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I. INTRODUCTION 

 HE idea of building structures from the bottom-up, 

molecule by molecule or atom by atom, is one of the core 

concepts of nanoscience [1].  However, the success and 

potential behind this versatile “bottom-up” approach is 

dependent on two main points: the first being the synthesis,  at the 

nanoscale, of building units and the second being the organization of 

these nanopieces together into a device or material with predefined 

and sometimes sophisticated structures and properties. Generally 

nanomaterials’  properties are not only dependent on each unit that 

is forming the final structure, but also on the space and type of 

interaction existent between them. In the past thirty years a 

remarkable success has been attained in the development of 

synthesis protocols for several types of nanobuilding units,  e.g. 

nanoparticles (NPs),  nanofibers and nanorods [2].  In fact,  these 

nanosized materials have already been introduced in some 

commercial applications such as clothing and footwear (i.e.  stain-

resistant trousers) [3, 4],  titanium dioxide present in anti-aging 

cosmetic creams [5],  and carbon nanotubes present in stronger but 

very light tennis rackets and bicycle frames [3, 6].   

A large effort was specifically focused on the study of metal-core 

nanoparticles because of their optical,  electronic,  and surface 

properties [7].  Metal nanoparticles have shown various properties, 

such as single electron transistor behaviour and surface plasmon 

resonance tuning and sensing [8, 9].  In the case of monolayer-

protected metal nanoparticles (MPMNs), the ligand shell that coats 

the particle surface prevents coalescence when in solution and 

sometimes in solid state [10]. Moreover, this organic molecules 

coating provides most of the particles' surface related properties, 

including assembly and sensing properties as well as solubility [7, 10, 

11]. Depending on the nature of the coating they can be dried from 

and re-dissolved in solvents many times, or can be purified via 

dialysis,  chromatography or filtration [11]. However, controlled and 

directional assembly of these particles is still a bottleneck for 

present nanotechnoloy research. Due to their considerably small 

dimensions, the association of these nanobuilding units into 

complex and sophisticated materials,  with the expected structure, 

properties and functions represents an extremely complex scientific 

challenge. 

Founded on the Stellacci’s group studies *12-18], which have 

explored the induced assembly into linear chains of MPMNs coated 

with a binary mixture of ligands that self-assemble in the ligand shell 

forming sub-nanometer-ordered domains, the present work was 

developed regarding the relationship between the ligand shell 

structure (presence or absence of sub-nanometer-ordered domains 

in the SAM) and their assembly using a dithiol as cross-linker.  

With the recent progress in nanoscience, gold nanoparticles (NP) have found widespread use in many areas of scientific 

research ranging from biology to physics and medicine. These particles are easily synthesized and can be readily coated with 

a self-assembled monolayer (SAM) of thiolated ligand molecules that, depending on the synthesis conditions, phase-

separate into ordered domains (rippled domains) that encircle the gold core. This ligand shell confers stability against 

coalescence and controls the particle's interactions with its environment (e.g. assembly, electron transfer ability). 

Furthermore, the ability to manipulate and assemble these nanomaterials through the controlled functionalization of their 

ligand shell is crucial for their incorporation into and development of new nanoparticle based materials and devices. The 

engineering process behind the creation of those new nanostructures is strongly dependent on the methods used to position 

these particles in specific locations in relation to their neighbouring counterparts.  

Herein, we describe the synthesis and characterization of near monodisperse homo and mixed monolayer -protected gold 

NPs. Crucial information about these particles spontaneous assembly in solution is also provided and a procedure to prevent 

this unwanted aggregation is presented. Furthermore, in order to investigate how, depending on their ligand shell 

morphology (rippled or not), these particles assemble, studies (UV-Vis and NMR spectroscopies and transmission electron 

microscopy (TEM)) conducted on five different series of monolayer -protected metal nanoparticles (MPMNs) in the presence 

of dithiol containing molecules are reported. High linker to gold NPs ratios (~2500) induce fast and high rates of place-

exchange reactions between the ligands in the SAM and the incoming linker molecules, and three-dimensional ball-type 

aggregates form. In contrast, lower ratios (~125) do not induce NPs assembly. We conclude it is very challenging to have a 

precise control over the number of functional groups attached to each particle, therefore further studies with different 

solvents, surfactants and cross-linker molecules should be performed.  
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II. EXPERIMENTAL SESSION 

Chemicals: All reagents were purchased from Sigma-Aldrich Inc.,  UK 

(Dorset,  UK) and used as received without further purification, 

unless otherwise specified.  

