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Abstract 

Engineering materials at the nanoscale has been a matter of great excitement to the scientific 

community, with the growing potential applications in daily life. The advances in nanofabrication 

technologies and multifunctional materials have led to research on novel effects and inventions. 

When confined at the nanoscale, materials exhibit unique properties that are different from their 

bulk counterparts. Therefore, evaluating their fundamental properties is as critical as developing 

novel materials and structures. 

Colloidal crystals (CCs), created by the self-assembly of micro- or nanoparticles, have promising 

applications in phononics, photonics, and nanolithography. However, CCs are fragile due to the 

weak van der Waals forces that bind the self-assembled particles. The fragility of CCs is a critical 

issue that can affect the efficiency of devices made out of self-assembled CCs. Moreover, micro 

and nano contamination, resulting from the disassembled parts of the CCs, can lead to significant 

environmental and health hazards. To this date, several methods have been introduced to fabricate 

robust CCs, which include both physical and chemical methods. Some examples are thermal 

annealing, surfactant decoration, core-shell-based method, and UV irradiation, to name a few. 

“Cold soldering” is a novel, low-cost, low-effort, chemical-free, and homogeneous method for the 

fabrication of large-area mechanically reinforced polymer CCs 1. Cold soldering is based on the 

plasticization of polymer nanoparticles by exposure to high hydrostatic gas pressure. Cold 

soldering at specific gas and pressure treatment can occur at temperatures much lower than the 

glass transition temperature of the polymer. This process leads to permanent physical bonding 

between the particles in the CC while maintaining their shape and periodicity. 

This thesis reports the experimental studies of using different supercritical fluids, such as He, N2, 

and Ar, for the mechanical reinforcement of polystyrene (PS) CCs at room temperature, examined 

by Brillouin light scattering (BLS). Brillouin light scattering is a non-destructive and contactless 

optical technique that probes acoustic vibrations of CCs in situ. Foremost, BLS enables in situ the 

evaluation of mechanical properties, such as the effective elastic modulus of CCs at varied gas 

pressure and temperature.  

This work investigates CCs made of PS NPs of different particle sizes ranging from 143 nm to 830 

nm. Evaluating the permanent change in the effective elastic modulus of CCs following cold 

soldering, enabled quantification of the dependence of nanoparticle size on the strengthening of 
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interparticle contacts. The most efficient soldering occurs for mid-sized nanoparticles 

(approximately 610 nm diameter)  that exhibit nonmonotonic dependance on the particle size. This 

behavior can be related to intrinsic fabrication impurities, which play a vital role in reducing the 

free surface of nanoparticles exposed to plasticization by supercritical fluids. The most efficient 

soldering of PS NPs is made possible by supercritical Ar, a good solvent for polystyrene. The 

exposure to supercritical N2 results in the moderate soldering of PS CCs. In contrast, high-pressure 

He treatment gives negligible soldering. Thus, the process is entirely reversible.  

The experimental results can be utilized in the mechanical engineering of 2D and 3D structures 

based on polymer CCs. Utilizing different parameters like pressure-temperature conditions, 

nanoparticle size, shape, material, time of gas exposure, and solubility of gas, we can engineer the 

mechanical properties of polymer CCs, thus leading to robust structures. Brillouin light scattering 

as a non-destructive tool is very helpful in measuring the contact mechanics of colloidal 

nanostructures. 
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Streszczenie 

Właściwości mechaniczne polimerowych kryształów koloidalnych poddanych 

działaniu płynów nadkrytycznych  

Materiały wytwarzane w nanoskali wzbudzają ogromne zainteresowanie społeczności naukowej 

ze względu na ich rosnący potencjał zastosowań w życiu codziennym. Postęp w technologiach 

projektowaniu i nanoprodukcji materiałów wielofunkcyjnych doprowadził do odkrycia nowych 

zjawisk i opatentowania związanych z tym wynalazków. Materiały ograniczone do nanoskali 

wykazują unikalne właściwości, różniące się od tych, które obserwujemy w makroskali. Dlatego 

ocena podstawowych właściwości nanomateriałów jest tak samo ważna, jak dalsze projektowanie 

i wykonanie nowych struktur i urządzeń, które na nich bazują. 

Kryształy koloidalne (CC) powstałe w wyniku samoorganizacji mikro- i nanocząstek, mają 

obiecujące zastosowania w fononice, fotonice i nanolitografii. Jednakże CC są kruche ze względu 

na niewielką wielkość sił van der Waalsa, które wiążą samoorganizujące się cząstki. Kruchość CC 

jest kluczowym problemem, który może mieć wpływ na wydajność urządzeń wykonanych z 

samoorganizujących się CC. Co więcej, mikro- i nanostruktury powstałe w wyniku uszkodzeń CC 

mogą prowadzić do zanieczyszczeń środowiska naturalnego. Do chwili obecnej wprowadzono 

kilka metod wytwarzania wytrzymałych CC, które obejmują zarówno metody fizyczne, jak i 

chemiczne. Są to m.in.: wygrzewanie, chamiczna funkcjolaizacja powierzchni, metoda oparta na 

nanocząstkach typu rdzeń-powłoka, czy napromienianie UV. „Lutowanie na zimno” to 

nowatorska, niskokosztowa, niewymagająca wysiłku, wolna od środków chemicznych i 

jednorodna metoda wytwarzania wielkopowierzchniowych, wzmocnionych mechanicznie 

polimerowych CC. Lutowanie na zimno polega na plastyfikacji nanocząstek polimerowych pod 

wpływem gazów o wysokim ciśnieniu. Lutowanie na zimno przy określonej obróbce gazowej i 

ciśnieniowej może zachodzić w temperaturach znacznie niższych niż temperatura zeszklenia 

polimeru. Proces ten prowadzi do trwałego fizycznego wiązania pomiędzy cząstkami w CC przy 

zachowaniu kształtu indywidualnych nanocząstek i ich uporządkowania. 

Niniejsza praca opisuje badania eksperymentalne wykorzystania różnych płynów nadkrytycznych, 

takich jak He, N2 i Ar, do mechanicznego wzmacniania polistyrenowych (PS) CC w temperaturze 

pokojowej, badanych metodą rozpraszania światła Brillouina (BLS). Rozpraszanie światła 

Brillouina to nieniszcząca i bezdotykowa technika optyczna, która pozawala na badania termicznie 
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wzbudzonych wibracji akustyczne (GHz). Przede wszystkim, BLS umożliwia ocenę in situ 

właściwości mechanicznych, takich jak efektywny moduł sprężystości CC przy różnym ciśnieniu 

i temperaturze gazu. 

W pracy tej zbadano CC wykonane z nanocząstek PS o różnych średnicach w zakresie od 143 nm 

do 830 nm. Ocena trwałej zmiany efektywnego modułu sprężystości CC po lutowaniu na zimno 

umożliwiła ilościowe określenie zależności  wzmocnienia kontaktów międzycząstkowych od 

wielkości nanocząstek. Zależność ta okazała się niemonotoniczna z maksimum dla nanocząstek 

ośrednicy około 610 nm. Wiążemy to zachowanie z wewnętrznymi zanieczyszczeniami 

produkcyjnymi, które odgrywają istotną rolę w zmniejszaniu swobodnej powierzchni nanocząstek 

podlegającej plastyfikacji przez płyny nadkrytyczne. Najbardziej wydajne lutowanie nanocząstek 

PS zachodziło przy udziale nadkrytycznego argonu, który jest dobrym rozpuszczalnikiem dla 

polistyrenu. Ekspozycja na nadkrytyczny N2 powodowała umiarkowane lutowanie PS CC. 

Natomiast obróbka wysokociśnieniowa He wykazała na bardzo słaby efekt lutowania, który w tym 

przypadku jest całkowicie odwracalny. 

Wyniki eksperymentów można wykorzystać w projektowaniu mechanicznych struktur 2D i 3D w 

oparciu o polimerowe CC. Wykorzystując różne parametry, takie jak warunki ciśnienia 

i temperatury, wielkość, kształt, materiał nanocząstek, czas ekspozycji na gaz i rozpuszczalność 

gazu, możemy uzyskać właściwości elastyczne polimerowych CC prowadzące do wytworzenia 

trwałych struktur o pożądanych właściwościach mechanicznych. Rozpraszanie światła Brillouina 

jako narzędzie nieniszczące jest bardzo pomocne w pomiarach mechaniki kontaktowej 

nanostruktur koloidalnych. 
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Chapter 1 

Introduction 

 

1.1  Colloidal assembly 

“The principles of physics, as far as I can see, do not speak against the possibility of maneuvering 

things atom by atom. It is not an attempt to violate any laws; it is something, in principle, that can 

be done; but in practice, it has not been done because we are too big.”  

