong evidence that CD-ferrocene host-guest interactions mediate the adsorption of 

6b onto the CD SAM. The absence of desorption upon rinsing after adsorption indicated that 

the nanoparticles had formed stable assemblies on the surface of CD SAM.  
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Figure 3.5. SPR sensorgrams of the adsorption of 6b on CD and PEG SAMs. Symbol ‘o’ 

indicates the addition of 0.25 wt % of 6b solution in a carbonate buffer, pH 9.5; symbol ‘Δ’ 

indicates the onset of rinsing with the same carbonate buffer.    

 

The supramolecular specificity of the ferrocenyl-functionalized silica nanoparticles at 

interfaces was also visualized by SEM. The experiments were done by drop casting a solution 

of 6b on surfaces with different self-assembled monolayers for 10 min. The substrates were 

then rinsed extensively with native CD solution and sonicated in Milli-Q water to remove any 

non-specifically bound nanoparticles. Figure 3.6 shows SEM micrographs of nanoparticles 

6b on a CD SAM, an amino-terminated SAM and a freshly cleaned silicon substrate with 

silanol groups, respectively. The images in Figure 3.6 show that nanoparticles were 

successfully adsorbed onto the CD SAM, whereas hardly any nanoparticle was absorbed onto 

the amino and silica surfaces. These observations provide a visual proof of the specificity of 

the host-guest interactions between CD and ferrocenyl-functionalized silica nanoparticles on 

the CD SAM. The fact that the nanoparticles remain attached on the CD SAM, even after 

sonication in water, indicates a strong interaction between the nanoparticles and the surface, 

likely owing to the formation of multivalent interactions.35

 

43 



Chapter 3                                                                                                                           

200 nm 200 nm200 nm

(A)                 (B)                                             (C) 

 
Figure 3.6. SEM micrographs of the adsorption (10 min) of 6b (0.25 wt %, in a carbonate 

buffer, pH 9.5) on a CD SAM (A), an amino-terminated SAM (B), and a freshly oxidized 

silicon substrate (C). 

 

50 nm
 

Figure 3.7. TEM picture of 60 nm ferrocenyl-functionalized silica particles, decorated with 

~3-nm CD-functionalized gold nanoparticles via specific host-guest interactions.  

 

As a step towards making more complex structures on surfaces, we take advantage of 

the highly specific supramolecular recognition properties by decorating the surfaces of the 

ferrocenyl-functionalized silica nanoparticles with CD-functionalized gold nanoparticles of 

~3 nm.4 This was done by adding the gold nanoparticles to the solution of 6b, where the 

molar ratio of CD to Fc was set to 1:10. The TEM picture in Figure 3.7 shows that most gold 

nanoparticles were attached onto the surfaces of SiO2-Fc nanoparticles. Only a few gold 

nanoparticles remained unattached. For each touching silica nanoparticle pair, there was at 

least one gold nanoparticle present at the interface, indicating that larger binary 

nanostructures had already formed as well.  
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3.3 CONCLUSIONS 

The preparation, characterization and molecular recognition at interfaces of 

ferrocenyl-functionalized silica nanoparticles were presented in this chapter. These 

nanoparticles displayed specific molecular recognition properties towards complementary 

host surfaces and nanoparticles. The strategy of employing chemically driven assembly of 

functionalized nanoparticles on functionalized substrates is an attractive option for 

fabricating nanoparticle arrays. In particular, implementation of simple structures into 

potentially useful, complex ones, on submicron scales, where tunable surface properties are 

favorable, is of importance for future nanotechnological developments.  

 

3.4 EXPERIMENTAL  
Chemicals. Tetraethyl orthosilicate, 3-aminopropyl triethoxysilane (APTES), concentrated 

ammonium hydroxide, N,N’-disuccinimidyl carbonate (DSC), 2-(N-morpholino)-ethanesulfonic acid 
(MES), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 11-mercapto-1-undecanol and 
N-[3-(trimethoxysilyl)propyl)]ethylenediamine were obtained from commercial sources. Milli-Q 
water with a resistivity greater than 18 MΩ.cm was used in all our experiments. CD heptamine,36 CD 
heptathioether12 and 1-mercaptoundec-11-yl-tetra(ethylene glycol)37 were synthesized as described 
before. NMR spectra were recorded on a Varian AMX400 spectrometer. FAB-MS spectra were 
recorded with a Finnigan MAT 95 spectrometer.  

Synthesis of 2-ferrocenyl amidoethoxyethanol, 4. A solution of 2-(2-aminoethoxy)ethanol in 
CH2Cl2 was added to 1-(chlorocarbonyl)-ferrocene38 (1.0 g, 4.0 mmol) in CH2Cl2. After stirring 
overnight at room temperature, the reaction mixture was washed with saturated NaHCO3, 0.1 M HCl 
and saturated NaCl, respectively and dried over MgSO4. The product was purified by column 
chromatography over silica, using MeOH/CH2Cl2: 3/97 as eluent solution, and isolated as dark red/ 
orange crystals. 1H NMR (400 MHz, DMF-d7) δ (ppm): 7.80 (t, 1H, OH), 4.82 (t, 2H, Fc, J = 4.0 Hz), 
δ 4.62 (t, 2H, CONH), 4.31 (t, 2H, Fc, J = 4.0 Hz), 4.17 (s, 5H, Fc), 3.60 (t, 2H, NHCH2), 3.56 (t, 2H, 
CH2O), 3.51 (t, 2H, OCH2), 3.42 (q, 2H, CH2OH, J = 14.0 Hz). 13C NMR (400 MHz, DMF-d7) δ 
(ppm): δ 169.36 (CO), 69.94, 69.50, 68.29 (Fc), 77.13, 60.93 (CH2NH), 72.61 (CH2O), 69.76 (OCH2), 
39.05 (CH2OH). FAB-MS. Calcd for C15H19NO3Fe: m/z = 317.1. Found: m/z = 318.3 [M+H]. 

Preparation of bare silica nanoparticles, 1. Bare silica nanoparticles were synthesized following 
a literature procedure.39 Briefly, 3.8 ml of tetraethyl orthosilicate was added to a flask containing 5.7 
ml of concentrated ammoniumhydroxide and 114 ml of ethanol while stirring. The stirring was 
continued overnight. This resulted in the formation of approximately 60 nm silica nanoparticles 1. 

Preparation of amino-functionalized silica nanoparticles, 2. Silica nanoparticles 1 were 
functionalized with APTES by quickly adding 2.3 ml of APTES to 120 ml of a vigorously stirred 
dispersion of 1 in ethanol, and the mixture was allowed to stir overnight at room temperature. The 
nanoparticles were purified by centrifugation and redispersion in 60 ml of DMF, which was repeated 
three times. 
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Preparation of carbamate -functionalized silica nanoparticles, 3. The amino groups of silica 
nanoparticles 2 were activated by slowly adding DSC (1.46 g, 5.7 mmol) in DMF to 60 ml of amino-
functionalized nanoparticles 2. The mixture was stirred for 4 h and purified by repeated centrifugation 
and redispersion in DMF for at least three times.  

Preparation of ferrocenyl-functionalized silica nanoparticles, 6. Mixtures of 2-ferrocenyl amido 
ethoxy ethanol and diethylene glycol (5 ml, molar ratios 1:0, 1:10 and 1:90) were prepared prior to 
functionalization of 3. Each mixture was added slowly to a 5 ml dispersion of 3 in DMF. The 
concentration of the silica nanoparticles was estimated to be ~2 × 1012 per ml.18 Stirring was 
continued overnight and products (nanoparticles 6a - 6c, respectively) were purified by repeated 
centrifugation and redispersion in water for at least three times. Finally, the nanoparticles were freeze-
dried and kept at room temperature as a yellowish and opaque solid.  

Substrate and monolayer preparation. All adsorbate solutions were prepared freshly prior to use. 
Round glass-supported gold substrates for SPR (2.54 cm diameter; 47.5 nm Au) were obtained from 
Ssens BV (Hengelo, The Netherlands). Gold substrates were cleaned by immersing the substrates in 
piranha (conc. H2SO4 and 33% H2O2 in a 3:1 ratio). (Warning! piranha should be handled with 
caution; it can detonate unexpectedly) for 10 s and leaving the substrates for 5 min in absolute 
ethanol. The substrates were subsequently immersed into a 0.1 mM CD heptathioether adsorbate 
solution in EtOH and CHCl3 (1:2 v/v) for 16 h at 60 °C. 1-mercapto-11-undecyl-tetra(ethylene glycol) 
(PEG) SAMs were adsorbed from EtOH at r.t. for 24 h. The samples were removed from the solution 
and rinsed with substantial amounts of CHCl3, EtOH and Milli-Q water. 

Silicon substrates were oxidized first by immersion in piranha solution for 15 min to form SiOx 
with a thickness of approximately 1.5 nm. The substrates were then sonicated in acetone and ethanol 
for 1 min, and blown dry with N2. CD SAMs were obtained using a slightly modified procedure.13 In 
brief, the substrates were functionalized with amino groups by gas-phase evaporation of N-[3-
(trimethoxysilyl)propyl]ethylenediamine in a desiccator under vacuum. The samples were left several 
hours and then carefully rinsed with ethanol and Milli-Q water. Transformation of the amino-
terminated SAMs to isothiocyanate-bearing layers was accomplished by exposure to a solution of 1,4-
phenylene diisothiocyanate at 50 oC, 2 h. CD SAMs were finally obtained by reaction of the 
isothiocyanate-terminated monolayer with CD heptamine, at 50 oC for 2 h. 

Fourier Transform Infrared spectrometry (FT-IR). Infrared spectra were recorded on a Perkin–
Elmer Spectrum BX spectrometer, using KBr pellets that contained 2–5 mg of nanoparticles 2 or 6a-
6c. 

X-ray photoelectron spectroscopy (XPS). XPS was performed on a PHI Quantera SXM, using a 
monochromated Al K alfa X-ray source with an energy of 1486.6 eV.  An X-ray beam with a diameter 
of 100 micrometer and a power of 25 W was used. Element scans were measured at a pass energy of 
140 eV and a stepsize of 0.25 eV The N1s peak was used as reference with a binding energy of 400.1 
eV. Samples were neutralized with low energy Ar ions and electrons during measurement.  

Elemental analysis. The weight content of iron in each sample was measured by atomic absorption 
spectrometry (AAS, Unicam). The organic compounds were dissolved in H2SO4 and HNO3, and silica 
was decomposed by HF.  

Dynamic light scattering (DLS). DLS experiments were performed with a Zetasizer 4000 
(Malvern Instruments Ltd., U.K.) at 25 °C using a laser wavelength of 633 nm at a scattering angle of 
90°. Results obtained are the averages of three measurements. The average hydrodynamic diameter 
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(dav) of silica nanoparticles at various pH values were determined on 1.5 ml samples in corresponding 
buffer solutions. The dispersions were gently shaken before the measurements for proper mixing. 

Zeta potential. Zeta potentials of the silica nanoparticles were obtained with a Zetasizer 2000 
(Malvern Instruments Ltd., U.K.) using the Laser Doppler velocimetry technique in which the 
velocity of the particles in a fluid that results from an applied electrical field is measured. 
Measurements were performed at 25 °C using a 1000 Hz modulator frequency and a cell drive voltage 
of 120 V. The values reported are the averages of ten measurements.  

Electrochemistry. Electrochemical measurements were performed with an AUTOLAB PGSTAT10 
in a custom built three-electrode setup with bare Au substrates as the working electrode (area exposed 
to the solution = 0.44 cm2), a Ag/AgCl reference electrode, and a platinum wire as counter electrode.  

Surface plasmon resonance (SPR). The SPR setup was obtained from Resonant Probes GmBH. 
The instrument consists of a HeNe laser (JDS Uniphase, 10 mW, λ=632.8 nm) whose light passes 
through a chopper that is connected to a lock-in amplifier (EG&G 7256). The modulated beam is 
directed through two polarizers (OWIS) to control the intensity and the plane of polarization of the 
light. The light is coupled via a high-index prism (Scott, LaSFN9) in the Kretschmann configuration 
to the backside of the gold-coated substrate, which is optically matched through a refractive-index-
matching oil (Cargille; series B; nD

25=1.700 ± 0.002) at the prism, mounted on a θ - 2θ goniometer in 
contact with a Teflon cell with a volume of 113 mm3 and a diameter of 6 mm. The light that leaves the 
prism passes through a beam splitter; subsequently, the s-polarized light is directed to a reference 
detector, and the p-polarized light passes through a lens which focuses the light onto a photodiode 
detector. Laser fluctuations are filtered out by dividing the intensity of the p-polarized light (Ip) by the 
intensity of the s-polarized light (Is). The SPR experiments were performed in a flow cell system.  

Scanning and transmission electron microscopy (SEM, TEM). All SEM images were taken with 
a HR-LEO 1550 FEF SEM. TEM was performed on a Philips CM 30 Twin STEM fitted Kevex delta 
plus X-ray disperse electron spectroscopy (EDX) and Gatan model 666 PEELs operating at 300 kV. 
Samples for imaging were deposited onto a 200 mesh copper grid, and the liquid was allowed to dry 
in air at room temperature. 
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Chapter 4 
 

An in situ study of the adsorption behavior of 

functionalized particles on self-assembled monolayers via 

different chemical interactions*

 

ABSTRACT. The formation of particle monolayers by convective assembly was studied in 

situ with three different kinds of particle-surface interactions: adsorption onto native surfaces, 

with additional electrostatic interactions, and with supramolecular host-guest interactions. In 

the first case carboxylate-functionalized polystyrene (PS-COOH) particles were assembled 

onto native silicon oxide surfaces, in the second PS-COOH onto protonated amino-

functionalized (NH3
+) self-assembled monolayers (SAMs), and in the third β-cyclodextrin-

functionalized polystyrene (PS-CD) particles onto CD SAMs with pre-adsorbed ferrocenyl-

functionalized dendrimers. The adsorption and desorption behavior of particles onto and from 

these surfaces was observed in situ on a horizontal deposition setup, and the packing density 

and order of the adsorbed particle lattices were compared. The desorption behavior of 

particles from surfaces was evaluated by reducing the temperature below the dew point, thus 

initiating water condensation. Particle lattices on native oxide surfaces formed the best 

hexagonal close packed (hcp) order, and could be easily desorbed by reducing the 

temperature to below dew point. The electrostatically modified assembly resulted in densely 

packed, but disordered particle lattices. The specificity and selectivity of the supramolecular 

assembly process were optimized using ferrocenyl-functionalized dendrimers of low 

generation and by the introduction of competitive interaction by native CD molecules during 

the assembly. The fine-tuned supramolecularly formed particle lattices were nearly hcp 

packed. Both electrostatically and supramolecularly formed lattices of particles were strongly 

attached to the surfaces and could not be removed by condensation.  

____________________ 

* This chapter has been published in X. Y. Ling, L. Malaquin, D. N. Reinhoudt, H. Wolf, J. Huskens, 

An in situ study of the adsorption behavior of functionalized nanoparticles on self-assembled 

monolayers via different chemical interactions, Langmuir 2007, 23, 9990. 



Chapter 4 

4.1 INTRODUCTION 

Building up ordered nanostructures from particles has attracted a lot of interest due to 

the need for miniaturization.1 The intriguing chemical, electronic, and surface properties that 

arise from such individual or organized nanometer-sized objects makes them suitable for 

electronic, optical, and biological applications.2 In general, there are two approaches to 

assemble nanostructured materials, namely, physical assembly and chemical assembly (see 

Chapter 2). The physical assembly technique is based on ‘let nature do its work’,3 which 

includes methods like convective or capillary assembly,4,5 spin coating,6 and colloidal 

epitaxy7. In particular, convective assembly is a simple technique that has been frequently 

employed to integrate non-functionalized particles into hexagonally ordered and close packed 

single or multilayered particle lattices.8 The mechanism of convective assembly has been 

extensively studied by Nagayama et al.9 The major driving force for the assembly is the 

evaporation of water from the particle suspension. Mobile particles in a thin liquid film are 

convectively assembled, as a result of the hydrodynamic forces induced by the influx of 

water close to the drying edge. In general, the particles and surfaces are non-functionalized 

and hydrophilic, which enable the formation of a stable thin liquid layer at the drying edge 

with a thickness comparable to the particle diameter. The assembly process starts when the 

thickness of the solvent layer becomes smaller than the particle diameter.10 The combined 

effects of the convective flow and the attractive capillary forces arise when the top of the 

particles protrude from the solvent layer, leading to the formation of extended layers or 

multilayers of closely packed particles, by which the local or global free energy reaches a 

minimum.11 However, this technique provides limited control over the structure of the 

particle lattices and the dimensions and complexity of the final assemblies.  

Chemical assembly, in particular supramolecular assembly utilizes chemical strategies 

to precisely direct and control the deposition of functionalized particles onto the substrate, 

possibly in more complex patterns, where physical assembly of non-functionalized particles 

is not possible. Typical supramolecular approaches are electrostatic interactions,12 host-guest 

interactions,13 and thiol-based self-assembly14 In supramolecular assembly, the organization 

of the particle lattice will no longer solely depend on surface tension and long-range 

attractive forces that act in lateral direction, but rather on the competition between lateral 

attractive forces and vertical supramolecular interactions between functionalized particles 

and the surface. Electrostatics, owing to its simplicity, has been widely used to assemble 

chemically functionalized particles onto a surface via the attractive force between two 

oppositely charged surfaces. Jonas et al., Hammond et al., and our group have independently 
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reported the selective adsorption (by drop casting) of negatively charged particles onto 

chemically patterned surfaces.15-17 The parameters of the adsorption of particles into patterns, 

e.g. pH, drying conditions, ionic strength, and surfactant concentration, were extensively 

studied. In all cases, the ordering of the particle lattice was imperfect owing to strong binding 

affinity of the particles for the surface.  

Supramolecular host-guest interactions have been exploited for the assembly of 

receptor-functionalized molecules or particles onto interfaces with molecular recognition 

abilities. Similar to biomolecules in nature, the ‘host’ molecules are to interact specifically 

with complementary ‘guest’ molecules to form noncovalent host-guest pairs, for instance, 

crown ether complexation by ammonium SAMs,18 His-tagged proteins by a Ni-nitrilotriacetic 

acid-presenting surface.19 Multivalency is used to enhance the binding affinities and 

specificities between host and guest as these noncovalent interactions are kinetically labile 

and are continuously broken and formed.20,21 Recently, our group introduced the concept of 

‘molecular printboards’, i.e. β-cyclodextrin (CD) SAMs on gold or silicon oxide substrates 

that possess supramolecular host properties.22,23 On these CD SAMs, complementary 

multivalent guest-functionalized dendrimer molecules were adsorbed, resulting in the 

formation of kinetically stable supramolecular assemblies.24-26 With the aid of adamantyl- or 

ferrocenyl-functionalized dendrimers as a noncovalent supramolecular glue, CD-

functionalized gold and silica nanoparticles were assembled onto CD SAMs.13,27,28Apart from 

the formation of multivalent and stable assemblies, the supramolecular interaction is also 

appealing for its highly tunable binding strength. Different guest molecules (e.g., ferrocene 

and adamantane) with different binding strength can be selected to bind to the CD SAMs 

with different binding strength.29 The total number of interactions involved in the assembly 

can be easily varied by using dendrimers of different generations, therefore altering the total 

binding strength during the assembly. Competition can be introduced when native CD 

molecules are added to the particle suspension so that CD hosts on particle surfaces have to 

compete with the native CD to couple to the surface of the preadsorbed guest-functionalized 

dendrimers on the CD SAM.  

In this chapter, an in-situ study of the adsorption and desorption behavior of particles 

onto and from surfaces for three different kinds of particle-surface interactions, i.e. 

convective assembly on surfaces, with additional electrostatic interactions and with 

supramolecular host-guest interactions, is described. The aim was to compare the packing 

order and density of the particle lattices as a result of different binding affinities between the 

particles and the surfaces. For the ease of visualization, poly(styrene-co-acrylic acid) 
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particles with or without CD functionality of about 450 nm in diameter were synthesized and 

employed in all experiments. The desorption behavior of the particles from the surfaces was 

evaluated by reducing the temperature to below the condensation temperature.30 In particular, 

the supramolecular particle assembly was further fine-tuned by using ferrocenyl dendrimers 

of different generations and by introducing competition by adding native CD molecules into 

the particle suspension. Furthermore, the influences of these different assembly schemes on 

the creation of particle stripes on patterned substrates were studied.  

 

4.2 RESULTS AND DISCUSSION 

4.2.1 Preparation and characterization of PS-COOH and PS-CD particles  

Core-shell particles of poly(styrene-co-acrylic acid) (PS-COOH) were prepared by 

seeded emulsifier-free emulsion polymerization (Scheme 4.1).46,47 Polystyrene core particles 

(2, PS) were prepared using divinylbenzene as a cross-linker. When the conversion of styrene 

to polystyrene was nearly complete, acrylic acid was grafted subsequently onto the surface of 

polystyrene, forming poly(styrene-co-acrylic acid) (3, PS-COOH) core-shell particles. The 

carboxylic acid groups of PS-COOH were then converted to activated ester groups by using 

EDC/NHS to form 4. The attachment of CD was performed by reacting 4 with CD 

heptamine, forming 5 (PS-CD).27  

 

 
Scheme 4.1. Preparation of carboxylate- and β-cyclodextrin-functionalized poly(styrene-co-

acrylic acid) particles. 
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Figure 4.1. FTIR spectra of PS and PS-COOH nanoparticles. 

 

The conversion of styrene and acrylic acid to polystyrene and subsequently to 

poly(styrene-co-acrylic acid) was followed by gravimetry, which showed ~ 98 % and 100 % 

conversion, respectively.31 Samples of PS and PS-COOH particles were collected before and 

after the grafting of acrylic acid, respectively, and made into KBr pellets for FTIR 

measurements. The spectrum of PS-COOH was similar to PS, with aromatic CH stretching 

bands at 1493 and 3010 cm-1; aromatic C=C stretch at 1599 cm-1, and C-C vibrational bands 

observed at 700, 760, 1030, 1080 cm-1 (Figure 4.1).32,47 CH2 stretching was also seen at 2920 

cm-1 for both samples. A distinctive peak at 1710 cm-1 was only observed for PS-COOH, 

clearly indicating the presence of C=O groups.  
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Figure 4.2. SEM image (left) and size distribution histogram (right) of the PS-COOH 

nanoparticles. 
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As PS-COOH and PS-CD were prepared from the same batch of reaction, their size 

and size distribution are not expected to differ. The average particle diameter distribution of 

PS-COOH was 450 ± 30 nm, as determined by SEM (Figure 4.2).  