Solvents and acids were purchased from VWR, UK (Lutterworth, UK)  

Carbon coated Copper TEM grids (300 mesh) were obtained from 

Agar Scientific.   

TEM Images were obtained using a JEOL 2010. The images were 

analyzed using NIH Image Software ImageJ. UV-Vis absorbance 

measurements were acquired using a Perkin-Elmer spectrometer. 

 

NP Synthesis and Characterizations: Seven types of MH (6-

mercapto-1-hexanol) and OT (1-octanethiol) coated gold NP were 

synthesized following a previously published [19] one-phase method 

and the general procedure was as described below.  

In a 300 ml round bottom flask, 80 ml of the reaction solvent was 

stirred in a water bath held at 55°C in which 496 mg (~1 mmol) of 

AuPPh3Cl was dissolved. Once totally dissolved, the thiol-containing 

ligands were added and the solution was then stirred for 5 minutes 

before adding 870 mg (~10 mmol) of the reducing agent, in this case 

a borane tert-butylamine complex. The reaction vessel was then left 

for one hour and the condenser system was turned on.  

After one hour the solution was allowed to cool at room 

temperature. The particles were precipitated overnight at room 

temperature in 80 ml of Et2O. The supernatant was removed and the 

particles were collected and washed in Et2O. This purification 

process was repeated until particles were fully precipitated and the 

solution was clear. The remaining supernatant was then removed. 

The particles were dried in air,  weighed and stored for future use.  

In order to characterize the size distribution and composition of the 

nanoparticles a series of techniques were applied: UV-Vis 

spectroscopy, transmission electron microscopy and nuclear 

magnetic resonance spectroscopy respectively. Besides the 

transmission electron microscopy (TEM) imaging, all characterization 

was performed in solution and thus was an ensemble average of all 

the present structures.  

 

NP Assembly: To characterize the assembly process two different 

techniques were used. To assess the state of assembly based on the 

optical properties of the nanostructures UV-Vis analysis was 

performed. To observe the structural morphology of these 

assembled structures, TEM imaging was carried out.  

 

III. RESULTS AND DISCUSSION 

A. MPMNs Characterization 

Seven types of MPMNs were synthesized using hydrophobic OT and 

hydrophilic MH as protective ligands. These capping agents were 

chosen due to their strong binding affinity to gold surfaces because 

of the presence of a pending thiol group and their small head group 

size, which prevents charged electrostatic interactions associated 

with large terminal groups of other typically used ligands.  

This method allowed the synthesis of nanoparticles coated with a 

homogenous or heterogeneous SAM. The term homogeneous layers 

hereby refers to MPMNs functionalized with only one type of thiol 

containing molecule (MH or OT), and heterogeneous particles to 

MPMNs coated with various ratios of MH and OT. The terminology 

used is as follow: x:y MH/OT, with x and y representing the molar 

ratios of MH and OT used during the synthesis of the particles ( i.e. 

1:1 MH/OT implies 1:1 molar ratio of the MH and OT ligands; 1:0 

MH/OT and 0:1 MH/OT MPMNs represent gold NPs entirely coated 

with MH and OT molecules respectively).  Seven series of MH/OT 

MPMNs have been synthesized (1:0, 5:1, 2:1, 1:1, 1:2, 1:5 and 0:1 

MH/OT respectively) and to ensure some reproducibility,  three 

different batch of each MPMNs synthesis have been produced.  

By controlling the reaction temperature (55°C) and keeping the 

reagent ratios constant (i.e.  1:2 ligand to gold salt and 10:1 reducing 

agent to gold salt molar ratios) the synthesis produced MH/OT 

MPMNs with relatively narrow size distributions.  

