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Summary 

Individual nanoparticles as well as assembled nanostructures play a crucial role in 

the development of new materials. The reason for this is that nanomaterials, with a 

size ranging from 1 to 100 nm, display significantly different chemical and physical 

properties in comparison to their bulk (or microscopic) counterpart, including 

altered optical, magnetic, or electric properties. Especially, gold nanoparticles 

proved to be very attractive platforms in a broad range of applications from optics to 

biology because of their inertness, well-established surface chemistry and unique 

optical properties. Gold nanoparticles feature enhanced light absorption when 

excited at their plasmonic resonance wavelength, which can be tuned from visible to 

near infrared light by varying size, shape or interparticle distance. Moreover, 

nonradiative absorption of gold nanoparticles can rapidly be converted into heat - 

the photothermal effect - turning them into ideal nano-sources of heat. Although 

plasmonic applications focused for a long time on the use of the optical properties of 

gold nanoparticles, light-induced heat has gained more and more attention over the 

past years. It allows the investigation of thermal events down to the nanoscale 

remotely controlled through laser irradiation. Hitherto, photothermal applications 

commonly utilize gold nanoparticles dispersed in various chemical environments, 

while the use of nanoparticle assemblies on planar substrates would allow the 

design of functional interfaces. Such substrates would offer a better-defined 

photothermal profile with potential applications in the fields of nanochemistry and 

biomolecular manipulation. However, the fabrication of nanoparticle-based surfaces 

with tuneable optical properties still rely on complex and not scalable procedures, 

which constitute a major limitation to prepare uniform and robust plasmonic 

substrates. Therefore, new strategies need to be established to simplify multi-step 

procedures and simultaneously control the growth, the shape and the arrangement 

of gold nanoparticles into functional plasmonic interfaces.  

 

In the first part of this thesis, homogeneous and micropatterned arrays of gold 

nanoparticles with different morphologies were generated with a new synthetic 

technique, called micelle templated photochemistry (manuscript I). By irradiating 
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surfaces made of block copolymer micellar monolayers with ultraviolet light, it is 

possible to synthesize gold nanoparticles without requiring any commonly used 

reagents, such as photosensitizers or photoresists. In this method, micelles play the 

dual role of nanocarriers and reactive templates in order to simultaneously 

synthesize and organize gold nanoparticles with a high spatial resolution. This novel 

technique enables the growth, the arrangement and the shaping of gold 

nanoparticles with tuneable plasmonic resonance wavelengths on glass substrates. 

Explicitly, it leads to the formation of particle arrays over arbitrarily large areas 

decorated with either gold deformed nanoparticles (“potatoids”) or nanorings 

featuring enhanced photothermal properties and high heat-sustainability. Moreover, 

control over particle distribution is possible at the microscale level in combination 

with photolithographic techniques. Micropatterning structures enables surface 

labelling necessary for serial experiments and correlative microscopy. This makes 

them ideal platforms for fine-tuned heat-manipulation of chemical and biological 

reactions.  

 

In the second part of this work, a new application based on the use of plasmonic 

substrates was introduced with substantial implications for solvothermal synthesis 

(manuscript II). Solvothermal synthesis constitutes a well-established chemical 

method that involves the use of a solvent heated above its boiling point under 

moderate or high pressure to synthesize inorganic nanomaterials. Experimentally, 

this approach requires the use of a pressure sealed chamber (autoclave) to avoid 

solvent evaporation and sustain high pressure. Using illuminated gold nanoparticles  

as nanosources of heat allows performing solvothermal chemistry at ambient 

pressure and in an open reaction medium. This method benefits from the possibility 

for chemical exchange and monitoring during the reaction. The concept was 

successfully demonstrated by the synthesis of In(OH)3 nanocrystals at the 

micrometric scale using optical and thermal microscopy means. The underlying 

mechanism involves plasmon-assisted superheating of water above its boiling point 

and displays faster reaction times by decreasing the heated/illuminated region. Due 

to much faster kinetics and higher spatiotemporal resolution than standard synthetic 

approaches, this plasmon-assisted method is highly attractive for fundamental 
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research in solvothermal synthesis and could lead to novel applications in the fields 

of nanomaterials deposition and patterning. 
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Abbreviations 

 
BCML  block copolymer micellar lithography  

CVD  chemical vapour deposition 

CW  continuous wave 

EISA  evaporation induced self-assembly 

LED  light-emitting diodes 

LUMO  lowest unoccupied molecular orbital 

MB  microbubble 

NIR  near infrared  

OMA  optomechanical actuator 

PA  photoacoustic 

PACS  plasmon-assisted chemical synthesis 

PACVD  plasmon-assisted chemical vapour deposition 

PCR  polymerase chain reaction 

PT  photothermal  

SPR  surface plasmon resonance  

2D  two-dimensional   

3D  three-dimensional  
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1. Introduction 

1.1. From the synthesis and the shaping of nanoparticles to their 2D 

assembly for tuning the optical properties of nanostructured surfaces 

In 1959 Richard Feynman envisioned the manipulation of individual atoms as a novel 

chemical strategy to build nanomaterials and announced in his lecture “There is 

plenty of room at the bottom” 1. Since then, this concept significantly moved 

forward the emergence of Nanotechnology.  

Nanotechnology is the engineering of functional systems at the molecular scale, 

which leads to the fabrication of advanced functional materials at the nanoscale. 

Nanomaterials are defined as objects with one of their dimensions below 100 nm 2-4. 

What makes nanomaterials so interesting is the fact that their physical and chemical 

properties are different to the ones of their bulk counterpart and vary depending on 

their size. There are two major effects that are responsible for this behaviour: First, 

in nanocrystals the number of surface atoms constitutes a large fraction of the total; 

Second, quantum size effects alter the electronic properties of particles. Both effects 

can induce significant changes of the mechanical, optical, thermal and catalytic 

properties of many systems, which makes them potentially interesting for new 

applications in many technological fields 5,6. Nanoparticle properties are not only 

sensitive to size but also to morphology and composition 7. For this reason, the 

synthesis of nanoparticles with precise control over these three parameters is critical 

for the investigation and the use of these materials in Nanotechnology.  

 

1.1.1. Synthesis of plasmonic nanoparticles with tuneable optical properties 

The trend towards miniaturization and better performance is a major motivation for 

the development of novel “bottom-up” approaches to synthesize nanoparticles. 

Among the different categories of solid materials, noble metal nanostructures and 

gold nanoparticles in particular proved to be very attractive platforms for 

applications in optics and biology, thanks to their stability, inertness, well-

established surface chemistry and unique optical properties.  

Indeed, gold nanoparticles feature localized plasmon resonances that enhance light 

absorption and scattering. Surface plasmon resonance (SPR) results from the 
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collective oscillation of valence electrons stimulated by incident light absorbed at 

their resonant frequency, which is enhanced in nanostructures due to their high 

surface-to-volume ratio 8-10. Consequently, SPR results in an absorbance band with a 

maximum intensity centred at a defined wavelength that can be shifted from visible 

to near infrared, depending on structural parameters such as size, shape, 

interparticle spacing, and the surrounding dielectric environment. Altogether, these 

parameters qualify the use of gold nanoparticles for biochemical labelling, sensing 

and detection 11-13.  

The size of individual particles influences the intensity of the plasmon band, while 

particle shape affects the wavelength of maximum intensity. Therefore, different 

particle morphologies such as gold nanorods, nanoshells, nanostars or nanocages 

feature different modes of SPR (Figure 1) 9. By manipulating the particle morphology, 

the plasmon band can be shifted to the infrared region of the spectra. This is 

obtained for gold nanorods upon the anisotropic growth of preformed spherical 

particles, for nanocages through the facile control of the wall thickness and void size, 

and for nanoshells by adjusting shell thickness-to-core radius ratio 14-16. In fact, the 

assessment of NIR-absorbing nanoparticles is essential in biological applications for 

which light penetration through tissues is required 17,18. Even though light is blocked 

in the visible range by the absorption of haemoglobin and water at higher 

wavelengths, there exist two biological windows with optimal tissue transmission 

located at 650-950 nm and 1000-1350 nm, in which optimal transmission is  

achieved 19.  
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Figure 1. Scheme illustrating different nanoparticle shapes and their corresponding tuneable 
absorption ranges. Cubes and branched particles exhibit absorption in the near infrared region while 
the absorption of other shapes can be tailored over a broad range of the spectra 

9
. 

Accordingly, many strategies to synthesize various gold nanostructures have been 

developed over the last twenty years in order to accurately tailor their optical 

properties. The Turkevic method is one of the most standard approaches to 

synthesize colloidal gold upon reducing a gold salt with a reducing agent such as 

sodium citrate 20,21. Later, the addition of thiolated capping ligands allowed 

enhancing their stability to avoid particle aggregation in solution. This approach 

leads to the formation of monodisperse spherical nanoparticles with a particle 

diameter of about 12 nm 22. However, particle monodispersity is difficult to control 

with this method when larger particles are produced 23. In order to improve the 

synthetic process, several groups modified this approach by post-growing preformed 

gold nano-seeds 24, by using ultrasound irradiation 25 or upon adding block 

copolymers 26. 

In the case of anisotropic nanostructures, similar synthetic strategies have been 

developed to form gold nanorods via template-directed, electrochemical or 

photochemical reduction methods 8. Gold nanoshells are usually prepared by 

directly depositing gold onto colloidal silica spheres produced by the Stöber   

method 27. Gold nanocages are synthesized by using silver nanocubes as a template 

for a galvanic replacement reaction in solution 28.  
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Although dispersions of gold nanoparticles of various morphologies were applied in 

many novel applications, the assembly of nanoparticles has also attracted a lot of 

attention as not only size and shape but also the interparticle distance and possibly 

their orientation to each other influence the absorption properties (Figure 2) 29-31. 

Interparticle plasmonic coupling occurs when nanoparticles are brought in close 

proximity to one another. As the distance between the nanoparticles decreases, 

near-field coupling begins to dominate, leading to a strong enhancement of the 

localized electric field within the interparticle spacing resulting in a red shift of the 

SPR frequency 32,33. Therefore, precise control over interparticle distance and 

orientation constitute an important parameter to tailor nanoparticle optical 

properties.  

 

Figure 2. Effect of plasmon coupling of gold nanoparticles in close proximity. a) Surface plasmon 
resonances in gold nanosphere chains from monomer to hexamer and b) corresponding absorption 
spectra. Scale bar = 250 nm 

29
. 

 

1.1.2. Engineering functional plasmonic substrates through the deposition of 

nanoparticles 

In addition to their synthesis, the assembly of dispersed nanoparticles into two-

dimensional (2D) and three-dimensional (3D) structures is commonly used for many 

applications, like for instance in colorimetric detection of polynucleotides via 

polymeric networks of nanoparticles 34 and plasmonic-rulers 35. Importantly, the 

ability to tune the spatial positioning with nanometre precision enables the 

fabrication of materials with well-defined local-field enhancements, necessary for 

fundamental optical studies and the development of functional substrates/devices. 

The assembly of nanoparticles into 2D and 3D lattices has been studied for nearly 20 

years. However, fabrication of arbitrary large nanostructured substrates composed 

b)a)
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of nanoparticle building blocks remains challenging 33. One possible strategy for the 

deposition of nanostructures in 2D involves the combination of physical means with 

lithographic methods, in which a geometric pattern of a resist layer is transferred 

onto a flat substrate in order to locally control the etching or deposition of a material 

of interest 36-40. Although lithographic techniques are powerful tools to explore a 

wide range of nanomaterials geometries and applications with the advantages of 

excellent control over size, shape and interparticle spacing, a resolution below 10 nm 

is not readily obtainable. Moreover, the fabrication of small or crystalline structures 

is difficult to accomplish and their use restricted to materials that can be derived 

from metal films 13. Therefore, other strategies to deposit nanoparticles have been 

developed 41.  

The deposition and assembly of dispersed nanostructures onto surfaces constitutes 

a simple alternative to fabricate plasmonic substrates. One possibility here relies on 

the self-assembly of colloids onto surfaces by controlled evaporation, spin-coating, 

electrophoretic deposition, electrostatic deposition, convective assembly or liquid 

interface-mediated methods 42,43. However, these approaches enable the fabrication 

of nanoparticle-based substrates, which are not sufficiently robust to resist certain 

chemical conditions or mechanical forces. To overcome this limitation, the covalent 

attachment of gold colloids onto aminated or thiolated surfaces is another route 

resulting in 2D extended arrays of gold nanoparticles, but without precise control 

over positioning 41,44. DNA-mediated self-assembly methods, like DNA-origami, 

enable the fabrication of highly regular and uniform superstructures. DNA 

nanostructures are reliable templates for bottom-up assembly and fabrication of 

nanomaterials 45. However, this approach suffers from the high cost of DNA and the 

high error rate of self-assembly 46.  