The host-guest complexation ability of PS-CD in solution in the presence of 

multivalent guest molecules was determined by DLS. The concept is that a known amount of 

multivalent guest molecules is added to the measuring particle suspension (concentration of 

~4 × 1011 particles/mL),33 such that the multiple binding sites on a guest molecule 

simultaneously bind two or more adjacent particles. As a result, aggregation occurs which 

leads to an increase of the hydrodynamic diameter. We used the adamantyl-terminated 

poly(propylene imine) dendrimer of generation 5 (G5-PPI-(Ad)64), which has 64 adamantyl 

groups for the complexation with CD in solution.44 The change in average hydrodynamic 

diameter of particle dispersions of PS-COOH and PS-CD in carbonate buffer as a function of 

the concentration of G5-PPI-(Ad)64
 is shown in Figure 4.3. When the amount of multivalent 

guest molecules was slowly increased, a drastic increase in hydrodynamic diameter of the 

PS-CD particle suspension was observed, indicative of supramolecular aggregation. In 

contrast, only a small increase in hydrodynamic radius for PS-COOH was observed, possibly 

due to electrostatic interactions between the positively charged dendrimers and negatively 

charged particles in carbonate buffer. This experiment indirectly confirms the presence of β-

cyclodextrin on the surface of PS-CD. 
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Figure 4.3. The average hydrodynamic diameter (dav) of PS-COOH (♦) and PS-CD (o) 

particles as a function of the concentration of G5-PPI-(Ad)64. 
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The concentration of CD in the PS-CD particle suspension can be estimated from this 

aggregation experiment.27 From Figure 4.3, the aggregation starts when [G5-PPI-(Ad)64] > 

0.5 μM, which is equivalent to an adamantyl concentration of 32 μM. The aggregation 

becomes more distinguished with increase of G5-PPI-(Ad)64
 concentration. Assuming the 

aggregation sets off when the [Ad]/[CD] molar ratio is greater than 1,34 the concentration of 

CD in the PS-CD particle suspension can be estimated to be ~ 32 μM, i.e. 48,000 CD 

molecules occupying on the surface of each particle. These observations suggest that the 

concentration of CD on the PS-CD particles is lower than of CD heptathioether SAMs on 

gold,26 but still sufficiently high for effective multivalent host-guest interactions. 

The surface charges of PS-COOH and PS-CD were examined by using zeta potential 

measurements (Figure 4.4). Buffers from pH 4.0 to 9.0 were used in this study. Both PS-

COOH and PS-CD exhibited nearly similar negative charges at all pHs. For pH 5-9, ζ values 

between -40 and -50 mV were recorded. Only when lowering the pH to 4, a ζ of about -25 

mV was observed, which is attributed to partial protonation of the acrylic acid groups (pKa 

~4.5). The similarity between PS-COOH and PS-CD is justified by the core-shell nature of 

the poly(styrene-co-acrylic acid) particles, and by noting that an excess of unreacted 

carboxylic acid groups remains on the surface of PS-CD, because only the outer groups react 

with CD heptamine.  
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Figure 4.4. Zeta potentials of dispersions of PS-COOH (♦) and PS-CD (•) as a function of 

the pH of the buffer solution. 
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4.2.2 Assembly of particles on non-patterned flat surfaces  

The adsorption and desorption behavior of the functionalized particles on various 

substrates was observed in situ by optical microscopy. We focused our studies on three basic 

assembly schemes, i.e. convective assembly onto native oxide substrates, with additional 

electrostatic interactions and with supramolecular (host-guest) interactions. As shown in 

Scheme 4.2, these interaction systems are represented by adsorption of carboxylate-

functionalized polystyrene (PS-COOH) particles onto the native SiO2 surfaces of piranha-

cleaned silicon, PS-COOH onto protonated amino-functionalized (NH3
+) SAMs and CD-

functionalized polystyrene (PS-CD) particles onto CD SAMs with pre-adsorbed ferrocenyl-

functionalized dendrimers as a supramolecular glue (Chart 4.1).  

 

 
 

Scheme 4.2. Schematic illustrations (not to scale) of three particle assembly schemes, i.e. 

convective assembly of PS-COOH on the native SiO2 surface of silicon (A), convective 

assembly with additional electrostatic interactions of PS-COOH on an NH3
+ SAM (B), and 

convective assembly with additional supramolecular interactions of PS-CD with 

complementary pre-adsorbed ferrocenyl-functionalized dendrimers on a CD SAM.  
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Chart 4.1. Chemical structures and representations (from top to bottom) of a CD SAM on 

silicon and ferrocenyl-functionalized poly(propylene imine) dendrimers of generations 1 and 

3. 

 

The polarity of the surface groups of self-assembled monolayers (SAMs) was 

examined by contact angle goniometry. The contact angle of each monolayer plays a crucial 

role in the adsorption of particles at the liquid-air-solid boundary. Table 4.1 summarizes the 

advancing contact angles (θa) of water on different SAMs. The native SiO2 substrate 

exhibited a high wettability with an advancing angle of less than 20o, due to the presence of 

silanol groups on the surface. The APTES (NH2) monolayer has an advancing angle of 60o. 

The advancing angle was reduced to 30o upon protonation of the NH2 groups to NH3
+ by 

dipping the SAM in a 0.1 M aqueous HCl for 1 min. The CD monolayer on silicon was 

prepared as described before, with a θa of 50o.23 Complementary guest molecules, G1-PPI-

(Fc)4 and G3-PPI-(Fc)16 were adsorbed onto the CD SAM by immersing the CD SAMs in the 

respective dendrimer solutions for 30 min, followed by rinsing with 10 mM CD solution and 

water to remove any physisorbed material. Due to the hydrophobic nature of the ferrocenyl 

moieties, θa increased to 60o and 63o for G1-PPI-(Fc)4 and G3-PPI-(Fc)16, respectively.  
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Table 4.1. Advancing water contact angles (θa) on various substrates.

Substrate θa (o) 

Native SiO2 on Si < 20 

NH2 SAM 60 

NH3
+ SAM 30 

CD SAM 50 

G1-PPI-(Fc)4 on CD SAM 60 

G3-PPI-(Fc)16 on CD SAM 63 

 

In order to quantify the amount of ferrocenyl dendrimers on the CD SAM, G1-PPI-

(Fc)4 and G3-PPI-(Fc)16 were adsorbed onto CD SAMs on gold, and the cyclic 

voltammograms (CV) of both substrates were recorded (Figure 4.5). By integrating the areas 

under the peaks, the total charges of the first oxidation cycle were obtained. The total charges 

can be converted to surface coverage of ferrocene moieties (Fc), which were 8.7 × 10-11 

mol/cm2
 and 3.7 × 10-10 mol/cm2 for G1-PPI-(Fc)4 and G3-PPI-(Fc)16, respectively.28 

Considering the numbers of Fc endgroups and binding stoichiometries of G1-PPI-(Fc)4 and 

G3-PPI-(Fc)16, 50 % and 100 % of the CDs on the SAMs were coupled with G1-PPI-(Fc)4 

and G3-PPI-(Fc)16, respectively.35 The lower coverage of G1-PPI-(Fc)4 is attributed to partial 

desorption of G1-PPI-(Fc)4 from the host surface by competitive interaction with native CD 

solution during the rinsing procedure, in line with the relatively weak interaction of this 

dendrimer.36 It should be noted that not all available Fc moieties on a dendrimer will bind to 

the CD host surface. Only 2 Fc endgroups of G1-PPI-(Fc)4 (total 4 Fc moieties) and 4 Fc 

endgroups of G3-PPI-(Fc)16 (total 16 Fc moieties) will couple to the CD SAM at each time.28 

For these ferrocenyl dendrimers sized between 2 and 4 nm, the surface of PS-CD particle of 

450 nm can be considered as a flat CD SAM. Hence, the numbers of interactions for a single 

G1-PPI-(Fc)4 and G3-PPI-(Fc)16 dendrimer with a particle is expected to be 2 and 4 per 

dendrimer, respectively.  
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Figure 4.5. Cyclic voltammograms of G1-PPI-(Fc)4 and G3-PPI-(Fc)16 dendrimers 

preadsorbed on CD SAMs on gold at scan rate of 0.5 V/s in 0.1 M K2SO4 aqueous solution 

between 0 – 0.8 V vs Ag/AgCl. 

 

The adsorption and desorption behavior of the functionalized particles on various 

substrates were observed in situ under the optical microscope with convective assembly as 

the driving assembly scheme. Figure 4.6 illustrates the experimental setup used for the 

particle assembly. A droplet of 0.2 wt % of particle suspension was added into the gap 

between a mobile substrate and a fixed glass slide while the temperature was controlled 

between 4 - 20 oC. The substrate was then shifted to the left at a constant velocity (0.1 – 1 

μm/s). For ease of discussion, the substrate was categorized into two sections, i.e., the 

assembly and bulk suspension zones. Particles assemble on the surface in the assembly zone 

as a result of the convective flow of particles induced by the evaporation solvent at the 

assembly zone. In the suspension zone, the particle suspension is like in bulk. Depending on 

the particle-substrate interaction, adsorption from the suspension onto the substrate may also 

occur in the suspension zone when specific interactions occur.  
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Figure 4.6. Schematic illustration of the adsorption and assembly of particles on a substrate. 

On the left, the assembly zone (A) refers to the area where assembly of the particles occurs. 

The particle assembly is caused by the evaporation of the water meniscus in this area. 

Between the glass slide and the substrate is the suspension zone (B). Convective flow 

delivers the particles from the bulk suspension zone to the assembly zone. Additional vertical 

interactions between the functionalized particles and the substrate may result in adsorption of 

particles in the suspension zone. 

 

Figure 4.7 shows the SEM micrographs of particle lattices obtained by convective 

assembly and electrostatic assembly. For the pure convective assembly, the particle solution 

was adjusted to pH 7 to eliminate any possibility of electrostatic interaction between PS-

COOH particles and the SiO2 substrates (pKa 4-5). The convective assembly of PS-COOH 

particles (Figure 4.7A) started when the SiO2 substrate was wetted by the particle suspension, 

forming a very thin meniscus in the front of the assembly zone. A single layer of highly 

ordered particles with hexagonal close packing (hcp) was formed. No particles were found on 

the surface of suspension zone. After the assembly, the temperature of the substrate was 

gradually reduced from 18 oC to below dew point (about 6 oC). When condensation of water 

occurred, the particle lattice started to disintegrate and the particles regained their mobility, 

and finally the particle flux was reversed and all particles returned to the suspension zone. An 

analogous observation was made for the assembly of PS-CD particles onto SiO2 (Figure 

4.7B).  
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Figure 4.7. SEM micrographs of the assembled particles formed by adsorption of PS-COOH 

on native SiO2 on Si (A), PS-CD on native SiO2 on Si (B), PS-COOH on NH3
+ SAM (C), and 

PS-CD on CD SAM (D). The inset at the upper right of each pictures shows the 2D Fourier 

transform the respective images. 

 

In the case of the electrostatic interactions, the pH of the PS-COOH particle 

suspension was adjusted to 7.0. At this pH, the acrylic acid groups on the surface of PS-

COOH are deprotonated (pKa ~ 4.5) while the NH2 SAM is protonated (pKa ~ 9.0), which 

should give rise to a strong electrostatic interaction.15 A densely occupied and disordered 

multilayered PS-COOH particle lattice was formed on the NH3
+ SAM (Figure 4.7C). As 

observed in situ, particles adsorbed on the surface in the suspension zone as soon as they 

contacted the substrate, and they remained immobile on the surface. When decreasing the 

substrate temperature to below dew point, the particles with no direct contact with the surface 

desorbed from the surface. A single layer of particles remained at the surface because of 

strong electrostatic interactions. These observations contrast the assembly of PS-COOH on 

native SiO2 substrates, where the particles are mobile enough to be reorganized to achieve the 

dense hcp packings and no adsorption occurred in the suspension zone.  

63 



Chapter 4 

The assembly of PS-CD particles onto a CD SAM in the absence of a ‘supramolecular 

glue’ (ferrocenyl-functionalized dendrimer) was examined. PS-CD particles were dispersed 

in carbonate buffer in the absence or presence of 5 mM CD. The assembly was initiated by 

wetting of the particle suspension on the moderately hydrophilic CD SAM surface. The 

particle lattice formed in the absence of CD showed a disordered packing similar to that 

observed for PS-COOH on an NH3
+ SAM (not shown).  In the presence of CD, the particle 

lattice appeared to have a higher degree of order, though it was not in perfect hcp 

organization (Figure 4.7D). The adsorption of particles in the suspension zone was also 

observed in both cases once the particle suspension was added, but less so in the case of 

added CD.  

Presumably, the assembly of PS-CD on a CD SAM was merely caused by 

electrostatic interaction. This is because PS-CD particles are negatively charged and a CD 

SAM on silicon is slightly positively charged, as not all NH2 groups of the SAM react with 

diisothiocyanate and CD heptamine.23 The tendency to form multilayered particle lattices was 

most likely due to the low substrate’s withdrawing velocity, but in part also due to 

electrostatics.16 During the desorption by condensation, the particles that had no physical 

contact with the surface desorbed, possibly because the attractive forces exerted on these 

particles are weaker.  

In order to quantify the degree of ordering of the particle lattice, Voronoi diagrams 

were created to determine the densities of the particle lattices and the number of non-

hexagonally packed particles (defects) over 80 - 100 μm2 of a single-layer particle lattice (see 

Table 4.2).37,38 A simple sphere-finding algorithm was used to identify the sphere centers, 

enabling the construction of a Voronoi diagram which was superimposed on the original 

image. A particle in a perfect hexagonally packed lattice, is surrounded by 6 neighbors, and 

they appear as hexagons. While the non-hexagonally packed particles consist of 5- and 7-

fold-coordinated sites (not shown).  

The particle densities in the assembly zones of PS-COOH on SiO2 and PS-CD on 

SiO2 are between 5.1 - 5.5 particles/μm2, which fall in the range of perfect hcp packing 

order.39 In contrast, the densities of the electrostatically assembled particle lattices (PS-

COOH on NH3
+ SAM and PS-CD on CD SAM) are 3.9 – 4.8 particle/μm2, indicating the 

formation of disordered particle lattices. Approximately 0.7 and 0.8 defects/μm2 were found 

for PS-COOH and PS-CD lattices formed on SiO2, respectively (see Table 4.2), possibly due 

to the relatively wide size distribution of particles. The defects of the electrostatically 

induced particle assemblies were 1.5 – 2.0 defects/μm2, which is due to the strong adsorption 
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and lack of mobility of these particles once in contact with the surface, which inhibits better 

ordering. 

The adsorption of particles in the suspension zone was observed both in Figure 4.7C 

and 3D. For easy comparison, the densities of particles adsorbed in the suspension zone were 

calculated over a suspension zone area of 1600 μm2. The particle densities for PS-COOH on 

an NH3
+ SAM, and for PS-CD on a CD SAM in absence and presence of 5 mM CD in the 

suspension zone were 0.5, 0.8, and 0.2 particles/μm2, respectively, indicating strong 

interactions between the particles and the surfaces.  

 

Table 4.2. Comparison of the densities of particles adsorbed onto the substrate in the 

suspension zone and assembly zone, and the number of defects (non-hexagonally packed 

particles) per μm2.

Assembly 

type 
Sample 

Density in 

assembly zone 

(particles/ μm2) 

Defects in 

assembly 

zone 

(defects/μm2) 

Density in 

suspension zone 

(particles/ μm2) 

Convective PS-COOH on SiO2 5.1 0.7 0.0 

 PS-CD on SiO2 5.5 0.8 0.0 

PS-COOH on NH3
+ 

SAM 
4.8 2.0 0.5 

Convective 

& 

Electrostatic PS-CD on CD SAM 3.9 1.8 0.8 

 PS-CD on CD SAMa 4.3 1.5 0.2 

PS-CD on G1-PPI-

(Fc)4 on CD SAM 
4.8 1.4 0.4 

Convective 

& Supra-

molecular PS-CD on G3-PPI-

(Fc)16 on CD SAM 
4.8 1.5 1.6 

 
PS-CD on G1-PPI-

(Fc)4 on CD SAMa 5.0 1.1 0.1 

 
PS-CD on G3-PPI-

(Fc)16 on CD SAMa 5.3 1.2 0.4 

a Particle suspension dispersed in the presence of 5 mM native CD (molecules).  
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Figure 4.8 shows particle lattices formed by utilizing the specific supramolecular 

host-guest interactions between CD SAMs and ferrocenyl-functionalized dendrimers. To 

avoid involvement of electrostatic interaction in the assembly, PS-CD were dispersed in pH 

9.0 carbonate buffer, in order to deprotonate both the dendrimers and the COOH groups on 

the particles’ surface, and to increase the ionic strength in the particle suspension, such that 

the electrostatic interactions can be shielded. Figure 4.8A was obtained by assembling PS-CD 

particles on the larger G3-PPI-(Fc)16 dendrimer pre-adsorbed on a CD SAM. The CD SAM 

became somewhat less hydrophilic upon adsorption of G3-PPI-(Fc)16 onto the substrate (see 

Table 4.1), but still feasible for convective assembly. The particle assembly with 

supramolecular interaction was distinctly different from the assembly on native SiO2 or with 

electrostatic interaction. Once the particle suspension was added, huge numbers of particles 

adsorbed instantaneously onto the dendrimer-CD SAM surface. This phenomenon hindered 

the formation of a dense particle lattice in the assembly zone. In fact, the adsorbed particles 

act as an obstacle for the convective flow of particles toward to assembly zone. As seen in 

situ by the optical microscope, the freely suspended particles had to travel in a twisted path 

before reaching the boundary of the assembly zone. At some point, the density of the 

adsorbed particles in the suspension zone was so high that the assembly was inhibited 

altogether, and that a new assembly zone started to form elsewhere. The order of the resulting 

particle lattice was very poor (Figure 4.8A). When the temperature was reduced below the 

dew point, most particles remained at their original position, and desorption of the particles 

by condensation was negligible. 

 

 
Figure 4.8. SEM micrographs of particle lattices formed by PS-CD on G3-PPI-(Fc)  pre-

adsorbed on a CD SAM (A), and PS-CD on G1-PPI-(Fc)  pre-adsorbed on a CD SAM in the 

absence (B) and presence of 5 mM native CD (C). The inset at the upper right of each 

pictures shows the 2D Fourier transform the respective images. 
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The results obtained so far suggest that the particle lattices formed by additional 

electrostatic and/or supramolecular interaction, though very stable on the surface, fail to form 

perfect closely packed particle lattices as a result of strong interaction between the particles 

and its surface. In order to form not only a stable but also a closed packed particle lattices, a 

few considerations have to be taken into account, (i) the adsorption of particles in the 

suspension zone should be sufficiently low such that the influx of particles to the assembly 

zone will not be disturbed, and (ii) the mobility of the particles at the boundary between 

assembly and suspension zones has to be preserved to allow reorganization of particles into 

perfect hexagonal close packing.  

Hence, further fine-tuning of supramolecular assembly was carried by first using 

ferrocenyl dendrimer of generation 1 (G1-PPI-(Fc)4). The wettability of the surface (θa= 60o) 

was similar to that of G3-PPI-(Fc)16 on a CD SAM. As observed during the assembly, some 

particles already adsorbed onto the substrate in the suspension zone. As shown in Figure 

4.8B, the PS-CD particle lattice formed on pre-adsorbed G1-PPI-(Fc)4 on CD SAM was 

disordered. Further attempts on achieving an ordered supramolecular particle lattice were 

carried out by adding 5 mM native CD to the particle suspension. The assembly was 

performed on pre-adsorbed G1-PPI-(Fc)4 on a CD SAM. The number of particles adsorbed 

on the surface in the suspension zone was reduced considerably (Table 4.2). As shown in 

Figure 4.8C, the packing of the particle lattice was nearly hexagonal which constitutes a 

drastic change from the disordered packing shown in Figure 4.8A and 4B. The desorption of 

particles by condensation was negligible for the assemblies on pre-adsorbed G1-PPI-(Fc)4 on 

CD SAMs, as already observed previously for G3-PPI-(Fc)16. 

As shown in Table 4.2, there are differences in packing order between the 

supramolecular particle lattices formed in the absence and presence of competitive 

interaction by native CD (molecules). The particle lattices formed in the absence of CD were 

disordered (and random), with packing densities of 4.5 - 4.8 particle/μm2, and defects of 1.4 

defects/μm2. In contrast, assemblies formed in the presence of CD were hexagonally closed 

packed, with 5.0 - 5.3 particles/μm2 and defect densities of 1.1 - 1.2 defects/μm2 (Table 4.2). 

A reduction in adsorption of particles in the suspension zone was observed. The densities of 

the particles in the suspension zone were reduced from 1.6 to 0.4 and 0.4 to 0.1 particles/μm2 

for G3-PPI-(Fc)16 and G1-PPI-(Fc)4 surfaces, respectively, when 5 mM native CD was added 

to the particle suspension.  

The use of G3-PPI-(Fc)16 resulted in the highest adsorption density in the suspension 

zone, indicating a strong binding affinity between the particles and the surface as a result of 
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spontaneous and strong multivalent supramolecular interactions, which makes reorganization 

and ordering of the particles very difficult. In comparison, G1-PPI-(Fc)4, with a 50 % lower 

Fc surface coverage than that of G3-PPI-(Fc)16 (Figure 4.5) caused less particle adsorption in 

the suspension zone, suggesting a weaker and more dynamic host-guest interaction. 

Nevertheless, the interaction force of the simultaneous binding of multiple CD sites on a 

single particle to multiple Fc sites on the surface is probably still larger than the lateral 

capillary force between the neighboring particles, which prevents the ordering of particles.40 

With addition of native CD to the particle suspension, competition was initiated. Thus, after 

reducing the total number of interactions and inducing competition in the assembly, a nearly 

hexagonally close packed supramolecular particle lattice was obtained by using G1-PPI-(Fc)4 

with native CD present in the particle suspension. To our knowledge, this is the first time that 

supramolecular competition is shown to result in fine-tuning of interactions and ordering of 

materials. 