Average MH/OT MPMNs series sizes ranged from 4.2 ± 0.9 to 4.9 ± 

0.8 nm (see Table I ).  Core sizes and size distribution were obtained 

by measuring at least 300 particles from several TEM images for 

each of the MPMN sets.  
TABLE I 

TABLE OFAVERAGE CORE SIZE ± STANDARD DEVIATION FOR MH/OT SERIES 

MPMN Core Size (nm) 

1:0 MH/OT 4.6 ± 0.8 
5:1 MH/OT 4.7 ± 0.8 
2:1 MH/OT 4.9 ± 0.9 
1:1 MH/OT 4.4 ± 0.7  

1:2 MH/OT 4.6 ± 0.8 
1:5 MH/OT 4.2 ± 0.9 
0:1 MH/OT 4.9 ± 0.8 

Global average diameter 4.6 ± 0.8 

UV-Vis absorption spectroscopy was used in the characterization of 

MPMNs. These particles SPR band (and thus their colour in solution) 

is characteristic of their nature, size and shape, and also depends on 

the refractive index of the surrounding medium and on the nature of 

their protective layer. Typically,  particles smaller than ca. 2 nm do 

not show any plasmon peak at all [7].  Thus, UV-Vis spectroscopy of 

the prepared MPMN suspensions was carried out; the results are 

depicted in Figure 1.  

 

 
Fig. 1.UV-Vis absorption spectra of MPMNs suspended in EtOH (toluene in the 
case of OT Homo NPs) at an initial concentration of 0.125 mg/ml. For the 
MPMNs dissolved in EtOH, solubility follows a non-monotonic trend. 



 3 

Surface plasmon peaks are fairly similar with a maximum 

absorbance ranging from 504.2 to 514.0 nm. Due to limited 

solubility of the different MPMN series, UV-Vis measurements were 

performed after at least a 2 days settling period to enable slow 

floculation of the insoluble NPs, leaving in solution only the 

colloidaly stable ones.  

 
1H NMR analysis confirmed the presence of unbound ligands, 

denoted by the presence of a sharp peak in the NMR spectrum 

associated with the proton from the pending thiol of the ligand (MH  

- R-CH2OH at 3.4 ppm) however the absence of a peak at 0.70 ppm 

confirms the absence of OT in solution [20].  

 

In order to achieve information on the structure of the ligand shells,  

Amplitude modulation – Atomic Force Microscopy (AM – AFM) was 

performed on the 2:1 MH:OT Batch A film. When high resolution 

was possible MPMNs appeared normal and rough which means the 

isolated particles present in the film are indeed striped. A more 

detailed analysis was not possible since the films were composed of 

~30-40 nm NPs aggregates which make it difficult to achieve a high 

imaging quality mandatory for a proper analysis of the ligand shell 

stripes and their inter-distance.  

 

AM-AFM was not performed for the other MPMNs series however 

morphological differences are expected between homogeneous and 

heterogeneous-ligand particles shells.  Pure MH and OT NPs were 

assumed to have homogeneous hydrophilic and hydrophobic ligand 

shells.  The 1:2, 1:1 and 2:1 MH/OT particles displayed classical 

ripples which are attributed to hydrophilic/hydrophobic striated 

ligand shells.  The 1:5 and 5:1 MH/OT MPMN were assumed to have 

homogeneous ligand structures, interspersed with discrete domains 

of the minority ligand.  

B. MPMNs Molarity  

In order to determine the best gold NPs and cross-linker 

concentrations to start the MPMNs assembly study and vary these 

parameters in a controlled way, the particles molarity was 

determined (Table II) 

 
.  TABLE II 

LINEAR FORMULA, MOLECULAR WEIGHT, MOLAR CONCENTRATION AND AVERAGE NUMBER 

OF PARTICLES (NNPS) PER GOLD CLUSTER FOR EACH SET OF MPMNS 

MPMNs 
Molecular Weight 

(g/mol) 

Molar 
Concentration 

(M) 
NNPs 

5:1 MH/OT 6.26E+05 

3.99E-07 2.88E+15 

2:1 MH/OT 6.27E+05 
1:1 MH/OT 6.27E+05 
1:2 MH/OT 6.28E+05 
1:1 MH/OT 6.29E+05 

 

Next, the ratio of cross-linker molecules used was calculated for the 

two different types of dithiol molecules (1,9-nonanedithiol (NDT) 

and 1,16-hexadecanedithiol (HDDT)) used. The ratio of cross-linker 

molecules per a) each gold NP and b) each thiol bond to the gold NP 

surface was determined for a 0.25 mg/ml MPMNs solution and five 

different cross-linker molar concentrations (CCross-linker) (Table II I).  