Another strategy to accomplish precise positioning of metallic nanostructures on 

surfaces involves the use of structured polymers as a template to guide nanoparticle 

assembly. Block copolymer micellar lithography (BCML), is a versatile method to 

produce patterned gold nanoparticles arrays with sub-30 nm resolution over 

arbitrarily large areas 47-50. Amphiphilic diblock copolymers can undergo microphase 

segregation in solvents selective for one of the two blocks, resulting in the formation 
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of	
   supramolecular	
   structures	
   depending	
   on	
   temperature,	
   molecular	
   concentration	
  

and	
  single	
  molecule	
  morphology	
  (Figure	
  3)	
  51.	
  	
  

Figure	
   3.	
   Morphologies	
   of	
   diblock	
   copolymers.	
   From	
   left	
   to	
   right	
   structures	
   include	
   spheres,	
  
hexagonal	
  cylinders,	
  cubic	
  bicontinous	
  gryoid	
  and	
  lamellar	
  morphologies	
  52.	
  

In	
   order	
   to	
   transfer	
   and	
   organize	
   these	
   structures	
   from	
   solution	
   to	
   substrates,	
  

evaporation-­‐induced	
  self-­‐assembly	
  (EISA)	
   is	
  performed	
  by	
  dip-­‐	
  or	
  spin-­‐coating.	
  EISA	
  

enables	
   the	
   deposition	
   of	
   a	
   single	
   layer	
   of	
  micelles	
   on	
   the	
   substrate	
  with	
   a	
   quasi-­‐

hexagonal	
   order	
   driven	
   by	
   capillary	
   forces,	
   repulsive	
   electrostatic	
   and	
   steric	
  

interactions	
  (Figure	
  4)	
  53.	
  Hereby,	
  the	
  spacing	
  between	
  the	
  micelles	
  is	
  controlled	
  by	
  

the	
  molecular	
  weight	
  of	
  the	
  polymer,	
  the	
  concentration	
  of	
  the	
  polymer	
  solution	
  and	
  

the	
  dipping	
  speed	
  54.	
  	
  

Figure	
  4.	
  Schematic	
  representation	
  of	
  evaporation-­‐induced	
  self-­‐assembly	
  (EISA)	
  during	
  dip-­‐coating.	
  
A	
   glass	
   slide	
   is	
   dipped	
   into	
   a	
   micellar	
   solution	
   and	
   withdrawn	
   at	
   a	
   defined	
   speed	
   leading	
   to	
   the	
  
formation	
  of	
  an	
  ordered	
  micellar	
  monolayer,	
  adapted	
  from	
  55.	
  

Many	
   approaches	
   have	
   been	
   successfully	
   combined	
   with	
   BCML	
   to	
   generate	
  

plasmonic	
  nanoparticle-­‐based	
   substrates	
   including	
   thermal	
  evaporation	
   56,	
   reactive	
  

ion	
   etching	
   57,	
   atomic	
   layer	
   deposition	
   58,	
   galvanic	
   displacement	
   59-­‐61	
   or	
  

electrochemical	
  plating	
   62,63.	
  The	
  extended	
  and	
  ordered	
  domains	
  of	
   self-­‐assembled	
  

block	
   copolymer	
   molecules	
   can	
   serve	
   as	
   a	
   template	
   to	
   selectively	
   control	
   the	
  

deposition	
   of	
   molecular	
   precursors	
   or	
   inorganic	
   nanoparticles.	
   On	
   the	
   one	
   hand,	
  

substrate
withdrawal

solvent
evaporation

order	
 and	
 spacing	
 
dependent	
 on:

awal	
 speed
-	
 rate	
 of	
 evaporation
-	
 capillary	
 forces
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nanoparticle arrays are obtained with BCML by the incorporation of metallic 

molecular precursors in the core of polymer micelles serving as nanocarriers. Metal 

precursors are then reduced and organic compounds removed, leading to the 

formation of arrays of ordered nanoparticles whose size can be further controlled 

via hydroxylamine- or ethanolamine-assisted post growth 64,65. On the other hand, 

preformed nanoparticles can simply be immobilized through electrostatic 

interactions on preformed micellar monolayers as underlying templates 66-69. 

In order to improve the adjustment of particle number and distribution on the 

surface independent of interparticle spacing, BCML has been combined with 

conventional top-down technologies. The preparation of such micropatterned 

surfaces is of substantial importance in the field of bioengineering for the 

development of microchip-based bioassays, the co-culture of cells and for tissue 

engineering applications 70. The ability to guide the location of cell growth or confine 

their shape based on the spatial distribution of micropatterned substrates enables 

cell screening and the study of cell behaviour at the single-cell level or cell colonies 

in defined geometries without mechanical interference 71. Micropatterned surfaces 

are obtained by lithographic techniques such as electron beam-lithography 72,73, 

microcontact printing 74 or resist-assisted particle removal 75 (Figure 5). Electron-

beam lithography occurs to be time-consuming but permits patterning of individual 

particles by precise pinning of single micelles with an electron beam. The deposition 

of micelles using polymer stamps via microcontact printing allows faster sample 

processing, but patterning at the submicron range cannot be realized. In an effort to 

accelerate the micropatterning process, photo- and electron-beam-lithography was 

applied to a nanoparticle array covered by a photoresist, which resulted in 

significantly improved turnover rates 54. 
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Figure 5. Illustration of micropatterning-methods compatible with BCML. a) Micellar electron beam 
lithography: patterns are written into a micellar monolayer with an electron beam. Removal of 
nonirradiated micelles followed by plasma treatment leads to the respective micronanostructured 
gold particles. b) Microcontact deprinting: a topographically micropatterned PS stamp is placed on a 
micellar monolayer and micelles in contact with the protrusions of the stamp removed by peeling off 
the stamp at temperatures above the glass transition temperature T. Subsequent plasma treating 
generates the desired nanoparticle pattern. c) Resist-assisted particle removal: extended arrays of 
gold nanoparticles are covered under a resist, followed by its photo- or electron beam-lithographic 
structuring. After removal of the particles in unprotected regions, the resist is dissolved and uncovers 
the micronanostructure 

54
. 

 

Nevertheless, every method has its own pitfalls as they either require elaborate, 

time-consuming and multi-step processes or do not allow uniform assembly over 

large areas 15,76-78.  

Recently, the use of deep UV-lithography enabled faster processing with benchtop 

facilities: Zhu et al. prepared micropatterned gold nanoparticle arrays by illuminating 

gold-loaded micellar monolayers with deep UV through a quartz photomask, 

minimizing the number of processing steps (Figure 6) 65. 
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Figure 6. Generation of micropatternd gold nanoparticle arrays by using deep ultraviolet 
lithography and micellar nanolithography. a) Schematic diagram illustrating the successive steps 
necessary to fabricate micropatterned gold nanoparticles. b-f) SEM images of micropatterned gold 
nanoarrays of various shapes and dimensions 

65
. 

However, tuning the morphology of gold particles obtained by BCML is restricted to 

spherical nanoparticles that only absorb at around 520 nm and micrometre-long 

nanowires that display a broad longitudinal plasmon resonance in the infrared due 

to their polydispersity in length 79,80. To overcome this limitation, several methods 

were established by using spherical particles as seeds to further manipulate their 

shape and obtain anisotropic morphology 81-83. However, these approaches lead to 

inhomogeneous arrays comprised of different particle morphologies, sizes and 

orientation (Figure 7).  

 

Figure 7. Tuning optical properties of gold nanoparticle-based substrates by manipulating their 
morphology. Immobilized gold nanoparticles act as seeds to mediate the growth of a) triangle, 
square, diamond, pentagon, and hexagon (scale bars: 100 nm and 20 nm, respectively) 

81
, b) urchin-

shaped particles 
82

 and c) rod-shapes particles 
83

. 

c)a) b)
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In conclusion, the combination of different methods is a promising strategy to 

prepare nanostructures with a pre-determined geometry at multiple length scales, 

from the microscale down to the nanoscale. However, the shaping, assembly and 

patterning of gold nanoparticles into functional plasmonic substrates in a facile, cost-

effective and scalable manner is still challenging. The engineering of functionalized 

nanostructured surfaces for the development of lab-on-a-chip devices will 

tremendously facilitate fundamental optical studies 31, applications in    

nanocatalysis 84, biosensing 13,85 and photothermy 16,86. 

 

1.2. The photothermal effect and its applications in nanochemistry and 

biomolecular manipulation 

For a long time, plasmonic applications focused mainly on the use of the optical 

properties of gold nanoparticles 87-89. However, light-induced heat has gained more 

and more attention over the past years. Nonradiative absorption of gold 

nanoparticles can rapidly be converted into heat, the so-called photothermal effect, 

turning them into ideal nano-sources of heat, which allows the investigation of 

thermal events down to the nanoscale remotely controlled through laser irradiation. 

Under continuous wave (CW) laser illumination, the achieved temperature increase 

depends on parameters such as the absorption cross-section and shape of 

nanoparticles, the thermal conductivity of the surrounding medium, as well as the 

wavelength and irradiance of the incoming light. Pulsed illumination on the other 

hand can lead to structural remodelling of the nanoparticle, extreme 

thermodynamic conditions, improved spatiotemporal heat confinement, and 

pressure variations leading to acoustic wave and bubble formation 86. Conversion 

into heat occurs at the rate of approximately 1 ps by fast electron-phonon and 

phonon-phonon processes (Figure 8). Upon irradiation, the gas of free electrons of 

the nanoparticle absorbs part of the incident pulse energy. In this process, the 

temperature of the electronic gas increases while the temperature of the lattice 

(phonons) remains unchanged. Subsequently, this hot electronic gas cools down 

through internal electron-phonon relaxation. Finally, the energy of phonons is 
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dissipated into the surrounding medium and leads to a cooling of the nanoparticle 

and a heating of the surrounding medium 13. The spatial extension of the 

temperature distribution in the surroundings varies with 1/r under CW illumination, 

while pulsed illumination further confines the temperature increase at the vicinity of 

the nanoparticle 86. 

 
Figure 8. Process of photoexcitation transforming light into heat. Absorption of a photon stimulates 
a free electron from the gold nanoparticle to reach a higher energy level. This electron loses energy 
through electron-electron scattering followed by electron-phonon coupling leading to cooling of the 
particle by release of heat into the surrounding media 

90
. 

Recently, Baffou et al. observed that gold substrates are also capable to induce 

superheating under CW illumination, a phenomenon where a liquid is heated above 

its boiling point. Superheating only occurs when no nucleation centres like cavities, 

impurities or scratches are present on the surface that is heated. Under these 

conditions, microbubbles (MB) have been observed under continuous illumination 

on planar substrates of spherical gold nanoparticles in water at temperatures far 

above the boiling point of water (between 220 - 240 °C). Notably, in contrast to 

bubbles generated under pulsed illumination these MB consist of air instead of 

water steam coming from the air molecules dissolved in the surrounding water 91. 

This light-induced superheating could create similar conditions as in autoclaves 

opening new opportunities such as laser-assisted solvothermy. (Manuscript II) 

 

1.2.1. Light-assisted chemistry using plasmonic nanoparticles  

Plasmon-induced nanochemistry is a growing research area benefiting from the light 

harvesting properties of plasmonic nanoparticles that can provide photo-induced 

electrons or heat to initiate chemical reactions 92. Nanostructures offer high spatial 

and temporal resolution for chemical reactions down to the nanoscale. On the one 
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hand, chemical reactions are promoted by the enhanced optical near field 93-95 of 

nanoparticles at the vicinity of the illuminated particles. On the other hand, heat 

generation favours local chemical synthesis according to the Arrhenius law. Hot 

electron/hole injection 96-98 has also been proposed to induce localized redox 

reactions. 

Plasmonic nanostructures can catalyse chemical reactions in different ways, either 

directly on its surface or in hybrid materials by enhancing catalytic activity of 

semiconductors (Figure 9). The latter one is based on an energy transfer process, 

where the plasmonic nanoparticle acts as a donor absorbing light energy. This 

energy in form of electrons is then transferred to the semiconductor acting as 

acceptor (plasmonic sensitization). On the contrary, pure-metal plasmonic catalysis 

is typically attributed to the local heating of the plasmonic structure upon excitation 

or the electron injection to the lowest unoccupied molecular orbital (LUMO) of the 

reactant molecule 92,99.  