Richard P. Feynman 

The art of manipulating individual blocks of structures in the “colloidal world“ has greatly 

impacted the development of tunable materials and their applications 2–4. Colloidal particles can 

be considered as building blocks for colloidal crystals (CCs), the same as atoms, molecules, or 

ions for standard crystals. A colloid generally refers to solid particles or droplets (typically size 

ranges from 1 nm to 1000 nm) suspended in a solid, liquid, or gaseous medium. In this thesis, 

colloidal crystals are defined as a highly ordered arrangement of monodispersed micro/nano 

particles without any suspending medium. The ordered arrangement of mesoscopic particles in 

CCs makes a periodic superlattice, which offers fascinating properties much different from 

standard crystals. For example, gem opals, naturally occurring colloidal crystals made out of 

ordered silica particles formed by sedimentation and hydrostatic compression on the earth crust, 

show vivid structural colors (Figure 1.1) 2. The artificially engineered crystals referred to as 

“synthetic opals” can be made in different environmental effects, such as gravitational 

sedimentation, electrophoretic deposition, or vertical deposition 5–8. Such self-assembled colloidal 

particles form face-centered cubic (fcc) or hexagonal close-packed (hcp) structures with a packing 

fraction of 74% (void volume of 26%) 2,3. Therefore, they can be used as templates for fabricating 

macro-mesoporous materials, often called inverse opals 9. Although there is no practical limitation 

with the size range of colloidal particles in a crystal, micrometer or sub-micrometer length scales 

seem potentially crucial for applications 10. This size range is also convenient for optical and 

electron microscopic studies, facilitating fine-tuning of particle arrays and architecture 11,12. 

Moreover, CCs made of nanoparticles (NPs) can exhibit unique properties at the nanoscale 2,3,13,14.  
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Figure 1.1: (a) The optical image of gem opal-natural colloidal crystal showing structural color (b)  SEM 

image of the silica particle assembly. Adapted with permissions from ref. 2. 

The possibility of self-assembling monodispersed particles into a perfectly close-packed crystal in 

a simple and cheap way facilitated the development of fabrication processes and possible 

applications. Colloidal crystals can be classified into one-dimensional (1D), two-dimensional 

(2D), or three-dimensional (3D) arrays depending on their spatial structure 2,4,15,16. In recent years, 

3D CCs have attained much attention in research due to their ease of fabrication and the highly 

ordered periodic architecture favorable for photonic and phononic applications 17,18. 3D CCs can 

be formed by drop casting the particle suspension on a glass slide or silicon wafer, as described in 

this thesis 1,19. Vertical deposition is another commonly used approach in which a hydrophilic 

substrate is immersed in colloidal dispersion 20. As shown in Figure 1.2 21, a meniscus is formed 

in the substrate, and due to the evaporation taking place at the contact phases (substrate, colloidal 

dispersion, and air), the colloidal particles are transported to the meniscus 22. Thus, an ordered 

array of particles is formed in the substrate. The thickness of these 3D crystals can be controlled 

by the withdrawal speed of the substrate from the dispersion. Moreover, the crystallization process 

is influenced by environmental parameters like temperature and humidity of the surrounding         

air 14,21. 

Two-dimensional CCs, referred to as colloidal monolayers, are potential candidates for functional 

surface patterns used as templates for nanolithography, filtration membranes, and plasmonic 

devices 23–25. A vast number of methods have been developed for 2D CC’s fabrication so far. 

Among them, two known approaches are (i) direct assembly at the solid surface and (ii) liquid 

interface-mediated assembly 3,25. The first approach is based on the deposition of colloidal particles 
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directly on a substrate. Some examples include spin coating, electrostatic deposition, 

sedimentation, controlled evaporation, and vertical deposition 26–29.  

 

Figure 1.2: Schematic illustration of 3D colloidal crystallization in vertical lifting deposition method. 

Adapted with permissions from ref. 21. 

Direct assembly methods are the most straightforward approach as they do not need any 

specialized equipment. However, the choice of transferring substrate is limited and requires 

properties like hydrophobicity and surface charges. In addition, strict control of experimental and 

environmental conditions is to be maintained for the perfect crystallization of monolayers. In liquid 

interface-mediated assembly, the crystallization occurs at the interface between two liquids (e.g., 

oil-water interface) or on the surface of a liquid (e.g., air-water interface). The formed monolayer 

is transferred to hydrophobic or topologically modified solid substrates by vertical lifting. As 

shown in Figure 1.3 30, colloidal monolayers can be produced by assembling particles on an air-

water interface. The 2D nature of the interface enables crystallization into a perfect close-packed 

monolayer without forming multiple layers. The colloidal particles on the liquid surface maintain 

lateral mobility, which permits the particles to assemble in the minimum free energy position, 

resulting in a hexagonally close-packed crystal. Unlike in direct assembly methods, one major 

factor in controlling the crystallization process is tuning the composition and nature of the 

subphase, for example, by changing the pH or adding electrolytes in the subphase. Four forces are 

critical in this crystallization process: capillary or flotation forces (long-range attractions) and van 
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der Waals (vdW) forces (short-range attraction), which are counterbalanced by electrostatic 

repulsion forces and dipole interactions. Lacking the electrostatic repulsion forces can result in 

disordered particle assembly. Therefore, tuning the nature of the subphase is critical to create a 

close-packed assembly 3,25,30. The nature of the substrate is less important in the liquid-interface 

mediated method, as the particle assembly is formed on the interface and subsequently transferred 

to the desired substrate 25. The particle size is another important parameter that can influence the 

self-assembly on the liquid-interface 31–33. The monolayer formation is complex for particles less 

than 100 nm in size compared to bigger particles. Smaller particles experience larger capillary 

attraction, and hence, they get easily aggregated. Therefore, the surfactant concentration must be 

adjusted to achieve fewer defects in assembling smaller NPs. 

 

Figure 1.3: Schematic illustration of particle monolayer fabrication. (a, b) addition of particle suspension 

on the air-water interface using a tilted glass slide. (c) formation of particle monolayer on the interface       

(d, e) transfer of monolayer by vertical lifting of the glass slide. Adapted with permissions from ref. 30.  

The fabrication of a one-dimensional chain is quite difficult due to the isotropic gravitational pull 

in the structure, which limits the formation of the assembly in a particular direction. Special 

methods, like surface relief grafting, modify the substrate and deposition process to enable the 

formation of a one-dimensional chain of particles. A Langmuir-Blodgett-based assembly of 1D 

particle array is shown in Figure 1.4 15. Initially, a 2D particle assembly is formed in the Langmuir–

Blodgett trough. By vertically immersing a substrate in the subphase, colloidal particle strings are 

developed at the contact line of intersection between the substrate and the floating particle 

monolayer 2,15. Recently, silver-coated hollow silica microspheres are assembled using the electric 

field-induced method to develop conductive one-dimensional particle chains. These particles are 
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connected through liquid bridges, and the formed 1D array can remain stable outside the 

synthesizing medium 34.   

Besides the development of simple architectures, more complex CCs, such as binary 35, ternary 

structures 36, size gradient - colloidal crystal 37, or supraparticle assembly 38,39 can also be formed. 

Moreover, functionalized and core-shell particle assemblies are also widely explored 2,14,22. 

 

Figure 1.4: (a) Schematic illustration of producing 1D particle strings from the 2D monolayer in Langmuir-

Blodgett trough. (b) SEM of the 1D colloidal crystal array. Adapted with permissions from ref. 15. 

Among the various materials available, self-assembled polymer CCs have significant advantages, 

such as cost-effectiveness, super hydrophobicity, and the possibility to tune geometric features like 

size and shape 40–42. The characteristics of the CCs depend on their architecture and the individual 

building blocks. From an application point of view, a fundamental understanding of the 

thermomechanical properties of these structures is inevitable. Notably, such information can help 

the structural engineering of the CCs for specific purposes 5,43. Employing Brillouin light scattering 

as a powerful, non-destructive optical tool in monitoring the acoustic vibrations of mesoscopic 

colloidal particles can determine the preferential conditions for the structural engineering of       

CCs 1,5,44. 

1.1.1 Applications of colloidal crystals 

Highly ordered colloidal crystals have shown great potential in nanolithography 3,25,45, coating 

systems 40,46–48, biomolecule separation 49, photonic devices 41 and materials engineering 2. 