 

TABLE III 
CROSS-LINKER TO GOLD NP RATIO AND CROSS-LINKER TO THIOL RATIO FOR A 0.25 MG/ML 

MPMNS SOLUTION 

CCross-linker (mM) 
Cross-linker to gold NP 

ratio 
Cross-linker to thiol ratio 

ratio 

10 2.50E+04 8.33E+01 

5 1.25E+04 4.17E+01 

1 2.50E+03 8.33E+00 

0.1 2.50E+02 8.33E-01 

0.01 2.50E+01 8.33E-02 

C. Cross-linking of MPMNs in solution 

UV-Visible Analysis: The extent and the kinetics of the assembly 

processes can be studied with UV-Vis spectroscopy so for a first test 

of the cross-linker effect,  three solutions with different molar 

concentrations of the linker molecules, 1,9 – nonanedithiol (NDT) 

were added to all,  but 1:0 and 0:1 MH/OT, NPs series and 

aggregation was observed for all types of MPMNs. Soon after adding 

the cross-linker solution an insoluble black precipitate began to form 

and after one to two hours the EtOH solution had lost most of its 

colour and the precipitation process reached completion. These 

precipitates are indicative of big insoluble NPs agglomerates 

formation.  

Figure 2 shows a representative graph where the change of 

absorbance due to aggregation in the 450-900 region is reported.  

Following the cross-linker addition, the intensity of the SP band 

starts to decrease and a broadening of the SPR band is observed. 

Furthermore the SP band maximum also slightly shifts to longer 

wavelengths which is associated with the formation of NP clusters.   

More specifically,  2:1, and 1:2 MH/OT exhibit a straighter peak at 0 

min, while 5:1 and 1:5 MH/OT show a broader peak. For 2:1 and 1:2 

MH/OT particles one can only denote a decrease in the peak 

intensity whereas along with that 5:1 and 1:5 MH/OT particles also 

show the arise of a flatter curve. In fact for the 1:5 MH/OT particles 

at the end of one hour the plasmon peak almost completely 

disappeared. It is also clear a shift of the SP band maximum to 

higher wavelengths in the case of 5:1 MH/OT particles and is also 

 
Fig. 2. Change of absorbance in the 450-900 nm region of UV-Vis spectra for 
1:1 MH/OT Batch A MPMN solution upon addition of a 5 mM solution of 
cross-linker. A dithiol alkane chain was added to the solution of MPMNs 
causing the particles to link together as a place exchange reaction was taking 

place. The legend represents a timecourse from 0 to 60 minutes afte r 
addition of cross-linker, curves were taken at 6 minutes intervals. 
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noteworthy the smooth appearance of a second peak in the case of 

5:1 and 1:5 MH/OT particles.  

These results meet the established theoretical descriptions of Mie 

scattering for aggregates. This theory suggests that if the SPR 

absorption peak is still present in the absorption spectrum of the 

cross-linked solution, small aggregate clusters of similar sizes are 

probably forming. On the other hand, if the plasmon band 

completely disappears and a flatter spectrum forms, aggregates are 

probably bigger and have a broad size distribution [21, 22].  

Since the differences between the five distinct MPMN solutions 

were not too evident the stabilization time (Figure 3) was analysed, 

which corresponds to the time the difference between the curves at 

800 nm takes to stabilize,  i.e.  reach zero. The stabilization time 

indicates that the place exchange reaction rate is slowing down and 

the reaction is reaching the equilibrium state.  

We can verify that the stabilization time is dependent on the ligand 

shell composition and morphology. Increasing MH concentration, 

the hydrophilic ligand, in the monolayer shell composition appears 

to result in slower stabilization time. This trend can arguably be 

explained considering that the hydrophilic character of the ligand 

confers more stability in solution, prolonging the place-exchange 

reaction. However, ligand place-exchange reactions are dependent 

on many parameters, such as the ligands relative affinities to gold 

surface, their size and their solubility. Thus, the detailed 

mechanisms of the ligand place exchange could not be fully 

rationalized.  