 

4.2.3 Assembly of particles on nanoimprint lithography (NIL) patterned substrates 

As an extension to the fabrication of nanostructures, substrates patterned by 

nanoimprint lithography (NIL) were employed to assemble the particles into micrometer 

lines. A piranha-cleaned silicon substrate with a 500 nm thick layer of PMMA was pressed 

against a hard stamp at high temperature to form patterned substrates with 3.5 μm wide 

polymer lines. The residual layer in the imprinted areas was removed by acetone. The NH2 

and CD SAMs were subsequently formed on the native SiO2 according to previously 

described procedures.41 Figure 4.9 shows the patterned particle lattices formed on 

nanoimprinted patterns assembled via convective assembly, with electrostatic interactions 

and with supramolecular host-guest interactions. For the convective assembly (Figure 4.9A), 

the particles were physically confined by the PMMA polymer barriers into the 3.5 μm wide 

silicon oxide areas, which resulted in the formation of highly hcp-ordered particle lines. The 

selective particle assembly was driven by the large chemical contrast between PMMA (θa = 

80o) and silicon oxide. 

In the beginning of the assembly with additional electrostatic interactions (Figure 

4.9B), the particles bound preferentially to the NH3
+ SAM. The particle lines were disordered 

and multilayered, as a result of the strong electrostatic interactions of the particles with the 

substrate. As the wetting contrast between the NH3
+ SAM and PMMA is relatively low, we 

observed that after a few seconds of assembly, the particles started to assemble on the 

polymer lines too. In the end, nearly all the polymer figures were covered with particles. This 
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is particularly observed when the withdrawing speed was 0.5 – 1.0 μm/s, in agreement with 

observations made by Jonas et al.42 Nevertheless, rinsing the substrate in agitated MilliQ 

water was sufficient to remove the particles that were physisorbed onto the PMMA, or in this 

case, PMMA and particles on PMMA can be easily ‘lifted off’ from the substrate by rinsing 

with acetone. 

In the case of supramolecular interaction using G1-PPI-(Fc)4 and a particle 

suspension of high pH buffer in the absence of CD, a random particle lattice was formed with 

nonspecifically adsorbed particles everywhere (Figure 4.9C). The lack of specificity of the 

assembly is attributed to the adsorption of dendrimers onto the PMMA structures as a result 

of hydrophobic interactions.43  

 

 
Figure 4.9. SEM micrographs of NIL-patterned particle lattices formed by adsorption of PS-

COOH on native SiO  on Si (A), PS-COOH on an NH  SAM (B), and PS-CD2 3
+  on CD SAM 

with preadsorbed G1-PPI-(Fc)  in the absence (C) and presence (D) of 5 mM native CD. 4

 

To fine-tune and improve the specificity of the assembly, a particle suspension with 5 

mM native CD was used (Figure 4.9D). Periodic changes in hydrophilic properties and the 

shape of the water meniscus were clearly observed as a result of alternating dewetting and 

wetting effects by the PMMA and CD SAM areas, respectively. The nonspecific adsorption 
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of dendrimers on PMMA was reduced as a result of competition by CD in solution. Hence, a 

well controlled, stable and single layer of particles was formed in the assembly process with a 

better degree of order than without CD. Potentially, this method can also yield multilayered 

nanostructures by repeating the adsorption of the ferrocenyl dendrimers and CD particle, as 

shown before in a layer-by-layer process for 5 nm gold particles.13

 

4.3 CONCLUSIONS 

The in-situ observation of the adsorption and desorption of particles during 

convective assembly on native oxide surfaces, with additional electrostatic interactions and 

with supramolecular interactions has been presented. PS-COOH particles on native SiO2 

surfaces displayed the best hcp packing among all, but these lattices can be easily desorbed 

by reducing the temperature below dew point. The electrostatically induced assembly led to 

disordered lattices. The highly tunable supramolecular assembly, driven by multivalent host-

guest interactions between PS-CD and G1-PPI-(Fc)4 or G3-PPI-(Fc)16 on CD SAMs resulted 

in a nearly hcp packing in the presence of a competing interaction by native CD, also 

providing good specificity and selectivity on NIL-patterned substrates. We envision, with the 

use of these specific, yet highly tunable supramolecular interactions, the generation of more 

sophisticated and more complex nanostructures that cannot be achieved by physical assembly 

becomes within reach. In particular, the combination of top-down surface patterning and 

bottom-up material, assembly that involves multivalent supramolecular interactions is 

anticipated to lead to well-defined 3D nanostructures.  

 

4.4 EXPERIMENTAL  
Chemicals. Styrene, divinylbenzene, acrylic acid, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), 3-aminopropyl triethoxysilane (APTES), N-[3-
(trimethoxysilyl)propyl]ethylenediamine and 1,4-phenylene diisothiocyanate were obtained from 
commercial sources (Sigma Aldrich, Germany). Buffer solutions of all pHs were prepared as 
described previously, unless otherwise stated.27 β-Cyclodextrin (CD) heptamine, adamantyl-
terminated poly(propylene imine) dendrimer of generation 5 (G5-PPI-(Ad)64), ferrocenyl-
functionalized poly(propylene imine) dendrimer of generations 1 and 3 (G1-PPI-(Fc)4 and G3-PPI-
(Fc)16) were synthesized as described before.28,44,45 Milli-Q water with a resistivity higher than 18 
MΩ.cm was used in all experiments. 

Preparation of carboxylate-functionalized polystyrene particles (3, PS-COOH). The core-shell 
particles of poly(styrene-co-acrylic acid) (PS-COOH) were prepared as described before.46,47 Milli-Q 
water (100 mL) was stirred and heated to 80 oC under N2 atmosphere. 11 mL of styrene and 1 mL of 
divinylbenzene were then added quickly into the solution. The mixture was stirred for another 20 min 
before adding 5 mL of 0.1 M aqueous potassium persulfate. The mixture was stirred for another 4 h 
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under N2 atmosphere. 1 mL of distilled acrylic acid and 2.6 mL of 0.1 M potassium persulfate were 
added, and the reaction was continued for another 75 min. The reaction product was centrifuged and 
redispersed in water (pH 7.0) for at least three times.  

Preparation of β-cyclodextrin-functionalized polystyrene particles (5, PS-CD). The attachment 
of β-cyclodextrin onto the surface of PS-COOH particles was based on a functionalization strategy for 
β-cyclodextrin-functionalized silica particles, as described in Chapter 3.27 PS-COOH (24 mL, 11 
wt%) was redispersed in MES buffer (pH 5.6) and was added to 10 mL of 5 mM EDC/NHS mixture. 
After 1 h stirring, the particles 3 were centrifuged and redispersed in a carbonate buffer (pH 9.6). This 
suspension was added dropwise to 5 mL of 5 mM aqueous CD heptamine. Stirring was continued 
overnight at room temperature. The final product, CD-functionalized poly(styrene-co-acrylic acid) (4, 
PS-CD) particles were centrifuged and redispersed in 10 mM carbonate buffer (pH 9.6) for at least 
three times to remove unreacted CD heptamine from the mixture. 

Substrate and monolayer preparation. Cleaned silicon substrates were prepared by immersion in 
piranha solution (conc. H2SO4 and 33% H2O2 in a 3:1 volume ratio). (Warning! piranha should be 
handled with caution; it can detonate unexpectedly) for 15 min to form a SiO2 layer on the surface. 
The substrates were then sonicated in Milli-Q water and ethanol for 1 min, and dried with N2. Amino-
terminated SAMs were obtained by gas-phase evaporation of APTES in a desiccator under vacuum. 
The samples were left several hours and then carefully rinsed with ethanol and Milli-Q water. CD 
SAMs were obtained according to a published procedure.23,48 In brief, the substrates were 
functionalized N-[3-(trimethoxysilyl)propyl]ethylenediamine by gas-phase evaporation. 
Transformation of the amino-terminated SAMs to isothiocyanate-bearing layers was accomplished by 
exposure to an ethanol solution of 1,4-phenylene diisothiocyanate at 50 oC for 2 h. CD SAMs were 
finally obtained by reaction of the isothiocyanate-terminated monolayer with CD heptamine in pH 7.5 
water, at 50 oC for 2 h. The adsorption of G1-PPI-(Fc)4 or G3-PPI-(Fc)16 was achieved by immersing 
the CD SAM substrates in a aqueous solution of G1-PPI-(Fc)4 and/or G3-PPI-(Fc)16 (1 mM Fc 
functionality) for 30 min, followed by rinsing with 10 mM aqueous CD at pH 2 and Milli-Q water. 

Particle assembly. A defined volume (40 μL) of 0.2 wt% of particle suspension in was injected 
between the SAM and a glass slide (Figure 4.6). The liquid meniscus was moved over the SAM at a 
constant velocity of 1 μm/s. The entire setup was installed on the stage of an optical microscope for 
direct observation and control of the assembly process. A Peltier element allowed the temperature of 
template to be controlled.30 Typically, the adsorption of particles was performed at temperature of 
about 18 oC, whereas the desorption was attempted at a temperature below 6 oC.  

Nanoimprint lithography (NIL). Silicon stamps were made by photolithography followed by 
reactive ion etching (RIE, Elektrotech Twin system PF 340). A stamp consisted of 3.5 μm lines at 7.5 
μm period with a height of 500 nm. A piranha-cleaned silicon substrate was first spin-coated with a 
500 nm thick layer of PMMA. Stamp and substrate were put in contact and a pressure of 40 bar was 
applied at a temperature of 180 ºC using a hydraulic press (Specac). The residual layer was removed 
by dipping the samples in acetone during 30 s.  

Fourier Transform Infrared (FT-IR) Spectroscopy. Infrared spectra were recorded on a Perkin–
Elmer Spectrum BX spectrometer, using KBr pellets that contained 2 – 5 mg of particles.  

Dynamic Light Scattering (DLS). DLS experiments were performed with a Zetasizer 4000 
(Malvern Instruments Ltd., U.K.) at 25 °C using a laser wavelength of 633 nm at a scattering angle of 
90°. Results obtained are the averages of three measurements. The average hydrodynamic diameter 
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(dav) of the  particles was determined on 1.5 mL samples in corresponding solutions. The dispersions 
were gently shaken before the measurements for proper mixing. The (attempted) aggregation of PS-
COOH and PS-CD with the adamantyl-terminated PPI dendrimer, generation 5 (Ad-PPI-G5) was 
performed by measuring dav for a 1 mL sample before and after subsequent additions of 40, 130, 250, 
and 500 μL of a 0.2 mM solution of Ad-PPI-G5.24,27 The dispersions were gently shaken before the 
measurements for proper mixing.  

Zeta Potential. Zeta potentials of the silica particles were obtained with a Zetasizer 2000 (Malvern 
Instruments Ltd., U.K.) using the Laser Doppler velocimetry technique. In this technique, the velocity 
of suspended particles is measured as function of an applied electrical field, which correlates to the 
particle motion. Measurements were performed at 25 °C using a 1000 Hz modulator frequency and a 
cell drive voltage of 120 V. The values reported are the averages of ten measurements.  

Contact Angle Goniometry. Contact angles were measured on a Krüss G10 contact angle 
measuring instrument, equipped with a CCD camera. Advancing contact angles were determined 
automatically during growth of the droplet of Milli-Q water by a drop shape analysis routine.  

Scanning Electron Microscopy (SEM). All SEM images were taken with a HR-LEO 1550 FEF 
SEM. 
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Chapter 5 
 

Reversible attachment of nanostructures at molecular 

printboards through supramolecular glue*

 

ABSTRACT. Regenerable surfaces and reversible attachment of nanostructures onto them is 

an important aim in nanotechnology. Reversible attachment of nanostructures at molecular 

printboards was illustrated by the adsorption and desorption of β-cyclodextrin- (CD-) 

functionalized nanoparticles onto and from stimuli-responsive, pre-adsorbed, ferrocenyl-

functionalized poly(propylene imine) dendrimers at a CD self-assembled monolayer (SAM). 

Electrochemical oxidation of the ferrocenyl endgroups was employed to induce desorption of 

nanostructures from the CD SAMs. A combined surface plasmon resonance (SPR) 

spectroscopy and electrochemistry setup was used to monitor the in situ adsorption and 

desorption of ferrocenyl dendrimers and CD-functionalized Au nanoparticles (Au-CD, d ~ 3 

nm) onto and from the molecular printboard. In the case of the larger CD-functionalized 

silica nanoparticles (SiO2-CD, d ~ 60 nm), ultrasonication was used to reduce the desorption 

time. By electrochemical oxidation applied to a specific area of a nanoparticle layer, local 

desorption of nanoparticles was observed. In the non-oxidized area, nanoparticles remained 

robustly attached to the surface, whereas nanoparticles on the electrochemically oxidized area 

were completely removed. 

 

 

 

 

____________________ 

* This chapter has been published in X. Y. Ling, D. N. Reinhoudt, J. Huskens, Reversible attachment 

of nanostructures at molecular printboards through supramolecular glue, Chem. Mater. 2008, 20, 

3574. 



Chapter 5                                                                                                                                       

5.1 INTRODUCTION 

Assembly of nanostructures on surfaces is an active research field owing to the 

increasing demand for miniaturization of microelectronic and optical devices. In addition, the 

ability to reversibly adsorb and desorb nanostructures from the surface is crucial,1 as 

structural manipulation or modifications are often needed on a specific area of a 

nanostructure. General coupling chemistries, e.g., electrostatic interactions,
2 covalent 

bonding3 and thiol-based4 self-assembly result in strong but irreversible functionalized 

nanostructures on (patterned) surfaces. Hence, biomolecular and supramolecular systems 

involving DNA,5,6 biotin-streptavidin,7 supramolecular hydrogen bonding,8 and ligand-

receptor9,10 interactions have beed described, as they offer highly specific and/or reversible 

binding of nanoparticles. Supramolecular chemistry is particularly attractive as it possesses 

controllable molecular recognition abilities with the possibility for error correction.9 The 

concept of the ‘molecular printboard’, i.e., β-cyclodextrin (CD) self-assembled monolayers 

(SAMs) on gold or glass that possess receptor properties has been developed.11 

Complementary adamantyl-functionalized dendrimers were employed as ‘non-reversible 

molecular glue’ to construct self-assembled organic/inorganic multilayers with CD-

functionalized gold and silica nanoparticles (Au-CD and SiO2-CD) at the molecular 

printboard employing multivalent supramolecular interactions.12,13

The redox behavior of ferrocene is well-known for its reversibility in host-guest 

systems.14-16 Kaifer and Stoddart et al. have described the interfacial monovalent ferrocenyl 

(Fc) complexation at a per-6-thio-β-cyclodextrin monolayer.17 Our group has demonstrated 

that multivalent Fc dendrimers can be reversibly adsorbed and removed from CD SAMs by 

electrochemical oxidization of the redox-active Fc end groups.17-20  

In this chapter, it is demonstrated that, by using Fc dendrimers as supramolecular 

reversible glue, CD-functionalized nanoparticles can be reversibly adsorbed and desorbed 

from the molecular printboard (Scheme 1). Our aim is to practically realize the concept of 

reversible immobilization of nanostructures, with the focus on: (i) the electrochemical 

addressability of the reversible glue, when sandwiched between the SAM and nanoparticle 

interfaces, (ii) optimization of the conditions for disassembly of the reversible glue and the 

nanoparticles off the interface, and (iii) possible size effects of the nanoparticles on the 

reversibility. The repeated adsorption and desorption of CD functionalized gold (Au-CD) 

nanoparticles onto and from the surface were monitored in situ by a combined surface 

plasmon resonance spectroscopy (SPR) and electrochemistry setup.19 For easy visualization 
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and for studying potential size effects on reversibility, experiments were repeated by using 

larger CD functionalized silica (SiO2-CD) nanoparticles of 60 nm in diameter.   

 

5.2 RESULTS AND DISCUSSION 

Scheme 5.1 describes the build-up and breakdown of nanoparticle assemblies on a 

molecular printboard via a reversible supramolecular glue. A monolayer of nanoparticles was 

formed by stepwise adsorption of aqueous ferrocenyl (Fc) dendrimers and CD-functionalized 

nanoparticles onto the CD SAM via multivalent supramolecular host-guest interactions 

(Chart 5.1). Ferrocenyl poly(propylene imine) dendrimer of generation 3 (G3-PPI-(Fc)16) 

serves as a ‘reversible supramolecular glue’ for the binding and unbinding of nanoparticles or 

nano-objects to and from the molecular printboard.19 Intentional desorption of the 

nanoparticles from the surface can be achieved by electrochemical oxidation of the Fc groups 

of the dendrimers to ferrocenium cations, such that the assembled nanostructures are removed 

from the surface. 

  

 
Scheme 5.1. Illustration of the adsorption and desorption of CD-functionalized nanoparticles 

onto and from CD SAMs with Fc dendrimers as reversible supramolecular glue. 

 

A combined SPR and electrochemistry setup21 was used to monitor in situ the 

adsorption and desorption of G3-PPI-(Fc)16 and Au-CD nanoparticles onto and from a CD 

77 



Chapter 5                                                                                                                                       

SAM on gold, while monitoring the SPR and I/V responses simultaneously. Cyclic 

voltammetry (CV) was performed on a bare CD SAM, showing that the SPR signal remained 

unchanged during CV in the absence of electroactive dendrimers (data not shown), indicating 

that the SPR intensity can be completely attributed to the adsorption and desorption 

processes.18,19 The adsorption of G3-PPI-(Fc)16 in 10 mM CD in pH 2 water and Au-CD 

nanoparticles in 10 mM CD in HEPES buffer were adsorbed at a flow rate of 0.5 mL/min. In 

order to assist desorption of the nanostructures from the surface, the flow rate was increased 

to 4.0 mL/min during desorption. After the experiment, the flow rate was adjusted back to 0.5 

mL/min for proper comparison of the SPR intensities before adsorption and after desorption. 

 

Chart 5.1. Structures of the chemical compounds and particles that are used in this chapter: 

CD heptathioether, ferrocenyl poly(propylene imine) dendrimer of generation 3, CD-

functionalized Au and silica nanoparticles. 

 
 

Figure 5.1 shows the sequential adsorption and electrochemically induced desorption 

of G3-PPI-(Fc)16 and Au-CD (d~ 3 nm) onto and from the molecular printboard, as studied 

by surface plasmon resonance (SPR) spectroscopy. G3-PPI-(Fc)16 was used because it yields 

thermodynamically and kinetically stable complexes at the CD SAM, even when rinsing with 

10 mM CD.19 G3-PPI-(Fc)16 was applied in a pH 2 solution, while the Au-CD nanoparticles 

were applied in a HEPES buffer, both for stability reasons.12 In order to evaluate the SPR 

signal changes accurately, the SPR flow cell was flushed with the corresponding buffer 
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before the introduction of the respective adsorbing component, and rinsed afterwards with the 

same buffer.12 After adsorption of G3-PPI-(Fc)16 (0.1 mM in Fc functionality), a Au-CD 

nanoparticle solution (5.8 μM in CD functionality) was introduced, and rinsing led to 

removal of physisorbed nanoparticles. When the adsorption of dendrimers is omitted, the Au-

CD nanoparticles do not adsorb at the CD SAM.12 Increase of the flow rate (Figure 5.1A) led 

to some additional removal of dendrimers and/or nanoparticles. 

 
Figure 5.1. SPR sensogram of the sequential adsorption of 0.1 mM G3-PPI-(Fc)  

dendrimers and Au-CD nanoparticles (5.8 

16

μM in CD functionality) onto a CD SAM, 

followed by rinsing and chronoamperometry (CA-)induced desorption. The substrate was 

then reused for another buildup of G3-PPI-(Fc)  dendrimers and Au-CD nanoparticles. (16 Α) 

change of flowrate to 4.0 mL/min; (B) change of flow rate to 0.5 mL/min. Symbols (■) and 

(◊) represent rinsing with 10 mM CD in pH 2 water and with HEPES buffer, respectively. 

 

The oxidation of the Fc groups was induced by chronoamperometry (CA) at a 

potential of +0.65 VAg/AgCl for 1 h. CA is used for the complete desorption of the 

nanoparticles (and dendrimers) from the molecular printboards because it allows control over 

the oxidation potential and duration. Cyclic voltammetry (CV) appeared to be not beneficial 

here because it involves repeated oxidation and reduction cycles which led to reformation of 

the supramolecular bonds before detectable desorption occurred (data not shown). Upon CA, 

a reduction in SPR intensity was observed once oxidation started. Although desorption 

occurred, the desorption rate was rather small, in particular when compared to the desorption 
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of the dendrimers in absence of nanoparticles.18,19  The desorption rate appeared to be 

dependent on the flow rate through the SPR flow cell. The desorption rate observed here 

(Figure 5.1; about 50% coverage decrease per h) was obtained at a fairly high flow rate; at 

lower flow rates, desorption was (much) slower (data not shown). Nonetheless, the SPR 

intensity was restored to its original starting intensity at point (B), indicating a (near) 

complete removal of dendrimers and nanoparticles.  

In order to assess the reusability of a CD SAM after prolonged electrochemistry, 

another stepwise adsorption of G3-PPI-(Fc)16 and Au-CD was performed after the desorption 

process on the same substrate (Figure 5.1), at t =300 min. The increase in intensity was 

similar to the previous adsorption process, proving the robustness of the CD SAM after 

prolonged electrochemistry.7 This is important, as it indicates that the CD SAM can be 

reused. Considering desorption assisted by flow is time-consuming, in the next experiment, 

desorption was performed by ultrasonicating the substrates in water for 2 min after 

electrochemistry, as 2 min ultrasonication appeared sufficient to assist the removal of the 

nanoparticle layer from the surface.  

To determine possible nanoparticle size effects on the reversibility of the 

nanostructure attachment, larger nanoparticles, i.e., CD-functionalized silica nanoparticles 

(SiO2-CD) of 60 nm were used.9 Figure 5.2A shows a densely packed SiO2-CD layer on G3-

PPI-(Fc)16 at the molecular printboard. The layer was repeatedly oxidized and reduced during 

50 CV cycles between –0.35 and +0.30 VMSE at a scan rate of 500 mV/s. The sample was 

sonicated in water to remove any physisorbed particles. Figure 5.2B shows that the SiO2 

nanoparticle layer remained nearly unchanged after electrochemistry, indicating robust 

attachment as a result of strong multivalent supramolecular interactions. The CVs show 

highly reversible oxidation and reduction scans (Figure 5.2C). The total coverage of Fc 

moieties of G3-PPI-(Fc)16 sandwiched between the CD SAM and the SiO2-CD nanoparticles 

was comparable to the coverage of G3-PPI-(Fc)16 on a CD SAM, without the nanoparticles 

attached,18 indicating that all Fc moieties were electrochemically addressable. However, the 

system with only dendrimers on the CD SAM showed a gradual decrease in intensity of 

oxidation current with increasing scan number, which indicates a gradual desorption and 

diffusion of dendrimers from the CD SAM.18,19 With addition of SiO2-CD nanoparticles onto 

the surfaces of G3-PPI-(Fc)16 on CD SAMs, the current reduction was nearly negligible, 

probably due to the inhibited diffusion of oxidized dendrimers from the interface as a result 

of slow mass transport of the SiO2-CD from the interface at the electrochemical timescale. 

