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1. Introduction 

Research efforts related to gold nanoparticles increased in the last decades due to 

their special optical properties which are related to their plasmonic nature1. This ena-

bles them to be applied e.g. in the fields of photothermal therapy2, surface enhanced 

techniques3, sensorics4 or catalysis5. 

Application or the application related modification of gold nanoparticles can be lim-

ited by the very strong attractive forces between the particles, leading to an eventual 

rapid aggregation of the particles. To avoid unwanted aggregation, surface modification 

of the particles with different functional groups or different coatings to get new 

core/shell structures can be applied. In the latter case, the shell around the particles can 

result in new advantageous properties or new application possibilities. Silica coating of 

nanoparticles is favorable as it has significant advantages i.e. beside its biocompatibil-

ity, in the case of gold nanoparticles it enables them to be dispersed in different sol-

vents, without aggregation6. Several literature methods exist to coat gold nanoparticles 

with silica, even with mesoporous structures7. This brings up new questions, e.g. 

whether the pores of the silica shell are permeable or whether the surface of the nano-

particles is accessible through the pores to perform different reactions. 

From the practical point of view it can not be neglected that the melting point of na-

noparticles are present at lower temperatures compared to the bulk material8. In the 

case of anisotropic particles e.g. nanorods, they become sphere-like at lower tempera-

tures than their melting point due to the surface tension of the evolving few-nm thick 

liquid layer, which originates from surface melting9. In the case of solid-supported gold 

                                                 
1 Huang, X.; El-Sayed, M. A. Gold Nanoparticles: Optical Properties and Implementations in Cancer 
Diagnosis and Photothermal Therapy. Journal of Advanced Research 2010, 1, 13–28. 
2 Mackey, M. A.; Ali, M. R. K.; Austin, L. A.; Near, R. D.; El-Sayed, M. A. The Most Effective Gold 
Nanorod Size for Plasmonic Photothermal Therapy: Theory and In Vitro Experiments. J. Phys. Chem. B 
2014, 118, 1319–1326. 
3 Khlebtsov, B. N.; Khanadeev, V. A.; Tsvetkov, M. Y.; Bagratashvili, V. N.; Khlebtsov, N. G. Surface-
Enhanced Raman Scattering Substrates Based on Self-Assembled PEGylated Gold and Gold–Silver 
Core–Shell Nanorods. J. Phys. Chem. C 2013, 117, 23162–23171. 
4 Mayer, K. M.; Hafner, J. H. Localized Surface Plasmon Resonance Sensors. Chemical Reviews 2011, 
111, 3828–3857. 
5 Corti, C. W.; Holliday, R. J.; Thompson, D. T. Progress towards the Commercial Application of Gold 
Catalysts. Top Catal 2007, 44, 331–343. 
6 Liz-Marzán, L. M.; Giersig, M.; Mulvaney, P. Synthesis of Nanosized Gold−Silica Core−Shell 
Particles. Langmuir 1996, 12, 4329–4335. 
7 Gorelikov, I.; Matsuura, N. Single-Step Coating of Mesoporous Silica on Cetyltrimethyl Ammonium 
Bromide-Capped Nanoparticles. Nano Lett. 2008, 8, 369–373. 
8 Nanda, K. K. Size-Dependent Melting of Nanoparticles: Hundred Years of Thermodynamic Model. 
Pramana - J Phys 2009, 72, 617–628. 
9 Inasawa, S.; Sugiyama, M.; Yamaguchi, Y. Laser-Induced Shape Transformation of Gold Nanoparticles 
below the Melting Point:  The Effect of Surface Melting. J. Phys. Chem. B 2005, 109, 3104–3111. 
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nanorods, they melt into larger spheres already at 250 °C10. In order to increase the sta-

bility of gold nanorods, silica coating can be effectively applied in some cases, but sys-

tematic investigations were not carried out up to high temperatures. Effective heating of 

gold nanoparticles can be achieved in two different ways: either optically or by bulk 

heating10. 