 

TEM Analysis: After studying the optical properties of the different 

MPMNs assemblies, their morphology was examined by TEM. During 

the TEM analysis,  several approaches have been used. TEM data is 

hereby presented according to the different variables studied, i.e.  
colloidal suspension’s stability,  time, cross-linker concentration and 

cross-linker type.  

Stability of particles in solution 

Throughout this work several control experiments under different 

conditions have been tested. The control experiments were made in 

order to find out the agglomeration state of the nanoparticles in 

solution along time without the presence of cross-linker molecules. 

This was determinant to conduct the work and to follow the 

approaches taken during the project.  

Therefore, TEM grids were prepared with NP solutions in the 

absence of cross-linker as controls (Figure 5).  

A general view over the TEM grid confirmed the presence of several 

small assemblies everywhere on the grid. This was the first 

indication that these particles are not stable in solution and are 

spontaneously self-assembling.  

In an attempt to eliminate the spontaneously formed small 

aggregates of NPs, solutions were sonicated for 1 hour. The samples 

were then left to stir for a period of 24 hours, to let the eventual 

persisting agglomerates to sediment. However, no significant 

improvement could be observed on the TEM pictures, and small 

aggregates were still visible.  

Based on previous results,  fresh solutions of nanoparticles were 

prepared. They were sonicated for two hours and stirred for at least 

two days. Then, in order to effectively eliminate or at least reduce 

the number and size of the spontaneous agglomerates, the solution 

was purified by filtration-centrifugation using a syringe filter 

(ANATOP – 0.1 μm pore size at 15 000 rpm for 8 minutes).  

Fresh solutions of 2:1, 1:1 and 5:1 MH/OT Batch B were thus diluted 

(1:10 to 0.025 mg/mL), filtered and centrifuged. The TEM grids were 

prepared 2 hours after the purification for the 2:1 and 1:1 MH/OT 

MPMNs and 3 days in the case of 5:1 MH/OT particles.  

A general look over the TEM grid of the first two sets of NPs 

revealed that there were no aggregates in solution (Figure 6 a).   

However samples analysed three days after purification already 

started to show signs of aggregation, once again suggesting that the 

synthesized NPs were spontaneously self-assembling in solution 

with their neighbouring particles (Figure 6 b).  

Working with different types of MPMNs that have different ligand 

shell morphologies can make them have occasionally unexpected 

behaviours towards solvents. As an example, the nanoscale rings 

highlighted in Figure 6 c could be explained as (a) a result of holes 

opening up in the liquid film and pushing particles into their borders 

[23],  (b) a result of water droplets which condense on the surface of 

nonpolar solvents from humid air [24] or (c) impurities in the 

solvent, such as other liquids droplets.  

Several groups have focused on the study of the induced and 

spontaneous assembly of nanoparticles in solution. Sidhaye et. al 

 
Fig. 5. TEM images of 2:1 MH/OT batch A MPMNs solution (0.125 mg/ml). 
Scale bars: 100 nm. 
 

 
Fig. 6. TEM images of (a) 2:1 (b) 5:1 and (c) 1:1 MH/OT MPMNs solutions 
prepared (a) 2 hours, (b) 3 days and (c) 2 hours after the purification steps . 
Scale bars: 100 nm. 
 

 
Fig. 4. Stabilization time, i.e. time, the difference between the curves at 800 
nm along time, takes to stabilize (reach zero), reaching the equilibrium.  
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found that the size of the three dimensional lattices spontaneously 

formed in solution depend on the chain length of the alkanethiol 

molecules that wrap around the NPs, i.e.  when the chain length of 

the ligands that cap the NP metal core increases, the interparticle 

attractive forces decrease and so decreases the size and overlapping 

of the structures. [25]. The thiol-containing molecules used in the 

present project are relatively short which can explain the formation 

of these big structures.  

Sidhaye et.al also proved that the formation of three-dimensional 

structures was only possible in the presence of excess thiol 

molecules in solution, which are in dynamic equilibrium with those 

chemisorbed onto the NP surface. Our NMR analysis revealed the 

presence of unreacted MH in solution which can explain the 

instability of MPMNs in solution [25, 26].  