During the subsequent reduction sweep, the dendrimers remain close to the substrate to be 
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reduced back to their neutral form leading to rebinding to the host surface and the SiO2-CD 

nanoparticles. 

 

 
Figure 5.2. SEM images of SiO -CD 2 nanoparticle layer on CD SAM with preadsorbed G3-

PPI-(Fc)  (A) and after 50 CV scans and 2 min sonication in water (B), and cyclic 

voltammograms in an aqueous solution 0.1 M K SO , between –0.35 V  and +0.30 V , 

at scan rates of 500 mV/s (C). 

16

2 4 MSE MSE

 

The removal of a complete nanoparticle layer from the surface has been shown to be 

feasible in Figure 5.1. In reality, one may not need to regenerate the entire substrate, but only 

a small area. Hence, an individually addressable electrode is essential such that a certain area 

of a substrate can be selectively oxidized, and error correction can be made on that specific 

area. As a proof of principle, an intended desorption area was defined by an O-ring. The area 

within the O-ring was exposed to the electrolyte with the counter electrode, whereas the area 

outside the O-ring remained dry. The substrate was electrochemically biased at +0.15 VMSE 

(CA) until the oxidation current had decreased, indicating the complete oxidation of Fc 

endgroups to ferrocenium cations (Figure 5.3C). This result was further supported by CVs 

after CA (Figure 5.3D), which showed the absence of Fc oxidation and reduction peaks 

between -0.35 and +0.30 VMSE, indicating a clean desorption of dendrimers and 
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nanoparticles. The SEM image in Figure 5.3A corresponds to the area exposed to 

electrochemistry after CA. The SiO2-CD nanoparticle layer had been completely removed in 

the area inside the O-ring. The coverage of SiO2-CD nanoparticles in the area outside the O-

ring remained unchanged (Figure 5.3B). 

 

 
Figure 5.3. SEM images of a SiO -CD 2 nanoparticle layer on a CD SAM with preadsorbed 

G3-PPI-(Fc)   after 1800 s chronoamperometry (CA) and 2 min ultrasonication inside (A) 

and outside (B) the electrochemically addressed area. CA scan in 0.1 M K SO  at +0.15 V  

for 1800 s (C), CVs after 1800 s CA scan (D). CV was performed in an aqueous solution 0.1 

M K SO , between –0.35 V  and 0.35 V , at a scan rate of 500 mV/s.  

16

2 4 MSE

2 4 MSE MSE

 

The concept of using ferrocenyl dendrimers as a reversible glue for building up 

nanostructures is not only limited to homogeneous substrates. The specific and directed 

assembly of nanostructures was achieved by selectively printing G3-PPI-(Fc)16 onto a CD 

SAM by microcontact printing,22 followed by selective deposition of SiO2-CD nanoparticles 

onto the dendrimer areas of the surface, forming nanoparticle lines (Figure 5.4A). The 

nanoparticle lines could be ‘erased’ by electrochemically biasing the substrate at +0.15 VMSE 
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(Figure 5.4B), followed by ultrasonication of the substrate in water. This led to complete 

particle removal, similar to that shown in Figure 5.4A. 

 

 
Figure 5.4. Selective deposition of SiO2-CD nanoparticles onto microcontact printed lines of 

G3-PPI-(Fc)16 at a CD SAM (A), followed by CA at 0.65 V, 20 min and 2 min sonication in 

water (B).  

 

5.3 CONCLUSIONS 

Reversible nanostructure attachment was demonstrated by using ferrocenyl 

dendrimers as multivalent ‘reversible supramolecular glue’ for the association and 

(electrochemical) dissociation of CD-functionalized nanoparticles at the molecular 

printboard. It is a valid method for nanoparticles of different core materials and sizes, the 

only requirement being the surface functionalization of the nanoparticles with CD receptors. 

The actual rate of desorption of the nanoparticles after electrochemical oxidation of the 

supramolecular glue is governed by the inertia of the nanoparticles as witnessed by the flow 

rate dependence and the accelerated desorption upon ultrasonic agitation. 

The use of electroactive dendrimers as ‘reversible supramolecular glue’ for building 

up and (electrochemically induced) breaking down nanostructures at molecular printboards 

may become generally applicable to the assembly of (bio)molecules and/or nanostructures 

onto CD SAMs via strong, specific and tunable multivalent host-guest interactions. Local 

surface modification may be achieved by individually addressed electrodes on a substrate, 

while the integrity and molecular recognition properties of the SAMs remain unchanged after 

modification. The limits regarding nanostructure size depend on the accuracy with which 

such electrode arrays, or the positioning of the electroactive dendrimers onto them, can be 

controlled. The concept holds potential for the construction and local modification of 

nanostructures, especially for multi-electrode steered arrays. 
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5.4 EXPERIMENTAL  
Materials. CD heptathioether,11 and ferrocenyl poly(propylene imine) dendrimers of generation 3 

(G3-PPI-(Fc)16)18 were synthesized as described before. CD-functionalized Au (Au-CD, d ~ 3 nm) and 
silica nanoparticles (SiO2-CD, d ~ 60 nm) were prepared according to published procedures.12,13 
Poly(dimethylsiloxane) Sylgard 184 and curing agent were obtained from Dow Corning. Milli-Q 
water with a resistivity greater than 18 MΩ.cm was used in all our experiments. 

Substrate and monolayer preparation. All adsorbate solutions were prepared freshly prior to use. 
Round glass-supported gold substrates for SPR and electrochemistry (2.54 cm diameter; 50 or 200 nm 
Au) were obtained from Ssens BV (Hengelo, The Netherlands). Gold substrates were cleaned by 
immersing the substrates in piranha (conc. H2SO4 and 33% H2O2 in a 3:1 ratio; Warning! piranha 
should be handled with caution; it is a highly corrosive oxidizing agent) for 10 s and leaving the 
substrates for 5 min in absolute ethanol. The substrates were subsequently immersed into a 0.1 mM 
CD heptathioether adsorbate solution in EtOH and CHCl3 (1:2 v/v) for 16 h at 60 °C. The samples 
were then rinsed with substantial amounts of CHCl3, EtOH and Milli-Q water. The adsorption of G3-
PPI-(Fc)16 was achieved by immersing the CD SAM substrates in a solution of 1 mM G3-PPI-(Fc)16 
for 30 min, followed by rinsing with 10 mM aqueous CD at pH 2 and Milli-Q water. 

Microcontact Printing. Poly(dimethylsiloxane) (PDMS) stamps were prepared by casting a 10:1 
(v/v) mixture of Sylgard 184 elastomer and curing agent against a patterned silicon master. After 
curing of the stamps overnight, they were mildly oxidized in an ozone plasma reactor (Ultra-Violet 
Products Inc., model PR-100) for 60 min to render their surfaces hydrophilic. Subsequently, they were 
inked by soaking them in a 1 mM aqueous solution of the G3-PPI-(Fc)16 for 20 min. The stamps were 
blown dry in a stream of N2 before printing. The stamps were brought in conformal contact with CD 
SAM for 10 min and then carefully removed. The substrates were thoroughly rinsed with water. 

Assembly of a Dendrimer-Au Nanoparticle Structure. The assembly of a Au nanoparticle 
sandwich layer was performed in an SPR flow cell setup by first flowing 0.1 mM G3-PPI-(Fc)16 (0.1 
mM Fc functionality) dendrimers in 10 mM CD, pH 2 solution through the SPR cell, followed by 
introducing Au-CD (5.8 μM in CD functionality) nanoparticles in a background solution of 10 mM 
CD in HEPES buffer. Between the adsorption steps, the substrate was rinsed with the respective 
background solution to remove any physisorbed material. All adsorptions were performed at a flow 
rate of 0.5 mL/min. 

Preparation of a Dendrimer-SiO2 Nanoparticle Structure. A monolayer of SiO2-CD 
nanoparticles was deposited onto a CD SAM with preadsorbed (from solution) or microcontact 
printed G3-PPI-(Fc)16 by using a convective assembly setup.21 The nanoparticle layer was then 
ultrasonicated for 20 s, rinsed with Milli-Q water of pH2, and Milli-Q water, and gently blown dry 
with N2 before electrochemical testing.  

Combined Surface Plasmon Resonance (SPR) Spectroscopy and Electrochemistry Setup. The 
SPR setup was obtained from Resonant Probes GmBH. The instrument consists of a HeNe laser (JDS 
Uniphase, 10 mW, λ=632.8 nm) whose light passes through a chopper that is connected to a lock-in 
amplifier (EG&G 7256). The modulated beam is directed through two polarizers (OWIS) to control 
the intensity and the plane of polarization of the light. The light is coupled via a high-index prism 
(Scott, LaSFN9) in the Kretschmann configuration to the backside of the gold-coated substrate, which 
is optically matched through a refractive-index-matching oil (Cargille; series B; nD

25=1.700 ± 0.002) 
at the prism, mounted on a θ - 2θ goniometer in contact with a Teflon cell with a volume of 113 mm3 
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and a diameter of 6 mm. The light that leaves the prism passes through a beam splitter; subsequently, 
the s-polarized light is directed to a reference detector, and the p-polarized light passes through a lens 
which focuses the light onto a photodiode detector. Laser fluctuations are filtered out by dividing the 
intensity of the p-polarized light (Ip) by the intensity of the s-polarized light (Is). The SPR experiments 
were performed in a flow cell system. Rates of 0.5 mL/min and 4.0 mL/min were set as typical flow 
rates for adsorption and desorption, respectively. Upon completion of an experiment, the flow rate 
was adjusted back to 0.5 mL/min, such that a proper comparison of SPR intensity changes can be 
made between before adsorption and after desorption.  

Electrochemistry was performed with an AUTOLAB PGSTAT10 in a three-electrode setup with 
the Au SPR substrates at the prism as the working electrode, a Ag/AgCl (VAg/AgCl = +0.21 VNHE) 
reference electrode and a platinum wire as counter electrode. The cyclic voltammetry- (CV-)induced 
desorption processes on gold were detected by monitoring reflectivity changes as a function of time at 
a fixed incidence angle, θ. CV was performed on a bare CD SAM, showing the SPR signal remained 
unchanged during CV, indicating that all SPR intensity changes can be attributed fully to adsorption 
and desorption processes. Chronoamperometry (CA) was performed by holding the potential at +0.65 
VAg/AgCl. 

Electrochemistry. Electrochemical measurements were performed in a three-electrode setup 
equipped with a platinum counter electrode, a mercury sulfate reference electrode (VMSE = +0.61 
VNHE) and a screw cap holding the gold working electrode with surface area of 0.44 cm2. Cyclic 
voltammetric tests were performed in an aqueous solution 0.1 M K2SO4, between –0.35 VMSE and 
+0.30 VMSE, at the given scan rate. Chronoamperometry (CA) was performed by holding the potential 
at +0.15 VMSE, and the changes in the oxidation current with time were recorded. The samples after 
electrochemistry were sonicated for 100 s, rinsed with pH 2 Milli-Q water and blown dry with N2.  

Scanning electron microscopy (SEM). All SEM images were taken with a HR-LEO 1550 FEF 
SEM. 
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Chapter 6 
 

Supramolecular layer-by-layer assembly of 3D 

multicomponent nanostructures via multivalent molecular 

recognition interactions*

 

ABSTRACT. The supramolecular layer-by-layer assembly of 3D multicomponent 

nanostructures of nanoparticles is demonstrated. Nanoimprint lithography (NIL) was used as 

the patterning tool for making patterned β-cyclodextrin (CD) self-assembled monolayers 

(SAMs) and for the confinement of nanoparticles on the substrate. A densely packed and 

multilayered nanoparticle structure was constructed by alternating assembly steps of 

complementary guest- (SiO2-Fc, 60 nm) and host-functionalized (Au-CD, 3 nm) 

nanoparticles. The effects of order of the nanoparticle assembly steps from large to small 

nanoparticles and small to large nanoparticles by using SiO2-Fc, Au-CD, and SiO2-CD (350 

nm) nanoparticles were compared. AFM height profiles revealed that the specific 

supramolecular assembly of nanoparticles was self-limited, i.e. one nanoparticle layer per 

assembly step, allowing the control over the thickness of the supramolecular hybrid 

nanostructure by choosing the size of the nanoparticles, irrespective of the core material of 

the nanoparticles. The roughness of structure was directly influenced by the size of the 

underlying nanoparticles.  

 

 

 

 

 

 

____________________ 
* This chapter has been published in X. Y. Ling, I. Y. Phang, D. N. Reinhoudt, G. J. Vancso, J. 

Huskens, Supramolecular layer-by-layer assembly of 3D multicomponent nanostructures via 

multivalent molecular recognition interactions, Int. J. Mol. Sci. 2008, 9, 486. (Invited article) 
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6.1 INTRODUCTION 

The assembly of three-dimensional composite nanomaterials has attracted a lot of 

interest owing to their fascinating optical, electrical and chemical properties that are different 

from the respective bulk materials,1-4 and to the need for the development of functional and 

miniaturized particle-based devices. The control over the lateral dimensions, thickness and 

composition of the nanomaterials at the nanometer range is particularly crucial. Several 

assembly techniques have been studied in order to direct nanoparticles into single or 

multicomponent 3D nanomaterials on surfaces. These are grouped in physical assembly, e.g. 

convective assembly,5,6 spin coating7, and spraying8 and chemical assembly, e.g. electrostatic 

interactions,7,9-12 thiol-based self-assembly,13,14 supramolecular chemistry7,15,16 and 

coordination chemistry.17 These techniques are commonly combined with layer-by-layer 

(LbL) assembly schemes,18 which involve the alternating adsorption of species with 

complementary interacting groups to construct multilayered and/or multicomponent 

nanomaterials.  

By combining assembly techniques with top-down lithography, nanostructures with 

accurate spatial confinement can be fabricated.19 One of the most commonly used techniques 

is microcontact printing.20 Hammond et al. demonstrated the selective fabrication of 

multilayered and multicomponent nanoparticle arrays on microcontact-printed surfaces via 

electrostatic LbL, with the underlying polyelectrolyte layers as adhesive.21,22 Tsukruk et al. 

reported freely suspended polymeric monolayers with a metal nanoparticle intralayer 

fabricated by spin-assisted LbL, which thus resulted in a nanocomposite membrane suitable 

for application in sensors.7 Recently, our group reported the use of nanoimprint lithography 

(NIL) as a tool to pattern SAMs and nanoparticles on silicon substrates, which allows 

patterning of 3D features.23 An aminoalkylsilane monolayer was first formed on the 

uncovered regions of the NIL-patterned substrates, which resulted in selective attachment of 

carboxylate-functionalized polystyrene and silica nanoparticles onto the patterned surfaces by 

electrostatic interactions.  

Supramolecular host-guest interactions, owing to their highly tunable binding strength 

and reversibility,7 have been exploited for the assembly of receptor-functionalized molecules 

and nanoparticles onto interfaces with molecular recognition abilities. Our group has 

introduced the concept of ‘molecular printboards’,24 i.e. β-cyclodextrin (CD) SAMs on gold 

or silicon oxide substrates that possess supramolecular host properties.25,26 By using 

adamantyl- or ferrocenyl-functionalized dendrimers as a noncovalent supramolecular 

glue,27,28 CD-functionalized gold (Au-CD) and silica (SiO2-CD) nanoparticles were 
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assembled onto CD SAMs.15,29 In Chapter 3, ferrocenyl-functionalized silica (SiO2-Fc) 

nanoparticles that can be directly adsorbed onto molecular printboards via host-guest 

recognition are introduced.7 All of these host- or guest- functionalized nanoparticle layers 

bind strongly at the interface owing to the formation of multivalent host-guest interactions.24  

In this chapter, the attachment of alternating host- and guest-functionalized 

nanoparticles onto NIL-patterned molecular printboards, using nanoparticles of different 

sizes and core materials, is described. The supramolecular LbL methodology is further 

extended to the buildup of multicomponent hybrid (organic-metallic-inorganic) nanoobjects 

by using specific supramolecular nanoparticles that adsorb onto surfaces with complementary 

recognition properties. We used three types of nanoparticles of different sizes were used, i.e., 

CD-functionalized Au (Au-CD, d ~ 3 nm), ferrocenyl-functionalized silica nanoparticles 

(SiO2-Fc, d ~ 60 nm), and CD-functionalized silica nanoparticles (SiO2-CD, d ~350 nm). 

Guest- and host-functionalized nanoparticles were alternatingly assembled in a LbL scheme. 

The effects of order of the nanoparticle assembly steps from large to small nanoparticles and 

small to large nanoparticles were compared. The results underline the flexibility of this 

methodology, i.e. the control over the thickness of the nanoobject is dependent on the size of 

the nanoparticles and independent of the core material of nanoparticles.  

 

6.2 RESULTS & DISCUSSION 

 
Scheme 6.1. The fabrication process of NIL-patterned CD SAMs.  

 

The aim of this study is to chemically direct the assembly of different types of 

functionalized nanoparticles onto a patterned substrate, such that a nanoscale 3D architecture 

constructed from different materials is obtained. Scheme 6.1 illustrates the fabrication 

process of a NIL-patterned CD SAM. NIL was used as the patterning technique for making 

patterned CD self-assembled monolayers (SAMs) and to provide physical confinement for 
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the assembly of nanoparticles on the substrate. To fabricate a patterned substrate, a piranha-

cleaned silicon substrate spin-coated with a 500 nm thick layer of PMMA was pressed 

against a hard stamp at high temperature to form patterned substrates with 3.5 μm wide 

polymer lines. The residual layer in the imprinted areas was removed sonicating the substrate 

in acetone for 30 s. The CD SAMs were subsequently formed on the native SiO2 areas 

according to a previously described procedure.16 

Scheme 6.2 shows the preparation of multilayered and multicomponent 

nanostructures constructed from the layer-by-layer assembly of host- and guest-

functionalized nanoparticles at NIL-patterned molecular printboards. Combinations of 

organic molecules, metallic and inorganic nanoparticles were used for the buildup of 

multilayered and multicomponent nanoparticle arrays, i.e., generation 1 adamantyl-

functionalized poly(propylene imine) dendrimers (G1-PPI-(Ad)4), ferrocenyl-functionalized 

silica nanoparticles (SiO2-Fc, d ~ 60 nm), CD-functionalized gold (Au-CD, d ~ 3 nm) and 

silica nanoparticles (SiO2-CD, d ~ 350 nm).  

 

 
Scheme 6.2. Assembly of multicomponent nanostructures using host- and guest-

functionalized nanoparticles: LbL assembly of SiO2-Fc and Au-CD (A); the nanoparticle 

assembly from small to large (B) and large to small nanoparticles (C).  
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In order to demonstrate the suitability of supramolecular LbL assembly in the control 

over the thickness of a 3D nanostructure, LbL supramolecular assembly of alternate host- and 

guest- functionalized nanoparticles on NIL patterns was performed. The complementary 

SiO2-Fc (60 nm) and Au-CD (2.6 nm) were used as the specific guest- and host-

functionalized building blocks to achieve an inorganic-metallic hybrid nanostructure at the 

molecular printboard with controllable height.  

 

 
Figure 6.1. SEM image of nanoparticle lines formed after assembly of 6 bilayers of SiO2-Fc 

and Au-CD nanoparticles on a NIL-patterned CD SAMs (A). Cross-sectional profiles of the 

buildup of 1 - 6 bilayers of nanoparticles, as determined by AFM (B). The plot of the height 

vs. the number of bilayers, as measured by AFM in the centers of the lines (C). A trendline 

was plotted crossing over origin to serve as a reference.  

 

Figure 6.1A shows a typical image of the nanoparticle lines formed by the assembly 

of 6 bilayers of SiO2-Fc and Au-CD on a NIL-patterned CD monolayer, as shown in Scheme 

6.2A. For ease of imaging and height measurement, the polymer lines were removed in all 

cases in acetone using ultrasonication after completion of nanoparticle adsorption, unless 

otherwise stated. The hybrid nanostructures were constructed by first assembling SiO2-Fc 
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onto NIL-patterned CD SAMs by capillary assisted assembly, followed by rinsing with pH 2 

water. The complementary Au-CD nanoparticles were subsequently assembled onto the SiO2-

Fc layer by dipping the substrate in a Au-CD nanoparticle suspension, followed by rinsing 

with HEPES buffer. The buildup of a multilayered structure was achieved subsequently by 

alternating assembly steps of SiO2-Fc and Au-CD. The resulting structure was densely 

packed. Only single layers of complementary nanoparticles were attached in each step, 

providing good specificity and control over the number of layers of nanoparticles. Figure 

6.1B shows the atomic force microscopy (AFM) height profiles of the nanostructures up to 6 

bilayers. In the centers of the lines, the heights correspond to the thicknesses expected from 

the number of bilayers. However, at the edges, the heights of the nanoparticle lines are 

higher, as observed before.16 This is attributed to non-specific attachment of nanoparticles at 

the NIL-imprinted polymer line patterns during the assembly. Figure 6.1C shows the linear 

relationship of the thickness of the nanostructure (taken at the center of the nanoparticle 

lines) as a function of the number of bilayers of alternate host- and guest-functionalized 

nanoparticles. The average roughness of the nanostructures (taken at the center of the 

nanoparticle lines), defined as the height variation on the physical surface of the nanoparticle 

lines, is in the range of 17 - 32 nm, irrespective of the number of bilayers.  

Figure 6.2 shows the sequential buildup of multilayered and multicomponent 

nanoparticle arrays with increasing nanoparticle sizes (Scheme 2B). The layer of G1-PPI-

(Ad)4 on NIL-patterned CD SAMs was prepared by immersing the substrate in an aqueous 

solution of G1-PPI-(Ad)4 for 30 min, followed by rinsing with 10 mM aqueous β-CD at pH 2 

and Milli-Q water. As shown in Figure 6.2A, Au-CD nanoparticles were subsequently 

adsorbed onto the substrate via specific multivalent host-guest interactions to G1-PPI-(Ad)4. 