Colloidal lithography, using particle monolayers as the lithographic masks, is a flexible and cost-
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effective method for the fabrication of nanostructures in long-range order. It has shown great 

potential in fabricating ordered arrays of nanoparticles, nanotips, nanovoids, nanowires, 

nanoholes, nanopillars, nanorings, and nanonets 50,51. Some examples are; electroless deposition 

based on polystyrene colloidal masks, which can generate copper nanogrid patterns; floating 

monolayers can generate silver sulfide nanonets on the air-water interface 2. Using colloidal 

monolayers, different shapes of metal nanoarrays can be created. Such ordered metallic arrays 

based on localized surface plasmon resonance are used to design sensors 52,53, photonic           

devices 54,55, and biochips 56. 

Similarly, three-dimensional CCs, due to the 26% void volume, are used as sacrificial templates 

to create 3D macroporous materials (3DOM) 57–59. Subsequently, 3DOMs are used as photonic 

crystals, sensors, fuel cells, catalysts, and drug-release materials 60–65. In addition to 3DOMs, CCs 

can directly be used as photonic bandgap materials 66,67. The perfectly coherent crystals on white 

light exposure give structural color due to Bragg diffraction, which plays a major role in designing 

sensors based on photonic crystals 68–71. Several bioinspired materials- bionic films and coatings 

mimicking the structural coloration in nature have been realized with self-assembled CCs 72–75. 

Moreover, the periodic arrangement of particles in CCs can allow or forbid the propagation of 

classical waves, realizing photonic crystals (PhCs), phononic crystals (PnCs), and plasmonic 

devices 55,76–81. 

1.1.2 Nano-scale soldering of CCs 

Self-assembled CCs are fragile since they are weakly bonded by short-range van der Waals (vdW) 

forces 1,2. Therefore, the particles can easily detach from the crystal structure under external stress. 

This is a critical issue that can limit the efficiency of devices made out of CCs, leading to the 

malfunctioning of these devices. Another major concern is the contamination caused by releasing 

fragile micro and nano components into the environment. This can accumulate in the body of 

aquatic organisms, resulting in their mortality, and can be life-threatening 82–84. Thus, colloidal 

crystals must be structurally robust for different applications 2. So far, several methods have been 

reported for producing robust polymer CCs, which include physical and chemical methods 1,19. 

Examples are: making core-shell architecture, plasma-assisted treatment, UV irradiation, thermal 

annealing, surfactant decoration, and chemical-assisted treatments 85–88. Thermal annealing below 

the glass transition (𝑇g) of polymer CCs is one of the most straightforward methods to achieve 
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strong bonding between particles in the self-assembled CCs. However, thermal annealing is not 

suitable for certain thermosensitive systems, where it can result in sample destruction.  

 

Figure 1.5: (a) Schematic illustration of the concept of cold soldering of PS CCs using supercritical fluids 

occurring at specific (𝑝, 𝑇) conditions. Adapted with permission from ref. 1.  

Cold soldering 1 based on the plasticization of polymer NPs by exposure to supercritical fluids at 

high pressure is a simple, low-cost, chemical-free, and homogeneous method for the fabrication of 

robust CCs. The term “cold” is used as the method does not require high-temperature treatments, 

which fall close to the glass transition range at normal conditions. In fact, cold soldering refers to 

the method of increasing NP-NP contact area using supercritical fluids at temperatures well below 

the glass transition (𝑇g) of the polymer. The schematic illustration of the concept of cold soldering 

of PS CCs is shown in Figure 1.5 1. Compared to different physical methods for the structural 

strengthening of CCs, cold soldering gives a global treatment that does not damage the CC by 

heating. Furthermore, the chemical methods, including pH-based assembly 89, surfactant-mediated 

assembly 38, and core-shell structures of polystyrene with silica/other polymers 90,91, lead to 

chemical modification of the CC, which is completely avoidable in our technique. Another 

advantage is that cold soldering does not require sophisticated instrumentation. It has been reported 

that thermal annealing of PS CCs at 348 K results in 12% increase of NP-NP contact area. 

However, CCs exposed to 200 bar Ar pressure at the same temperature show 280% increase in the 

contact area.  
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Table 1.1: Methods for preparing robust colloidal crystals - comparison 

Method Explanation Advantage Disadvantage 

Physical Methods 

Cold soldering 1 Using supercritical fluids -

based on gas plasticization 

2D/3D 

Homogeneous, simple and 

cheap laboratory method 

Global treatment, no 

chemical modification of 

sample. 

Works for polymer/soft 

colloidal crystals 

depends on solubility of 

gas, highly modulated 

elasticity. 

Thermal  

annealing 44,92,93 

Annealing within and above 

glass transition temperature to 

form  thick polymer films 

from colloidal 

mono/multilayers 

2D/3D systems 

 

Not good for 

thermosensitive systems, 

not homogeneous-local 

treatment 

Material destruction-

periodicity and shape 

being lost  

Unable to control the 

process 

Optical 

microlensing 94 

Illuminating the colloidal 

crystal sample with a pulsed 

laser beam 

2D/3D systems 

Local heating 

Non-homogeneous 

method, sample 

destruction under laser 

heating, difficult to 

control 

UV irradiation 95 Photochemical crosslinking of 

PS spheres 

2D/3D systems 

Chemical free 

Instrumentation 

Difficulty in controlling 

Chemical methods 

Surfactant-

mediated 38 

Non-ionic surfactant enhances 

mechanical stability. 

 Chemical modification 

of sample 

Crosslinking by 

organic ligands 96 

hydrogen/covalent-bonded 

hydroxyl groups to connect 

the colloidal particles, sample 

by dip-coating 

Characterization possible 

by pump-probe 

spectroscopy 

Not uniform method 

Haloing type 97 segregation of highly charged 

nanoparticles to regions near 

negligibly charged colloidal 

microspheres 

 Chemical nature of NP 

becomes different. 

Affects the chemical 

stability, No rigid 

contacts 

pH-based particle 

assembly 89 

Supraparticle assembly  Chemical modification 

Core-shell  

structure 90 

PS with other polymers Room temperature process Continuous film without 

voids 

PS-Silica core  

shell 91 

Sol-gel method to produce 

raspberry structures, altering 

the electrostatic surface 

interactions in core-shell 

 Not uniform, chemically 

modified structures 
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Additionally, the effective elastic modulus of CCs is almost doubled after the high-pressure-based 

treatment 1. Therefore, treating polymer colloidal crystals at preferential gas pressure and 

temperature conditions is a much more efficient method for structurally strengthening CCs. The 

advantages and disadvantages of different methods for preparing robust CCs are listed in Table 

1.1. 

1.2 Theory of elasticity 

The theory of elasticity deals with the deformation of a solid object under the application of any 

external forces. In this section, we describe the fundamental concepts of stress, strain, and elastic 

tensors 98. For infinitesimally small deformations on solid bodies, linear elasticity, i.e., Hooke’s 

law, can be applied.  

1.2.1 Strain tensor 

Consider any point P in a solid body, described by the position vector 𝐫 with coordinates given by 

𝑥𝑖 , where 𝑖 = 1,2,3. After the deformation, every point in the body undergoes displacement. Thus, 

the point P changes to P’, the initial position vector 𝐫 changes to 𝐫′ with coordinates 𝑥𝑖
′. The 

displacement vector is given by,  

𝐮 = 𝐫′ − 𝐫 (1.1) 

In terms of coordinates, 

𝑢𝑖 = 𝑥𝑖
′ − 𝑥𝑖, (1.2) 

where 𝑢𝑖 denotes components of the displacement vector.  