 

To test and confirm the MPMNs stability in solution over time, a 

solution of NPs was prepared as described previously  and left to 

stand for a period of twelve weeks. SPR peak evolution was 

recorded periodically by UV-Vis spectrophotometry during this time 

interval.  The results are summarized in Figure 7: 

 

As shown in Figure 7, there is a considerable decrease of the SPR 

peak intensities as well as a slight shift of the SPR peak value, 

suggesting slow MPMN aggregation. When particles aggregate they 

tend to sediment at the bottom leading to a reduction in the 

number of particles in solution and thus a decrease in the peak 

intensity. This parallel study was important to confirm the image-

based finding that this type of particles were self-assembling in the 

ethanolic solution.  

 

MPMNs solubility was also studied using other solvents of various 

hydrophobicity (toluene, dichloromethane (DCM) and methanol).  

None but methanol confers stability to the particles. All the MPMNs 

series are soluble in methanol and seem to be more stable than 

their counterparts in EtOH in the first hours after solution 

preparation. However an increase in the number of smaller 

aggregates (20-50 nm) in solutions aged two days was observed. 

Assembly variations with time  

In the first approach followed the assembly process was explored 

and analyzed at different times.  

TEM images show that one hour after adding the cross-linker 

solution large assemblies were formed suggesting that many NPs 

have dithiol molecules at random sites in the ligand shell.  These big 

structures appear to have a somewhat chain-like character and 

interestingly they all seem to form large networks of ball-type 

assemblies that link together originating chains (Figure 8).   

This spherical assemblies may be a result of (a) interparticle 

hydrogen bonding between the hydrophilic alcohol termini of the 

ligands (so it depends on the MH/OT ratio in the ligand shell),  (b) 

they may be composed of long chains that are more stable when 

coiled together than when extended in an all-trans configuration or 

(c) may be a result of the fully encapsulation of the gold NPs 

assemblies by dithiols.  These ball-type aggregates are likely to be 

further cross-linked because of the large excess of linker molecules.  

Similar results have been achieved by Hussain et al. In their work 

they have obtained uniformly sized spherical assemblies of gold 

colloids in toluene by adding alkanedithiol solutions in different gold 

NPs to dithiol molar ratios [27]. Moreover, they have been able to 

further organize these ball-type assemblies into relatively linear 

chains through the addition of EtOH.  

 

Overall,  TEM analysis strongly suggests that NDT molecules are 

efficiently cross-linking the NPs. In order to try to assess an 

intermediate stage of the assembly process (small one- and two-

dimensional structures) TEM grids have been prepared one minute 

after pippeting the cross-linker solution.  

The results showed aggregates and small clusters of MPMNs in the 

TEM grid. The large number of two- and three-dimensional 

aggregates is probably a result of the high degree of interdigitation 

which can be caused by the proximity of the particles due to high 

concentrations (0.125 mg/ml).  

 

 Assembling behaviours with cross-linker concentration  

Besides the specific chemical reactivity or the cross-linker structure, 

another important parameter that determines the way the assembly 

process develops is the linker and NP relative molar concentrations. 

Initially the assembly process was too fast,  precluding the view of 

intermediate structures in the TEM grids, so the cross-linker to gold 

NPs molar ratio was reduced.  

 

TEM images show that one minute after adding the 1 mM cross-

linker solution, mainly isolated MPMNs, and occasional two-

dimensional aggregates were observed. At the end of five minutes, 

 

 
Fig. 7. UV-Vis absorption spectra of 1:1 MH/OT Batch B MPMNs dissolved in 
EtOH at an initial concentration of 0.125 mg/ml. The sample was kept 
untouched during a period of twelve weeks, and during this time interval 
several UV-Vis samples were taken periodically (2, 4, 6, 8 and 12 weeks 
after, respectively). A decrease in the intensity and a slight shift of the SPR 
peak can be observed.  
 

 

Fig. 8. TEM images of 5:1 MH/OT Batch A MPMNs solution (0.125 mg/ml) 1 
hour after adding the cross-linker, NDT. Ball-type structures are linked 
together forming larger structures. Arrows indicate the magnified structures. 
Scale bars: 50 nm 
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big three-dimensional structures (300-3000 nm) were formed but no 

intermediate arrangements were seen, i.e.  one and two-dimensional 

structures.  