Complementary guest-functionalized SiO2-Fc nanoparticles were attached to the Au-CD 

nanoparticle layer (on a separate sample) by capillary assisted assembly,16 forming a hybrid 

nanostructure at the surface (Figure 6.2B). Further growth of the nanostructure was achieved 

by adsorption of SiO2-CD of 350 nm (Figure 6.2C).  

The assembly of G1-PPI-(Ad)4 and Au-CD nanoparticles resulted in an average cross-

section height of 4 - 5 nm (Figure 6.2A and D (i)). The height corresponds well to the 

summed sizes of the Au-CD and CD-SAM underneath.30 The apparent absence of a 

contribution of G1-PPI-(Ad)4 to the AFM height is attributed to flattening of the dendrimer 

upon interaction with the CD SAM.31 The sequential deposition of SiO2-Fc resulted in an 

average thickness of ~ 65 nm (Figure 6.2D (ii)), except at the edges of the structures, where 

there are a few spikes higher than 100 nm, which is be attributed to non-specifically adsorbed 
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nanoparticles along the polymer edges during assembly.  Further adsorption of SiO2-CD of 

350 nm led to a total height of about 450 nm (Figure 6.2D (iii)). All nanostructures have good 

packing density, but lack order, which is attributed to the size distribution of the 

nanoparticles. Their resultant cross-sectional height profiles correspond well to the 

accumulated diameters of the deposited nanoparticles. This indicates that the control over the 

thickness of the supramolecular hybrid nanostructure can be obtained by selecting the sizes 

of the nanoparticles, irrespective of their core material.  

 

 
Figure 6.2. AFM image of a monolayer of Au-CD on a monolayer of G1-PPI-(Ad)4 on a 

NIL-patterned molecular printboard (A), and SEM images of the subsequent assembly of 

SiO2-Fc (60 nm) nanoparticles onto the Au-CD nanoparticle lines (B), and SiO2-CD (350 

nm) onto the SiO2-Fc nanoparticle lines (C). In all cases, PMMA was removed in acetone 

using ultrasonication after completion of the adsorption steps. The cross-sectional height 

profiles of (i) - (iii), for samples made according to A - C, respectively, as determined by 

AFM is shown in (D). 
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 In order to demonstrate the flexibility of building up nanostructures by 

supramolecular host-guest chemistry, the multilayer stack was reversed, i.e. with decreasing 

nanoparticle size (Scheme 6.2C). Onto a NIL-patterned CD SAMs, G1-PPI-(Ad)4 and 350 nm 

SiO2-CD (Figure 6.3A) were adsorbed first followed by SiO2-Fc (Figure 6.3B). In contrast to 

Figure 6.2C, the SiO2-CD layer assembled on the flat areas between the NIL patterns 

displayed nearly hexagonal close packing. In the subsequent assembly step, SiO2-Fc 

nanoparticles were densely but unorderedly attached on the surface of SiO2-CD. The height 

profiles after each assembly step correspond well to the accumulated thicknesses of 

nanoparticles assembled, i.e., 380 nm and 480 nm for the first and second layer, respectively. 

The further assembly of Au-CD on the SiO2-Fc layer is not shown here as the increase in 

height was negligible compared to the size distributions of the SiO2-Fc and SiO2-CD 

nanoparticles, and it was too small to be observed by SEM.   

When comparing the height profiles of Figure 6.2D and Figure 6.3C, the roughness 

and the order of these nanostructures appear to be different. The roughness of the samples 

was measured by AFM. The measured ‘roughness’ is influenced by different factors, e.g. the 

sharpness of AFM tip, the packing density of the nanoparticle array and the size of the 

underlying nanoparticles. Here, the first two factors can be excluded as AFM tips used and 

the adsorption parameters were standardized. Hence, the roughness of nanostructure was 

attributed by the roughness of the underlying surfaces. For instance, the assembly of SiO2-Fc 

nanoparticles on top of Au-CD, followed by SiO2-CD (Scheme 2B) resulted in roughnesses 

of 17 nm and 46 nm, respectively. The size of Au-CD is 20 times smaller than of SiO2-Fc, 

hence, the roughness of the Au-CD nanoparticle layer (~ 1 nm) is almost negligible compared 

to the SiO2-Fc layer. The SiO2-Fc assembled onto these smaller nanoparticles as if they were 

assembled on a flat surface. Thus, the roughness of the SiO2-Fc layer has not been affected 

by the underlying Au-CD nanoparticle layer and is only affected by the packing of the SiO2-

Fc nanoparticles. However, in subsequent assembly of SiO2-CD, the starting roughness 

inherited from the SiO2-Fc layer induced a rougher surface (46 nm) upon adsorption of SiO2-

CD. This has also affected the packing of the SiO2-CD layer, which was dense but without 

order, in contrast to the better order and smaller roughness for SiO2-CD directly assembled to 

the dendrimer-covered CD SAM (15 nm). Similarly, the roughness of SiO2-Fc adsorbed onto 

SiO2-CD (63 nm) was a lot higher than when adsorbed onto the nearly flat Au-CD (17 nm).  
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Figure 6.3. SEM images of the sequential buildup of layers of nanoparticles onto NIL-

patterned molecular printboards with descending nanoparticle sizes. The first layer was 

formed by adsorbing SiO2-CD (350 nm) onto G1-PPI-(Ad)4 at the molecular printboard (A), 

followed by adsorption of SiO2-Fc (60 nm) onto these nanoparticle lines (B). The AFM 

cross-sectional height profiles (i) and (ii), for samples made according to A and B, 

respectively, is shown in (C). 

 

6.3 CONCLUSIONS 

By combining the top-down nanoimprint lithography and bottom-up supramolecular 

layer-by-layer assembly, multicomponent and multilayered nanoparticle arrays have been 

created. NIL provides confinement in x- and y-direction to the nanostructure, while 

supramolecular LbL assembly provides control over of the height of the nanostructures in the 

nanometer range. The flexibility of the supramolecular LbL scheme has been verified by 

buildup of (sub-micron) multilayered and multicomponent nanoparticle nanostructures 

independent of core material and size. Thus, the combination of NIL and supramolecular 

chemistry in building up nanostructures is a powerful combination for fabricating complex 
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nanoparticle arrays, where tunable surface and core material properties are of high 

importance for future nanotechnological developments.  

 

6.4 EXPERIMENTAL 
Materials. CD heptamine25 and generation 1 adamantyl-functionalized poly(propylene imine) 

dendrimer (G1-PPI-(Ad)4)27 were synthesized as described before. CD-functionalized Au (Au-CD, d ~ 
3 nm), CD-functionalized silica nanoparticles (SiO2-CD, d ~ 350 nm), and ferrocenyl-functionalized 
silica nanoparticles (SiO2-Fc, d ~ 60 nm) were prepared as described previously.15,32,29,33 Milli-Q 
water with a resistivity greater than 18 MΩ.cm was used in all experiments. 

Substrate and monolayer preparation. Silicon substrates were cleaned by immersion in piranha 
solution (conc. H2SO4 and 33% H2O2 in a 3:1 ratio; Warning! piranha should be handled with 
caution; it can detonate unexpectedly) for 15 min to form a SiO2 layer on the surface. The substrates 
were then sonicated in Milli-Q water and ethanol for 1 min, and dried with N2. CD SAMs were 
obtained according to a published procedure.32,26 In brief, the substrates were functionalized with N-
[3-(trimethoxysilyl)propyl]ethylenediamine by gas-phase evaporation in a desiccator under vacuum. 
Transformation of the amino-terminated SAMs to isothiocyanate-bearing layers was accomplished by 
exposure to an ethanol solution of 1,4-phenylene diisothiocyanate at 50 oC for 2 h. CD SAMs were 
finally obtained by reaction of the isothiocyanate-terminated monolayer with CD heptamine in pH 7.5 
water, at 50 oC for 2 h.  

Nanoparticle Assembly. The assembly of a layer of Au nanoparticles was performed by first 
dipping a CD substrate in a 0.1 mM aqueous solution of G1-PPI-(Ad)4 in 10 mM CD, pH 2, followed 
by dipping in a solution of Au-CD (5.8 μM in CD functionality) nanoparticles in HEPES buffer (pH 
7.0). After each adsorption step, the substrate was rinsed with the corresponding buffer solution to 
remove any physisorbed material. The adsorptions of SiO2-Fc and SiO2-CD onto a CD SAM and pre-
adsorbed G1-PPI-(Ad)4 at a CD SAM, respectively, were performed by vertically withdrawing the 
substrate from a 0.2 wt% nanoparticle suspension at a constant speed of 0.1 μm/s.34 The substrate 
layer was then ultrasonicated for 20 s, rinsed with pH 2 water, and MilliQ water, and gently blown 
dry with N2.  

Nanoimprint Lithography (NIL). Silicon stamps were made by photolithography followed by 
reactive ion etching (RIE, Elektrotech Twin system PF 340). A stamp consisted of  3.5 μm lines at 7.5 
μm period with a height of 500 nm. A 500 nm thick layer of PMMA was spin-coated on a piranha-
cleaned silicon substrate. Stamp and substrate were put in contact and a pressure of 40 bar was applied 
at a temperature of 180 ºC using a hydraulic press (Specac). The residual layer was removed by 
dipping the samples in acetone for 30 s.  

Scanning electron microscopy (SEM). All SEM images were taken with a HR-LEO 1550 FEF 
SEM. 

Atomic force microscopy (AFM). AFM measurements were carried out with a Dimension D3100 
using a NanoScope IVa controller equipped with a hybrid 153 scanner (Veeco / Digital Instruments 
(DI), Santa Barbara, CA) under ambient conditions. Silicon cantilevers from Nanosensors 
(Nanosensors, Wetzlar, Germany) were used for intermittent contact (tapping) mode operation.  
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Chapter 7 
 

The formation and transfer printing of stable and ordered 

3D supramolecular nanoparticle structures 
 

ABSTRACT. A sequential process is described to construct highly stable and crystalline 

supramolecular nanoparticle structures. Convective assembly was used to physically 

assemble and organize β-cyclodextrin (CD)-functionalized nanoparticles on a CD-

functionalized surface. Subsequently, adamantyl dendrimers serve as supramolecular glue to 

chemically bond neighboring nanoparticles together and to couple the whole nanoparticle 

crystal to the CD surface. When using a patterned PDMS stamp as the substrate, the 

dendrimer-infiltrated nanoparticle crystals could be transfer-printed onto a target surface. By 

varying the geometry and size of the PDMS stamps, single nanoparticle lines, interconnected 

nanoparticle rings, and V-shaped nanoparticle assemblies were obtained. The nanoparticle 

crystals serve as 3D receptors for the binding of (multiple) complementary guest molecules, 

indicating that the supramolecular host functionalities of the nanoparticle crystals are retained 

throughout the fabrication process.  
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7.1 INTRODUCTION 

The self-assembly of nanoparticles into integrated micro- or nanostructures on a 

surface is attracting a lot of attention owing to the interesting optical properties of ordered 

structures of nanoparticles at the 100 – 1000 nm length scale. The stability and ordering of 

these nanoparticle structure are the most important features of such structures so that their 

function can be exerted on matrices for long term application, e.g. in miniaturized electronic,1 

optical2 and biological3 devices.  

Ordered nanoparticle crystals have been prepared by using physical assembly 

techniques, such as capillary assembly,4-7 dewetting,8,9 spin coating,10-12 and 

sedimentation.13,14 Such nanoparticle crystals are generally assembled by surface tension and 

long-range attractive forces. Therefore they lack the long-term stability required for 

applications. As a result, chemical nanoparticle assembly techniques employing electrostatic 

interactions,6,15-18 covalent bonding,19,20 and biomolecular21,22 and supramolecular 

chemistry23-27 have been utilized to chemically bond the nanoparticles onto surfaces, forming 

stable nanoparticle layers (for details, please refer to Chapter 2). In general, a high affinity of 

the chemically functionalized particles to the complementary surface reduces the mobility of 

the nanoparticles, and thus leads to less-ordered structures.30 Hence a balance between the 

surface-particle interactions and the physical assembly process is needed to achieve highly 

stable and ordered nanoparticle crystals.  

The integration of particles into devices typically requires placing them in specific 

positions. Top-down nanofabrication techniques, e.g. microcontact printing,31 transfer 

printing,4,32-34 nanoimprint lithography,35,36 and photolithography37 have been combined with 

self-assembly of nanoparticles to direct the nanoparticles into desired patterns with specified 

dimensions. Recently, μCP has been expanded to the transfer printing of various 

nanostructures.33,38,39 Wolf et al. demonstrated the transfer printing of nanoparticles with 

single 60-nm nanoparticle resolution.4,32 In many cases, only a single layer of nanoparticles 

has been transferred at each step because the transfer printing was carried out via conformal 

contact. Hence, the success of the printing strongly depends on the adhesion (e.g. van der 

Waals interactions) between the transferred objects and the target surface.39 

Previously in Chapter 4, the supramolecular β-cyclodextrin (CD) host-guest 

chemistry for the directed and specific assembly of nanoparticle structures has been 

exploited. CD-functionalized nanoparticles were assembled onto (patterned) CD monolayers, 

with guest-functionalized dendrimers as a noncovalent supramolecular glue.27,40-42 Fine-

tuning of the supramolecular interactions is needed during the nanoparticle assembly to result 
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in nearly hexagonally close-packed nanoparticle arrays.30 The supramolecular nanoparticle 

array is stable and reversible owing to the tunability of the binding strength of the host-guest 

interactions.30,43 

In this chapter, a sequential process is presented, which leads to the formation and 

transfer printing of highly stable and crystalline three-dimensional functionalized 

nanoparticle crystals. The strategy combines the advantages of convective assembly (in 

ordering nanoparticles) and supramolecular chemistry (in providing stability to the 

nanoparticle crystal) in a serial manner. The stability of the nanoparticle crystal is assessed 

by sonication in water. The ability of transfer printing of nanoparticle crystals of different 

sizes and shapes will be demonstrated. The recognition functionality of the transfer-printed 

CD-functionalized nanoparticle crystals is shown by the binding of lissamine rhodamine-

labeled divalent guest molecules into the nanoparticle structures. 

 

7.2 RESULTS AND DISCUSSION 

In order to create ordered and stable supramolecular three-dimensional nanoparticle 

crystals on surfaces, convective nanoparticle assembly and supramolecular host-guest 

chemistry were applied in a sequential manner (Scheme 7.1). CD-functionalized polystyrene 

(PS-CD) nanoparticles were assembled onto CD monolayers by using a capillary-assisted 

deposition setup, as introduced and described in Chapter 4.41,44 The preformed CD-

functionalized nanoparticle array was subsequently infiltrated with complementary 

adamantyl-terminated poly(propylene imine) dendrimers of generation 5 (G5-PPI-(Ad)64) and 

rinsed with 10 mM CD solution to remove excess of dendrimers from the nanoparticle 

crystal.  

 
Scheme 7.1. The formation of three-dimensional supramolecular nanoparticle crystals on CD 

monolayers.  

 

 101



Chapter 7 

 
Figure 7.1. SEM images of nanoparticle crystals with (A) and without (B) infiltration with 

G5-PPI-(Ad)64 after sonication in water. The inset at the upper right of (A) shows the 2D 

Fourier transform of (A). 

 

In order to assess the effect of dendrimer infiltration on the stability of the 

nanoparticle array, 10 min sonication in water was applied. Figure 7.1 shows the SEM 

images of the nanoparticle crystals after sonication, where (A) was infiltrated with G5-PPI-

(Ad)64 and (B) was a sample without infiltration. The SEM image of Figure 7.1A clearly 

indicates that the neighboring nanoparticles were attached to each other and that the entire 

G5-PPI-(Ad)64-infiltrated nanoparticle crystal was robustly attached to the surface. The 

crystal remained hexagonally close packed (hcp) on the CD monolayer, which is supported 

by a 2D Fourier transform in the inset of Figure 7.1(A). In contrast, the nanoparticle array 

without G5-PPI-(Ad)64 infiltration was completely destroyed by sonication, with only a few 

nanoparticles remaining on the surface. These results highlight the importance of the 

infiltration with adamantyl-terminated dendrimers to infer stability to the nanoparticle arrays. 

The strong and thermodynamically stable multivalent host-guest interactions between G5-

PPI-(Ad)64 and PS-CD allow the dendrimer to function as a supramolecular glue to 

chemically bind neighboring nanoparticles together into a large nanoparticle structure and to 

adhere the nanoparticle structure to the CD monolayer. The order of the nanoparticle 

structures achieved here contrasts the direct assembly of CD-functionalized nanoparticles 

onto CD monolayers preadsorbed with adamantyl- or ferrocenyl-terminated 

dendrimers,41,43,45 which typically resulted in less than perfectly packed nanoparticle arrays 

(see Chapter 4). The current method optimally exploits the advantages of convective 

assembly in ordering nanoparticles and of supramolecular interactions in binding 

nanoparticles into a stable entity, by applying them in sequential manner, and thus allows the 

formation of highly ordered and stable functionalized nanoparticle crystals.  
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Scheme 7.2. The preparation of multilayered PS-CD nanoparticle structures on patterned 

PDMS stamps and transfer printing of these structures onto CD monolayer substrates. The 

shape and geometry of the resulting nanoparticle crystals can be varied by the choice of the 

shape and size of the PDMS stamps (A – C).  

 

The assembly and integration of nanoparticles do not necessary have to be carried out 

directly onto the final substrate. The transfer printing of 3D nanoparticle crystals made of 

individual nanoparticles with supramolecular host functionalities was examined (Scheme 

7.2A). A poly(dimethylsiloxane) (PDMS) stamp functions as a temporary elastomeric 

substrate that, after dendrimer infiltration, allows the transfer printing of the nanoparticle 

structures to a target surface. PS-CD nanoparticles were convectively assembled into the 

grooves of the oxidized PDMS stamp patterned with 3 μm grooves and 5 μm lines with a 

height of 750 nm (Scheme 7.2A),. The sample was dipped in a 1 mM aqueous solution of G5-

PPI-(Ad)64 for 30 min, after which it was blown dry with N2. The PDMS stamp with G5-PPI-

(Ad)64-infiltrated PS-CD nanoparticles was brought into conformal contact with a target 

surface functionalized with a CD monolayer in a high-humidity environment. After stamp 

removal, the substrates were thoroughly rinsed with water and blown dry with N2.  

Long and continuous micrometer-sized nanoparticle lines were successfully 

transferred from the PDMS stamp onto the CD monolayer on silicon (Figure 7.2A). The 

width of the printed structures was 3 μm, which is in agreement with the width of the grooves 

of the PDMS stamps. The height of the printed microstructures is similar to that of the 

original template and corresponds to two layers of nanoparticles being transferred (Figure 

7.2C, D). A zoom-in SEM image (Figure 7.2B) reveals that the packing of the transferred 

nanoparticle building blocks remained highly ordered and hexagonally close-packed, with a 
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quality similar to the nanoparticle crystal shown in Figure 7.1A. Some cracks were observed 

on the printed nanoparticle structures, probably resulting from the drying after the transfer 

printing process. 

It is noted that the humidity of the printing environment is particularly vital to the 

success of transfer printing of the supramolecular nanoparticle structures. Under ambient 

conditions, the transfer was less effective, i.e. transfer occurred only in some areas of the 

sample. The efficient printing in humid environment is attributed to the fact that CD host-

guest interactions are most favored in the presence of water. Similar observation was also 

reported by Nijhuis et al. in the case of supramolecular metal transfer printing.46  

 

 
Figure 7.2. SEM (A, B), and AFM (C) images and AFM height profile (D) of the transfer-

printed 3D continuous nanoparticle crystals (infiltrated with G5-PPI-(Ad)64) on CD 

monolayers.  

 

To assess the effect of infiltration by G5-PPI-(Ad)64 in the nanoparticle transfer 

printing, a PS-CD array was directly printed on a CD monolayer without infiltration, which 

resulted in the printing of less than a layer of individual nanoparticles in the contact area 

(Figure 7.3A). This indicates that the use of a supramolecular glue is crucial in bonding the 

nanoparticles into a stable nanoparticle structure and in ensuring good adhesion to the CD 

monolayer via multiple host-guest interactions.  
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Figure 7.3. SEM image after transfer printing of a PS-CD structure without dendrimer 

infiltration onto a CD monolayer (A); SEM (B), AFM (C) images and an AFM height profile 

(D) of a PS-CD nanostructure (without dendrimer infiltration) after transfer printing onto a 

G5-PPI-(Ad)64-coated CD monolayer; SEM image of a PS-CD nanoparticle structure 

infiltrated with G1-PPI-(Ad)4 after transfer printing onto a CD monolayer (E).  

 

In order to decouple the interactions between the particles and the substrate from the 

internal particle-particle cohesion, a PS-CD structure without dendrimer infiltration was 

transfer printed onto a G5-PPI-(Ad)64-preadsorbed CD monolayer. Well-defined line features, 

but less orderly packed single layers of nanoparticles were obtained (Figure 7.3B - D). The 

other nanoparticles remained on the PDMS stamp, probably as a result of adhesion between 

the PDMS and nanoparticles.4 The bilayer nanoparticle structures on the PDMS stamp 

apparently have broken apart during the printing process, so that only the nanoparticles with 

direct contact to the surface were successfully transferred.  

One of the degrees of freedom when using supramolecular host-guest interactions is 

the binding strength and stoichiometry. In particular, the number of interactions and the 

resulting multivalent binding strength of adamantyl dendrimers binding to CD surfaces are a 

function of the dendrimer generation.40 Here, adamantyl-terminated poly(propylene imine) 
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dendrimer of generation 1 (G1-PPI-(Ad)4), which has only 4 adamantyl endgroups as 

compared to the 64 endgroups of G5-PPI-(Ad)64, was used as a weaker supramolecular glue 

in the transfer printing of 3D nanoparticle structures. The transfer printing of G1-PPI-(Ad)4-

infiltrated nanoparticles onto a CD monolayer showed that mostly only a single layer of PS-

CD was transferred, with occasionally a few nanoparticles stacked on top of this layer 

(Figure 7.3E). These results show that the binding strength of G1-PPI-(Ad)4 is not strong 

enough to integrate the discrete nanoparticles into a stable macroscopic structure. Hence, it is 

important to use a supramolecular glue with a sufficiently high binding strength. In this case, 

G5-PPI-(Ad)64 efficiently binds the nanoparticles into a stable crystal.  