  

2. Aims 

My goal was to prepare gold nanorod/silica core/shell systems in which the particles 

can be examined in a less expensive way compared to single-particle measurement 

techniques. Therefore I wanted to prepare thin layers with the Langmuir-Blodgett (LB) 

technique, which is suitable to prepare mono- or multilayers of nanoparticles11,12. In 

such a well defined system, the modification of nanoparticles (e.g. by different reac-

tions or by heat treatment) can be studied through conventional ensemble optical spec-

troscopy or by electron microscopic techniques. Nevertheless – just like for single par-

ticle experiments – the measurements can be carried out on the very same sample be-

fore and after the experiment as well, allowing a more straightforward interpretation of 

the results. 

The monolayer of the particles represents the ideal model system for my experi-

ments. I planned to examine the permeability of the mesoporous silica shell (in a gold 

nanorod/mesoporous silica shell system), and whether the cores of the core/shell parti-

cles can take part in chemical reactions inside the mesoporous shell, i.e. the possibility 

to use the shell as a “nanoreactor”. 

Additionally I intended to study the effect of silica shell on the shape change of dif-

ferent aspect ratio nanorods at elevated temperatures, and to get more information 

about the properties of the shell. 

 

                                                 
10 Petrova, H.; Juste, J. P.; Pastoriza-Santos, I.; Hartland, G. V.; Liz-Marzán, L. M.; Mulvaney, P. On the 
Temperature Stability of Gold Nanorods: Comparison between Thermal and Ultrafast Laser-Induced 
Heating. Phys. Chem. Chem. Phys. 2006, 8, 814–821. 
11 Blodgett, K.; Langmuir, I. Built-Up Films of Barium Stearate and Their Optical Properties. Physical 
Review 1937, 51, 964–982. 
12 Bardosova, M.; Pemble, M. E.; Povey, I. M.; Tredgold, R. H. The Langmuir-Blodgett Approach to 
Making Colloidal Photonic Crystals from Silica Spheres. Adv. Mater. 2010, 22, 3104–3124. 



5 
 

3. Experimental methods 

I prepared gold nanorods and coated them with mesoporous silica shells of different 

thickness7,13. Preparation of the gold nanorods was performed by the well-established 

seeded growth method7. In the first step, ~1.5 nm seed particles were prepared from a 

solution containing HAuCl4 and CTAB (cetyl trimethyl ammonium bromide), by add-

ing a strong reducing agent (NaBH4). In the next step, these seed particles could be 

grown into the desired shape, in my case into nanorods with a weaker reducing agent, 

ascorbic acid, in the presence of silver ions (besides of these, the growth solution con-

tained HAuCl4 and CTAB as well). Rod shape is achieved with the aid of silver ions 

during the synthesis, which preferentially deposit onto particular crystal facets of the 

gold nanoparticles, reducing the growth of the particles in these directions, resulting in 

anisometric (rod-shaped) particles14. A 15 nm thick mesoporous silica coating can be 

deposited by the hydrolysis of tetraethyl orthosilicate under basic conditions. This shell 

can be grown thicker in consecutive steps7. Size and shape of the core/shell particles 

can be characterized with the help of UV-Visible spectrometry and transmission or 

scanning electron microscopy (TEM or SEM). 

The core/shell nanoparticles prepared by the method above were suitable to be com-

pressed into a monolayer at the air/water interface (Langmuir-film) and then transferred 

onto solid substrates by the Langmuir-Blodgett (LB) technique. The optical properties 

of these films were investigated by UV-Visible spectrometry and the morphological in-

vestigations were carried out with SEM. The permeability of the mesopores of the sol-

id-supported nanoparticles was investigated with the aim of Rhodamine 6G dye mole-

cules solution. The presence of the dye molecule was verified using spectroscopic 

measurements. 

Modification of the solid-supported nanoparticles was carried out either by heat 

treatment (300-900 °C, 1 hour) or by chemical reactions. In the latter case the over-

growth reaction of the gold cores inside the mesoporous silica shell was studied. The 

changes in size and shape of nanoparticles were examined by the earlier mentioned 

spectroscopic and microscopic techniques. 