However, despite the lower molar concentration (0.5 and 0.1 mM), 

one minute after adding the cross-linker solution, the TEM images 

show for both the concentrations random aggregates of aggregates 

(300 - 3000 nm), with inhomogeneous form, dispersed in the 

microgrid (Figure 9).   

In general,  all the TEM images show randomized chain-like 

structures. There are a variety of justifications for the existence of 

such networks in the TEM grid: (a) secondary bonding occurs 

between the alcohol groups in the ligand shells of neighboring NPs. 

(b) In the case of the rippled NPs, the pole functionalization reaction 

conditions are not optimized and consequently place-exchange 

occurs not only at the polar defects but also at other defect sites in 

the ligand shell [18] and (c) the presence in solution of excess thiol 

which was proven to play a major role in the formation of 

superlattice structures [25]. However these explanations are not 

enough to clarify why are the 0.1 and 0.5 cross-linker solutions 

making the MPMNs assemble faster than the 1 and 5 mM solutions.  

It is also noteworthy to mention the two different types of 

arrangement that can be observed in the aggregated structures. 

Blue arrows on Figure 9 and images 1, 2 and 3 on Figure 9 point to 

assembly structures where a very organized linear–based structure 

can be observed which suggests that these structures have actually a 

high degree of organization. These observations suggest that this 

type of aggregates observed on the TEM grids are composed of 

covalently bonded one- and two-dimensional chains that are 

clustered into larger structures by van der Waals interdigitation 

forces. On the other hand grey arrows on Figure 9 and image 4 on 

figure 9 highlight structures lacking the degree of organization 

observed on the examples mentioned on the last paragraph. Instead 

unordered three-dimensional assemblies were formed.  

 

Hussain et al. found that when the amount of cross-linker is reduced 

below a certain ratio (60 NDT/gold NPs) the ligands at the gold NP 

surface will be easily replaced by dithiols,  and the partial capping of 

gold NPs with linker molecules would then result in cross-linking 

leading to insoluble and irregular aggregates [27]. The ratios of 

cross-linker solution applied and the kinetics of the place-exchange 

reaction will result in a fast assembling process. For these reasons it 

is very challenging to control the aggregation and assess an 

intermediate stage of the process where small one- and two-

dimensional structures can be observed.  

 

Assembly after Purification Steps  

Once completed the stabilization study of the MPMN solutions and 

after verifying that NPs were spontaneously assembling in solution it 

was decided to start doing purification steps before preparing the 

TEM grids.  

The first set of TEM grids was prepared three days after the 

purification steps and the second one was prepared just one hour 

after the purification protocol.  For these two systems the cross-

linker and source solution concentrations were also varied.  

In all cases, after a general view of the TEM grids there were a few 

aggregates. It was actually possible to see these aggregates were 

slightly bigger 10 minutes after adding the cross-linker.  

This slower kinetics of aggregation can be a result of the lower 

concentration of MPMNs solution used. Decreasing the solution 

concentration increases the interparticle distance which leads to a 

reduced probability of interdigitation or van der Waals interactions 

between neighbouring particles.  

However, considering the ratio of 2.5E+04 molecules of cross-linker 

per gold NP which means 83 NDT to thiol ratio, a higher disparity 

between the two different analysed times should be expected. This 

fact combined with the lack of intermediate structures in the 

samples and the time factor (purification steps performed three 

days before) makes it difficult to discern whether the existing 

aggregates are in fact an effect of the cross-linker, a result of the 

spontaneous assembly or a result of both mechanisms.  

 

On the other hand, the results obtained after adding a low 

concentration cross-linker solution to a MPMNs solution purified 

one hour before show that the assembly was only visible 12 hours 

after mixing these solutions, however intermediate structures were 

not observable in the samples.  

Interpreting these images is further complicated by the high 

interdigitation of gold NPs, in that it is possible that the aggregates 

observed in the TEM grids are composed of cross-linked one- and 

two-dimensional aggregates that are further assembled into larger 

structures by van der Waals forces and cross-linker action.  