When the body is deformed, the distance between the points also changes. Consider any two 

adjacent points, and let d𝑥𝑖 give the position vector that joins them before deformation. The 

distance between these points is d𝑙 = √d𝑥1
2 + d𝑥2

2 + d𝑥3
2 = √d𝑥𝑖d𝑥𝑖. After deformation, the 

position vector becomes d𝑥𝑖
′ = d𝑥𝑖 + d𝑢𝑖 , and the distance between the points can be given as 

d𝑙′ = √d𝑥1
′2 + d𝑥2

′2 + d𝑥3
′2 = √d𝑥𝑖

′d𝑥𝑖
′, where the last transformation was obtained using the 

Einstein summation convention. Consequently:  

d𝑙′2 = d𝑥𝑖
′𝑑𝑥𝑖

′ = (d𝑥𝑖 + d𝑢𝑖)(d𝑥𝑖 + d𝑢𝑖) (1.3) 
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By substituting d𝑢𝑖 = (𝜕𝑢𝑖/𝜕𝑥𝑘)d𝑥𝑘, we can write eq. (1.3) as: 

d𝑙′2 = d𝑙2 + 2
𝜕𝑢𝑖
𝜕𝑥𝑘

d𝑥𝑖d𝑥𝑘 +
𝜕𝑢𝑖
𝜕𝑥𝑘

𝜕𝑢𝑖
𝜕𝑢𝑙

d𝑥𝑘d𝑥𝑙 . (1.4) 

In the second term on the right side of Eq. (1.4), the summation is taken over indices 𝑖 and 𝑘. And 

therefore, we can rewrite it as: 

𝜕𝑢𝑖
𝜕𝑥𝑘

d𝑥𝑖d𝑥𝑘 =
𝜕𝑢𝑘
𝜕𝑥𝑖

d𝑥𝑖d𝑥𝑘 (1.5) 

By interchanging 𝑖 and 𝑙 in the third term of Eq. (1.4), we obtain the final form for d𝑙′2 as: 

d𝑙′2 = d𝑙2 + 2𝑢𝑖𝑘d𝑥𝑖d𝑥𝑘 (1.6) 

where, 𝑢𝑖𝑘 is the second-order strain tensor defined by: 

𝑢𝑖𝑘 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑘

+
𝜕𝑢𝑘
𝜕𝑥𝑖

+
𝜕𝑢𝑙
𝜕𝑥𝑘

𝜕𝑢𝑙
𝜕𝑥𝑖
). (1.7) 

Neglecting the second order term in Eq. (1.7) we obtain: 

𝑢𝑖𝑘 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑘

+
𝜕𝑢𝑘
𝜕𝑥𝑖
). (1.8) 

The strain tensor can be represented as a 3 × 3 matrix given by: 

𝑢𝑖𝑘 = (

𝑢11 𝑢12 𝑢13
𝑢12 𝑢22 𝑢23
𝑢13 𝑢23 𝑢33

) (1.9) 

Note that the strain tensor is symmetric (𝑢𝑖𝑘 = 𝑢𝑘𝑖) and it can be diagonalized at any given point. 

Such obtained diagonal components 𝑢11, 𝑢22, 𝑢33 are called principal values of strain tensor and 

can be named as 𝑢(1), 𝑢(2), and 𝑢(3). The distance d𝑙′2 can then be expressed by the sum of three 

independent terms: 

d𝑙′2 = (𝛿𝑖𝑘 + 2𝑢𝑖𝑘)d𝑥𝑖d𝑥𝑘 = (1 + 2𝑢
(1))d𝑥1

2 + (1 + 2𝑢(2))d𝑥2
2 + (1 + 2𝑢(3))d𝑥3

2, (1.10) 

where 𝛿𝑖𝑘 = 1 (𝑖 = 𝑘) or = 0 (𝑖 ≠ 𝑘) is the Kronecker delta function.  

The relative change of elongation along 𝑖-th principal axis is given by: 
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d𝑥𝑖
′ − d𝑥𝑖
d𝑥𝑖

= √1 + 2𝑢(𝑖) − 1 ≈ 𝑢(𝑖). (1.11) 

Eq (1.11) is valid for small deformations in the body. With that approximation, the relative volume 

change of an infinitesimally small volume, d𝑉 →  d𝑉′ is given as the sum of the diagonal 

components (trace) of the strain tensor: 

d𝑉′ − d𝑉

d𝑉
= 𝑢𝑖𝑖 = 𝑢11 + 𝑢22 + 𝑢33. (1.12) 

 

1.2.2 Stress Tensor  

For a solid body that is not deformed, the arrangement of molecules remains in a state of thermal 

equilibrium. The molecular arrangement changes from the initial equilibrium condition when the 

body is deformed. Therefore, internal forces arise which tend to restore the initial state. These 

restoring forces associated with deformation are called internal stresses. They are short-range 

forces acting only with the neighboring points. 

Consider a closed volume 𝑉; the total internal force acting on all volume elements in the body is 

expressed as ∫𝐹𝑖d𝑉, where 𝐹𝑖 is the force per unit volume. According to Newton’s third law, the 

internal forces within the volume cancel each other, and the resultant force can be written as the 

sum of the forces acting on the surface. Therefore, 𝐹𝑖 can be expressed as the divergence of a 

second-order tensor: 

𝐹𝑖 =
𝜕𝜎𝑖𝑘
𝜕𝑥𝑘

. (1.13) 

The resultant force can be written as an integral over the closed surface bounded by the volume: 

∫𝐹𝑖d𝑉 = ∫
𝜕𝜎𝑖𝑘
𝜕𝑥𝑘

d𝑉 = ∮𝜎𝑖𝑘d𝑓𝑘 , (1.14) 

where d𝑓𝑘 is the surface element vector normally directed outward and 𝜎𝑖𝑘 is the Cauchy stress 

tensor. The stress tensor is also symmetric, which means 𝜎𝑖𝑘 = 𝜎𝑘𝑖. The six independent 

components of the stress tensor are represented in a matrix form: 

𝜎𝑖𝑘 = (

𝜎11 𝜎12 𝜎13
𝜎12 𝜎22 𝜎23
𝜎13 𝜎23 𝜎33

) (1.15) 
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where, 𝜎11, 𝜎22,𝜎33 are the normal components that result in the dilation or contraction of the 

body, while 𝜎12, 𝜎13,𝜎23 are the shear components leading to the change of shape of the body. 

The work 𝛿𝑊 for performing a deformation is related to a change of strain as: 

𝛿𝑊 = −𝜎𝑖𝑘𝛿𝑢𝑖𝑘 . (1.16) 

If the deformation of the body is small, it can return to its original state when the external forces 

are removed. Such deformation is called an elastic one. However, if the body continues to stay 

deformed even after the removal of the external forces, it is called plastic deformation. 

For a reversible, elastic deformation, the Helmholtz free energy is given as 𝐴 = 𝑈 − 𝑇𝑆, where 𝑇 

is the temperature, 𝑆 is the entropy, and 𝑈 internal energy of the system. Considering an 

infinitesimal change in internal energy gives 𝑑𝑈 = 𝑇d𝑆 − 𝛿𝑊 = 𝑇d𝑆 + 𝜎𝑖𝑘𝛿𝑢𝑖𝑘. 

For the elastic isothermal process, the strain and stress are related to the Helmholtz free energy,  

𝜎𝑖𝑘 = (
𝜕𝐴

𝜕𝑢𝑖𝑘
)
𝑇

. (1.17) 

1.2.3 Hooke’s law 

For a perfectly elastic body, generalized Hook’s law states that each component of the stress tensor 

is linearly related to each component of the strain tensor 99: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝑢𝑘𝑙, (1.18) 

Here, 𝐶𝑖𝑗𝑘𝑙 are components of a fourth-rank stiffness tensor having 34 = 81 components. 

Considering the stress and strain symmetry, 𝐶𝑗𝑖𝑘𝑙 = 𝐶𝑖𝑗𝑘𝑙 and 𝐶𝑖𝑗𝑙𝑘 = 𝐶𝑖𝑗𝑘𝑙, the number of 

components reduces to 62 = 36. The elastic tensor is symmetric, therefore, it can be further reduced 

to 21 independent components. 
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The Hooke’s law can be written in the matrix form: 

(

  
 

𝜎11
𝜎22
𝜎33
𝜎23
𝜎13
𝜎12)

  
 
=

(

 
 
 
 

𝐶1111 𝐶1122 𝐶1133
𝐶2222 𝐶2233

𝐶3333

𝐶1123 𝐶1113 𝐶1112
𝐶2223 𝐶2213 𝐶2212
𝐶3323 𝐶3313 𝐶3312

Symmetric

𝐶2323 𝐶2313 𝐶2312
𝐶1313 𝐶1312

𝐶1212)

 
 
 
 

(

  
 

𝑢11
𝑢22
𝑢33
2𝑢23
2𝑢13
2𝑢12)

  
 

 (1.19) 

or in the Voigt notation 100–102: 𝐶𝑖𝑗𝑘𝑙 → 𝐶𝐾𝐿(𝑖𝑗 → 𝐾, 𝑘𝑙 → 𝐿;  𝐾, 𝐿 = {1, 2, . . . ,  6}):  

(

  
 

𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6)

  
 
=

(

 
 
 
 

𝐶11 𝐶12 𝐶13
𝐶22 𝐶23

𝐶33

𝐶14 𝐶15 𝐶16
𝐶24 𝐶25 𝐶26
𝐶34 𝐶35 𝐶36

Symmetric

𝐶44 𝐶45 𝐶46
𝐶55 𝐶56

𝐶66)