 

                                                 
13 Ye, X.; Jin, L.; Caglayan, H.; Chen, J.; Xing, G.; Zheng, C.; Doan-Nguyen, V.; Kang, Y.; Engheta, N.; 
Kagan, C. R.; et al. Improved Size-Tunable Synthesis of Monodisperse Gold Nanorods through the Use 
of Aromatic Additives. ACS Nano 2012, 6, 2804–2817. 
14 Liu; Guyot-Sionnest, P. Mechanism of Silver(I)-Assisted Growth of Gold Nanorods and Bipyramids. 
J. Phys. Chem. B 2005, 109, 22192–22200. 
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4. Results 

 

4.1 Langmuir- and Langmuir-Blodgett films of gold nanorod/silica core/shell 

particles 

 

I successfully prepared Langmuir- and Langmuir-Blodgett films of gold/silica 

core/shell nanoparticles (with different shell thickness of 15, 50 or 80 nm) on silicon 

and glass slides. The Langmuir-film of the core/shell particles at the air/water interface 

was visible even by naked eye due to the large extinction cross-section of the gold na-

norod cores. The Langmuir-isotherms showed a steep increase of the surface pressure 

when the films were compressed below their contact cross-sectional area, which im-

plies that the core/shell nanorods form a weakly cohesive film on the surface of water 

(Figure 1.a). 

The measured extinction spectra of the LB-films of core/shell particles (Figure 1.b) 

are the same as the ones obtained in solution. The longitudinal peak position is located 

around 615 nm in both cases for the 23x40 nm gold cores. Plasmon coupling between 

neighboring particles can be excluded, which is due to the presence of the 15 nm silica 

shell. The shell acts as a spacer between the core particles, resulting in larger core-to-

core separation distances and lower particle order in the monolayer [1] [4]. 

 

 
Figure 1. a) Langmuir-isotherm of 15 nm silica-coated gold nanorods (23x40 nm) and (inset) SEM 

image of the resulting LB film. b) Extinction spectra of the sol of core/shell nanoparticles (black 

line), the glass substrate (red dashed line) and the LB film (blue dotted line). 
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4.2 Investigations on the permeability of the mesoporous silica shell 

 

The 15 nm silica shell of the gold nanorod cores is mesoporous7. My goal was to in-

vestigate the permeability of the pores and to study whether the gold nanorod core 

could be modified inside the silica shell. LB monolayers of the core/shell particles were 

impregnated with an aqueous solution of Rhodamine 6G dye and the resulting extinc-

tion spectra were examined. The refractive index sensitivity of the longitudinal plasmon 

peak of the gold nanorods was monitored in order to draw conclusions on the penetra-

tion of the dye molecules into the shell. After the impregnation with the dye solution, 

the extinction around 530 nm increased due to light-absorption of the dye molecules. 

Additionally, extinction related to the longitudinal plasmon mode of the gold nanorods 

around 615 nm red-shifts and increases (Figure 2.). As the substrates were immersed 

again into water, large amount of the dye molecules can be removed from the layer, 

which causes the longitudinal peak position to blue-shift back to its original wavelength 

position, however, there is still a significant amount of dye present in the film. The red-

shift of the longitudinal peak after impregnation with the dye solution can be attributed 

to the refractive index increase at the close vicinity of the gold core due to the presence 

of the dye molecules. These results prove that the pores in the silica shell are permea-

ble. Comparing the spectra of the impregnated core/shell nanoparticle film with refer-

ence extinction spectra (LB film of Stöber-silica particles and a reference glass sub-

strate) I found out that 62 % of dye molecules are present inside the mesopores of the 

shell. 

 
Figure 2. Extinction spectra of LB films of 23x40 nm gold/15 nm silica core/shell particles before 

(black solid line) and after (red dashed line) impregnated with Rhodamine 6G, and after soaking 

the dye-treated film into water (blue dotted line). 
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4.3 Heat treatment and reactivity of gold nanorod/silica core/shell particles 

 

During the experiments, 10x24 nm gold nanorods with a 15 nm silica shell were ap-

plied. The LB monolayers were heat-treated in a furnace at 300 °C for 1 hour. At this 

temperature the nanorod cores transformed into 15 nm nanospheres (Figures 3.a,b). 