 

New cross-linker approach  

Considering that molecules in the ligand shell,  MH and OT, are 6 and 

8 carbons in length, respectively and that the previous cross-linker 

(NDT) is 9 carbons, it is difficult to discern if the cross-linker is in fact 

responsible for linking the neighboring particles together or is just 

helping or being an intermediate of interdigitation and interparticle 

interactions between the ligands bond to the surface of each NP 

(see Figure 10). For this reason a bigger cross-linker particle – 1,16-

hexadecanedithiol (HDDT) was tested, in order to achieve a faster 

place exchange reaction, using a lower ratio of cross-linker per gold 

NP. This longer cross-linker will enable the assembly of the particles 

 

Fig. 9. TEM images of 2:1 MH/OT batch A sonicated MPMNs prepared 1 minute 
(i=0) after adding the (a) 0.5 and (b) 0.1 mM solution of cross -linker, NDT. 
Upper images: 1, 2 and 3 – detailed images showing ordered assemblies. 4 – a 
magnified example of structure lacking the degree of order observed on the 
previous examples. Lower images: blue arrows pointing to linear assembly 
based arrangements; grey arrow: unordered three-dimensional assemblies.  
Scale bars: 50 nm 
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together without needing to form any extra interactions or 

interdigitation between the ligands.  

 

This fact is due to the direct competition between the cross-linker 

solution and the thiols assembled to the surface of the gold NPs. In 

such a high ratio it will place-exchange imprecisely in the gold NP 

surface and not just on the defects. Thus, in order to see a 

preferential place-exchange reaction, e.g. the place-exchange 

reaction occurring only in the defect spots existent in the ligand shell 

the cross-linker was added in a ratio of 25 dithiol/gold NP. 

The TEM images revealed that aggregation was only visible 18 hours 

after adding the cross-linker solution and this can be a result of 

spontaneous assembly of the particles in solution and not a result of 

the cross-linker itself.  The low HDDT/gold NP ratio used can be a 

cause for such a slow place exchange kinetic,  because it will not be 

energetically favourable for the SAM to lose its conformational and 

stable morphology to let the cross-linker molecules bond to the 

particles’ surface. Also considering that this cross-linker molecule is 

16 carbons in length, the loop of it should be considered. In this case 

the cross-linker molecule will form two thiol-gold bonds in the same 

gold NP and derail the further linking with other particles. 

In order to test if the cross-linker was effectively linking the particles 

and also confirm that not all the cross-linker molecules were coiling 

around the particle,  a new 5 mM solution of HDDT (2500:1 HDT/gold 

NP ratio) was added.  

Aggregation was observed 1 minute after adding the cross-linker 

solution. The assembly process was also followed with the naked 

eye. In approximately 2 hours the solution changed from a light 

pink-red colour to a browner one and finally to a dark precipitate.  

IV. CONCLUSIONS 

It was extremely challenging to control the number of functional 

groups attached to each particle. Given the example of MPMNs with 

a core diameter around 4.6 nm, there are in total about 300 surface 

gold atoms, and the total number of organic thiol ligands that may 

be attached to the particles is also close to 300 [20, 67]. Thus, 

discarding the hypothesis of place-exchange reaction at the, if 

present, polar defects due to the high cross-linker/gold NPs ratios 

employed, these particles will present multiple unknown numbers of 

functional groups.  

When the cross-linker concentration was decreased, evident NP 

assemblies were hardly observable due to the poor place exchange 

reaction kinetics. In such low concentrations it was not energetically  

favourable to change the stable conformational morphology of the 

ligand shell to place-exchange with an incoming molecule that forms 

the same bond (sulfur-gold) in the gold NP surface.  

Due to the lack of a precise control over the number of functional 

groups, any chemical reactions conducted on such nanoparticles 

most likely will lead to the formation of large aggregates with 

unknown and irreproducible structures and properties or no clear 

aggregation at all [130].  

As a first step to overcome this challenge, one needs to be able to 

produce nanoparticles with a controlled number of chemical 

functional group attached to the surface that can later link directly 

or exchange with a cross-linker molecule inducing assembly in a 

predictable and controlled way. The development of such 

regioselective chemistry on NPs can then enable the production of 

wide variety of complex nanostructures.  

Improvements can still be made in the synthesis and assembly study 

procedures, and there are several potential directions for this 

research to proceed.  
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