 
Figure 9. Mechanisms underlying reaction catalysis utilizing plasmonic nanostructures. In direct 
plasmonic catalysis, the nanoparticle absorbs and transforms light energy and generates heat (A), an 
increased optical near-field (B) or electrons (C) to a nearby reactant. In metal-semiconductor systems 
the generation of electron-holes are enhanced by the photo-induced heat (D) or the strong optical 
near-field (E). Another possible mechanism is the hot electron injection from the nanoparticle to the 
adjacent photocatalyst (F) 

92
. 

 

In the past years, nanochemistry has been successfully applied in many chemical 

reactions, such as the synthesis of metal oxides on glass substrates with high spatial 

control of material deposition via plasmon-assisted chemical vapour deposition 

(PACVD), also called plasmon-resonant CVD (Figure 10a) 100-103. Furthermore, 

plasmon-assisted catalysis in gas phase 104,105 or in liquids (Figure 10b) 106 has been 

shown as well as the thermal decomposition of peroxides 107. Moreover, it has been 

demonstrated that gold nanoparticles facilitate various other chemical reaction, 

including photodecomposition of organic pollutants, solar water splitting, and 

organic synthesis 99.  
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Figure 10. Light-assisted chemistry using plasmonic nanoparticles. Schematic illustration of a) metal 
oxide deposition on glass substrates via plasmon-assisted chemical vapour deposition 

102
 and b) 

Plasmon-assisted catalysis in gas phase 
106

. 

Solvothermal chemical synthesis can also benefit from plasmonic substrates. In 

solvothermal chemistry, reactions are enhanced due to thermal phenomena such as 

high reactivity of reactants and the formation of a metastable solvent that increases 

solubility of the reactants 108. As mentioned above, it has been recently shown, that 

water superheating can be achieved at ambient pressure by heating plasmonic 

nanoparticles immobilized on a glass substrate by using a continuous wave laser 

illumination 91. This observation could tremendously facilitate solvothermal chemical 

synthesis that is normally accomplished in a sealed chamber (autoclave), in which 

the temperature increase concomitantly creates a pressure increase that maintains 

the solvent in a liquid state. The use of an autoclave also prevents from any chemical 

exchange and monitoring during the reaction. By using plasmonic substrates as heat 

sources, many of these limitations could be overcome while simultaneously enabling 

the observation of product formation using optical means. Plasmon-assisted 

chemical synthesis (PACS) will additionally allow much faster heating/cooling 

dynamics, as the temperature rises or vanishes as soon as the laser illumination is 

turned on or off due to the weak inertia related to the small volume of the system. 

Therefore, PACS could not only move forward fundamental research in solvothermal 

synthesis, but could also yield to applications in local patterning of nanostructures. 

(Manuscript II)  

a) b)
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1.2.2. Plasmonic substrates for applications in diagnostics and cellular 

manipulation  

In addition to its use in nanochemistry, spatiotemporal control of light-induced heat 

with the help of gold nanoparticles proved to be a versatile tool in many biological 

applications. For example, surface-engineered gold nanoparticles have been applied 

in gene/drug delivery and the photothermal treatment of cancer. Due to the highly 

efficient and localized light-to-heat conversion of gold nanoparticles, only minimal 

irradiation is required to release bioactive molecules from the particle surface or 

induce tumour cell death. Therefore, the illumination of plasmonic nanoparticles 

constitutes a minimally invasive approach with a promising potential for disease 

therapy 10,109,110. The use of gold nanoparticles also rapidly emerged in the area of 

imaging, including photothermal (PT) and photoacoustic (PA) imaging. These 

techniques are based on the nonradiative conversion of absorbed laser energy into 

heat (PT imaging) and the accompanying formation of bubbles and acoustic waves 

(PA imaging) 111-113. Interestingly, PT/PA imaging can be combined with 

photothermal destruction of tumors, making gold nanoparticles a multifunctional 

platform of choice in the treatment of cancer 114. Plasmonic nanoparticles have also 

been used for the manipulation of cells down to the molecular scale by thermally 

activating cell surface receptors such as ion channels in neuronal cells 115. However, 

less effort has been focused on the development and use of gold nanoparticle-based 

substrates, which would enable a more accurate spatiotemporal control of heat 

generation and could be utilized as functional platforms for applications ranging 

from biochemical analysis to the manipulation of molecules and cells.  

 

In the context of biological analysis, photothermal substrates were shown to 

accelerate and miniaturize the process of DNA amplification. Researchers used 

photothermal heating of gold thin films to accelerate the process of the polymerase 

chain reaction (PCR). This new system is comprised of a disposable PCR chip using 

light-emitting diodes (LEDs) to induce light-to-heat conversion of the gold film 

(Figure 11). The authors demonstrated the successful nucleic acid amplification by 

ultrafast thermal cycling accomplished within 5 min. This ultrafast photonic PCR 
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could	
  be	
  generally	
   integrated	
  into	
  a	
  variety	
  of	
  devices	
  as	
   it	
   is	
   inexpensive,	
  compact	
  

(no	
   heating	
   blocks)	
   and	
   equipment-­‐free	
   (only	
   LED,	
   microcontroller	
   modules,	
  

cellphone	
  camera)	
  116.	
  

	
  
Figure	
   11. Scheme	
   of	
   PCR	
   on	
   plasmonic	
   substrates.	
  a)	
   Schematics	
   of	
   the	
   plasmonic	
   photothermal	
  
light-­‐to-­‐heat	
   conversion,	
   subsequent	
  heating	
  of	
   the	
   surrounding	
  PCR	
  mixture	
  and	
   fast	
   cooling	
  after	
  
light	
  is	
  turned	
  of	
  by	
  heat	
  dissipation	
  through	
  the	
  thin	
  Au	
  film.	
  b)	
  Set-­‐up	
  for	
  multiple	
  PCR	
  reactions	
  116.	
  

Furthermore,	
  the	
  ability	
  to	
  control	
  the	
  motion	
  of	
  micro/nano-­‐objects	
  in	
  solution	
  has	
  

become	
   important	
   in	
   biological	
   analysis.	
   Today,	
   optical	
   tweezer	
   systems	
   are	
  

commonly	
   used	
   for	
   the	
   trapping	
   and	
   manipulation	
   of	
   cells	
   and	
   particles,	
   but	
   are	
  

limited	
   to	
   mesoscopic	
   systems	
   due	
   to	
   the	
   diffraction-­‐limited	
   focus	
   of	
   a	
   laser	
  	
  	
  	
  	
  	
  	
  

beam	
   117,118.	
   This	
   led	
   to	
   the	
   development	
   of	
   other	
   techniques	
   such	
   as	
  

thermophoresis,	
   where particle	
   motion	
   is	
   induced	
   by	
   generating	
   a	
   temperature	
  

gradient	
  (Ludwig-­‐Soret	
  effect)	
  119.	
  Thermophoretic	
  trapping	
  has	
  been	
  demonstrated	
  

for	
  DNA,	
  RNA	
  and	
  colloids,	
  however	
  trapping	
  was	
  only	
  possible	
  for	
  large	
  ensembles	
  

of	
   molecules	
   and	
   colloids	
   120-­‐125.	
   More	
   recently,	
   plasmonic	
   substrates	
   have	
   been	
  

used	
  as	
   sources	
  of	
  heat	
   in	
   thermophoretic	
   trapping	
  of	
  particles	
   and	
   cells	
   126-­‐128.	
   In	
  

contrast	
   to	
   conventional	
   laser-­‐induced	
   thermophoresis,	
   the	
   use	
   of	
   plasmonic	
  

substrates	
   enables	
   trapping	
   down	
   to	
   the	
   dimension	
   of	
   a	
   single	
   nano-­‐object	
   129.	
  

Moreover,	
  plasmon-­‐assisted	
  trapping	
  can	
  be	
  integrated	
  with	
  microfluidics	
  for	
  lab-­‐on-­‐

a-­‐chip	
   applications.	
   It	
   has	
   become	
   significant	
   in	
   the	
   development	
   of	
   future	
  

miniaturized	
  analytical	
  devices	
  due	
  to	
  the	
  small	
  volumes	
  required	
  and	
  the	
  possibility	
  

to	
   perform	
   many	
   sample	
   analyses	
   in	
   parallel.	
   Moreover,	
   “plasmonic	
   chips”	
   are	
  

attractive,	
  as	
  no	
  complex	
  microfluidic	
  designs	
  are	
  required	
  such	
  as	
  pumps,	
  valves	
  or	
  

electrode	
  patterning	
  86.	
  	
  

	
  

!"#$%
&'$(%()*

+(%,-.-/%0()
&1,233,45*

+-6%")#
&7,233,'5*

8((.")#

!9: ;) ;) ;);44 ;44 ;44<8=
>"?%@0-

<$()(),A"B06%"()
&CD23,'5*

E))-6.")#
F,-?%-)5"() <8=,G-..5

!9:5,6006H

I

:-)6%@06%"()2

J$"),E@,4".>

JG(,/('"-5
(4,#-)-5

!"#$%

K

!"#$%,(44!

"

#$%$!&
'()*+,*(-.-/$0

2 K+

!"#$%
&'$(%()*

+(%,-.-/%0()
&1,233,45*

+-6%")#
&7,233,'5*

8((.")#

!9: ;) ;) ;);44 ;44 ;44<8=
>"?%@0-

<$()(),A"B06%"()
&CD23,'5*

E))-6.")#
F,-?%-)5"() <8=,G-..5

!9:5,6006H

I

:-)6%@06%"()2

J$"),E@,4".>

JG(,/('"-5
(4,#-)-5

!"#$%

K

!"#$%,(44!

"

#$%$!&
'()*+,*(-.-/$0

2 K+

!" #"



 25 

Plasmonic substrates can also be used to manipulate the extracellular environment 

of cells spread over nanoparticles. Over the last decade, many different approaches 

have been developed to substitute the standard procedure of cell harvesting via 

enzyme digestion by either using physicochemical stimuli, such as variations of       

pH 130, temperature 70 or electrochemical potential 131, but also photocleavable 

polymers 132. Although some of these methods are sufficient to detach cells from 

their extracellular environment, significant cellular damages are unavoidable and 

substrate fabrication require significant synthetic efforts. Recently, researchers 

reported that laser-induced cell detachment is possible in a reversible manner with 

high cell viability by using gold nanoparticle-based surfaces. Although damages to 

the cell membrane via photochemical generation of reactive oxygen species (ROS) 

were made, Kolesnikova et al. showed the reversible detachment and patterning of 

fibroblasts in ring-like shapes on gold nanoparticles under green laser illumination of 

low intensity (Figure 12a) 133. Giner-Casares et al. also demonstrated efficient cell 

detachment with high cell viability by using a dense array of branched gold 

nanostructures irradiated with near infrared (NIR) light (Figure 12b). The authors 

claimed that local heat effects confined to the proximity of the substrate directly 

induced cell detachment since photochemical generation of ROS is unlikely to 

happen under NIR illumination 134.  
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Figure 12. Plasmon assisted cell harvesting and patterning. a) Phase contrast microscopy image of 
fibroblast adhesion (6 days of cell culturing) (i) and ring-shaped detachment of cells from plasmonic 
surfaces after laser irradiation (532 nm, 750 mW, 2 min) in dependence on the cell age (6 days (ii) and 
3 weeks (iii) of culture. Scale bar = 300 μm 

133
. b) Transmitted light images of HeLa cells grown on 

glass or plasmonic substrates (before (i) and after (ii) irradiation with a NIR laser at 980 nm 
134

. 

In contrast to cell detachment, it has been shown that the manipulation of cell 

adhesion could be achieved in a reversible manner with subcellular resolution by 

using photothermal substrates. Zhu et al. developed biofunctionalized 

micropatterned arrays of gold nanoparticles that confine cell migration along one 

direction and function as plasmonic nanostoves to create heat gradients in the 

vicinity of the cell. In such experimental conditions, it is possible to locally stop the 

formation of new adhesion sites, allowing both blocking and guiding cell migration 

(Figure 13). Photothermal cell manipulation is reversible and not restricted 

spatiotemporally, which could enable further study of the complex connections 

between the extracellular environment and the cell. However, this approach 

requires the use of a green laser to heat the nanoparticles, which is phototoxic for 

the cell and incompatible with fluorescent imaging techniques due to fluorophore 

bleaching. To overcome this, the development of near-infrared absorbing substrates 

would be necessary 65.  

b) i ii

a) i ii iii
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Figure 13 Heat-assisted manipulation of cell adhesion during spreading and migration. a) Cell 
migration upon isotropic spreading on plasmonic substrates without laser illumination. Cell migration 
upon isotropic spreading with laser illumination on b) plasmonic substrates or c) glass coverslips. Cell 
migration on plasmonic substrates d) without and e) with laser illumination. The latter condition 
blocks cell migration 

65
. 