 
 
 
 

(

  
 

𝑢1
𝑢2
𝑢3
𝑢4
𝑢5
𝑢6)

  
 

 (1.20) 

The reduction of the independent components of the elastic tensor depends on the symmetry 

considerations for different crystallographic classes. In the general case, for an elastic isotropic 

body, the elastic tensor has the form: 

𝐶𝐾𝐿 =

(

 
 
 

𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0
0 0 0 0 0 𝐶44

 

)

 
 
 

 (1.21) 

In fact, the two non-zero components hold the relation, 𝐶11 = 𝐶12 + 2𝐶44. The two independent 

components can be identified as Lamé coefficients, defined as: 𝐶12 = 𝜆
′ and 𝐶44 = 𝜇

′. Here, 𝐶11 

is called the longitudinal modulus. The shear modulus 𝐺 is given by: 

𝐺 = 𝜇′ = 𝐶44. (1.22) 

The bulk modulus 𝐵 gives the material’s resistance to uniform compressions: 

 
 

𝐵 = 𝜆′ +
2

3
𝜇′, (1.23) 

where, 𝐵 is defined as the ratio of the hydrostatic pressure to the fractional volume change.  
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The Young’s modulus 𝐸, known as tensile modulus, gives the ratio of longitudinal stress to the 

longitudinal strain: 

𝐸 =
9𝐵𝐺

3𝐵 + 𝐺
 (1.24) 

The Poisson’s ratio 𝜈 gives the ratio of lateral strain to the longitudinal strain: 

 
 

𝜈 =
3𝐵 − 2𝐺

2(3𝐵 + 𝐺)
=
𝐸

2𝐺
− 1 (1.25) 

 

1.3 Vibration spectroscopy of colloidal crystals 

The acoustic vibrations of colloidal spheres can be determined by inelastic light scattering 103–105 

or pump-probe techniques 106,107. While Raman scattering 108,109 can access the vibrations of 

smaller particles (𝑑 < 100 nm), BLS 22,110,111 can measure the vibrational dynamics of mesoscopic 

colloids (size of a few hundred nanometers). 

1.3.1 Lamb modes in spherical particles 

Horace Lamb developed the theoretical description of the vibrational modes in free homogeneous 

spheres in 1881 112. These eigenmodes are classified as torsional and spheroidal modes and are 

indicated by three indices (𝑛, 𝑙,𝑚), where (𝑛) refers to the radial and (𝑙,𝑚) the angular 

dependence of the displacement field. Similar vibrational modes have been discovered in giant 

spheres like Earth 113. Torsional modes are fully tangential. Therefore, it involves only pure shear 

motion and no radial displacement. Torsional modes do not contribute to the BLS intensity 111,114. 

Spheroidal modes exhibit both shear and stretching motion. Hence, they are indicated by two 

indices (𝑛, 𝑙), where (𝑛 = 1, 2, 3,…) and (𝑙 = 0, 1, 2,…). Spheroidal modes with 𝑙 = 0 have purely 

radial displacement, and are called breathing modes. Figure 1.6 schematically illustrates breathing 

(1, 0), dipolar (1, 1) and quadrupolar (1, 2) spheroidal Lamb modes.  

To date, BLS selection rules for spheroidal modes have been modified several times. Duval 

proposed that for particles smaller than the excitation wavelength (𝑑 ≪ 𝜆), only 𝑙 = 0, 2 are Raman 

active 115. According to Li et. al. for (𝑑 ≈ 𝜆), only even spheroidal modes are Brillouin active 116. 

Recently, Montagna reported that, from the theory of Brillouin scattering, for particles having size 

comparable to the excitation wavelength (𝑑 ≈ 𝜆), all spheroidal modes are Brillouin active 111,114. 
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The Brillouin active spheroidal modes have a frequency close to the phonon frequency in the bulk 

material, 𝜔(𝑛, 𝑙) = 2𝜋𝑓(𝑛, 𝑙)~𝑞𝑣l, where, 𝑞 is the phonon wavevector and 𝑣l is the longitudinal 

sound velocity. The intensity of each (𝑛, 𝑙) mode is acquired as the sum of the intensities of 2𝑙 + 1 

components 114. An example of the BLS spectra obtained for silica CC with eigenmodes assigned 

are given in Figure 1.7 110. 

The intensity of a specific mode (𝑛, 𝑙) depends on the product 𝑞𝑅, where 𝑅 =
𝑑

2
, is the radius of 

the spherical particle. This relation shows that a distinct 𝑞 - dependence is observed for the BLS 

spectra of all spherical particles. However, experimentally for dry colloidal opals, 𝑞- dependence 

is lost due to the strong multiple scattering from the particles 110. The 𝑞 - independent BLS 

measurements, based on the frequency of the vibrational mode, can provide information on the 

mechanical properties of colloidal spheres, as described in this thesis.  

 

Figure 1.6: Illustration of (a) breathing, (b) dipolar, and (c) quadrupolar spheroidal Lamb modes. 

Solving the wave equation for the elastic spheres, the frequency of the eigenmodes is obtained 

from the formula:  

𝑓(𝑛, 𝑙) =
𝐴𝑛,𝑙𝑣T
𝑑

, (1.26) 
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where 𝐴𝑛,𝑙 is the dimensionless factor that depends on Poisson’s ratio, 𝑣T denotes transverse 

velocity, and 𝑑 is the diameter of the spherical particle. The sound velocity can be connected to 

the shear modulus as: 

𝐺 = 𝜌𝑣T
2, (1.27) 

Therefore, the vibrational frequencies depend on the particle diameter 𝑑, the mass density 𝜌 and 

the modulus of elasticity. Obtaining the eigen frequencies by appropriate theoretical fits of the 

observed peaks in the BLS spectra, the mechanical properties can be ascertained 44,104.  

 

Figure 1.7: (a) BLS spectra of silica NPs measured at different scattering geometries. Comparison of 

experimental (black lines) and theoretical (blue lines) BLS spectra for (b) silica CCs of 354 nm diameter. 

The red lines show the individual contributions from various eigenmodes. Adapted with permissions from 

ref. 110. 

1.3.2 Colloidal crystals as phononic crystals 

The possibility to control and manipulate classical waves propagating through periodic structures 

emerged as one of the most exciting developments of Modern Physics 117,118. "Photonic crystals 

(PhCs)," which enable the controlled propagation of optical waves through periodic dielectric 

changes, were first developed as a result of Yablonovitch and John's study on the inhibited 

emission of photons in 1987 119,120. These structures are of great interest because they can prevent 

light traveling in certain directions at specific frequencies, creating "photonic band gaps" 77. 

Similarly, "phononic crystals (PnCs)" - the elastic analog of PhCs, allow the propagation of elastic 

or acoustic waves at specific frequencies (pass band) through periodic modulation of elastic moduli 

or mass densities 5,117,121. The band gap in PnCs arises from the destructive interference of 
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diffracted waves in periodic structures, known as the "Bragg gap". For an isotropic medium, the 

propagation of acoustic waves depends on Lame's coefficients and material density, in contrast to 

electromagnetic waves, where it depends on just one parameter, the dielectric constant 5. 

Phonons are produced by the random thermal vibrations of atoms in the material and are the major 

heat carriers in dielectrics. As a result, many crucial scientific phenomena involving heat transfer 

and coupling of phonons with photons and electrons can be studied using phononic crystals, with 

the ability to control the flow of acoustic waves 5. Recently, hypersonic PnCs, where elastic wave 

propagation occurs in the GHz frequency range, have attained much attention in research 79,122–125. 

The intense photon-phonon interactions in this frequency regime triggered several communication 

and information technologies applications.  

The fabrication of hypersonic PnCs is particularly demanding, as the periodic pattern should scale 

in the sub-micrometer range. The advances in nanofabrication and multifunctional materials have 

enhanced the construction of periodic structures for PnCs 122. For instance, holographic 

interference lithography can be used to produce polymer hypersonic PnCs 124,126. Self-assembly is 

another intriguing method that enables relatively easy and affordable fabrication approaches for 

2D and 3D high-quality large-area CCs. CCs with well-defined periodic patterns can provide 

outstanding phononic characteristics. The domain of potential phononic materials can be enriched 

by using binary or ternary crystals or by altering the interstitial spaces between the particles in the 

CCs 127. 