Surprisingly, the shape transformation of the core was followed by the silica shell. The 

resulting spherical core/shell particles can take part in chemical reactions: on the sur-

face of the gold cores, reduction of Au(I)-ions with ascorbic acid can be carried out, 

and in the presence of silver-ions the spherical gold cores can be grown into rod-shaped 

particles. During this process, the shell of the nanoparticles proved to remain elastic, 

i.e. one ends up with rod-shaped core-shell nanoparticles. The above processes can be 

followed on the changes of the extinction spectra of the films (Figure 3.d). As the nano-

rods transformed into nanospheres, the longitudinal peak disappeared and color of the 

film changed from blue to pink. As these heat-treated particles were grown back into 

nanorods (Figure 3.c), the color of the LB film turned into blue again and on the extinc-

tion spectrum the longitudinal peak appeared again. In contrast to these successful ex-

periments, the growth (reduction) experiments in solution phase resulted in the dissolu-

tion of the silica shell as the size of the gold cores increased [2]. 

 

 
Figure 3. SEM image of the a) LB film of gold/silica core/shell particles before and b) after heat 

treatment, which resulted in spherical particles. c) The LB film after 300 °C heat treatment and 

seeded growth in the presence of silver ions, which resulted in rod-like core/shell particles. The 

starting nanorod cores have a size of 10x24 nm and a 15 nm silica shell. d) The measured extinction 

spectra of the process at stages shown in images a-c), which reflect the shape transition of gold na-

noparticles. 
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4.4 Seeded growth of the resulting core/shell nanospheres after heat treatment 

 

The heat treatment-seeded growth cycle described in section 4.3 can be repeated 

several times, the gold nanospheres resulted from these heat treatment processes can be 

grown again into nanorods inside the silica shell, together with shape transformation of 

the shell. After each cycles the aspect ratio of the nanoparticles decreases, which is vis-

ible on the SEM images of the particles and on their extinction spectra (Figure 4.a). 

When the growth reaction was performed without adding silver ions (silver is a 

shape-factor in the synthesis of gold nanorods) to the growth solution, larger, but spher-

ical particles were growing instead of gold nanorods (Figure 4.c). This implies that the 

design rules for the solution based seeded growth approach are valid for the solid sup-

ported, mesoporous silica shell coated gold particles as well.  

To verify that the reaction partners during the chemical reaction indeed reach the 

core-surface by diffusing through the mesopores of the silica shell, control experiments 

were carried out, where the mesopores of the shell were blocked by an additional mi-

croporous silica layer. As no effect after the growth reaction could be observed, the 

precursor molecules needed for core particle growth can get near the surface of gold 

particles only through the mesopores of the silica shell. 

 

 
Figure 4. a) Extinction peak positions and aspect ratio values of the core/shell nanoparticles 

depending on the number of the applied heating-seeded growth cycles. b) SEM images of the 

larger, spherical nanoparticles resulting from the seeded growth reaction performed without 

silver-ions, and c) the extinction spectra of the heat treated samples before (black solid line) and 

after (red dashed line) seeded growth in the absence of silver- ions. 
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4.5 Heat treatment of gold nanorod/silica core/shell particles with different aspect 

ratios 

 

Monolayers of gold nanorods with a 15 nm silica shell were used and the aspect ra-

tio of the nanorod samples varied between 2.5-4.3. Heat treatment of the particles was 

carried out for 1 hour in the temperature range of 300-900 °C. Changes in the particle 

shape were characterized with SEM and extinction measurements (Figure 5.a). The sil-

ica shell affects the stability of the nanorod core particles against high temperatures. 

According to the literature gold nanorods transform into nanospheres already at 250 °C 

due to surface melting of the particles. The silica coated particles preserved their rod-

shape up to 500 °C, although their aspect ratio decreased It was found that deformation 

of the silica shell during the heat treatment of the core/shell particles is only induced by 

the shape transformation of the nanorod cores. When the gold cores were dissolved 

from the silica shell and the empty silica shells were exposed to a 900 °C heat treat-

ment, they preserved their size and shape (Figure 5.b), confirming the leading role of 

the core particles in the deformation of the core/shell composite. [3] 

 

 
Figure 5. a) Longitudinal peak position and aspect ratio values depending on the applied 

temperature. b-e) By dissolving gold nanorods from the silica shell, empty silica shell particles can 

be obtained. By heating these silica nanoparticles at 900 °C no size or shape changes can be 

observed. 
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5. Theses 

1. I prepared for the first time Langmuir- and Langmuir-Blodgett (LB) films of 

rod-shaped nano-sized gold/silica core/shell particles. The Langmuir films of such par-

ticles form a weakly cohesive structure based on their surface-pressure vs. area iso-

therms. I have shown that the extinction spectra of the solid-supported films and the 

nanoparticle sols are in good agreement, which implies the absence of plasmon cou-

pling between the particles constructing the film. I referred to the absence of plasmon 

coupling and the random orientation of the rod-shaped nanoparticles as a consequence 

of the silica shell around the gold cores. Due to the absence of plasmon coupling, opti-

cal properties of the film can be designed at the nanoparticle level. 