More recently, Liu et al. developed an optomechanical actuator (OMA) by 

functionalizing near-infrared absorbing substrates with a thermo-responsive 

polymer, which undergoes a structural transition from extended to compact during 

laser illumination (Figure 14). Upon conjugating bioactive ligands to the polymer, 

OMA can be used to locally apply mechanical forces to ligand-bound receptors, 

which induce cell protrusions and mediate focal adhesion formation by the optical 

manipulation of integrin tension. With this approach, receptor mechanics can be 

controlled with high spatiotemporal resolution. Moreover, the amplitude, duration, 

repetition and loading rate of the mechanical input can be administered through the 

NIR-pulse 135.  
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Figure 14. Schematic illustration of optomechanical actuator (OMA) nanoparticles. Depicted are the 
general design and proposed mechanism of OMA nanoparticles 

135
.  

In contrast to optogenetics 136,137, the described approaches do not require genetic 

modifications as manipulation is performed extracellulary and can be extended to 

different cell surface receptors by using a large variety of available ligands. 

Consequently, the manipulation of cell surface receptors can be molecularly 

selected, enabling further dissection of signalling circuits between cells and their 

environment. 

 

In summary, gold nanoparticle-based substrates display many advantages over 

dispersed particles, as particle aggregation does no take place. Therefore, such 

substrates exhibit a well-defined absorption and generate plasmonic heat in a 

homogeneous and reproducible manner. Moreover, as immobilized particles are not 

internalized into the cell, issues such as cytotoxicity and biodistribution can be 

circumvented and substrates reused upon plasma cleaning. Additionally, the use of 

particle-based substrates offers higher spatial resolution for molecular manipulation 

as the heated area is not only defined by the focused laser beam but also by 

nanoparticle distribution upon micropatterning 65,138 and the temporal profile of 

illumination. Upon pulsing down to the femtosecond heat can be confined to the 

vicinity of individual nanoparticles. Photothermal plasmonic substrates helped to 

improve many techniques 116,126 or enabled the development of new              

methods 92,134,135. In the future, there is plenty of room to establish more 

applications to further dissect the biology of the cell by fluorescent microscopy, such 

as the investigation of thermotaxis mediated by light-induced temperature 
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gradients, localized heat stress on the heat shock response activation or heat-

induced neuronal guidance. 
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2. Aim of the thesis 

In the past two decades, nanotechnology has led to the development of novel 

valuable tools critical for the manipulation and the characterization of nano-sized 

objects in the fields of material science, chemistry, biology and medicine. 

Nanomaterials - defined as objects with one of their dimensions below 100 nm - 

possess physical and chemical properties that differ to the ones of their bulk 

counterpart. Particularly, gold nanoparticles have attracted a lot of attention due to 

their exceptional properties including biocompatibility and well-established surface 

chemistry. Gold nanoparticles also feature unique optical properties with localized 

plasmon resonances that enhance light absorption and scattering associated to 

parameters such as nanoparticle size, shape, interdistance, and surrounding 

dielectric environment. Accordingly, nanoparticle absorption wavelength can be 

shifted from the visible to the near infrared region of the light spectrum by 

manipulating these parameters. Furthermore, gold nanoparticles can transform 

absorbed light into heat, commonly referred to as the photothermal effect.  This 

event turns particles into ideal nano-sources, which provides a unique way to control 

thermal-induced phenomena down to the nanoscale. Light-induced heat generated 

by dispersed gold nanoparticles proved to be a versatile tool not only in many 

biological applications, but also in nanochemistry. However, less effort has been 

devoted on the development and use of gold nanoparticle-based substrates, which 

would enable a more accurate spatiotemporal control of heat generation and could 

be utilized as functional platforms for applications ranging from biochemical analysis 

to the manipulation of molecules and cells. However, the fabrication of functional 

nanostructured substrates capable to perform highly adjustable heat-manipulation 

remains challenging, as they must fulfil many requirements including robustness and 

scalability. 

The main aim of this thesis was to establish a simple synthetic method to control the 

growth, the shape and the arrangement of gold nanoparticles on flat surfaces in 

order to fabricate functional plasmonic substrates capable to generate heat with 

high spatiotemporal resolution for photothermal applications in nanochemistry and 

biomolecular manipulation. For the development of such a technique, many criteria 
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had to be fulfilled: 1) generation of near-infrared absorbing nanoparticle-based 

substrates to circumvent phototoxic effects on irradiated biological samples; 2) 

synthesis of nanoparticles in a homogenous and reproducible manner over 

arbitrarily large areas to enable fine-tuned heat-manipulation; 3) simplification of 

complex fabrication procedures and in addition their combination with lithographic 

techniques to control particle distribution at the microscale, facilitating surface 

labelling necessary for serial experiments and correlative microscopy; and 4) 

robustness, as many photothermal applications require substrate resistance to heat, 

various chemical conditions and/or mechanical forces. 

 

Moreover, this work intended to introduce both a new application in plasmonics and 

a new paradigm in chemistry. It concerns solvothermal synthesis, a well-known 

method in chemistry that systematically involves the use of a pressure sealed 

chamber (autoclave) to facilitate chemical reactions occurring in metastable liquids 

above their boiling point. It was shown that solvothermal synthesis can be achieved 

at ambient pressure, in an open reaction medium using gold nanoparticles, which 

have the ability to safely superheat a fluid above its boiling point. This method is 

general and could be used to spatially control the deposition of virtually any material 

for which a solvothermal synthesis exists. 
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3. Short summaries of manuscripts 

3.1. First Manuscript 

 

Title: Shaping and patterining gold nanopartciles via micelle templated 

photochemistry 

 

Shaping and positioning noble metal nanostructures are essential processes that still 

require laborious and sophisticated techniques to fabricate functional plasmonic 

interfaces. The present study reports a simple photochemical approach compatible 

with micellar nanolithography and photolithography that enables the growth, 

arrangement and shaping of gold nanoparticles with tuneable plasmonic resonances 

on glass substrates. Ultraviolet illumination of surfaces coated with gold-loaded 

micelles leads to the formation of gold nanoparticles with micro/nanometric spatial 

resolution without requiring any photosensitizers or photoresists. Depending on the 

extra-micellar chemical environment and the illumination wavelength, block 

copolymer micelles act as reactive and light-responsive templates, which enable to 

grow gold deformed nanoparticles (potatoids) and nanorings. Optical 

characterization reveals that arrays of individual potatoids and rings feature a 

localized plasmon resonance around 600 and 800 nm, respectively, enhanced 

photothermal properties and high temperature sustainability, making them ideal 

platforms for future developments in nanochemistry and biomolecular manipulation 

controlled by near-infrared- induced heat. 
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3.2. Second Manuscript 

 

Title: Light-Assisted Solvothermal Chemistry using Plasmonic Nanoparticles 
 
Solvothermal synthesis, denoting chemical reactions occurring in metastable liquids 

above their boiling point, normally requires the use of a sealed autoclave under 

pressure, to prevent the solvent from boiling. This work introduces an experimental 

approach that enables solvothermal synthesis at ambient pressure, in an open 

reaction medium. The approach is based on the use of gold nanoparticles deposited 

on a glass substrate and acting as photothermal sources. To illustrate the approach, 

the selected hydrothermal reaction involves the formation of indium hydroxide 

microcrystals favoured at 200°C in liquid water. In addition to demonstrating the 

principle, the benefits and the specific characteristics of such an approach are 

investigated, in particular the much faster reaction rate, the achievable spatial and 

time scales, the effect of microscale temperature gradients, the effect of the size of 

the heated area and the effect of thermal-induced microscale fluid convection. This 

technique is general and could be used to spatially control the deposition of virtually 

any material for which a solvothermal synthesis exists.  
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Shaping and patterning gold nanoparticles via
micelle templated photochemistry†

F. Kundrat,a G. Baffoub and J. Polleux*a,c

Shaping and positioning noble metal nanostructures are essential processes that still require laborious and

sophisticated techniques to fabricate functional plasmonic interfaces. The present study reports a simple

photochemical approach compatible with micellar nanolithography and photolithography that enables

the growth, arrangement and shaping of gold nanoparticles with tuneable plasmonic resonances on glass

substrates. Ultraviolet illumination of surfaces coated with gold-loaded micelles leads to the formation of

gold nanoparticles with micro/nanometric spatial resolution without requiring any photosensitizers or

photoresists. Depending on the extra-micellar chemical environment and the illumination wavelength,

block copolymer micelles act as reactive and light-responsive templates, which enable to grow gold

deformed nanoparticles (potatoids) and nanorings. Optical characterization reveals that arrays of indivi-

dual potatoids and rings feature a localized plasmon resonance around 600 and 800 nm, respectively,

enhanced photothermal properties and high temperature sustainability, making them ideal platforms for

future developments in nanochemistry and biomolecular manipulation controlled by near-infrared-

induced heat.

Introduction

Noble metal nanoparticles significantly moved forward the
development of nanosciences over the last two decades due to
their remarkable optical properties.1 In particular, gold nano-
particles feature localized plasmon resonances that enhance
light absorption and scattering from visible to infrared fre-
quencies.2 Although colloidal gold have been used since
ancient times, the establishment of reproducible synthetic
methods recently allowed understanding the shape-dependent
optical properties of nanoparticles.3 Approaches to obtain
extended and uniform distributions of nanoparticles on
planar substrates attracted a lot of attention too, as it offers a
convenient configuration for fundamental optical studies4 and
applications in nanocatalysis,5 biosensing6,7 and photo-
thermy.8,9 It is common to fabricate nanoparticle monolayers
using physical means,10–12 but most approaches still have sig-
nificant limitations in simplifying multi-step procedures and

using benchtop facilities. The simple deposition or immobili-
zation of dispersed nano-objects constitutes a scalable and
cost-effective way to fabricate plasmonic substrates. However,
such approaches do not allow the uniform assembly of par-
ticles over macroscopic areas.13–20

Block-copolymer micellar lithography (BCML) has been
recognized as a facile method for generating uniform and
regular arrays of nanoparticles with sub-30 nm resolution over
arbitrarily large areas.21,22 Amphiphilic diblock copolymers
undergo microphase segregation in solvents selective for one
of the two blocks, resulting in the formation of supramolecular
structures.23 It is simple to simultaneously transfer and
organize these structures from solution to substrates via
evaporation-induced self-assembly.24 Upon deposition, the
extended and ordered domains of self-assembled block copoly-
mer molecules can be used as a template to selectively control
the deposition of inorganic nanoparticles18,25,26 and molecular
precursors. Many approaches such as thermal evaporation,27

reactive ion etching,28 electrochemical plating,29,30 atomic
layer deposition,31 galvanic displacement,32–34 sol–gel chem-
istry,35,36 and plasma reduction36–40 have been combined with
BCML for the fabrication of quasi-hexagonally organized nano-
dots and parallel nanowires of various compositions.
Especially for gold, these strategies have been successful to
design plasmon-based sensors18,41 and bioactive sub-
strates.42,43 However, tuning the optical properties of sub-
strates made by BCML is difficult as spherical gold

†Electronic supplementary information (ESI) available: Additional SEM, TEM
and extinction measurements further describe the mechanism of the reported
photochemical approach. See DOI: 10.1039/c5nr04751j

aMax Planck Institute of Biochemistry, Department of Molecular Medicine, 82152

Martinsried, Germany. E-mail: polleux@biochem.mpg.de
bFresnel Institute UMR 7249, CNRS, Aix-Marseille Université, Ecole Centrale

Marseille, 13013 Marseille, France
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nanoparticles only absorb at around 520 nm and micrometre-
long nanowires display a broad longitudinal plasmon reson-
ance in the infrared due to their polydispersity in length. In
order to tune the optical properties of the substrates within
the visible and near-infrared spectral range, adjusting gold
nanoparticle morphology is necessary. For this purpose,
several groups used immobilized gold nanoparticles acting
as seeds to mediate the growth of anisotropic nano-
structures.44–47 Nevertheless, this strategy only leads to the
non-uniform formation of nanoparticles of different mor-
phologies and sizes, as it is not possible to control the crystallo-
graphic orientation of the initial metal seeds. Recently,
urchin-shaped gold nanoparticles were successfully grown
from arrays of spherical nanoparticles.48 Although they proved
to be reliable substrates for Raman imaging and spectroscopy,
the surface plasmon resonance of such nanostructures was
neither characterized nor shown to be tuneable.