The hypersonic bandgap was first reported by Cheng et al. 76. The sample was a dry PS colloidal 

opal film prepared by the vertical lifting of the glass substrate from the particle suspension. Due 

to the strong multiple scattering from dry colloidal opals, the Brillouin spectra of such samples 

were 𝑞-independent. This is caused by the high elastic form factor and significant optical contrast 

(large difference in refractive index) of polystyrene with the surrounding air. Therefore, it was 

impossible to measure the phonon dispersion relation 𝜔(𝑞). The subsequent dry samples can be 

infiltrated with a viscous, non-evaporative (inert for PS) liquid to avoid numerous scattering effects 

and achieve a well-defined scattering wave vector magnitude (𝑞). 

The Bragg gap develops due to the band folding, which was represented by splitting a single 

Brillouin peak into a doublet across the Brillouin Zone (BZ) boundary. The discovered 

longitudinally polarized phonon dispersion relation revealed a 0.4 GHz wide Bragg gap at 5 GHz. 

The propagation of phonons within this frequency range was forbidden. The absence of particle 
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modes after infiltration concentrated on the hybridization gap between continuum acoustic band 

and resonance band (𝑙=2). This occurred due to the system components' poor elastic contrast and 

the significant dissipation of elastic energy into the liquid medium 128. The periodic structure 

length, which should be in the order of the phonon wavelength, determines whether the Bragg gap 

forms. If it is equal, the scattered acoustic waves interfere constructively, and the incident wave is 

fully reflected, which opens the phononic gap 5. The width of the Bragg gap was increased by the 

elastic mismatch between the particles and the fluid.  When PS (refractive index, n =1.59) dry 

opals were infiltrated by PDMS (𝑛 = 1.41) instead of silicon oil (𝑛 = 1.45), the increase in the 

Bragg gap was observed. Direct measurement using BLS in these structures can address the 

phonon propagation and dissipation issues 76. 

Several studies on the phononic properties of mesoscopic particles were reported using high-

resolution BLS, which gives access to resonance modes of particles and dispersion relations of 

particle assemblies in a liquid host. The hypersonic bandgap in 2D colloidal crystals was 

subsequently reported 129. In addition to the Bragg gap, the experimental realization of the 

hybridization gap (HG) was obtained in several systems. The first mention of this is in the BLS 

experiments of colloidal suspensions 130,131 but demonstrated in PS and PMMA wet colloidal opals 

infiltrated by PDMS 132. This gap originates from the interaction between the bands of quadrupolar 

eigenmode (𝑓12) and the effective medium. In order to check the sensitivity of phononic gaps on 

the disorder, hybrid colloidal systems were investigated by BLS. Non-crystalline films of PS 

spheres - binary mixtures with two different diameters in various compositions were investigated, 

and the BLS spectra showed the superposition nature of the individual components. Interestingly, 

HG sustains and is inert to the structural disorder, but BG disappears, which is in accordance with 

the origin of gaps. BG occurs as the effect of crystal structure, whereas HG is dependent on particle 

resonances unmodified by the sphere arrangements. These materials may have potential 

applications in vibration isolators and acoustic shields 5. 

1.3.3 Core-Shell structures 

Recently, polymer-based colloidal composites have gained much attention in research. The 

vibrational modes of the individual spheres depend on the structural and geometrical features. Still 

et al., for the first time, reported the vibrational modes of core-shell structures using Brillouin light 

scattering 14. The sample was sub-micrometer SiO2-PMMA core-shell spheres with a constant core 
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radius but variable shell thickness. BLS can investigate all of the accessible thermally stimulated 

vibrational modes in a single experiment.  

Figure 1.8 displays BLS spectra of bare silica and core-shell particles with increasing shell 

thickness. The orange spheres represent the experimental frequency values, whereas the blue lines 

show the theoretical values; both are in agreement with one another. Only two resonance modes 

were observed for SiO2 spheres. However, with the increase of PMMA shell thickness, the BLS 

spectra got richer, and more modes were observed. The increase in resolved vibrational modes 

with particle diameter 𝑑 is dependent on the product 𝑞𝑑. In the case of strong multiple scattering, 

𝑞 is taken as twice the back-scattering vector 𝑞 ≈ 2 𝑘𝑖. Therefore, the detected modes increase by 

a factor of (2𝑘𝑖𝑑) 
111. 

 

Figure 1.8: (a) Brillouin spectra of SiO2 and SiO2-PMMA core-shell particles. The enlarged view of Stokes 

side given in (a) for (b) bare silica (c-e) core-shell spheres with variable PMMA thickness. (f) comparison 

of experimental and theoretical frequency values. Adapted with permissions from ref. 14.  

The sound velocities of the silica spheres are calculated from the experimental and theoretical data, 

which are significantly lower than the bulk values indicating the porosity of silica spheres. Thus, 

the BLS experiment becomes a necessary tool to avoid the wrong calculation assumptions. 

Usually, the experimental results are verified with theoretical calculations to generate a better 

fitting of the results. This agreement allowed the calculation of elastic constants and core density 

in hybrid structures. An exciting increase in the elastic moduli was observed in core-shell 
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structures. The nature of hollow capsules of PMMA after dissolving the silica core was also 

studied, and it verified that the elastic constants are not affected by the removal of the core. These 

studies can be extended to selectively nanostructured colloids 14. 

Several core-shell particles were investigated via BLS 133,134, tailoring their thermomechanical 

properties, such as glass transition, surface softening, and elasticity, by varying the shell layers. 

PS-PMMA (high 𝑇g shell)  core-shell structure exhibited an increase in the elastic modulus by shell 

thickness, whereas a reverse effect is observed in the PS-PBMA (low 𝑇g shell) particles 133. Also, 

BLS together with the computational methods, determined the elastic properties and vibrational 

modes of elongated PS spheres (spheroids) 78 in the class of anisotropic colloidal crystals. 

1.3.4 Temperature-dependence of vibrational modes 

Recently, temperature-dependent BLS emerged as a powerful tool for the observation of glassy 

dynamics in polymer materials under three-dimensional confinement. The eigenmodes revealed 

the glass transition temperature and gave strong evidence for the existence of a mobile surface 

layer 44. Dry colloidal crystals made of polystyrene nanoparticles of different sizes were measured 

at various temperatures, starting from room temperature to above the point of glass transition. The 

trend in the vibration modes lead to the first observation of softening temperature - the point at 

which the temperature-dependent fundamental vibrational frequency 𝑓12 reverses the slope just 

below the glass transition. Interestingly, the glass transition temperature is identified by the point 

where the vibrational modes disappear. The 𝑓12 is dependent on the spherical symmetry and elastic 

parameters of the particles. Beyond this, another mode of vibration given by interaction-induced 

mode 𝑓11was identified, which expresses the interparticle interactions in a crystal and is dependent 

on the thermal properties of particles.  

A trend in BLS spectra of 𝑑 =141 nm sized PS particles is shown in Figure 1.9, where the 

fundamental vibrational modes distinctly show the peak broadening and split with increased 

temperature. This behavior was attributed to the interaction between the particles. As shown in the 

spectrum obtained at 𝑇 = 296 K, 𝑓12 was fitted with a double Lorentzian function and identified as 

2𝑓1 − 𝑓2 as the exact frequency value. The interaction-induced mode is well represented by 

𝐼𝑓2(𝑓), which also represents the frequency shifts, broadening of the peak, and split. It is more 

relevant from Figure 1.9c, where the frequency decreases with temperature, and at a certain point, 

it starts increasing, identified as the softening temperature. The normalization process for various 
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particles is done by plotting 𝑓𝑑 vs.𝑇. Thus, this method can be an interesting approach to identify 

the glass transition as well as the elastic modulus of nanoparticles. 

 

Figure 1.9: (a) BLS spectra of PS NPs of diameter 𝑑 =141 nm measured at various temperatures (b) 

Normalized power spectra representing interaction induced mode of vibrations in particles (c) Temperature 

dependence of 𝑓11 (black open circle) of dipolar mode and 𝑓1, 𝑓2 (black and red solid circles) of quadrupolar 

mode 𝑓12. The blue solid squares stand for the longitudinal sound velocity (𝑣l) for the PS-141 film annealed 

at 393 K. The blue shaded line region show the softening temperature (𝑇s), and the point at which the 

eigenmodes vanish corresponds to the glass transition temperature (𝑇g). Adapted with permissions from 

ref. 44.  

BLS was also used to explore the shape persistence of the particle core within a core-shell colloidal 

sphere 135. A silica shell of some tens of nm surrounding a polymer core protects the core from 

changing its shape at a temperature above the glass transition. This was verified by a temperature-

dependent eigenmode measurement in BLS. The SiO2 shell acted as a nano armor for PS polymer 

core above the glass transition, and the mechanical rigidity of the core is improved compared to 

bare particles. Thus, BLS can provide the single sphere mechanical properties in a colloidal crystal. 