 

 

Figure 7.4. SEM images of a transfer-printed patterned continuous nanoparticle crystal 

(infiltrated with G5-PPI-(Ad)64) on CD monolayers (A, B). A 3D AFM image (C) and AFM 

height profile (D) of the printed nanoparticle structure.  

 

To demonstrate the versatility of the supramolecular transfer printing process, 

nanoparticles were assembled onto a PDMS stamp, in this case not only in the grooves, but 

also across the entire stamp (Scheme 7.2B). This was achieved by lowering the substrate 

withdrawing speed during the convective assembly step. The 3D and continuous nanoparticle 

array was then infiltrated with G5-PPI-(Ad)64 and printed onto a CD monolayer. As shown in 

Figure 7.4, a large 3D and continuous patterned nanoparticle structure was printed on the 

surface. The printed structure inherited the highly hcp order (Figure 7.4B) from the initial 

nanoparticle array on PDMS. As dictated by the depth of the grooves on the stamp, the 

protruding ridges were two nanoparticle layers high (Figure 7.4C, D). As also seen in Figure 

7.4, the underlying full nanoparticle layer shows domain boundaries and does not follow the 

crystal axes of the ridges.  
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Figure 7.5. SEM images of the transfer-printed nanoparticle crystals of different shapes on 

CD monolayers: single-layer nanoparticle lines from a stamp of 500 nm (A), 1 μm (B) and 2 

μm (C) in width, single-layer networks of interconnected PS-CD nanoparticle rings (D, E) 

and double-layer V-shaped nanoparticle crystals made according to Scheme 7.2c (F, G). 
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Scheme 7.3. The printing and rinsing of lissamine rhodamine-labeled divalent adamantyl 

guest 1 on the nanoparticle structures. 

 

By manipulation of the sizes and shapes of the patterns on the PDMS stamp (Scheme 

7.2), a broad range of transfer-printed nanoparticle structures were made (Figure 7.5). On a 

PDMS stamp with 500 nm, 1 μm and 2 μm wide grooves with a depth of 150 nm, single-

layer nanoparticle lines were printed onto CD monolayers (Figure 7.5A - C). When using the 

500-nm structures, the position of the some nanoparticle lines was slightly shifted, which is 

attributed to the deformation of the soft PDMS during the printing process and reduced 

mechanical strength of the nanoparticle structure. Nevertheless, the configurations of the 

nanoparticle lines are well retained. As shown in Figure 7.5(D, E), networks of 

interconnected PS-CD nanoparticle rings were printed onto CD monolayers. The 

nanoparticles remained hcp-ordered upon printing. There were occasional unoccupied spaces 

within the networks, which can be due to defects originating from the convective assembly 

step. Figure 7.5(F, G) shows V-shaped nanoparticle crystals printed on a surface, which were 

made using stamps with V-shaped grooves (Scheme 7.2C). Based on the results of the 

supramolecular transfer printing, the control over the shape and size of the nanoparticle 

assemblies can be elegantly provided by carefully selecting proper building blocks and 

stamps of desired shapes and dimensions. 
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Figure 7.6. Fluorescence microscopy images and intensity profiles of the printing of divalent 

adamantyl guest 1 (A – C) and native lissamine rhodamine (D – F) on infiltrated and transfer-

printed nanoparticle structures before (A, D), and after rinsing with a CD solution at pH 2 (B, 

E), and subsequent rinsing with 1 M NaOH (C, F). The images were taken at green excitation 

light. All scale bars indicate 10 μm. All fluorescence intensity profiles are shown at the same 

scale. 

 

To investigate the host-guest functionality of the generated PS-CD microstructures, 

lissamine rhodamine-labeled divalent adamantyl guest molecules (1) were microcontact 

printed perpendicularly onto the continuous nanoparticle lines (Scheme 7.3). These divalent 

guest molecules are known to bind to the CD monolayers via divalent host-guest 

interactions.47 A fluorescence image (Figure 7.6A) shows the substrate after printing 1 onto 

the nanoparticle lines. Only squares, equivalent to the size of the contact area between the 

nanoparticle structure and the PDMS stamp, were fluorescent. After intense rinsing with a 

CD solution at pH 2, the fluorescence became apparent along the complete nanoparticle lines 

(Figure 7.6B), while in the areas outside the nanoparticle crystals, the intensity remained 

negligible. The integrated fluorescence intensity along the nanoparticle lines remained 

constant, indicating the diffusion of 1 along the nanoparticle lines, with negligible desorption. 

Upon rinsing with 1 M NaOH, the fluorescence intensity (Figure 7.6C) remained similar to 
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Figure 7.6B. This indicates that the stability of the interaction is not resulting from 

electrostatic interactions, as NaOH is expected to deprotonate the dendrimer cores and to 

eliminate this interaction. To confirm this, native lissamine rhodamine, which is not a guest 

molecule for CD, was printed onto nanoparticle line structures (Figure 7.6D). The fluorescent 

molecules remained on the nanoparticle crystal after rinsing with a CD solution at pH 2, 

probably as a result of electrostatic interactions, but the fluorescence was completely 

removed by 1 M NaOH. This indicates that the supramolecular host properties of the 

nanoparticle crystals remained unchanged after the transfer printing process. The result is 

different from the direct printing of 1 on CD monolayers, where copious rinsing with a CD 

solution resulted in (near) complete reduction in fluorescence.47 This difference may result 

from the three-dimensional nature of the nanoparticle crystal. It suggests that the nanoparticle 

crystal lines can act as a 3D receptor which allows transportation of complementary guest 

molecules within its structure.  

The potential of the nanoparticle crystals as a building block for multiple guest 

molecule storage and transportation was further examined by using 1 and an analogous 

divalent guest 2, labeled with fluorescein. On a nanoparticle structure freshly printed with 1 

(Figure 7.7A), a drop of fluorescein-labeled divalent adamantyl guest 2 was casted, and 

subsequently rinsed with water. Imaging with green excitation light (Figure 7.7B) showed 

that the discrete fluorescent squares of 1 had become homogeneous fluorescent lines. 

Imaging the substrate with blue excitation (Figure 7.7E) showed that 2 was immobilized 

along the same nanoparticle structures, also in a homogeneous fashion. Similar to the results 

discussed earlier, rinsing with CD solution at pH 2 (Figure 7.7C, F) and 1 M NaOH (Figure 

7.7D, G) did not reduce the fluorescence intensities in either case. The combined results 

show that multiple guest molecules can be stored within the CD-functionalized nanoparticle 

crystals simultaneously via the specific divalent host-guest interactions.  
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Figure 7.7. Fluorescence microscopy images and intensity profiles of the printing of 

lissamine rhodamine divalent guest, 1 on infiltrated and transfer-printed nanoparticle 

structures (A), after addition of fluorescein-labeled divalent guest 2 and rinsing with water 

(B, E), and after subsequent rinsing with a CD solution at pH 2 (C, F) and rinsing with 1 M 

NaOH (D, G). The images at top (A – D) were taken at green excitation light, whereas the 

images at the bottom (E – G) were taken at blue excitation. All scale bars indicate 10 μm. All 

fluorescence intensity profiles are shown at the same scale. 

 

7.3 CONCLUSIONS 

Stable and ordered supramolecular nanoparticle crystals were prepared by using a 

sequential process of convective assembly and supramolecular host-guest interactions. 

Highly hcp ordered nanoparticle crystals were first assembled on a CD monolayer by using 

convective assembly. The infiltration of adamantyl dendrimers effectively bonds the 

neighboring nanoparticles together and adhere the nanoparticle crystal onto the surface via 

multivalent host-guest interactions, forming a stable and ordered 3D nanoparticle structures. 

Nanoparticle crystals with varying shapes have been constructed by using PDMS stamps with 

different geometries and sizes. The molecular recognition functionality of the individual 

nanoparticles can be exploited for further assembly of complementary guest molecules. Such 

stable, ordered supramolecular nanoparticle structures with recognition properties, with 

highly tunable yet stable binding strength, can potentially be engineered as sensing channels 

for the detection, storage and transportation of complementary molecules. 
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7.4 EXPERIMENTAL  

Materials. β-Cyclodextrin (CD) heptamine, adamantyl-terminated poly(propylene imine) 
dendrimers of generation 1 and 5 (G1-PPI-(Ad)4 and G5-PPI-(Ad)64), the lissamine rhodamine-labeled 
divalent adamantyl guest (1), and the fluorescein-labeled divalent adamantyl guest (2) were 
synthesized as described before.47-49 N-[3-(trimethoxysilyl)propyl]ethylenediamine, 1,4-phenylene 
diisothiocyanate and lissamine-rhodamine B sulfonylchloride were obtained from Sigma Aldrich, 
Germany. Poly(dimethylsiloxane) (PDMS) Sylgard 184 prepolymer and curing agent were obtained 
from Dow Corning. Carboxylate-functionalized polystyrene nanoparticles of 500 nm were purchased 
from Polysciences Inc. CD-functionalized polystyrene nanoparticles (PS-CD) were prepared from 
these as described before.30 Milli-Q water with a resistivity higher than 18 MΩ.cm was used in all 
experiments. 

Substrate and monolayer preparation. Silicon substrates were cleaned by immersion in piranha 
solution (conc. H2SO4 and 33% H2O2 in a 3:1 volume ratio, Warning! piranha should be handled with 
caution; it is a highly corrosive oxidizing agent) for 15 min to form a SiO2 layer on the surface. The 
substrates were then sonicated in Milli-Q water and ethanol for 1 min, and dried with N2. CD 
monolayers were obtained according to a published procedure.25,50 In brief, the substrates were 
functionalized with N-[3-(trimethoxysilyl)propyl]ethylenediamine by gas-phase evaporation. 
Transformation of the amino-terminated SAMs to isothiocyanate-bearing layers was accomplished by 
exposure to an ethanolic solution of 1,4-phenylene diisothiocyanate at 50 oC for 2 h. CD monolayers 
were finally obtained by reaction of the isothiocyanate-terminated monolayers with CD heptamine in 
water at pH 7.5, at 50 oC for 2 h.  

Patterned silicon substrates were made by photolithography followed by reactive ion etching (RIE) 
or e-beam lithography. They consisted of gratings of 5 μm lines at 8 μm period with a height of 750 
nm, a stamp consists of 1 μm, and 2 μm grooves with a height of 150 nm, of 2 μm dots with a height 
of 500 nm, and 2 μm v-shaped grooves with a height of 760 nm. PDMS stamps were prepared by 
casting a 10:1 (v/v) mixture of poly(dimethylsiloxane) (PDMS) prepolymer and curing agent against a 
patterned silicon master. After curing of the stamps overnight, they were mildly oxidized in an O2 
plasma etcher (Tepla 300E) for 1 min to render them hydrophilic. 

Assembly of PS-CD nanoparticle layers/arrays. A nanoparticle array was prepared by vertically 
depositing PS-CD nanoparticles onto a CD monolayer or oxidized PDMS stamp at a withdrawing 
speed between 0.1 - 1 μm/s. The preformed nanoparticle array was then gently dipped in a 1 mM 
aqueous solution of G1-PPI-(Ad)4 or G5-PPI-(Ad)64 for 30 min, followed by rinsing with water and 
blowing dry with N2. 

Transfer printing of nanoparticle structures. An oxidized PDMS stamp with G5-PPI-(Ad)64-
infiltrated PS-CD nanoparticle structures was brought into conformal contact with a CD monolayer, 
unless otherwise stated. The printing was performed on a platform of a close-by water bath at 40 oC. 
When the nanoparticle printing was performed in ambient conditions without humidity control, the 
transfer of the nanoparticle structures was less effective, and took a long printing time (3 h). At high 
humidity, only 1 h printing time was sufficient to induce successful transfer printing with higher 
yields. The printing time was not further optimized. After removal of the stamp, the substrates were 
thoroughly rinsed with water and blown dry with N2. 

Printing of divalent guest 1 or native lissamine rhodamine on transfer-printed nanoparticle 
structures. A oxidized PDMS stamp with 5 μm lines at 20 μm period with a height of 2 μm was 
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inked by soaking in a 10 μM aqueous solution of 1 for 2 min. The stamps were blown dry in a stream 
of N2 before printing. The stamps were brought in conformal contact with printed nanoparticle 
structures (3 or 4 μm nanoparticle line structure at 8 μm period) for 2 min and then carefully removed. 
The substrate was subsequently rinsed with 10 mM CD solution at pH 2, and 1 M NaOH, 
respectively. 

Binding of divalent guest 2 to transfer-printed nanoparticle structures. A drop of 10 μM 
aqueous solution of 2 was casted onto nanoparticle line structures, which had been freshly printed 
with 1. After 2 min, the nanoparticle structure was rinsed with water, 10 mM CD solution at pH 2, and 
1 M NaOH, respectively. Fluorescence images were taken after each interval of rinsing step. 

Scanning electron microscopy (SEM). All SEM images were taken with a HR-LEO 1550 FEF 
SEM. 

Atomic force microscopy (AFM). AFM measurements were carried out with a Dimension D3100 
using a NanoScope IVa controller equipped with a hybrid 153 scanner (Veeco / Digital Instruments 
(DI), Santa Barbara, CA) under ambient conditions. Silicon cantilevers from Nanosensors 
(Nanosensors, Wetzlar, Germany) were used for intermittent contact (tapping) mode operation.  

Fluorescence microscopy. Fluorescence microscopy was performed using an Olympus inverted 
research microscope IX71 equipped with a mercury burner U-RFL-T as the light source and a digital 
camera Olympus DP70 (12.5 million-pixel cooled digital color camera) for image acquisition. Green 
excitation light and red emission light (510 ≤ λex ≤ 550 nm, λem ≥ 590), blue excitation and green 
emission light (450 ≤ λex ≤ 480 nm, λem ≥ 515 nm) were filtered using a U-MWG Olympus filter cube.  
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Chapter 8 
 

Free-standing nanoparticle bridges and hollow capsule 

ribbons of supramolecular materials 
 

ABSTRACT. The formation of stable and ordered free-standing nanoparticle bridges and 

hollow capsule structures with controllable sizes and geometries is demonstrated by 

combining the directed assembly of nanoparticles, templating using transfer printing or 

nanoimprint lithography (NIL), and supramolecular layer-by-layer (LbL) assembly. First, 

500-nm β-cyclodextrin (CD)-functionalized polystyrene (PS) nanoparticles were assembled 

by convective assembly onto (sacrificial) polymer templates of poly(dimethylsiloxane) (PDMS) 

or poly(methyl methacrylate (PMMA) patterned with predefined geometries and sizes using 

replica molding or NIL, resulted in the formation of a 3D nanoparticle architecture. LbL 

assembly of alternating supramolecular host- and guest-functionalized glues sized between 3 

– 5 nm within the preformed PS nanoparticle crystals effectively bound the nanoparticles 

together into a nanoparticle composite. Free-standing hybrid nanoparticle bridges were 

formed on 3D substrates via transfer printing from the PDMS stamp. AFM-based bending 

test measurements show that these nanoparticle bridges are quite rigid, with a bending 

modulus of ~ 1.2 GPa. When using the PMMA template, the nanoparticle composites were 

released from the substrate together with the template, and transferred onto a target substrate. 

The nanoparticle crystal integrity, order and functionality were preserved. Rinsing the 

structure with dichloromethane removed the PS core material together with the polymer 

template, resulting in interconnected porous capsules, the sizes and shapes of which are fully 

determined by the PS core size and the polymer template definition. Integrity, order and 

shape were preserved in the rinsing step as well. Furthermore, the ability of these capsules to 

store organic fluorescent molecules was investigated.  



Chapter 8 

8.1 INTRODUCTION 

The fabrication of well-defined free-standing micro- or nano-objects with versatile 

structures is important to match the needs for specific applications in membranes,1,2 sensors,3 

nanomechanical films, and nanoreactors. Nanoparticles that exhibit interesting optical, 

electronic, and catalytic properties are potential candidates for the fabrication of new types of 

functional materials. In particular, the assembly of well-defined nanoparticle-based structures 

is promising in the current trend of miniaturizing devices. Considerable progress has been 

achieved in forming self-assembled 1D or 2D nanoparticle structures in solution by means of 

specific chemical interactions, including linear structures of nanoparticles,4 nanowires,5 and 

spherical and network aggregates of nanoparticles.6  

Most solution strategies to form nanoparticle structures are based on the intrinsic 

interparticle interactions and/or the control over kinetics of nanoparticle assembly in solution, 

which suffer from limited complexity of the assemblies. Moreover, the assembly of free-

standing structures in solution is limited to the nanometer length scale, whereas the bottom-

up assembly of the nanoparticles into nano- or microobjects with defined composition, and 

geometry remain experimentally challenging. Recently, the layer-by-layer (LbL) assembly 

technique7 has been extended to the formation of flexible free-standing (mostly unpatterned) 

thin films in air, at the liquid-liquid interface, or at the air-liquid interface.8 It generally 

involves the LbL growth of a polymer or polyelectrolyte9 film with a well-defined thickness 

and composition on a substrate and its removal from the substrate by using a sacrificial layer, 

such as cellulose acetate.3 The incorporation of fillers such as metallic nanoparticles,2,10 

clays,11,12 and quantum dots13 into the LbL films are essential to enhance the mechanical 

robustness1 and/or to introduce additional optical properties into the thin films.9 However, the 

macroscopic robustness of the free-standing structures and their potential functionalities in 

optics, chemical sensing, or nano- or microelectromechanical systems have to be further 

explored to lead to technical applications. 

The self-assembly of nanoparticles can be combined with top-down nanofabrication 

techniques to achieve 3D nanoparticle-based structures on surfaces. Nanofabrication 

techniques such as soft lithography,14,15 nanoimprint lithography (NIL),16,17 and dip-pen 

nanolithography18,19 enable the design and manipulation of the shapes and sizes of the nano- 

and microstructures. Microcontact printing (μCP) has been used to facilitate the direct 

transfer printing of patterned nanoparticle arrays onto SAMs via specific particle-substrate 
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affinity.15,20-22 With the combination of LbL assembly, multilayers of nanocrystals and/or 

polyelectrolytes have been formed on (microcontact printed) SAMs.10,23-27  

Here, a versatile approach towards the formation of stable and ordered free-standing 

nanoparticle and hollow capsule structures with controllable sizes and geometries is reported. 

The self-assembly of nanoparticles, templating, and supramolecular chemistry are combined 

to obtain free-standing 3D nanoparticle structures. This approach extends the use of 

supramolecular chemistry from the fabrication of micro- or nano-structures on surfaces to 

stand-alone nanoparticle structures. The self-assembly of nanoparticles was performed onto 

the poly(dimethylsiloxane) (PDMS) stamps and NIL-fabricated poly(methyl methacrylate) 

(PMMA) templates with a predefined geometry and size by the convective assembly. 

Nanoparticle composite was formed by LbL assembly of supramolecular host- and guest-

functionalized glues within the preformed nanoparticle crystal. The transfer printing of the 

hybrid nanoparticle crystal, assembled on a PDMS stamp, onto the complementary 

topographically patterned CD monolayer substrate yields free-standing nanoparticle bridges. 

The mechanical stability of such nanoparticle bridges is examined by AFM-based bending 

tests. The hybrid nanoparticle crystals assembled on a PMMA template are released and 

transferred to a target substrate. Removal of the polystyrene cores of the nanoparticles in the 

crystal simultaneously with the NIL polymer results in ribbons of interconnected porous 

capsules. The potential of these structured capsules of supramolecular materials as carriers 

and storerooms of organic fluorescent molecules is also examined.  

 

8.2 RESULTS AND DISCUSSION 

The preparation procedure of hybrid nanoparticle crystals is shown in Scheme 8.1. 

CD-functionalized polystyrene nanoparticles (PS-CD, d ~ 500 nm), prepared as described in 

Chapter 4,28 were assembled onto CD SAMs via convective assembly.17,29 Adamantyl-

functionalized poly(propylene imine) dendrimer of generation 5 (G5-PPI-(Ad)64)30 and CD-

functionalized Au nanoparticles (Au-CD, d ~ 3 nm),17 respectively, were used as the 

supramolecular guest- and host-functionalized glues to adhere the PS-CD nanoparticles 

within the PS-CD crystal to each other and to the substrate via supramolecular LbL 

assembly.17 The PS-CD crystal was first infiltrated with G5-PPI-(Ad)64, followed by the 

complementary Au-CD nanoparticles. These steps were repeated in a LbL fashion to reach 

the desired number of bilayers.31 
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Scheme 8.1. The preparation of 3D nanoparticle composites by convective assembly of PS-

CD nanoparticle (d  ~ 500 nm) onto a CD SAM and supramolecular LbL assembly of G5-PPI-

(Ad)64 and Au-CD nanoparticles (d ~ 3 nm) within the PS-CD nanoparticle crystal. 

 

 
Figure 8.1. SEM images of nanoparticle crystal infiltrated with G5-PPI-(Ad)64 only (A), and 

after 10 (B), 20 (C) and 30 (D) of LbL assembly cycles of G5-PPI-(Ad)64 and Au-CD within 

the nanoparticle crystals. All scale bars indicate 200 nm. The AFM cross-section profiles of 

the nanoparticle crystals with increasing numbers of bilayers (E). 

 

Figure 8.1(A) shows an as-prepared convectively assembled nanoparticle crystal 

infiltrated with G5-PPI-(Ad)64 only, and hybrid nanoparticle crystals after 10 (B), 20 (C), and 

30 (D) LbL assembly cycles. A nanoparticle crystal with a relatively smooth surface was first 

obtained from convective assembly and dendrimer infiltration (Figure 8.1A). With increase 

of the number of bilayers, more material was deposited within the crystal as well as on the 
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nanoparticle surface. Particularly in the case of 20 and 30 LbL assembly cycles, glue-like 

material was observed bridging adjacent nanoparticles (Figure 8.1C, D). The supramolecular 

LbL assembly of G5-PPI-(Ad)64 and Au-CD within the PS-CD crystal has resulted in the 

crosslinking of individual nanoparticles into a three-dimensional stable nanoparticle crystal 

with full retention of the order achieved during the convective assembly. The voids between 

the nanoparticles have become smaller owing to the filling with the supramolecular glues. In 

addition, the surface of the nanoparticles became significantly rougher (Figure 8.1E), with 

occasional a few tens-of-nanometers agglomerates attached on the surface of the PS-CD 

nanoparticles. The presence of these agglomerates indicates that the assembly of Au-CD and 

G5-PPI-(Ad)64 on the nanoparticle crystal might not be completely homogeneous at each 

adsorption cycle.  