In this article, we report a straightforward and cost-effective
photochemical approach suited to fabricate uniform and
robust nanoparticle arrays with adjustable plasmonic reson-
ances on arbitrarily large glass substrates. We first describe
the method to photochemically synthesize gold nanoparticles
on polymer-coated surfaces. Next, we show that nanoparticle
growth can be resolved at the nanoscale by using block copoly-
mer micellar monolayers as reactive and light-responsive tem-
plates. In particular, we describe the preparation of quasi-
hexagonally organized randomly shaped nanoparticles (herein-
after termed potatoids) and nanorings. Finally, we characterize
their optical and photothermal properties in the context of
future applications in plasmon-assisted chemistry.

Experimental
Fabrication of gold nanoparticles on homopolymer thin films

Polystyrene (MW 192 000, PS1846, Sigma-Aldrich) and poly(2-
vinylpyridine) (MW 159 000, P2VP1507, Sigma-Aldrich) were dis-
solved at a concentration of 2 mg mL−1 in o-xylene and chloro-
form, respectively. Glass coverslips (Carl Roth) were cleaned in
a piranha solution for at least 2 hours, extensively rinsed with
MilliQ water and dried under a stream of nitrogen. Homopoly-
mer thin films were prepared by dip-coating a glass coverslip
into the previously prepared solutions with a constant velocity
equal to 30 mm min−1. A 2.3 μL drop of aqueous solution of
gold chloride (1 wt%, 2.5 mM HAuCl4, Sigma-Aldrich) was
placed onto a UV-transparent quartz coverslip (Jena Compu-
graphics). The drop was cautiously flattened with the homo-
polymer coated glass coverslip while preventing the formation
of air bubbles, resulting in a spacing of about 10 μm between
both interfaces. The sandwiched system was then exposed to
deep UV light using a low-pressure dual emission mercury
lamp (Heraeus Noblelight GmbH, NIQ 60/35 XL long-life lamp,
254 and 185 nm with an output of 20 and 5 W, respectively).
To remove the coverslip from the quartz, the system was
placed in a plastic dish filled with water. Once lifted by water,
the coverslip is rinsed with water and dried with nitrogen.

Fabrication of gold nanoparticle arrays with various particle
morphologies

Polystyrene(102 000)-block-poly(2-vinylpyridine)(97 000) (PS980-
b-P2VP923) from Polymer Source Inc. was dissolved at room
temperature in anhydrous o-xylene (Sigma-Aldrich) at a concen-
tration of 1.7 mg mL−1 in a sealed glass vessel. The solution
was then stirred for 2 days. Hydrogen tetrachloroaurate(III) tri-
hydrate (HAuCl4·3H2O, Sigma-Aldrich) was added to the
polymer solution, stirred for 2 days and filtered. The quantity
of gold precursor was calculated relative to the number of P2VP
units with a loading parameter (L) equal to 0.75, i.e. 3 molecules
of HAuCl4 for 4 vinylpyridine monomers. Gold-loaded micellar
monolayers were prepared by dip-coating a glass coverslip into
the previously prepared solutions with a constant velocity
equal to 24 mm min−1. A 2.3 μL drop of water or gold aqueous
solution was placed onto a UV-transparent quartz coverslip or a
photomask (Jena Compugraphics). The drop was cautiously
flattened with the coated glass coverslip. The sandwiched
system was then exposed to deep UV light using either a low-
pressure dual emission mercury lamp or a monochromatic
lamp (NNI 65/35 XL, 254 nm – 20 W) at 5 cm distance for
4 min. To remove the coverslip from the quartz, the system was
placed in a plastic dish filled with water. Once lifted by water,
the coverslip is rinsed with water and transferred in a 10 mL
aqueous solution containing ethanolamine (2 mM, Sigma-
Aldrich) and KAuCl4 (0.1 wt%, i.e. 0.25 mM, Sigma-Aldrich) in
order to enlarge the photo-deposited gold nanoparticles. To
remove the organic compounds, the processed glass coverslip
was exposed to oxygen plasma (1 mbar, Power 65%, 1 h,
Modele Femto, Diener). Scanning electron measurements were
performed with a Dual Beam™ (FIB/SEM) instrument (Quanta
3D FEG, FEI, Hillsboro). The absorbance spectra were acquired
in air with a UV Spectrometer PerkinElmer Lambda 19.

Thermal measurements using TIQSI

Temperature measurements were performed by wavefront
sensing using quadriwave shearing interferometry (QSI). Using
this technique, a plane optical wavefront crosses the region of
interest and undergoes a distorsion due to the thermal-induced
variation of the refractive index of the medium (water in this
article). This wavefront distorsion is imaged quantitatively
using a QSI wavefront analyser. The source was a collimated
light emitted diode from Thorlabs (reference no M625L2-C1)
whose emitting spectrum spans from 600 to 650 nm. The QSI
wavefront analyser was purchased from the Phasics SA company
(reference name: Sid4Bio). Each image presented in this work
is the result of the average of 30 wavefront images, corres-
ponding to a whole acquisition time of around 3 seconds.

Results and discussion
A simple photochemical approach to grow gold nanoparticle
monolayers

Among the large variety of synthetic methods that allow
the preparation of inorganic nanoparticles, photochemical
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approaches have been widely used to establish non-toxic and
waste free chemical reactions with high spatial resolution in
various environments such as glasses, polymer films, micelles,
emulsions, biomolecules and living cells.49–51 Such synthetic
pathways often involve the use of photosensitizing molecules
that generate radicals necessary for the effective reduction of
metallic precursors. Radical formation can either take place
directly upon photo-induced bond cleavage of the photosensi-
tizer or indirectly upon photo-excitation of the sensitizers able
to abstract the hydrogen atoms of donor molecules (H-
donors), which turn into reducing species.49 To simplify the
generation of reducing radicals, Scaiano and coworkers
recently showed that tetrachloroaurate anions [AuCl4]

− act as a
sensitizer too, as its photolysis generates chlorine atoms
whose reactivity towards hydrogen abstraction is surprisingly
effective for synthesizing gold nanoparticles.52

Based on this finding, we immobilized H-donors on glass
in order to grow gold nanoparticle monolayers. For this
purpose, we tested the reactivity of two different homopoly-
mers such as polystyrene (PS) and poly(2-vinylpyridine) (P2VP).
Glass coverslips were coated with a thin polymer layer and a
drop of a gold aqueous solution was flattened with a quartz
coverslip (Fig. S1a†). Upon 4 min illumination with a low
pressure UV lamp (dual emission at 254 nm – 20 W and
185 nm – 5 W), the substrates were characterized by scanning
electron microscopy (SEM), which revealed the presence of ran-
domly distributed gold nanoparticles of a few nanometres in
diameter (Fig. S1b and c†). Although this procedure is rather
effective without requiring any additional photosensitizers, it

does not allow controlling neither nanoparticle organization
nor morphology, necessary to tailor the optical properties of
plasmonic substrates.

Micelle templated photochemistry to fabricate uniform arrays
of gold potatoids

In order to simultaneously synthesize and organize gold nano-
particles on glass coverslips, we chose to work with amphi-
philic polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) as
H-donor. In apolar solvents, PS-b-P2VP molecules form spheri-
cal micelles made of a PS shell and a P2VP core.23 Micelles can
play the role of nanocarriers by adding an acidic gold salt,
which loads the micellar core with [AuCl4]

− by electrostatically
interacting with protonated P2VP. Dip-coating a planar sub-
strate into a micellar solution results in the uniform depo-
sition and the assembly of gold-loaded micelles,37 which will
be used as reactive templates to fabricate plasmonic nano-
particles. Fig. 1 illustrates the evolution of the nanostructured
substrate after each processing step by displaying schematics
of the experimental setup and SEM images at different magni-
fications. Each series of images was taken with the InLens
detector of the SEM for imaging the topography of micelles
(Fig. S2a†) and the detector for secondary electrons (SE2) to
picture the distribution of [AuCl4]

− or gold nanoparticles
(Fig. 1a and c).53 As gold anions are already present within the
micelles, a water drop was flattened with a quartz coverslip on
the ordered micellar monolayer to create a 10 μm thick layer
between both interfaces. During this step, micelles undergo
slight morphological changes and become sporadically sur-

Fig. 1 Micellar photochemical lithography to fabricate randomly shaped gold potatoid arrays. Schematics and SEM images illustrating the evolution
of the nanostructured substrate after each processing step: (a) upon dip coating, (b) flattening a water drop, (c) deep UV illumination and (d) electro-
less deposition followed by O2 plasma etching. Each series of images was taken with the detector for secondary electrons (SE2) of the SEM to
picture the distribution of [AuCl4]

− or gold nanoparticles, and with the InLens detector for imaging the topography of micelles, except for (d) where
the extinction spectrum measured in air of the gold potatoid array is shown.
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rounded by a polymer rim (Fig. 1b InLens). As the morphology
of the gold-loaded P2VP cores does not change upon water
exposure (Fig. 1b SE2), we suppose that a small structural
rearrangement of the PS shell occurred due to its hydrophobic
character. It was described that, without the presence of
[AuCl4]

−, PS-b-P2VP micellar films become porous upon
exposure to polar solvents (Fig. S2b†). During this process,
P2VP cores swell, break the upper side of the glassy PS shell
and overflow outside the micelles to finally collapse upon
drying the substrates.54 In our case, micelle opening does not
occur as [AuCl4]

− stabilizes the protonated P2VP cores. Next,
we irradiated the immersed substrate with the UV lamp, which
led to the formation of particles of a few nanometres exclu-
sively localized at the micelle position (Fig. 1c). An irradiation
time of 4 min was found to be sufficient to generate within
individual micelles a few gold particles of about 8 nm in dia-
meter and many gold seeds smaller than 3 nm (Fig. S3†). The
preformed particles were then enlarged by electroless depo-
sition (ED) by simply incubating the substrate in a gold
aqueous solution in presence of a reducing agent. During ED,
the nanoparticles originating from a same micelle increase in
size and coalesce into a single particle (Fig. 2). Finally, the sub-
strate was plasma cleaned to etch organic compounds away.
With this protocol, we obtained quasi-hexagonally ordered
arrays of deformed nanoparticles that we named “potatoids”
(Fig. 1d). These arrays feature a nanoparticle interdistance of
about 105 nm. With longer ED, the surface plasmon resonance
of potatoids becomes more intense and red-shifted due to

their larger size and non-spherical shape. Upon 10, 40 and
90 min of ED, potatoids have an average diameter of 38 ± 7, 51
± 11 and 64 ± 12 nm with a plasmon band centred at 582, 614
and 623 nm, respectively, (Fig. 2 and S4a†).

Photochemical nucleation of gold seeds in each micelle fol-
lowed by particle enlargement constitutes a straightforward
two-step approach for reproducibly introducing symmetry
breaking in individual nanoparticles and tuning their surface
plasmon resonance. For this purpose, it is important to
enlarge gold seeds prior to plasma etching because inverting
the step order leads to the formation of nanoparticle oligo-
mers with a main absorbance at 540 nm (Fig. S4b and c†).
Gold particles smaller than 3 nm are known to be thermo-
dynamically less stable than larger ones,55 thereby favouring
particle melting and fusion during plasma treatment and then
decreasing the number of gold seeds to be grown by ED.

Micropatterning gold potatoids

Photolithography is technologically essential in many appli-
cations. As it still requires sophisticated protocols based on
the use of photosensitive coating called photoresists, high-
throughput preparation of nanoparticle-coated substrates
remains limited. In this context, we tested if micelle templated
photochemistry was compatible with photoresist-free litho-
graphy. To this end, the quartz coverslip was replaced with a
quartz photomask coated with a patterned chromium layer
used to spatially block UV light and locally control gold
growth. In doing so, uniform micropatterned structures of
various geometries were successfully fabricated (Fig. 3). The
quasi-hexagonal distribution and the irregular morphology of
the gold nanoparticles were conserved (Fig. 3d). The smallest
pattern size we obtained was about 500 nm (Fig. 3f), which
makes this simple procedure more precise than most photo-
resist- and stamping-based approaches used to spatially control
the micrometric distribution of nanoparticles over several
centimeters.42,56

Gold nanorings and micelle opening

In an effort to further manipulate the shape of immobilized
nanoparticles, we used a gold aqueous solution instead of
water to improve the photochemical growth efficiency (Fig. 4a).
Surprisingly, instead of generating more nanoparticles per
micelle upon UV irradiation, we observed that gold growth
occurred at the micelle periphery (Fig. 4b SE2) due to a struc-
ture reconstruction from spherical to pitted micelles (Fig. 4b
InLens). During ED, gold seeds increase in size and fuse with
each other to finally form ring-like structures. Upon plasma
treatment, we obtained individual nanorings with an average
outer diameter of 56 ± 4 nm and a wall thickness ranging from
9 to 15 nm (Fig. 4c). With this approach each nanoring dis-
plays a unique morphology with a structure that is not always
fully looped while displaying wall thickness variations originat-
ing from the presence of larger seeds. Nevertheless, nanoring
morphology and distribution are rather uniform (Fig. S6†) as
such substrates feature a near-infrared absorbance centred at
around 800 nm (Fig. 4c).