The eigenmode spectra of the temperature-dependent BLS measurements of core-shell structures 

are shown in Figure 1.10. The quadrupolar mode frequency 𝑓12 was highly intense, which was 

quite similar to the bare PS particles spectra. This was visible even after the melting above its 𝑇g 

and cooling down to room temperature. This proved the shape persistence of the core particle 

within the shell, which is accompanied by the enhancement of rigidity above its 𝑇g.  
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Figure 1.10: (a) Eigenmode spectra of PS-SiO2 core-shell spheres before and after heating above the glass 

transition temperature. (b) SEM images of the CCs before and after heating and cooling to room 

temperature. Adapted with permissions from ref. 135.  

1.3.5 Mechanical reinforcement of PS CCs by supercritical fluids 

Technological applications and processes based on polymer CCs demand the optimization of its 

properties like glass transition temperature (𝑇g) and elastic moduli. It has been reported that, at the 

nanoscale, the glass transition temperature of the polymer changes when compared to the bulk 44. 

This phenomenon depends on the interfacial effects, which are influenced by environmental 

change. In other words, the increase in particle interactions and contact area influences the 

modulation of 𝑇g 
136–138. Significantly, the existence of a mobile surface layer on polymer thin 
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films occurring at the so-called softening temperature (𝑇s), plays a major role in  deviating  𝑇g with 

nanoconfinement 44,139–141. As previously reported, several gases, including nitrogen, carbon 

dioxide, and hydrofluorocarbons, can change the 𝑇g of bulk polymers by exposing polymers to 

their supercritical form at high pressure 142,143. An illustration of the supercritical phase of Ar gas 

above the critical point of temperature and pressure is shown in Figure 1.11 144. Note that, above 

150 K and 48.7 bar, Ar gas is in its supercritical phase. 

 

Figure 1.11: Phase diagram (pressure-temperature) of Ar gas. The region above the critical point, above 

its critical temperature and critical pressure (48.7 bar, 150 K), is considered as the supercritical fluid phase. 

Adapted with permissions from ref. 144. 

Employing Brillouin light scattering (BLS), the influence of supercritical Ar and N2 at high 

pressure on the 𝑇s and 𝑇g of PS NPs (diameter, 𝑑 = 268 nm) in the self-assembled CC is 

investigated 1. In Figure 1.12, the frequencies of vibrational modes (1,1) and (1,2) of the NPs are 

shown as a function of temperature at specific gas pressure conditions. The temperature is 

increased from 300 K (room temperature, RT) at a rate of 0.25 K min-1 to a higher temperature 

greater than the 𝑇g of bulk PS (373 K). The observed turnover in the slope of 𝑓1,1and 𝑓1,2, represents 

the softening temperature, 𝑇s. As previously mentioned, the formation of the mobile surface layer 

starts at this temperature. Above this temperature, PS NPs experience stronger physical   

interaction 44, which is shown by the steep increase of 𝑓1,1and 𝑓1,2. The 𝑇g of PS NPs is identified 

as the point where the vibrational modes disappear in the BLS spectra, because after attaining 𝑇g, 

PS NPs lose their spherical shape and form a continuous PS film.  
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Figure 1.12: The temperature dependence of the frequency of vibrational modes of PS CCs of diameter 

268 nm at (a) 1 bar air (b) 400 bar N2 gas and (c) 400 bar Ar gas. The turnover in the trend of frequencies 

gives the softening temperature (𝑇s) and the point above which the mode disappears gives the glass 

transition temperature (𝑇g). (d) Schematic illustration of the response of PS CCs when exposed to 

temperature-assisted gas pressure treatments. Adapted with permissions from ref. 1. 

From Figure 1.12a, at ambient room conditions (1 bar air), the observed 𝑇s = 344 ± 3 K and 𝑇g =

367 ± 3 K. However, the exposure to 400 bar of N2 gas decreases these values to, 𝑇s = 335 ± 3 

K and  𝑇g = 360 ± 3 K, as shown in Figure 1.12b. Similarly, the exposure to 400 bar Ar gas (Figure 

1.11c) results in a bigger drop of 𝑇s to 𝑇s = 322 ± 3 K and of 𝑇g to 𝑇g to 351 ± 3 K. At first 

glance, one can expect that 𝑇g should increase with pressure due to the decrease of polymer-free 

surface with plasticization. Also, as reported in the literature, the 𝑇g of bulk PS increases by about 
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13 K after exposure to 400 bar hydrostatic pressure 145. Therefore, the reduction of 𝑇g with the gas 

pressure can be assigned to a gas-specific behavior, because supercritical fluids can behave as 

solvents for polymers and can result in their plasticization. Plasticization of PS NPs results from 

the gas diffusion, which is more pronounced in Ar than in N2 gas. In general, the gas diffusion can 

increase the free volume in polymers and can modulate the thermo-mechanical properties 146–148.  

The schematic representation of the response of PS CCs exposed to specific (𝑝, 𝑇) conditions is 

given in Figure 1.12d. At ambient room conditions (1 bar air), NPs are weakly bonded by van der 

Waals interactions. Typically, the increase in temperature above 𝑇s, results in the formation of a 

mobile surface layer as represented by a core-shell-like structure. Further increase in temperature 

above 𝑇g, results in the coalescence of NPs forming a continuous bulk film. With the application 

of hydrostatic gas pressure, this process can be fastened.  

At ambient room temperature and applied high pressure, the NPs are elastically deformed due to 

hydrostatic compression, increasing the particle contact area. However, in these conditions, this 

effect is completely reversible. When the temperature rises at high applied pressure, the gas 

diffusion inside the PS NPs also increase, resulting in the plasticized surface layer. Note that the 

core-shell nature of NPs is more pronounced, and the 𝑇s is lower compared to the ambient pressure 

condition. The synergistic combination of plasticization of PS NPs by gas pressurization and 

hydrostatic compression results in the permanent soldering of NPs. However, the shape and 

periodic arrangement of NPs are maintained in this soldering phase. Therefore, the region in 

between 𝑇s and 𝑇g (grey shaded region in Figure 1.12c) can be identified as the soldering phase of 

the PS NPs. The region below the 𝑇s is the glassy phase and above the 𝑇g is the rubbery phase 1. 

Note that in the soldering phase, 𝑇g of the outer shell is modified with gas pressurization, while 

the core remains in the glassy state.  

Figures 1.13a, b represent the preferential (𝑝, 𝑇) conditions for the soldering of PS NPs using 

supercritical N2 and Ar, respectively. As described in the previous section, 𝑇s and 𝑇g of PS CCs 

are modified with different temperature-assisted-pressure treatments. For both gases, we can 

identify three regions: below the 𝑇s, PS CCs are in the glassy state; in between 𝑇s and 𝑇g, PS CCs 

are in the soldering phase, and above 𝑇g,  in the rubbery state. The dashed lines in Figure 1.13a and 

b represent the calculated 𝑇g of PS solely due to the hydrostatic compression, excluding the effect 

of plasticization 145. For both the gases, 𝑇s and 𝑇g decreases down to a certain cross-over pressure. 
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The diffusion of gases inside the polymer increases with the applied pressure and hence also the 

plasticization efficiency. However, above the crossover pressure, hydrostatic compression 

dominates over plasticization. In the phase diagram for N2 gas (Figure 1.13a), the crossover 

pressure is at about 700 bar, for which 𝑇s and 𝑇g are identified to be 320 ± 3 K and 356 ± 3 K, 

respectively. In the case of Ar gas (Figure 1.13b) used as the plasticizer, the crossover occurs at a 

higher pressure of about 850 bar. The corresponding 𝑇s and 𝑇g are  identified to be 303 ± 3 K and 

337 ± 3 K, respectively. The above result confirms that the soldering of PS CCs using supercritical 

Ar is more efficient than N2, because it can be performed at lower temperatures (close to RT) and 

still at reasonable pressure (850 bar).  
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Figure 1.13: Pressure-temperature phase diagram showing the preferential (𝑝, 𝑇) conditions of soldering 

(grey shaded region) for (a) N2 and (b) Ar gas pressurization in PS CCs of diameter 268 nm. (c) SEM images 

of PS CCs represented after the Ar pressure treatments corresponding to the (𝑝, 𝑇) conditions marked in 

(b). Adapted with permissions from ref. 1. 