 

 
Figure 8.2. SEM images of the transfer-printed free-standing nanoparticle composite 

structures on topographically patterned substrates using LbL assembly (A, B), or G5-PPI-

(Ad)64-infiltration only (C). Scale bar indicates 2 μm. 

 

The transfer printing of supramolecular nanoparticle crystals onto a topographically 

patterned CD monolayer was examined. A nanoparticle composite was prepared on a PDMS 

stamp, using 30 LbL assembly cycles, and was perpendicularly printed onto a 3D line-

featured CD-functionalized substrate to yield 3D free-standing and ordered composite lines 

(Figure 8.2A, B). A few individual nanoparticles were observed randomly distributed over 

the substrate, which could originate from the convective assembly. The free-standing 

nanoparticle composite structures were supported by the vertical posts of the substrate. The 

results suggested that the discrete nanoparticles, glued by the supramolecular auxiliary 

building blocks, have bridged the micrometer distances between the posts to form single-span 
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nanoparticle microbridges. In contrast, when using only a single dendrimer infiltration step 

(no LbL assembly), only the sections of the nanoparticle crystals that were in direct contact 

with the substrate were transferred (Figure 8.2C). Apparently, the mechanical stability of the 

nanoparticle composites was drastically reinforced by the LbL assembly, allowing the 

formation of several-micrometer-long and continuous free-standing objects. To our 

knowledge, this is the first report on 3D and self-supported free-standing mesoscopic 

structures, bottom-up assembled from discrete and individual nanoparticles held together by 

intrinsically weak, dynamic and reversible supramolecular host-guest interactions.  

 

 
Figure 8.3. A scheme of the AFM-based bending test (A). AFM deflection-position curve of 

the nanoparticle composite bridge when subjected to 8 μN point loads (B).  

 

The mechanical properties of the nanoparticle composite bridges were analyzed by AFM 

force spectroscopy. The deflection of each individual nanoparticle across the nanoparticle 

bridge was probed by an AFM tip (Figure 8.3A). A deflection-position graph of the 

nanoparticle bridge was obtained when loaded with a constant force of 8 μN across the bridge 

(Figure 8.3B). A maximum deflection was observed at the center of the nanoparticle bridge. 

The bending modulus of a nanomaterial can be estimated, according to classical beam theory, 

from the experimentally determined force-deformation relationships.32-36 The classical beam 

theory is the most frequently used model to quantitatively describe the resistance of a material 
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toward bending. It is derived from Hooke’s law (F = kδ), where k = material spring constant. 

The relation of the maximum deflection (δ) of a rectangular beam under mid-point applied 

load (F) is demonstrated as below (equation 1):  

 

δ3
48 

L
EIF ××

=           (1) 

 

where E = bending modulus, I = (wh3)/12 is the moment of inertia, w and h are the 

width and thickness of the nanoparticle bridge, respectively and L is the span length of the 

free-standing structure. Treating the nanoparticle bridge as a continuous material, the bending 

modulus, E was estimated to be 1.2 ± 0.4 GPa34 at room temperature, which is of the same 

order of magnitude as bulk polystyrene. 

 

 
Scheme 8.2. The preparation of a PMMA template and the release-and-transfer of free-

standing hydrid nanoparticle crystals, followed by template and PS core removal.  

 

 

To demonstrate the versatility of the developed sequential process for a wider range 

of structures, self-assembly of PS-CD and supramolecular LbL assembly were used to form 

nanoparticle composite ribbons on a NIL-fabricated PMMA template with controlled 

geometry and size (Scheme 8.2). The PMMA layer was mildly oxidized in O2 plasma to 

render its surface hydrophilic. Subsequently, the PS-CD nanoparticles were assembled onto 

the template via capillary-assisted assembly, with no specific affinity between the 

nanoparticles and the substrate. By controlling the assembly parameters,37 nanoparticles were 

directed into the grooves of the PMMA template. The resulting nanoparticle crystals inherited 
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the overall shape from the underlying template, thus allowing the assembly of the 

nanoparticles into highly organized micro- or nanostructures of desired sizes and shapes. 

Hybrid nanoparticle crystal composites were formed by supramolecular LbL assembly of 

supramolecular glues (G5-PPI-(Ad)64 and Au-CD). By using the PMMA template as a carrier, 

the entire nanoparticle structures were released from the silicon substrate into water, resulting 

in a floating PMMA template, to which the hybrid nanoparticle composites were attached, at 

the water-air interface. A target substrate was subsequently used to pick up the PMMA 

template with the nanoparticle composites for visualization.  

 

 
Figure 8.4. A photograph (A) and SEM images (B, C) of infiltrated nanoparticle crystals 

embedded in the PMMA template, after release-and-transfer onto a target SiO2 substrate 

(Scheme 8.2).  

 

Figure 8.4A shows a photograph of a hybrid nanoparticle crystal embedded in a 

PMMA template after transfer onto a target SiO2 substrate. As a result of the PMMA 

thickness of < 1 μm, the PMMA-nanoparticle structure appeared flexible. SEM images 

(Figure 8.4B – C) reveal that the hybrid nanoparticle crystals in the line structures remained 

adhere to the PMMA template, probably as a result of Van der Waals forces38 and 

electrostatic interactions between the positively charged G5-PPI-(Ad)64 and the negatively 

charged oxidized PMMA surface. The polymer layer was slightly stretched during the 

transfer process. However, no obvious changes in the order and integrity of the nanoparticle 

crystals were observed, indicating the robustness and flexibility of the hybrid nanoparticle 

crystals during the release-and-transfer process. Only incidentally, nanoparticle vacancies 

were observed in the hybrid nanoparticle crystal. In contrast, when the supramolecular LbL 

assembly within the nanoparticle crystal was omitted, most of the nanoparticle crystals 

disintegrated, and the nanoparticles were removed from the polymer layer during the layer 

 124 



Free-standing nanoparticle bridges and capsule ribbons 

transfer process (data not shown). Thus, the stability and integrity of the hybrid nanoparticle 

crystals can be attributed to the strong multivalent interactions39 within the crystal. 

TEM images (Figure 8.5A, B) reveal the nanoparticle crystal after transfer onto a 

copper grid. The hybrid nanoparticle crystal after 30 LbL cycles remained in a high quality 

hcp structure, indicating that all the nanoparticles were effectively bound together during the 

release-and-transfer process. At the periphery of each PS nanoparticle and at the interface 

between the adjacent nanoparticles (Figure 8.5B), material of high contrast is visible, 

indicating individual Au nanoparticles at the shell of the hybrid PS nanoparticle crystal. 

Energy dispersive X-ray spectroscopy (EDX) performed on a PS-CD nanoparticle and a void 

between nanoparticles confirmed the presence of a large amount of Au on the PS-CD 

nanoparticle as compared to the void area (Figure 8.5C). 

 

 
Figure 8.5. TEM images of the hybrid nanoparticle crystal after 30 LbL cycles and release-

and-transfer onto a copper grid (A, B). EDX spectra (C) taken on top of a PS nanoparticle 

within the hybrid nanoparticle crystal and at a void between three neighboring nanoparticles. 

 

After transferring the hybrid nanoparticle crystals onto a target substrate, the substrate 

was rinsed with dichloromethane to remove the PS core and the PMMA template 
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simultaneously. As shown in Figure 8.6, ribbons of interconnected hollow hybrid capsules, 

approximately 500 μm in length were formed. The hollow ribbons exhibited slight curvature 

in appearance, as a result of the PMMA pattern removal. A zoom-in SEM image (Figure 

8.6B) shows that the internal cohesion by the supramolecular glues remained intact. The 

hollow nature of the capsules is confirmed by occasional defects in the LbL structure (Figure 

8.6B). Even though some indented capsules were observed, the majority of the hollow 

capsules appeared to maintain their original spherical shape. Thus, the multilayered 

assemblies of G5-PPI-(Ad)64 and Au-CD nanoparticles have formed supramolecular capsules 

fused together into stable macroscopic entities, which shape is governed by the PS 

nanoparticles and the PMMA template, both of which have been removed completely.  

 

 
Figure 8.6. SEM images of the ribbons of hybrid hollow capsules, after which the hybrid 

nanoparticle crystal onto a target substrate, the PS core and the PMMA template were 

removed completely simultaneously. 

 

The micromechanical properties and structural deformation of the hybrid nanoparticle 

structures and hollow capsule ribbons (after 30 LbL bilayers) were probed by AFM-based 

nanoindentation. Figure 8.7(A, D) show typical force-penetration curves obtained by 

applying point loads onto a hybrid nanoparticle and a hollow capsule. A sigmoidal curve was 

obtained when the AFM tip struck the hybrid multilayer-coated PS nanoparticle. The hybrid 

nanoparticle experienced a relatively low force penetration in the beginning of indentation, 

probably as a result of indentation of PS and/or G5-PPI-(Ad)64 and Au-CD nanoparticles. 

Upon 70 - 100 nm penetration, a drastic increase in force was observed. In the retracting part 

of the cycle, a large hysteresis was observed. The hollow capsules obtained after 

dichloromethane rinsing experienced a different mechanical behavior. A larger penetration 
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was observed at the same 4 μN force load, suggesting a change in the material properties. The 

force-penetration curve was smooth with no discontinuities, indicating no cracking occurred 

during the indentation.40 Compared to the hybrid nanoparticle structure, only a low force is 

needed to penetrate the hollow capsule. Figure 8.7(B, E) show  the AFM images of the hybrid 

nanoparticle structure and the capsule after indentation. The indented area on the hybrid 

nanoparticle appears eight times smaller than on the capsule, which could be attributed to the 

resistance of the polystyrene nanoparticle towards indentation. The AFM cross-section 

profiles (Figure 8.7C, F) showed an indentation of ~ 200 nm on the capsule, as compare to < 

100 nm on PS nanoparticle, confirming the hollow nature of the capsule. 

 

 
Figure 8.7. Force-penetration curves (A, D), AFM images (B, E) and cross-section profiles 

after indentation (C, F) of a hybrid nanoparticle (A, B, C), and a hollow capsule of 30 

bilayers (D, E, F). All scale bars indicate 200 nm.  

 

To examine the integrity of the sub-millimeter hollow capsule ribbons and the 

potential of these capsule ribbons in storing fluorescent molecules, the as-prepared 

nanoparticle composites, while still on the PMMA template, were dipped in an aqueous 

solution of 8-anilino-1-naphthalenesulfonic acid (ANS). ANS is a fluorescent probe that is 

highly sensitive toward its micro-environment.41 The fluorescence properties of ANS depend 

on the polarity of the medium, and severe fluorescence quenching is observed in water. The 

negatively charged ANS is known to penetrate into the core of G5-PPI-(Ad)64 via electrostatic 

interactions to restore its fluorescence intensity.30 Here, the recognition between ANS and the 
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G5-PPI-(Ad)64 is employed to observe the presence of the G5-PPI-(Ad)64 and thus the complete 

capsule ribbons by fluorescence microscopy.  

 

 
Figure 8.8. Fluorescence microscopy images of the hybrid hollow capsules infiltrated with 

ANS (A), overlapping structures infiltrated with lissamine rhodamine and ANS, respectively 

(B), and a network capsule structures infiltrated with naphthoic acid (C). 3D AFM image (D) 

of a network structure as shown in (C). 

 

The ANS-infiltrated nanoparticle composites were subsequently released-and-

transferred onto a target substrate. After removal of the PMMA layer and the PS cores by 

dichloromethane, the ribbons were monitored by fluorescence microscopy. The fluorescence 

image of the composites (Figure 8.8A) clearly indicates the highly fluorescent micrometer-

sized ribbons. This indicates that most of the ANS molecules were stored within the shells of 

the hollow capsules and remained in the structure upon release, transfer, and rinsing. Besides 

the imaging, the results suggest the potential of the hybrid hollow capsule as an effective 

storeroom and carrier for molecular information. A wide variety of organic dyes can be 

stored within such dendrimers.42,43 As shown in Figure 8.8B, separately made capsule ribbons 

pre-embedded with ANS and lissamine rhodamine molecules, respectively, were released-
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and-transferred onto the same target substrate. Subsequent dichloromethane rinsing removed 

the PMMA templates and the PS cores of both nanoparticle crystal structures simultaneously. 

Despite their similar appearance, the fluorescent information embedded within each hybrid 

structure can be readily read out under the fluorescence microscope (upon blue excitation) to 

distinguish the different molecular informed stored within them. Figure 8.8C shows the shape 

versatility of our approach in forming capsules in a network structure, simply by changing the 

design of the PMMA template. Hollow capsules of ring-shaped network structures (30 LbL 

assemblies) were thus formed by using a PMMA template with 8 μm dots with 3 μm spacing 

and a height of 500 nm. The height of the network structure is similar to that of the original 

template and corresponds to a single layer of PS-CD nanoparticles being assembled onto the 

PMMA template (Figure 8.8D). The network was infiltrated with naphthoic acid, which is 

highly fluorescent under UV light (Figure 8.8C). The results indicate that the individual size 

of the hollow capsules can be manipulated by the choice of the size of the PS nanoparticles, 

while the overall shape and geometry of the entire capsule structures can be designed by the 

geometry and size of the PMMA template. 

 

8.3 CONCLUSIONS  

A versatile approach for the formation of stable and ordered free-standing 

nanoparticle and capsule structures with controllable size and geometry has been developed 

by combining the directed assembly of nanoparticles, supramolecular LbL assembly, and 

templating using transfer printing and NIL. This technique extends the LbL assembly of 2D 

flat films to 3D free-standing nanoparticle structures. The main component of the free-

standing structure can be of arbitrary material provided its surface is engineered with 

supramolecular properties. The mechanical stability of the nanoparticle crystals was 

introduced by multivalent supramolecular interactions using the well-defined and highly 

branched dendrimers and metallic nanoparticles (of 3 – 5 nm) via specific host-guest 

interactions within the nanoparticle crystal. The resulting nanoparticle composites can be 

tuned from micrometer to sub-millimeter objects with pre-designed shapes and geometries. 

Free-standing hybrid nanoparticle bridges were demonstrated by the transfer printing of 

nanoparticle composites onto 3D substrates. Moreover, when using a PMMA layer as a 

template, the PS core and the underlying polymer template can be removed simultaneously to 

form hollow capsule structures. These supramolecular multilayered structures maintained the 

size and shape of the original 500-nm PS-CD nanoparticles to form free-standing 
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interconnected hollow capsule ribbons with considerable mechanical stability. Such stable 

and ordered hollow capsule ribbons behave as three-dimensional molecular printboards, 

which can potentially serve as molecular information carriers capable of storing and releasing 

molecular information.  

 

8.4 EXPERIMENTAL 
Materials. CD heptamine,44 and adamantyl-terminated poly(propylene imine) dendrimer of 

generation 5 (G5-PPI-(Ad)64)30 were synthesized as described before. N-[3-
(trimethoxysilyl)propyl]ethylenediamine and 1,4-phenylene diisothiocyanate, poly(methyl 
methacrylate) (PMMA, Mw: 38,000), 8-anilino-1-naphthalenesulfonic acid (ANS), lissamine 
rhodamine B sulfonylchloride and 6-hydroxy-2-naphthoic acid were obtained from Sigma Aldrich, 
Germany. Poly(dimethylsiloxane) (PDMS) Sylgard 184 prepolymer and curing agent were obtained 
from Dow Corning. Carboxylate-functionalized polystyrene nanoparticles of 500 nm were purchased 
from Polysciences Inc. CD-functionalized polystyrene nanoparticles (PS-CD), prepared from the 
carboxylate-functionalized nanoparticles, and gold nanoparticles (Au-CD, d ~ 3 nm) were prepared as 
described before.31,28 Milli-Q water with a resistivity higher than 18 MΩ.cm was used in all 
experiments. 

Substrate and monolayer preparation. Flat and topographically patterned silicon substrates were 
cleaned by immersion in piranha solution (conc. H2SO4 and 33% H2O2 in a 3:1 volume ratio, 
Warning! piranha should be handled with caution; it is a highly corrosive oxidizing agent) for 15 min 
to form a SiO2 layer on the surface. The substrates were then sonicated in Milli-Q water and ethanol 
for 1 min, and dried with N2. CD SAMs were obtained according to a published procedure.45 In brief, 
the substrates were functionalized with N-[3-(trimethoxysilyl)propyl]ethylenediamine by gas-phase 
evaporation. Transformation of the amino-terminated SAMs to isothiocyanate-bearing layers was 
accomplished by exposure to a solution of 1,4-phenylene diisothiocyanate in ethanol at 50 oC for 2 h. 
CD SAMs were obtained by reaction of the isothiocyanate-terminated monolayers with CD heptamine 
in pH 7.5 water, at 50 oC for 2 h.  

PDMS stamps were prepared by casting a 10:1 (v/v) mixture of poly(dimethylsiloxane) (PDMS) 
prepolymer and curing agent against a patterned silicon master (4 μm lines at 8 μm period with a 
height of 750 nm). After curing of the stamps overnight, they were mildly oxidized in an O2 plasma 
etcher (Tepla 300E) for 1 min to render them hydrophilic. 

Nanoimprint lithography (NIL) was performed by putting a silicon stamp (3 μm lines at 8 μm 
period with a height of 800 nm, and 8 μm holes at 3 μm spacing with a height of 500 nm) in contact 
with a 1 – 1.5 μm thick layer of PMMA on a SiO2 substrate. A pressure of 40 bar was applied at a 
temperature of 180 ºC using a hydraulic press (Specac). The residual PMMA layer was not removed 
after the hot embossing process. The PMMA templates were oxidized in an O2 plasma etcher (Tepla 
300E) for 30 s to render them hydrophilic. 

Assembly of PS-CD nanoparticles. On oxidized PMMA templates with 5 μm lines and 3 μm 
trenches with a height of 800 nm or 8 μm dots at 3 μm spacing with a height of 800 nm, 500-nm CD-
functionalized polystyrene (PS-CD) nanoparticles were convectively assembled into the grooves of 
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the NIL substrates to form nanoparticle crystals by using a capillary-assisted deposition setup.45 The 
preformed nanoparticle array was then gently dipped in a 1 mM aqueous solution of G5-PPI-(Ad)64 
for 30 min, rinsed with water, and blown dry with N2.  

Formation of hybrid nanoparticle crystals. The nanoparticle composites were prepared by layer-
by-layer (LbL) assembly of Au-CD nanoparticles (d ~ 3 nm) and G5-PPI-(Ad)64 on the pre-assembled 
PS-CD nanoparticle layers, according to a published procedure.31 Up to 30 LbL cycles were 
performed. After each adsorption step, the substrate was blown dry with N2.  

Transfer printing of nanoparticle composite structures. An oxidized PDMS stamp with PS-CD 
nanoparticle composites was brought into conformal contact with a CD monolayer, unless otherwise 
stated. The printing was performed on a platform of a close-by water bath at 40 oC. The stamp was 
removed after 1 h. The substrates were thoroughly rinsed with water and blown dry with N2. 

Infiltration of the nanoparticle composites with fluorescent molecules. Infiltration of 
fluorescent molecules into the nanoparticle composites was performed prior to the release-and-
transfer process. The nanoparticle composites were immersed in an aqueous solution of 1 mM ANS, 
lissamine rhodamine, or naphthoic acid for 10 min. The nanoparticle composites were subsequently 
gently rinsed with Milli-Q water and dried with N2.  

Release-and-transfer of nanoparticle composites. Oxidized NIL-patterned PMMA on a SiO2 
substrate, onto which nanoparticle composites were deposited, was gently immersed in water at 50 oC. 
The entire PMMA layer, attached to the nanoparticle composites, was slowly peeled off from the SiO2 
substrate in warm water, resulting in a floating PMMA sheet attached with nanoparticle composites at 
the water-air interface. A target substrate was used to pick up the PMMA layer attached with 
nanoparticle composites and was subsequently blown dry with N2. Removal of the PMMA layer and 
PS cores was performed by gently immersing the entire substrate in dichloromethane for 1 min, 
followed by drying with N2.  

Scanning and transmission electron microscopy (SEM, TEM). All SEM images were taken with 
a HR-LEO 1550 FEF SEM. TEM was performed on a Philips CM 30 Twin STEM fitted Kevex delta 
and Gatan model 666 PEELs operating at 300 kV.  

Atomic force microscopy (AFM). AFM measurements were carried out using a Dimension D3100 
atomic force microscope equipped with a NanoScope IVa controller and a hybrid scanner (H-153) 
with x-, y- z- feedbacks from Veeco (Veeco / Digital Instruments (DI), Santa Barbara, CA) in ambient 
condition. Silicon cantilevers, PointProbe®Plus Non-Contact High resonance frequency (PPP-NCH) 
from Nanosensors (Nanosensors, Wetzlar, Germany) were used for intermittent contact (tapping) 
mode operation to obtain high resolution images of the samples and followed by indentation. Scan 
rates were varied from 0.35 Hz to 0.5 Hz and free amplitude (Ao) set-point value were around 1.6 V. 
Prior to bending test or nanoindentation, the nanostructures were imaged, and the ‘point and shoot’ 
function was used to pre-position the location of the cantilever. The AFM tip was pressed upon the 
sample at a preset push force. The indentation marks on the nanostructure due to the high loading 
force were observed and confirmed that the push force was applied at correct location. The push force 
applied on the sample was determined by the deflection of the cantilever multiple by the value of the 
spring constant of the cantilever. The spring constants of the cantilevers were assessed according to 
Sader’s method.46 The spring constant values were in the range of 24.7 - 31.1 N/m with a mean value 
of 28.3 N/m. Data conversion was carried out with Nanoscope® software version 613b.  
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Fluorescence microscopy. Fluorescence microscopy was performed using an Olympus inverted 
research microscope IX71 equipped with a mercury burner U-RFL-T as the light source and a digital 
camera Olympus DP70 (12.5 million-pixel cooled digital color camera) for image acquisition. The 
fluorescence imaging of the ANS- and rhodamine-infiltrated structures were performed at blue 
excitation (450 ≤ λex ≤ 480 nm, λem ≥ 515 nm). The images of the naphthoic acid-infiltrated structures 
was taken at UV excitation (300 ≤ λex ≤ 400 nm, λem ≥ 400 nm), which were filtered using a U-MWG 
Olympus filter cube. 
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Summary 
Fabricating well-defined and stable nanoparticle arrays and crystals in a controlled 

fashion receives growing attention in nanotechnology owing to the potential application in 

optoelectronic devices, biological sensors, and photonic structures. The research described in 

this thesis aims to construct stable, ordered and functional 2D and 3D nanoparticle structures. 