2. I demonstrated through dye-adsorption experiments on the LB monolayers that 

the mesoporous silica shell at around the gold cores is permeable. Using optical spec-

troscopic measurements I proved that the Rhodamine 6G dye molecules penetrated 

deep into the mesopores, down to the close vicinity of the gold cores. The refractive in-

dex increase caused by the presence of the dye molecules manifests in the extinction 

spectra as an increased intensity and red-shift in the longitudinal plasmon mode of the 

gold cores. 

3. I have shown experimentally that the gold cores of the solid-supported 

core/shell particles turn into nanospheres at much lower temperatures than the bulk 

melting point of gold. I showed that due to the shape change of the gold cores, confor-

mal deformation of the silica shells occurs. 

4. I found that the spherical gold microphases, resulting from the heat treatment of 

the composite particles, can take part in chemical reactions, like a nano-sized chemical 

reactor: I synthesized from the spherical gold cores again rod-shaped gold particles in-

side the shell by making use of the mesopores. The sphere-to-rod transition of the gold 

core is accompanied by the deformation of the silica shell again into a rod-shape. I 

found that for the chemical reaction performed inside the silica shell, the design rules 

developed for the seeded growth of gold nanorods in solution apply as well. I proved 

that the precursors necessary for the growth of the core particles reach the particle sur-

face by diffusion through the mesopores. 

5. I showed that the shape and size changes described in points 3. and 4. can be re-

peated several times consecutively. The number of repeated “heat treatment-seeded 

growth” cycles is limited, however, by the rupture of the shell due to the increased vol-

ume of the core particles. 
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6. I proved experimentally, that the heat stability against melting of the solid-

supported rod-shaped gold nanorod/silica composite particles is much higher compared 

to gold nanorods without a silica shell – even at temperatures higher than previously 

investigated in the literature. I showed that the silica shell significantly increases the 

stability against heat of gold cores depending on their aspect ratio: the heat stability de-

creases with increasing aspect ratio. 
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Possible applications 

The nanoparticulate system showed here can be applied in different fields. Inside the 

silica shell, surface modification of particles can be carried out under different circum-

stances, e.g. when the reaction can not be carried out in water, as the silica coated gold 

nanoparticles can be taken into different solvents without aggregation 6. 

The solid-supported, silica coated gold nanoparticles can be good candidates for e.g. 

development of refractive index sensitivity sensors15, as the analyte molecules can pen-

etrate to the close vicinity of the particles through the pores and the accompanying re-

fractive index change can be detected through optical measurements on the particles. If 

designed in an appropriate way, the sensor could be regenerated, and from my experi-

ments it is evident that molecules present on the surface of the silica shell do not disturb 

the measurement if they do not absorb at the wavelength of the longitudinal plasmon 

peak. 

Functionalization of the silica shell offers the possibility that only selected mole-

cules would be able to reach the surface of the gold particle16, and apart from this, the 

pores may impose size restriction on the molecules that can reach the core surface. 

 

 

 

                                                 
15 Galopin, E.; Niedziółka-Jönsson, J.; Akjouj, A.; Pennec, Y.; Djafari-Rouhani, B.; Noual, A.; 
Boukherroub, R.; Szunerits, S. Sensitivity of Plasmonic Nanostructures Coated with Thin Oxide Films 
for Refractive Index Sensing: Experimental and Theoretical Investigations. J. Phys. Chem. C 2010, 114, 
11769–11775. 
16 Liu, W.; Zhu, Z.; Deng, K.; Li, Z.; Zhou, Y.; Qiu, H.; Gao, Y.; Che, S.; Tang, Z. Gold 
Nanorod@Chiral Mesoporous Silica Core–shell Nanoparticles with Unique Optical Properties. J. Am. 
Chem. Soc. 2013, 135, 9659–9664. 
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