Fig. 2 Tuning the surface plasmon resonance of potatoid arrays with
ED time. SEM images of potatoids grown for (a) 10, (b) 40 and (c) 90 min
in a mixture of gold aqueous solution and ethanolamine. (d) Extinction
spectra measured in air of gold potatoids grown for 10 (dots), 40
(dashes) and 90 min (line).
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By increasing ED time, the absorbance of nanoring arrays
becomes more intense but undergoes after 90 min a blue shift
to 640 nm. This is due to the increase of the ring thickness
ranging from 18 to 35 nm, which turns nanorings into struc-
tures with optical properties similar to the ones of randomly
shaped nanoparticles (Fig. 5). The order of the two last proces-

Fig. 3 Micelle templated photochemistry enables the micropatterning
of gold potatoids. SEM images display various circular and linear micro-
patterns of gold potatoids at different magnifications. (c) and (d) Corres-
pond to areas indicated in (b) and imaged at higher magnifications.

Fig. 4 Micellar photochemical lithography to fabricate gold nanoring arrays. Schematics and SEM images illustrating the evolution of the nano-
structured substrate after each processing step: upon (a) flattening a drop of gold aqueous solution, (b) deep UV illumination and (c) electroless
deposition followed by O2 plasma etching. The extinction spectrum measured in air of the gold nanoring array is displayed in the lower right corner.

Fig. 5 Tuning the surface plasmon resonance of nanoring arrays with
ED time. SEM images of nanorings grown for (a) 10, (b) 30 and (c)
90 min in a mixture of gold aqueous solution and ethanolamine. (d)
Extinction spectra measured in air of gold nanorings grown for 10 (dots),
30 (dashes) and 90 min (line).
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sing steps proved again to be critical for shaping gold nano-
particles as the inverted order leads to the circular assembly of
individual dots and small aggregates mainly absorbing at 530
and 640 nm, respectively (Fig. S5a and b†).

To identify which experimental parameters mediate the
structure reconstruction from spherical to pitted micelles, we
tested our procedure while using monochromatic illumination
(λ = 254 nm, 20 W). During the irradiation step, no morpho-
logical change was observed and gold growth occurred in 75%
of micelles decorated with only one or two nanoparticles
(Fig. S7†). Upon ED and plasma etching, arrays of spherical
particles with a diameter of about 10 and 35 nm were obtained
(Fig. S7b†). This observation indicates that 185 nm light
efficiently mediates gold growth while partially oxidizing or
etching the thin PS micellar shell,38 so that P2VP chains are
exposed to the liquid interface and partly shield PS to finally
form pores.54 Solubilized gold anions also play an active role
in this process, as micelle opening did not take place upon
irradiating micelles in water (Fig. 1). Unfortunately, we did not
observe micelle opening upon micropatterning the substrate.
By using a photomask, a sufficient UV dose may not be
reached for triggering this process, thereby leading to the for-
mation of potatoids (data not shown).

In comparison to other pore-making strategies for which
one of the two polymer blocks is either etched away by physical
means or reconstructed in presence of selective solvents,57 our
approach requires both mechanisms since the morphology of
gold-loaded micelles is more difficult to manipulate than
unloaded ones. Nevertheless, our strategy enables the fabrica-
tion of uniform nanoring arrays that feature a localized
plasmon resonance in the near-infrared, whereas other BCML-
based methods report the preparation of ring-like structures
made of assembled nanoparticles, which were not optically
characterized.58–61

Optical and photothermal properties of nanostructured gold
rings and potatoids

Let us finally focus on the particular optical properties of the
reported gold nanostructures and their relative benefits in
comparison to plasmonic structures fabricated with physical
methods. The main benefit we envision concerns their photo-
thermal properties. We have already shown that arrays of
spherical nanoparticles generated by BCML have proven to be
valuable substrates in thermoplasmonics,38,62–64 and assem-
blies of nanorings and potatoids make no exception. In nano-
plasmonics, the incident light interacting with nanoparticles
is scattered and/or absorbed, and the sum of these two pro-
cesses is referred to as extinction. Among these three pro-
cesses, absorption is the process of interest for applications in
thermoplasmonics as it is the origin of the desired local temp-
erature increase during illumination. To quantify the photo-
thermal properties of the BCML substrates, we used the
thermal microscopy imaging technique that we recently deve-
loped and named TIQSI (thermal imaging using quadriwave
lateral shearing interferometry).64 This technique enables the
mapping of temperature and heat source density around gold

nanoparticles lying upon a planar substrate (Fig. S8†). TIQSI
also allows retrieving the absorption of the sample by integrat-
ing the heat source map and dividing the result by the inci-
dent laser power.64 We performed such measurements for a
set of wavelengths ranging from 711 nm to 864 nm (as per-
mitted by our Ti-Sapphire laser) in order to reconstruct a quan-
titative absorption spectrum of the samples. In parallel, we
performed quantitative extinction measurement in water by
measuring the light intensity (I) crossing the substrate in two
conditions: (I1) with and (I2) without gold nanoparticles.
Extinction is then simply obtained using ext = (I2 − I1)/I2.
Finally, scattering can be quantified by subtracting extinction
and absorption measurements.

As revealed by the measurements made in water, rings and
potatoids feature a red-shifted surface plasmon resonance in
comparison to the ones measured in air (Fig. 1d and 4c) and a
great absorption-scattering ratio (Fig. 6a and d). Ring-like
structures are even purely absorbing (Fig. 6a), i.e. negligible
scattering occurs, and potatoids feature an absorption-scatter-

Fig. 6 Optical and photothermal properties of gold nanorings and
potatoids in water. (a) Extinction and absorption of an array of nanorings
(ED 30 min) as a function of the wavelength. (b) Absorption of an area of
the nanorings measured after a 5-second laser exposure (λ = 786 nm),
plotted as a function of the maximum temperature achieved during illu-
mination. The arrow indicates the direction of the successive measure-
ments. (c) Maximum temperature achieved as a function of the laser
power. (d), (e) and (f ) Correspond to the same series of measurements
as (a), (b), and (c) for a potatoid nanoarray (ED 40 min, λ = 736 nm).
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ing ratio of around 5 (Fig. 6d). This feature is rare in plasmo-
nics in the near infrared, albeit beneficial for photothermal
applications. For instance, plasmonic structures made by elec-
tron beam and colloidal lithography scatter a large fraction of
the incident light due to their larger size, making them poor
absorbers.65

We have recently shown that very high temperature
increases can be achieved in aqueous solution far above the
boiling point of the surrounding fluid at the vicinity of spheri-
cal gold nanoparticles synthesized by BCML (220 °C in
water).63 This phenomenon is termed superheating and occurs
when no nucleation point for vapour bubble formation is
present in the heated region. In this context, we have investi-
gated the temperature sustainability of such substrates up to
the temperature threshold for bubble formation (around
200 °C). In order to evidence any temperature-induced damage
of the specimens, we measured the absorption of the samples
subsequent to a 5-second illumination as a function of the
temperature generated by the nanoparticle arrays. For these
measurements, we considered the temperature at the centre of
the illuminated area, i.e. the maximum temperature observed
in the temperature maps (Fig. S8c†). Nanorings were stable up
to around 200 °C (Fig. 6b and c), although a slight increase of
the absorbance was observed from 130 °C, probably due a
small change of the nanoparticle morphology. Potatoids were
less stable as the absorbance tends to drop from 120 °C and
the nanoparticles may detach from the substrate at around
190 °C as the absorbance decreases (Fig. 6e and f). In both
cases, the reported gold structures are stable above the water
boiling point and enable superheating. This observation
means that nanorings and potatoids do not act as nucleation
points. This conclusion opens the path for future applications
involving near-infrared-induced thermal processes using pota-
toids and nanorings made by BCML.

Conclusions

We described a straightforward and cost-effective photochemi-
cal method to fabricate uniform arrays of gold nanoparticles
on glass with micro/nanometric spatial resolution without
requiring any additional photosensitizers or photoresists. By
using block copolymer micellar monolayers as reactive tem-
plates, we fabricated plasmonic substrates with tuneable
surface plasmon resonances. Depending on the extra-micellar
chemical environment and the illumination wavelength, we
succeeded in patterning and shaping optically active nano-
structures such as gold potatoids and rings of about 50 nm in
diameter that feature localized plasmon resonances above 600
and 800 nm, respectively. Quantification of their photothermal
properties showed that nanoring-based substrates are tempera-
ture-resistant and features ideal photothermal properties,
opening the path for future applications controlled by near-
infrared light, including nanoscale solvothermal synthesis and
spatiotemporal manipulation of biological systems within the
tissue transparency window.
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Figure S1. Photochemical deposition of gold nanoparticle monolayers on homopolymer thin films. a) 
Schematics describing the experimental procedure necessary to fabricate plasmonic substrates. SEM 
images displaying gold nanoparticles supported on b) PS- and c) P2VP-coated glass after 4-min deep UV 
irradiation. 
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Figure	
  S2.	
  Water-­‐mediated	
  micelle	
  opening.	
  Schematics	
   and	
  SEM	
   images	
   illustrating	
   the	
  evolution	
  of	
  unloaded	
  
PS-­‐b-­‐P2VP	
  micelles	
  a)	
  before	
  and	
  b)	
  after	
  morphology	
  reconstruction	
  induced	
  by	
  their	
   immersion	
  in	
  water	
  for	
  4	
  
min.	
  These	
  images	
  display	
  a	
  quasi-­‐hexagonally	
  ordered	
  micellar	
  monolayer,	
  which	
  becomes	
  porous	
  due	
  to	
  water-­‐
mediated	
  swelling	
  of	
  the	
  P2VP	
  block,	
  thereby	
  rupturing	
  the	
  PS	
  shell	
  to	
  finally	
  form	
  ring-­‐like	
  structures.	
  

	
  

	
  

Figure	
  S3.	
  Photochemical	
  growth	
  of	
  gold	
  nanoparticles	
  within	
  micelles.	
  Transmission	
  electron	
  microscopy	
  (TEM)	
  
of	
  gold-­‐loaded	
  micelles	
  deposited	
  on	
  a	
  copper	
  grid	
  coated	
  with	
  a	
  SiO2	
   film	
  a),b)	
  before	
  and	
  c),d)	
  after	
  deep	
  UV	
  
illumination	
  for	
  4	
  min	
  in	
  water.	
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Figure	
  S4.	
  a)	
  Normalized	
  extinction	
  spectra	
  of	
  gold	
  potatoids	
  grown	
  for	
  10	
  (dots),	
  40	
  (dashes)	
  and	
  90	
  min	
  (line)	
  in	
  
a	
  mixture	
  of	
   gold	
  aqueous	
   solution	
  and	
  ethanolamine.	
  b)	
   SEM	
   images	
  displaying	
  gold	
  nanostructures	
  prepared	
  
upon	
   inverting	
   the	
   two	
   last	
   processing	
   steps	
   in	
   comparison	
   to	
   the	
  protocol	
   described	
   in	
   Figure	
   1.	
   c)	
   Extinction	
  
spectrum	
  of	
  the	
  gold	
  nanostructures	
  displayed	
  in	
  b).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  S5.	
  a)	
  SEM	
  images	
  displaying	
  gold	
  nanostructures	
  prepared	
  upon	
  inverting	
  the	
  two	
  last	
  processing	
  steps	
  in	
  
comparison	
  to	
  the	
  protocol	
  described	
  in	
  Figure	
  4.	
  b)	
  Extinction	
  spectrum	
  of	
  the	
  gold	
  nanostructures	
  displayed	
  in	
  
a).	
   c)	
   Normalized	
   extinction	
   spectra	
   of	
   gold	
   nanorings	
   grown	
   for	
   10	
   (dots),	
   30	
   (dashes)	
   and	
   90	
  min	
   (line)	
   in	
   a	
  
mixture	
  of	
  gold	
  aqueous	
  solution	
  and	
  ethanolamine.	
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Figure	
  S6.	
  SEM	
  image	
  showing	
  an	
  overview	
  of	
  a	
  uniform	
  gold	
  nanoring	
  array.	
   Inset	
  displays	
  an	
  18x18	
  mm	
  glass	
  
coverslip	
  coated	
  with	
  the	
  nanoring	
  array.	
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Figure	
   S7.	
  Monochromatic	
   illumination	
   (λ	
   =	
   254	
   nm)	
   does	
   not	
   enable	
   the	
   fabrication	
   of	
   gold	
   nanoring	
   arrays.	
  