Molecular recognition abilities have been exploited by using a combination of 

supramolecularly directed self-assembly of receptor-functionalized nanoparticles and top-

down nanofabrication techniques.  

Noncovalent host-guest nanoparticle assembly is highly versatile. It involves specific 

multivalent interactions, in which the nanoparticle-surface or the inter-particle binding 

strength can be fine-tuned by introducing competitive interactions. The additional advantage 

is the possibility for error correction. Host or guest molecules are attached to the surface of 

the nanoparticles to control the assembly of functionalized nanoparticles to self-assembled 

monolayers (SAMs) via specific host-guest interactions in a layer-by-layer (LbL) assembly 

methodology. Top-down nanofabrication schemes were combined with supramolecular 

nanoparticle assembly to form stable and ordered nanoparticle architectures on surfaces, other 

interfaces, and as free-standing structures. 

 Chapter 1 provides a general introduction to this thesis. Chapter 2 reviews the recent 

developments on the various chemical interactions and top-down fabrication techniques to 

attach functionalized nanoparticles onto (patterned) SAMs.  

Chapter 3 describes the synthesis of ferrocenyl-functionalized silica nanoparticles 

(SiO2-Fc, d ~ 60 nm) with supramolecular ‘guest’ properties. These ferrocenyl nanoparticles 

disperse well in aqueous media, due to the presence of diethylene glycol at the nanoparticle 

surfaces that significantly increases its overall hydrophilicity. Cyclic voltammetry showed 

that the ferrocenyl groups are robustly attached to the nanoparticle surface within the applied 

potential range. The supramolecular recognition of SiO2-Fc nanoparticles at interfaces was 

confirmed by their specific adsorption on β-cyclodextrin (CD) SAMs. In solution, host-guest 

nanoparticle complexes were formed by attaching CD-functionalized Au nanoparticles (Au-

CD, d ~ 3 nm) to the surface of the SiO2-Fc nanoparticles.  

In Chapter 4, the adsorption and desorption of particles during the convective 

assembly on native oxide surfaces, with additional electrostatic interactions and with 

supramolecular interactions are presented. The packing density, order, and stability of the 
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nanoparticle lattices were compared. The convective assembly of PS-COOH particles on 

native SiO2 surfaces displayed the best hcp packing. These structures can be easily desorbed 

from the surface by reducing the temperature below dew point. The electrostatically induced 

assembly led to disordered lattices because of the strong attractive particle-surface 

interactions. The supramolecular assembly, driven by multivalent host-guest interactions 

between CD-functionalized polystyrene nanoparticles (PS-CD) and ferrocenyl-terminated 

poly(propylene imine) dendrimers on CD SAMs resulted in a nearly perfect hcp packing. The 

supramolecular assembly process was optimized using ferrocenyl-functionalized dendrimers 

of low generation and by the introduction of competition by native CD molecules during the 

assembly. Substrates patterned by nanoimprint lithography (NIL) were employed to assemble 

the particles into micrometer lines, in which the highly specific and selective supramolecular 

nanoparticle assembly resulted in a well controlled, stable and single layer of particles on the 

NIL-patterned substrate. 

Chapter 5 shows the reversible nanostructure attachment by using a stimuli-

responsive ferrocenyl dendrimer as a multivalent ‘reversible supramolecular glue’ for the 

association and (electrochemical) dissociation of CD-functionalized nanoparticles at the 

molecular printboard. The in situ adsorption and desorption of ferrocenyl dendrimers and Au-

CD (d ~ 3 nm) nanoparticles onto and from the CD SAMs was monitored by combined 

surface plasmon resonance (SPR) spectroscopy and electrochemistry. The regeneration of the 

molecular printboard after prolonged electrochemistry was confirmed by a subsequent re-

adsorption of ferrocenyl dendrimers and Au-CD nanoparticles. The size effect of the 

nanoparticle on the reversibility of the nanostructure attachment was examined by using 

larger nanoparticles, i.e., CD-functionalized silica nanoparticles (SiO2-CD) of 60 nm. Similar 

electrochemically induced desorption method showed the complete removal of a SiO2-CD 

nanoparticle layer from the surface by using ultrasonication to accelerate the desorption. 

Local desorption of nanoparticles was also observed by applying electrochemical oxidation to 

a specific area of a nanoparticle layer.  

Chapter 6 describes the construction of 3D supramolecular multicomponent 

nanoparticle structures on surfaces. NIL was used as the patterning tool for making patterned 

CD SAMs and to provide physical confinement for nanoparticles during the assembly. On 

these patterns, complementary guest- (SiO2-Fc) and host-functionalized (Au-CD) 

nanoparticles were assembled in an alternating LbL fashion via multivalent molecular 

recognition interactions, resulting in a densely packed and multilayered inorganic-metallic 

hybrid nanoparticle structure. Their AFM height profiles revealed that the height of the 
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nanostructure corresponded well to the accumulated diameters of the deposited nanoparticles. 

This indicates that the specific supramolecular assembly of nanoparticles is self-limiting, i.e. 

one nanoparticle layer per assembly step. Hence, the control over the thickness of the 

supramolecular hybrid nanostructure can be achieved by selecting the size of the 

nanoparticles, irrespective of their core material. The flexibility of building up nanostructures 

by supramolecular host-guest chemistry was demonstrated by the buildup of (sub-micron) 

multilayered and multicomponent nanoparticle nanostructures from large to small 

nanoparticles and small to large nanoparticles by using Au-CD (d ~ 3 nm), SiO2-Fc (d ~ 60 

nm), and SiO2-CD (d ~ 350 nm) nanoparticles.  

In Chapter 7, a sequential process is introduced to construct highly stable and 

crystalline supramolecular nanoparticle crystals. Convective assembly was first used to 

physically assemble and organize CD-functionalized polystyrene (PS-CD, d ~ 500 nm) 

nanoparticles on a surface. The nanoparticle crystals were infiltrated with adamantyl (Ad)-

functionalized dendrimers such that the neighboring nanoparticles were chemically bound 

together and the nanoparticle crystal was coupled to the CD surface. The spatial confinement 

of the nanoparticle crystals was controlled by the assembly onto a patterned elastomeric 

PDMS stamp. The infiltrated patterned CD-functionalized nanoparticle crystals were 

transferred from the elastomeric substrate to a target CD monolayer. Depending on the 

geometry and size of the PDMS stamps, various 3D multilayered and single-layered 

nanoparticle structures were prepared. The nanoparticle crystal serves as a 3D CD receptor 

for the subsequent assembly of (multiple) complementary guest molecules, suggesting that 

the supramolecular host functionality of the nanoparticle crystals remained unchanged after 

printing. 

Chapter 8 extends the use of supramolecular chemistry from the fabrication of micro- 

or nano-structures on surfaces to stand-alone nanoparticle and capsule structures. Self-

assembly of nanoparticles, templating, and supramolecular chemistry were combined to 

obtain stable and ordered free-standing 3D nanoparticle structures and capsules. Free-

standing nanoparticle structures were fabricated with Ad dendrimers and Au-CD as the 

supramolecular glues and assembled in a LbL fashion within the PS-CD crystal to yield 

nanoparticle composites. Free-standing hybrid nanoparticle bridges were obtained by transfer 

printing of the hybrid structures onto topographically patterned substrates via specific host-

guest interactions. The nanoparticle bridges exhibited a bending modulus of 1.2 ± 0.4 GPa at 

room temperature, which is of the same order of magnitude as of bulk polystyrene. A release-
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and-transfer process was introduced to release the nanoparticle composites from a NIL-

patterned PMMA template and to transfer them onto a target substrate while maintaining the 

nanoparticle crystal integrity, order and functionality. Rinsing the structure with 

dichloromethane removed the PS core material together with the polymer template. This 

resulted in interconnected porous capsules, the sizes and shapes of which are fully determined 

by the PS core size and the polymer template definition. AFM-based nanoindentation and 

SEM images confirmed that the integrity and shape of the hollow capsules were preserved. A 

wide variety of organic dyes, including 8-anilino-1-naphthalenesulfonic acid, lissamine 

rhodamine, and naphthoic acid were infiltrated in the shell of the hollow capsules even after 

the release, transfer and rinsing process. The flexibility of shape and geometry of our 

approach in forming capsules was also demonstrated by changing the design of the geometry 

and size of the PMMA template.  

The results presented in this thesis illustrate the versatility of the combined 

supramolecular nanoparticle assembly and top-down fabrication techniques in creating 2D 

and 3D nanoparticle architectures. The incorporation of specific molecular recognition 

functionalities onto the surface of the nanoparticles allows the use of nanoparticles of 

arbitrary core material and size to form stable and ordered supramolecular nanoparticle 

structures, with a highly tunable and specific binding strength. In combination with the top-

down fabrication techniques, 3D nanoparticle structures with well-defined geometries and 

sizes can be obtained. These supramolecular nanoparticle structures are ready to be used as 

3D receptors for the application in sensing devices. The recognition function of the individual 

nanoparticles can be further engineered as a sensing tool in the subsequent assembly of 

complementary guest molecules or nanoobjects.  
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Veel belangstelling gaat uit naar het vervaardigen van goed-gedefinieerde en stabiele 

structuren en kristallen van nanodeeltjes vanwege mogelijke interessante toepassingen op het 

gebied van optoelektronische apparaten, biologische sensoren en fotonische structuren. Het 

onderzoek dat beschreven staat in dit proefschrift heeft tot doel het construeren van stabiele, 

geordende en functionele 2D- en 3D-structuren van nanodeeltjes. Moleculaire herkenning is 

toegepast in de combinatie van de gestuurde zelf-assemblage van receptor-

gefunctionaliseerde nanodeeltjes met ‘top-down’-nanofabricage-technieken. 

Het assembleren van nanodeeltjes met behulp van niet-covalente interacties is zeer 

veelzijdig. Het gaat uit van specifieke multivalente interacties waarbij de bindingssterkte 

tussen het nanodeeltje en het oppervlak of tussen de nanodeeltjes onderling gestuurd kan 

worden door competitieve interacties te introduceren. Dit heeft daarnaast het voordeel dat 

foutencorrectie mogelijk is. Het oppervlak van de nanodeeltjes wordt bezet met gastheer- of 

gastmoleculen om zo de assemblage van deze aldus gefunctionaliseerde nanodeeltjes op 

zelfgeassembleerde monolagen te controleren via specifieke gastheer-gast-interacties in een 

laagsgewijs assemblageproces. Top-down-nanofabricagetechnieken zijn gebruikt samen met 

deze supramoleculaire assemblage om zo stabiele en geordende structuren van nanodeeltjes 

te vormen op oppervlakken, andere grensvlakken, en als vrijstaande structuren. 

 Hoofdstuk 1 geeft een algemene inleiding tot dit proefschrift. Hoofdstuk 2 geeft een 

overzicht van de meest recente ontwikkelingen van de chemische interacties en de top-down-

fabricagetechnieken waarmee gefunctionaliseerde nanodeeltjes gehecht kunnen worden aan 

al dan niet gepatroneerde monolagen. 

In hoofdstuk 3 wordt de synthese beschreven van ferrocenyl-gefunctionaliseerde 

silica-nanodeeltjes (SiO2-Fc, d ~ 60 nm) die supramoleculaire gasteigenschappen hebben. De 

aanwezigheid van diethyleenglycol op het oppervlak van deze nanodeeltjes doet het 

hydrofiele karakter van de deeltjes toenemen zodat deze nanodeeltjes goed in water 

gedispergeerd kunnen worden. Met cyclische voltammetrie is aangetoond dat, binnen het 

gebruikte potentiaalgebied, de ferrocenylgroepen sterk aan het oppervlak van de nanodeeltjes 

gebonden zijn. De supramoleculaire herkenning van de SiO2-Fc-nanodeeltjes aan een 

grensvlak is aangetoond door middel van specifieke adsorptie aan monolagen van β-

cyclodextrine (CD). Het bleek mogelijk om in oplossing gastheer-gast-structuren te vormen 

van CD-gefunctionaliseerde goud-nanodeeltjes (Au-CD, d ~ 3 nm) op SiO2-Fc-nanodeeltjes.  
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Hoofdstuk 4 laat de adsorptie en desorptie van nanodeeltjes zien in een op convectie 

gebaseerd assemblageproces op oxidische oppervlakken, in de aan- en afwezigheid van 

additionele elektrostatische of supramoleculaire interacties. Er is een vergelijking gemaakt 

van de pakkingdichtheden, de mate van orde en de stabiliteiten van de nanodeeljesstructuren. 

De convectie-gedreven assemblage van carboxylaat-gefunctionaliseerde polystyreendeeltjes 

(PS-COOH) op ongemodificeerd SiO2 resulteerde in de beste hexagonale pakking. Door de 

temperatuur tot beneden het dauwpunt te verlagen konden deze structuren gemakkelijk weer 

gedesorbeerd worden. Door de sterke aantrekkende interactie tussen de nanodeeltjes en het 

oppervlak leidde elektrostatisch gedreven assemblage tot ongeordende structuren. 

Daarentegen leidde supramoleculaire assemblage, gedreven door multivalente gastheer-gast-

interacties tussen CD-gefunctionaliseerde PS-nanodeeltjes (PS-CD) en ferrocenyl-

gefunctionaliseerde poly(propyleenimine)-dendrimeren geadsorbeerd op CD-monolagen, tot 

een nagenoeg perfecte pakking. Dit supramoleculaire assemblageproces is geoptimaliseerd 

door ferrocenyl-dendrimeren van een lagere generatie te gebruiken en d.m.v. competitie met 

CD-moleculen tijdens het assemblageproces. Door eerst een patroon aan te brengen op een 

substraat met behulp van nanoimprintlithografie (NIL) konden de nanodeeltjes geordend 

worden in lijnen met micrometer-afmetingen. De specifieke en selectieve eigenschappen van 

het supramoleculaire nanodeeltjes-assemblageproces resulteerde in een goed controleerbare, 

stabiele en enkelvoudige laag van nanodeeltjes op het NIL-gepatroneerde substraat.  

Hoofdstuk 5 laat zien dat nanostructuren reversibel gebonden kunnen worden door 

gebruik te maken van ferrocenyl-dendrimeren die reageren op een externe stimulus. Deze 

dendrimeren functioneren als een multivalente “reversibele supramoleculaire lijm” in de 

associatie en (elektrochemische) dissociatie van CD-gefunctionaliseerde nanodeeltjes op een 

moleculaire printplaat. De adsorptie en desorptie van ferrocenyl-dendrimeren en Au-CD (d ~ 

3 nm) op en van de CD-monolagen is in situ gevolgd m.b.v. een geïntegreerde opstelling voor 

oppervlakte-plasmonresonantie-spectroscopie en elektrochemie. Het herkrijgen van de lege 

moleculaire printplaat na langdurige elektrochemie werd bevestigd door hernieuwde 

adsorptie van ferrocenyl-dendrimeren en Au-CD-nanodeeltjes. Het effect van de grootte van 

de nanodeeltjes op de reversibiliteit van de hechting van de nanostructuren is bestudeerd door 

grotere nanodeeltjes te gebruiken, te weten CD-gefunctionaliseerde silica-nanodeeltjes (SiO2-

CD) van 60 nm. Een vergelijkbare elektrochemisch geïnduceerde desorptiemethode liet zien 

dat een laag van SiO2-CD-nanodeeltjes volledig verwijderd kon worden van het oppervlak, 

waarbij ultrasone agitatie gebruikt werd om het desorptieproces te versnellen. Wanneer een 
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specifiek gebied van de laag van nanodeeltjes elektrochemisch geoxideerd werd, kon lokale 

desorptie van nanodeeltjes waargenomen worden. 

In hoofdstuk 6 wordt de opbouw beschreven van 3D supramoleculaire nanodeeltjes-

structuren op oppervlakken, bestaande uit meerdere componenten. NIL is gebruikt om CD-

monolagen te patroneren en om tegelijk een fysieke barrière te creëren voor de nanodeeltjes 

gedurende het assemblageproces. Op deze patronen zijn complementaire gast- (SiO2-Fc) en 

gastheer-gefunctionaliseerde (Au-CD) nanodeeltjes geassembleerd via multivalente 

moleculaire herkenning in een laagsgewijs assemblageproces. Dit heeft geresulteerd in een 

dichtgepakte nanodeeltjes-structuur opgebouwd uit meerdere hybride anorganisch-

metallische lagen. De AFM-hoogteprofielen van deze nanostructuren kwamen goed overeen 

met de som van de diameters van de geadsorbeerde nanodeeltjes. Dit geeft aan dat deze 

specifieke supramoleculaire assemblage van nanodeeltjes zelfbegrenzend is, d.w.z. er wordt 

één laag nanodeeltjes per assemblagestap gedeponeerd. Zodoende is de dikte van deze 

nanostructuren te controleren door in grootte verschillende nanodeeltjes te gebruiken, 

onafhankelijk van het materiaal binnenin de deeltjes. De flexibiliteit waarmee nanostructuren 

d.m.v. supramoleculaire gastheer-gast-interacties opgebouwd kunnen worden is aangetoond 

door het maken van diverse (sub-micron) multilaags- en multicomponent-nanostructuren. 

Hierbij werden de nanostructuren opgebouwd uit meerdere lagen elk bestaande uit 

nanodeeltjes van een bepaalde grootte, zoals Au-CD (d ~ 3 nm), SiO2-Fc (d ~ 60 nm), en 

SiO2-CD (d ~ 350 nm), zowel oplopend als aflopend in grootte. 

Hoofdstuk 7 beschrijft een stapsgewijs proces waarmee stabiele en kristallijne 

supramoleculaire structuren van nanodeeltjes gevormd kunnen worden. Eerst is convectie-

gestuurde assemblage gebruikt om CD-gefunctionaliseerde (PS-CD, d ~ 500 nm) 

nanodeeltjes op een oppervlak te organiseren. Vervolgens zijn deze kristallen van 

nanodeeltjes geïnfiltreerd met adamantyl- (Ad) gefunctionaliseerde dendrimeren zodat de 

aangrenzende nanodeeltjes chemisch met elkaar verbonden worden en het geheel tevens aan 

de CD-monolaag. De nanodeeltjes-kristallen kunnen ruimtelijk begrensd worden door ze te 

assembleren in een gepatroneerde elastomere PDMS-stempel. Vervolgens zijn de 

geïnfiltreerde nanodeeltjes-kristallen overgebracht van de stempel op een CD-substraat. 

Afhankelijk van de geometrie en de grootte van de PDMS-stempel zijn diverse kristallijne 

3D-structuren gemaakt bestaande uit een of meer lagen van nanodeeltjes . Zo’n nanodeeltjes-

kristal kan dienen als een 3D CD-receptor voor de daaropvolgende assemblage van 

(meerdere) complementaire gastmoleculen. Dit geeft aan dat de supramoleculaire gastheer-

eigenschappen van de nanodeeltjes-structuren bewaard blijven na de stempelstap. 
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In hoofdstuk 8 wordt de grens van de supramoleculaire chemie verlegd van de 

fabricage van micro- en nanostructuren op oppervlakken naar vrijstaande en holle structuren 

van nanodeeltjes. Hierbij zijn zelf-assemblage en supramoleculaire chemie toegepast in een 

mal om stabiele en geordende vrijstaande 3D-nanodeeltjes-structuren en -capsules te 

verkrijgen. Zulke vrijstaande structuren van nanodeeltjes zijn gemaakt door Ad-dendrimeren 

en Au-CD te gebruiken als supramoleculaire lijm door deze stapsgewijs te infiltreren in een 

PS-CD-kristal. Vrijstaande bruggetjes van nanodeeltjes zijn gemaakt door de desbetreffende 

nanodeeltjes-structuren over te dragen op een substraat met hoogteverschillen, hierbij gebruik 

makend van specifieke gastheer-gast-interacties. Deze bruggetjes hebben bij 

kamertemperatuur een buigmodulus van 1.2 ± 0.4 GPa hetgeen van dezelfde orde van grootte 

is als bulk-polystyreen. Een proces is ontwikkeld waarin de nanodeeltjes-composieten 

loslaten van de PMMA-mal, die gemaakt is m.b.v. NIL, en vervolgens overgedragen worden 

op een substraat, waarbij de kristallijne en functionele eigenschappen bewaard blijven. Door 

te wassen met dichloormethaan werden zowel het PS van de nanodeeltjes als de mal opgelost. 

Op deze manier zijn met elkaar verbonden poreuze capsules verkregen waarvan de grootte en 

vorm bepaald worden door de grootte van de PS-deeltjes en de vorm van de mal. AFM-

krachtmetingen en rasterelectronen-microscopie toonden aan dat de capsules hun vorm en 

grootte behouden. Verschillende organische kleurstoffen, waaronder 8-anilino-1-

naftaleensulfonzuur, lissamine-rhodamine en naftaleen-carbonzuur, konden in de wand van 

de capsules geïnfiltreerd worden zelfs na alle fabricagestappen. De flexibiliteit in de grootte 

en geometrie van de capsule-structuren is verder gedemonstreerd door een PMMA-mal te 

gebruiken met een ander ontwerp. 

De resultaten die beschreven staan in dit proefschrift illustreren de veelzijdigheid van 

het combineren van supramoleculaire assemblage van nanodeeltjes met top-down-fabricage-

technieken in het maken van 2D- en 3D-structuren van nanodeeltjes. Door het aanbrengen 

van functionele groepen, die moleculaire herkenning toestaan, op het oppervlak van de 

nanodeeltjes kunnen stabiele en geordende supramoleculaire nanodeeltjes-structuren 

verkregen worden met regelbare en specifieke bindingsterkte, ongeacht het materiaal en de 

grootte van de deeltjes. In combinatie met top-down-fabricage-technieken kunnen 3D-

structuren van nanodeeltjes gemaakt worden met goed-gedefinieerde afmetingen. Deze 

supramoleculaire nanodeeltjes-structuren zijn geschikt om te gebruiken als 3D-receptoren in 

sensoren. De herkenningseigenschappen van de individuele nanodeeltjes kunnen verder 

ontwikkeld worden voor de hechting van complementaire gastmoleculen of nano-objecten. 
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