Schematics	
   and	
   SEM	
   images	
   illustrating	
   the	
   evolution	
   of	
   the	
   nanostructured	
   substrate	
   upon	
   a)	
   deep	
   UV	
  
illumination	
   and	
   b)	
   electroless	
   deposition	
   followed	
   by	
  O2	
   plasma	
   etching.	
   The	
   extinction	
   spectrum	
   of	
   the	
   gold	
  
nanoarrays	
  is	
  shown	
  in	
  b).	
  

	
  

	
  

	
  

Figure	
  S8.	
  a)	
  Schematic	
  of	
  the	
  optical	
  setup	
  used	
  for	
  thermal	
  microscopy	
  measurements.	
  KI:	
  Köhler	
  illumination,	
  
DFI:	
  Dark	
  Field	
  Imaging.	
  S:	
  Sample,	
  DBS:	
  Dichroic	
  Beam	
  Splitter,	
  DF:	
  Dichroic	
  Filter,	
  FM:	
  flip	
  mirror,	
  VC:	
  Video	
  
Camera,	
  CO:	
  Camera	
  Objective,	
  QSI-­‐WA:	
  Wavefront	
  analyzer	
  based	
  on	
  Quadriwave	
  Shearing	
  Interferometry.	
  D:	
  
Diaphragm,	
  FL:	
  Flip	
  Lens,	
  RM:	
  Rotating	
  Mirror.	
  b)	
  Map	
  of	
  the	
  heat	
  source	
  density.	
  c)	
  Map	
  of	
  the	
  temperature	
  
distribution.	
  Figures	
  b)	
  and	
  c)	
  correspond	
  to	
  the	
  same	
  measurement	
  of	
  a	
  laser	
  beam	
  (41	
  µm	
  in	
  diameter,	
  
lambda=736	
  nm,	
  63	
  mW)	
  impinging	
  on	
  a	
  potatoid	
  substrate.	
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ABSTRACT: Solvothermal synthesis, denoting chemical reactions occurring in
metastable liquids above their boiling point, normally requires the use of a sealed
autoclave under pressure to prevent the solvent from boiling. This work introduces an
experimental approach that enables solvothermal synthesis at ambient pressure in an open
reaction medium. The approach is based on the use of gold nanoparticles deposited on a
glass substrate and acting as photothermal sources. To illustrate the approach, the selected
hydrothermal reaction involves the formation of indium hydroxide microcrystals favored at
200 °C in liquid water. In addition to demonstrating the principle, the benefits and the
specific characteristics of such an approach are investigated, in particular, the much faster
reaction rate, the achievable spatial and time scales, the effect of microscale temperature
gradients, the effect of the size of the heated area, and the effect of thermal-induced
microscale fluid convection. This technique is general and could be used to spatially
control the deposition of virtually any material for which a solvothermal synthesis exists.

■ INTRODUCTION

Plasmon-induced nanochemistry (PINC) is an active area of
research that benefits from the plasmonic properties of metal
nanoparticles to enhance or enable chemical reactions on small
scales.1 Three main features of plasmonic nanoparticles have
been involved so far in PINC: (1) the enhanced optical near
field of nanoparticles,2−4 which favors photochemical reactions
in the vicinity of the illuminated particles, (2) heat
generation,5−10 which favors local chemical synthesis according
to the Arrhenius law, and (3) hot electron/hole injection,11−13

a recently proposed mechanism leading to localized redox
reactions. These multiple facets of plasmonic nanoparticles
provide a wide variety of tools to develop new applications in
nanochemistry. The aim of this work is to introduce a novel
approach in PINC based on the use of plasmonic nanoparticles
as nanosources of heat, enabling solvothermal reactions.
Solvothermal chemical synthesis relies on the use of

superheated liquid solvents, that is, liquids heated above their
boiling point. For water, it typically corresponds to temperature
ranging from 100 to 380 °C. To prevent the solvent from
boiling and to keep it a liquid at such high temperatures, the
standard procedure involves the use of a sealed chamber,
named an autoclave, in which the temperature increase
concomitantly creates a pressure increase that maintains the
solvent in a liquid state.

The interest of a solvothermal (or hydrothermal) synthesis is
manifold. For instance, many organic compounds that are inert
in liquid water become reactive when the temperature is
increased far above 100 °C, especially reactions that occur only
in the presence of strong acid or base. Indeed, as temperature
increases from 20 to 300 °C, the ionic product of water
increases by three orders of magnitude, from 10−14.0 to 10−11.3.
The resulting higher concentrations of OH− and H3O

+

simultaneously increase the rate of both acid- and base-
catalyzed reactions in liquid water far beyond the natural
acceleration thermally governed by the Arrhenius law. More-
over, the dielectric constant of water decreases from 80.1 down
to 19.7 over this range of temperature, which results in a strong
decrease of the polarity of water molecules and in a natural rise
of solubility of ionic compounds. Today, the growing interest in
using hydrothermal synthesis derives from its advantages in
terms of high reactivity of reactants, formation of a metastable
and unique solvent, and low energy consumption.14 The main
constraint of such an approach relies on the use of an autoclave,
which prevents any chemical exchange and monitoring during
the reaction.
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In this article, we show that solvothermal synthesis can be
achieved under ambient conditions without requiring a pressure
chamber when heating is performed by illuminating a substrate
patterned with metal nanoparticles illuminated at their
plasmonic resonance. Such experimental conditions prevent
the liquid from boiling, up to around 220 °C, as recently
evidenced in a previous work.15 We illustrate this approach with
a well-established solvothermal chemical reaction involving the
synthesis of indium hydroxide microcrystals in water. After
describing the experimental conditions and the results, we
dedicate a final part to discuss the interest, the benefits and the
limitations of plasmon-assisted solvothermal chemistry
(PASC).

■ RESULTS

Liquid Superheating Using Metal Nanoparticles.
Under illumination at their plasmonic resonance wavelength,
metal nanoparticles can turn into efficient heat sources. This
effect is the basis of an active field of research named
thermoplasmonics,16 involving promising biomedical applica-
tions. We have recently shown that, against all odds, water
superheating can be achieved at ambient pressure by heating
plasmonic nanoparticles on a glass substrate using continuous
wave (cw) laser illumination.15 The geometry of the system is
depicted in Figures 1 and 2. The sample was composed of a
glass coverslip patterned with (1) a uniform distribution of gold
nanorings made by block copolymer micellar lithography
(BCML)17 (see Figure 1a) or (2) isolated gold disks, 500
nm in diameter and 40 nm thick, made by e-beam lithography
(EBL) (not shown).

The coverslip was pasted on the back of a drilled Petri dish,
which was filled with the reactants freshly dissolved in
deionized (Milli-Q) water (Figure 2). The sample was finally
placed on an optical microscope enabling optical (intensity and
phase) imaging, laser heating and temperature imaging at the
submicrometric scale (see ref 18 for details). Heating was
performed by illuminating the sample from below (i.e., from
the glass side) using a laser beam at λ = 800 nm, matching the
plasmonic resonance wavelength of the gold nanoparticles.
When working with BCML samples, the beam profile at the
glass/water interface was expanded to obtain a uniform (not
Gaussian) beam with a diameter that could be adjusted from a
few microns to a few hundreds of microns using an iris (see
Figure 1b). When working with EBL samples, the laser beam
was rather focused on a single gold disk using a 100× objective,
NA 1.3. In any configuration, water superheating was
systematically observed but we have never seen water boiling
at 100 °C. Bubble formation systematically occurred around
220 ± 10 °C, as evidenced experimentally by the thermal
microscopy technique we developed (Figure 1b).18

The reason why water does not boil is that this system is free
from nucleation points, such as scratches, micrometric cavities,
impurities, and so on. Glass surfaces are particularly flat by
nature, and it turns out that gold nanoparticles do not act as
nucleation point themselves.15

Hydrothermal Synthesis. Hydrothermal synthesis refers
to solvothermal synthesis where the solvent is water. To simply
evidence that solvothermal synthesis can be conducted at
ambient pressure using gold nanoparticles, we selected a
hydrothermal chemical reaction19 that involves the formation of
solid particles, namely, the chemical transformation of indium
chloride to indium hydroxide crystals

+ ⎯ →⎯⎯⎯⎯⎯ +− ° −InCl 3OH In(OH) 3Cl3(aq)
200 C

3(s)

Typical crystals obtained with this approach feature a cubic
crystallographic symmetry, as evidenced in ref 19.
We initially prepared a solution under the same experimental

conditions as in ref 19. We dissolved 0.21 g of InCl3, 9.4 mg of
NaOH, and 12.5 μL of NH3 in 24 mL of water, which gave a
concentration of cm = 40 mM InCl3. This solution was then
diluted 10, 100, or 1000 times before being added into the Petri
dish. Prior to each experiment, calibration was made using our
thermal microscopy technique with pure water in the sample to
determine which laser power was required to reach 200 °C for a

Figure 1. (a) Gold nanorings on a glass substrate made by BCML. (b)
Associated temperature distribution (155 × 155 px) when the sample
is illuminated with a laser beam, 10 μm in diameter, reaching a value
close to 200 °C at the center of the heated area. (c) Extinction
spectrum of the BCML substrate made of gold nanorings in water. (d)
Temperature profile related to image (b) averaged over 11 successive
horizontal lines across the center of the image.

Figure 2. Side view of the sample where the hydrothermal synthesis
takes place.
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given laser beam size. Note that the use of a thermal
microscopy technique is not mandatory; if a setup is not
endowed with a means of temperature characterization, it is
possible to ensure a temperature of around 200 °C by setting
the laser power slightly below the laser power threshold for
bubble formation (supposed to be around 230 °C).
In our approach, a set of four parameters can be adjusted,

namely, (1) the laser beam diameter D (i.e., the size of the
heated area in the case of BCML samples), (2) the temperature
T0 (taken at the center of the heated area), (3) the initial
reactant concentration c0, and (4) the heating duration δt.
Reaction Kinetics. We first conducted experiments upon

heating at T0 = 200 °C an area with a diameter ranging from
430 nm (gold disk) to 500 μm (BCML sample). Figure 3
shows SEM (scanning electron microscopy) images taken at
the center of the illuminated area where cubic In(OH)3 crystals
have grown. Several important observations can be made.

(1) In comparison with the standard high-pressure proce-
dure, which yields the formation of isolated clusters of
particles, the local photothermal approach leads to a
dense coverage of the substrate where the crystals can be
partially merged with each other. The dimension of the
crystals ranged from a few 100 nm to 4 μm, which is
comparable with common results obtained with an
autoclave.

(2) The smaller the heated area, the faster the reaction rate.
For instance, when using a single gold disk, 430 nm in
diameter, we observed a fast crystal formation (10 min)
although the reactant concentration was divided by a
factor of 1000 (c0 = cm/1000). We interpret this
observation by the constant renewal of the reactants in
the confined heated volume because of Brownian
motion, fluid convection,20 and thermophoresis.21−23

Indeed, the micrometric reaction volume is in contact
with a quasi infinite reservoir of reactants (the rest of the
liquid volume), which maintains the reactant concen-
tration constant during the reaction. Thus, one observed
kinetics with an effective 0th order, hence the faster
product formation. For further details on the origin of
this effect, let us use the following notations

= c t[InCl ] ( )3 (1)

+ = c[In(OH) ] [InCl ]3 3 0 (2)

For the sake of simplicity, we assume a first-order

reaction. In this case, the reaction rate r reads

=

= −

= − =

r
t

t
c t

t
Kc t

d[In(OH) ]
d

(3)

d[InCl ]
d

(4)

d ( )
d

( ) (5)

3

3

where K is the rate constant of the reaction. This

differential equation yields

= −c[InCl ] e Kt
3 0 (6)

= − −c[In(OH) ] (1 e )Kt
3 0 (7)

= −r c Ke Kt
0 (8)

Now, if the heated volume is much smaller than the size

of the system, the concentration of InCl3 can be
considered as constant because InCl3 molecules are
continuously renewed in the heated region by Brownian
motion. Equations 3 and 5 yield

= = ≈r
t

Kc t Kc
d[In(OH) ]

d
( )3

0 (9)

and thus

= Kc t[In(OH) ]3 0 (10)

The concentration of In(OH)3 is thus linearly increasing

as a function of time and no longer limited by an
exponential saturation, as in eq 7. This mechanism is
inherently related to the geometry of the system and can
be seen as a natural Ostwald isolation.

Figure 3. Effect of the size of the heated area. (a) SEM image of In(OH)3 microcrystals formed upon heating an area of 500 μm in diameter (BCML
sample, laser exposure time δt = 1 h, laser power = 380 mW, maximum temperature T0 = 200 °C, and reactant concentration cm = 40 mM). (b) SEM
image of In(OH)3 microcrystals formed upon heating an area of 10 μm in diameter (BCML sample, laser exposure time δt = 1 h, laser power = 18.5
mW, maximum temperature T0 = 200 °C, and reactant concentration c0 = cm/10 = 4 mM). (c) SEM image of In(OH)3 microcrystals formed upon
heating a single gold disk, 430 nm in diameter (EBL sample, laser exposure time δt = 10 min, laser power = 0.43 mW, maximum temperature T0 =
200 °C, and reactant concentration c0 = cm/1000 = 0.04 mM).
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(3) The theory introduced above explains that the larger the
system, the slower the reaction rate. It is certainly the
reason why kinetics of crystal formation is so long with
an autoclave, which usually implies heating duration
longer than 20 h. A benefit of our approach is that we can
observe the formation of crystals within only a few
minutes, with the same reactant concentrations.

(4) Too long an exposure time (or too high a concentration)
yields the formation of pine-tree-like structures, another
type of structure (Figure 4b). Deviation from regular
shapes for too long heating duration was also mentioned
in the literature.24 The reason was related to an Ostwald-
ripening mechanism. If heating is carried further on or if
we reproduce the exact same conditions of temperature,
exposure time, and concentration as with an autoclave,
one even observes the formation of a large and smooth
dome (hemispherical structure) of the size of the heated
area.

(5) It may seem surprising that the crystal products do not
act as nucleation points for water boiling once they are
formed, even at 200 °C. We have never observed bubble
formation because of the formation of nano- and
microcrystals. We believe that a nucleation center must
consist of a microscale cavity (a scratch) rather than an
asperity, a bump, to enable a flat initial curvature radius
of a nucleating bubble, that is, a small Laplace
overpressure. This is also the reason why the gold
nanoparticles themselves do not act as nucleation points;
they look like nanoscale bumps rather than microscale
cavities.

(6) The heating dynamics can be as fast as the time scale τ =
L2/a, where L is the characteristic size of the heated area
and a is the thermal diffusivity of the surrounding
medium. For water, a = 10−7 m2·s−1. To give an idea, if
the size of the heated area is L = 10 μm, the heating time
scale can be as fast as 1 ms.

(7) Locally heating a fluid possibly yields fluid convection,
even at the micrometric scale and especially when
superheating a fluid. If the heated area is less than a
micrometer, no strong convection is expected (less than
a micrometer per second).20 However, for a larger heated
area, up to 100 μm, substantial convection can be
observed (several 10 s of μm·s−1) and one can wonder
what the effect could be on the chemical reaction. Our
results show that convection does not affect the crystal
growth. It should even favor kinetics by faster renewal of
the reactants in the heated region. Furthermore, fluid

convection is not supposed to affect the spatial steady-
state distribution of temperature because temperature
diffusion always occurs faster than thermal-induced fluid
convection. This well-known effect in fluid dynamics
stems from a large Prandtl number of water (Pr ≈ 7).25

(8) Products remain located at the water/glass interface,
where the nanoparticles are located. This may be
because, in part, of the fact that it is where the
temperature is the largest. However, the surface could
also nucleate the formation of crystals by a heteroge-
neous nucleation process.

Effect of the Temperature Increase. A benefit of using
our approach is that any dependence on the temperature
increase can be easily studied. One can generate a temperature
gradient on a single field-of-view, spanning from 200 °C to
ambient temperature, and observe the morphological evolution
of the formed crystals along the temperature gradient. Figure 4
presents such a situation. The temperature gradient was
measured using our thermal microscopy technique and is
displayed in Figure 4c. The resulting crystal formation was
imaged using SEM, as presented in Figure 4a,b. We chose a
situation where three different domains have been formed. The
center domain, where the temperature was close to 200 °C,
features the pine-tree-like structures observed when the heating
duration is long enough (as mentioned earlier). The
intermediate area, ranging from 120 to 80 °C, is covered
with the cubic In(OH)3 crystals of interest. Finally, the third
zone is not covered with anything crystalline. Interestingly, the
transition from one zone to another is extremely well defined
and occurs at a precise temperature for a given heating
duration. For instance, in the present case (i.e., for a heating
duration of 1 h), the transition from pine-tree to cubic shapes
occurs at T = 120 °C, and cubic crystals do not form below T =
80 °C. We used a long exposure time on purpose, to observe
three domains. A shorter exposure time would have led to cubic
crystals in the center of the heated area and to no pine-tree-like
structures.
Noteworthily, in this experiment, one can see that the

formation of crystals can be achieved at much lower
temperatures than those expected (80−120 °C compared
with 200 °C). This observation highlights an additional interest
on PASC; because of enhanced kinetics, products can be
obtained at reduced temperatures within a reasonable time,
even under nonhydrothermal conditions.

Figure 4. (a) SEM image of crystal formation along a temperature gradient. (b) SEM image highlighting the transition from one type of structure to
another. The sample was imaged with a tilt angle of 45°. (c) Measured temperature distribution where the temperature thresholds (dashed lines) and
the areas corresponding to the SEM images (a) and (b) (solid lines) have been indicated.
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■ DISCUSSION

Let us discuss the benefits of plasmon-assisted solvothermal
chemistry (PASC) compared with those of using an autoclave
at high pressure. (1) PASC yields much faster reactions, as
explained above, because of an effective reduction of the order
of the reaction by a natural Ostwald flooding. (2) PASC can
achieve much faster heating/cooling dynamics, down to the
microsecond scale. The temperature quasi-instantaneously rises
or drops as soon as the laser illumination is turned on or off
because of the weak inertia related to the small volume of the
system. (3) PASC enables the observation of product formation
using optical means, in real time (with a diffraction-limited
resolution, not shown herein). (4) PASC enables the
introduction of reactants during the reaction as the reaction
medium is not sealed. (5) PASC makes the study of the effect
of the temperature increase straightforward. A single experi-
ment reveals the crystal morphologies over a full range of
temperatures. (6) An industrial application could be the laser-
driven microscale patterning of nano- and microcrystals, using a
scanning laser.
It is also worth discussing the benefits of using a layer of gold

nanoparticles (as the one displayed in Figure 1a), compared
with those of using a uniform absorbing layer (like a metal layer
for instance).26 The real interest does not rely on the fact that
plasmonic nanoparticles are much more absorbent. A substrate
can be made nearly 100% absorbent without requiring
plasmonic nanoparticles, and nanoparticles will never do better
than 100% absorption. Also, even if the absorption is not large,
the laser power can still be increased to reach the desired
temperature. The benefits of using nanoparticles are the
following. (1) The heated area can be much smaller than the
size of a focused laser beam, down to the size of a single
nanoparticle. (2) Metal films are highly reflective. With metal
nanoparticles, it is possible to make the light−sample
interaction purely absorbent (no scattering, no reflection,
only absorption). (3) Depositing a metal layer requires bulky
and expensive apparatus, whereas metal nanoparticle substrates
(such as BCML samples) can be obtained using chemical
means and cheap bench-top devices. (4) Plasmonic nano-
particles exhibit an absorption resonance in a finite region of
the spectrum, which makes it possible to heat the sample at a
given wavelength range, whereas the sample will remain
transparent at other wavelengths. This will make, for instance,
observation easier using optical microscopy techniques in the
visible range upon heating in the IR range.
Let us now discuss the limitations of our technique. (1) It is

not meant to produce large amounts of products (for industrial
or commercial purposes for instance). It is rather intended to
help fundamental research on solvothermal synthesis or to yield
applications in local patterning of microstructures. (2) It is
mainly of interest for solid-state products. If the products
remain as dissolved species, the interest of PASC is not evident
as the products will escape from the heated area because of
Brownian motion. However, the production of solid products
remains a major aspect of solvothermal synthesis, with a myriad
of applications, from the synthesis of microporous crystals,
ionic conductors, complex oxides and fluorides, low-dimen-
sional aluminophosphates, inorganic−organic hybrid materials,
and particularly condensed materials such as diamond and
inorganic helical chains.14

Let us finally place the concept of PASC in the context of the
state-of-the-art related to light-induced chemistry at the
micrometric scale.
The concept of photothermal-induced growth of nano- and

microstructures on plasmonic nanoparticles was pioneered by
Boyd and coworkers in 200627 and then further investigated by
other groups.28−30 The concept introduced by Boyd consisted
of a new chemical vapor deposition (CVD) process in which
local heating necessary to induce the chemical deposition from
a gas phase was performed by local laser heating at the
micrometric scale of gold nanoparticles deposited on a
substrate. The authors named this technique PACVD
(plasmon-assisted CVD). They demonstrated microscale
patterning of metal oxides such as PbO and TiO2 on a glass
substrate by local heating up to 150 °C. Their approach was,
however, based on a gas environment, not involving a liquid
environment in a superheated state, like in our study.
In 2009, Adleman and coworkers introduced the concept of

plasmon-assisted catalysis (PAC) in a liquid environment. The
authors chose to investigate the thermal-induced reforming of a
liquid mixture of ethanol and water, leading to the formation of
CO2, CO, and H2, favored by the natural catalytic effect of gold
nanoparticles.31,32 The experiments were conducted in a
microfluidic channel to ease the collection of the gas products.
However, no fluid superheating was involved in the mechanism.
In 2013, Yeo and coworkers26 reported on the photothermal-

induced growth of ZnO nanowires on a metal film acting as a
light-absorbing layer. This seminal article is closely related to
our work as the authors managed to grow microcrystals at the
microscale using a photo-hydrothermal effect. However, the
authors did not experimentally evidence fluid superheating (no
temperature was measured), and they did not benefit from the
plasmonic resonance of metal nanoparticles.
In 2015, Kwon and coworkers33 reported on the photo-

thermal-induced formation of metal-oxide (CuO and ZnO)
structures in aqueous precursor solution. Here, again the
temperature was not monitored and the authors did not benefit
from the use of plasmonic nanoparticles. Moreover, the authors
did not manage to produce crystalline structures, presumably
because of the aforementioned issue, which occurs when the
reactant concentration is too high or the heating duration is too
long.

■ CONCLUSIONS
In summary, we report on an experimental technique suited to
conduct solvothermal synthesis at ambient pressure, on a small
scale, using plasmonic nanoparticles acting as light absorbers
and nanosources of heat. We illustrate the principle with the
synthesis of In(OH)3 microcrystals at 200 °C in liquid water.
To evidence the similarities and the differences compared with
common high-pressure experiments, the effects of several
parameters have been investigated: the reactant concentration,
the magnitude of the temperature increase, the heating
duration, and the size of the heated area. Several singular
effects have been evidenced. (1) The smaller the heated region,
the faster the reaction, because of an Ostwald flooding effect.
Although an autoclave approach usually implies heating times
longer than 20 h, one can achieve crystal formation within a few
minutes using PASC. (2) A long enough heating duration leads
to another type of structure (pine trees). (3) Reproducing the
exact same conditions of temperature, concentration, and
duration as with an autoclave approach does not lead to the
formation of microcrystals. Because of too fast kinetics, we
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rather observe the formation of a large, smooth dome. (4) The
temperature dependence on the crystal morphology can be
investigated in a one-shot experiment by creating a microscale
temperature gradient. (5) Solvothermal reactions that normally
occur in a superheated fluid can be achieved at much lower
temperatures within a reasonable amount of time because of
much faster kinetics. (6) Microcrystal products do not act as
nucleation points for bubble formation and do not prevent the
fluid from superheating. (7) Microcrystal products remain
located at the substrate/solvent interface and do not diffuse in
the surrounding solvent. (8) The presence of thermal-induced
microscale fluid convection does not affect the crystal growth.
This work gives the guidelines for efficient solvothermal

chemistry at the microscale at ambient pressure and could pave
the way for new approaches suited for fundamental research on
solvothermal synthesis or for practical applications in micro-
scale patterning of nanostructures. More sophisticated PASC
approaches could further benefit from the natural catalytic
effect of gold nanoparticles.
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