Figure 1.13c shows the SEM images of PS CCs after the temperature-assisted gas pressure 

treatments at specific (𝑝, 𝑇) conditions, as given in Figure 1.13b. Notably, the samples treated at 

conditions corresponding to the glassy state of PS CCs (labeled as D and E) appear similar to the 

pristine sample (labeled as A). Contrarily, the samples treated at (𝑝, 𝑇) conditions favorable for 

soldering (labeled as B, C, G, F, H, I) exhibit enhanced NP-NP contacts. From the example of 

temperature treatment at 1 bar, soldering is also possible at a higher temperature. However, more 

efficient soldering occurs when gas plasticization is included. It is to be noted that above 700 bar 

(samples H and I), the NPs deform to a hexagonal shape. 

1.4 Thesis Outline  
 

This thesis is divided into seven chapters. Chapter 1 is an introduction to the basics of colloidal 

assembly, the theory of elasticity, and a literature review on the vibrational analysis of colloidal 

crystals. Chapter 2 discusses the basics of Brillouin light scattering theory and instrumentation. 

Chapters 3 to 7 give a discussion of experimental results. Chapter 3 addresses the synthesis and 

characterization of polystyrene CCs. Chapter 4 illustrates the evaluation of the elastic properties 

of supercritical gases at high pressure. Chapter 5 discusses the PS CCs exposed to supercritical He 

gas. Chapters 6 and 7 report the analysis of PS CCs exposed to supercritical Ar and N2, 

respectively.  Finally, a conclusion and outlook are provided. 

The concepts discussed in Chapters 3 – 7 are the elaborated version of the following publication: 

 

 Jeena Varghese, Reza Mohammadi, Mikolaj Pochylski, Visnja Babacic, Jacek Gapinski, Nicolas 

Vogel, Hans-Juergen Butt, George Fytas, Bartlomiej Graczykowski, Size-dependent nanoscale 

soldering of polystyrene colloidal crystals by supercritical fluids, Journal of Colloid and Interface 

Science 633 (2023) 314–322. https://doi.org/10.1016/j.jcis.2022.11.090  

 

 

 

https://doi.org/10.1016/j.jcis.2022.11.090


42 
 

Chapter 2 

Brillouin Light Scattering 
 

For an elastic medium having spatial periodicities in the sub-micrometer range, the acoustic waves 

propagate in the hypersonic frequency regime. Conventional ultrasonic transducer-based methods 

are not feasible in the measurement of such high-frequency elastic waves. In this regard, Brillouin 

spectroscopy has achieved a prominent place in the investigation of photon-phonon interactions in 

nanoscale systems 5,43,79,149. Brillouin Light Scattering (BLS), as a powerful nondestructive and 

contactless optical tool, allows the investigation of acoustic phonons in the GHz regime. Here, we 

discuss the spontaneous type scattering in which the incident photons are inelastically scattered by 

the thermally populated acoustic phonons. Let us consider the theory of light scattering and the 

experimental setup in this section.  

2.1 Theory of light scattering 

Since this thesis deals with the Brillouin light scattering in condensed matter, we consider the 

classical description of light and the scattering medium. The optical property of an isotropic 

medium can be described in terms of dielectric constant 휀. However, the real media will have 

random fluctuations in the local dielectric constant due to the thermal motion of molecules in the 

medium. Taking into account the possible anisotropy introduced in the media due to the 

fluctuations, a general description of the local dielectric constant can be given as: 

𝛆(𝐫, 𝑡) = 휀𝐈 + 𝛿𝛆(𝐫, 𝑡) (2.1) 

where 𝛿𝛆(𝐫, 𝑡) is the dielectric fluctuation tensor at the position r and time t, 휀 is an average 

dielectric constant (refractive index 𝑛r = √휀), and 𝐈 is the second-rank unit tensor. 

Considering the scattering of a plane wave with electric field amplitude 𝐸0, angular frequency 𝜔i, 

and the incident wave vector 𝐤i, the incident electric field can be given 22,150 as: 

𝐄i(𝐫, 𝑡) = 𝒆i𝐸0 exp i(𝐤i ∙ 𝐫 − 𝜔i𝑡), (2.2) 

where 𝒆i is the unit vector in the direction of the incident electric field. 
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At a large distance 𝑀 from the scattering volume, the scattered electric field 𝐸s(𝑀, 𝑡) should be 

considered as 𝐸 = 𝐸i + 𝐸s, satisfying the Maxwell equation throughout the space. As given in the 

literature 150, the component of the scattered electric field at a distance 𝑀 from the scattering 

volume 𝑉 with polarization 𝐞s is, 

𝐸s(𝑀, 𝑡) =
𝐸0
4𝜋𝑅휀

exp i𝑘s𝑀∫ 𝑑
3𝑟

𝑉

exp i(𝐪 ∙ 𝐫 − 𝜔i𝑡)[𝐞s ∙ [𝐤s × (𝐤s × (δ𝛆(𝐫, t) ∙ 𝐞i)]], (2.3) 

where ks denote the propagation vector. The scattering wave vector 𝐪 can be defined as the 

difference between the incident and scattered propagation vectors given by, 

𝐪 = 𝐤i − 𝐤s. (2.4) 

 

Figure 2.1: Illustration of light scattering experiment showing the incident light with polarization 𝐞i, wave 

vector 𝐤i and frequency 𝜔i. This light is being scattered in all directions by the acoustic waves in the sample. 

The scattered light with polarization 𝐞s, wave vector 𝐤s and frequency 𝜔s reaching the detector is shown. 

The red arrow shows the scattering wave vector 𝐪 as 𝐤i − 𝐤s. Reproduced from ref. 22,150. 

As given in Figure 2.1, the angle between 𝐤i and 𝐤s gives the scattering angle 𝜃. The magnitude 

of wave vectors 𝐤i and 𝐤s are 2𝜋𝑛 𝜆i⁄  and 2𝜋𝑛 𝜆s⁄ , respectively, where 𝜆i and 𝜆s denote the 

wavelengths corresponding to the incident and scattered light. In most light scattering experiments, 

the scattering is quasi-elastic and therefore |𝐤i| ≅ |𝐤s| = 2𝜋𝑛/𝜆. From Figure 2.1, the magnitude 

of 𝐪 is given by, 
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𝑞2 = |𝐤i − 𝐤s|
2 = 𝑘i

2 + 𝑘s
2 − 2𝐤i ∙ 𝐤s = 2𝑘i

2 − 2𝑘i
2cos𝜃 

𝑞2 = 2𝑘𝑖
2(1 − 𝑐𝑜𝑠𝜃) = 4𝑘i

2
sin2

𝜃

2
, 

(2.5) 

𝑞 = 2𝑘isin
𝜃

2
=
4𝜋𝑛

𝜆i
sin
𝜃

2
. (2.6) 

Eq. (2.6) is the Bragg condition.  

In Eq. 2.3, the integration takes place over the whole space within the scattering volume 𝑉, and 

therefore, it influences only the variables with the space coordinate r. Using the spatial Fourier 

transform of the dielectric fluctuation tensor: 𝛿휀(𝐪, 𝑡) = ∫ 𝑑3𝑟 exp i𝐪. 𝐫𝛿휀(𝐫, 𝑡)
𝑉

, Eq. 2.3 can be 

rewritten as 150: 

𝐸s(𝑅, 𝑡) =
𝐸0

4𝜋𝑅𝜀
exp i(𝑘s𝑅 − 𝜔i𝑡)[𝐞s ∙ [𝐤s × (𝐤s × (δ𝛆(𝐪, t) ∙ 𝐞i)]],   (2.7) 

, where 
𝐸0

4𝜋𝑅𝜀
exp i(𝑘s𝑅 − 𝜔i𝑡) denotes the spherical wave originating from the origin of the 

scattering volume, represented as point O in Figure 2.1.  

Simplifying the vector product, Eq. 2.7 reduces to: 

𝐸s(𝑅, 𝑡) =
−𝑘𝑠

2𝐸0
4𝜋𝑅휀

exp i(𝑘𝑠 𝑅 − 𝜔i𝑡)𝛿휀is(𝐪, 𝑡), (2.8) 

where 𝛿휀is(𝐪, 𝑡) = 𝐞s · 𝛿휀(𝐪, 𝑡) · 𝐞i is the component of the dielectric fluctuation tensor along the 

initial and final polarization directions. The time-correlation function of 𝐸s can be written as 150: 

〈𝐸s
∗(𝑅, 0)𝐸s(𝑅, 𝑡)〉 =

𝑘𝑠
4|𝐸0|

2

16𝜋2𝑅2휀2
〈𝛿휀is(𝐪, 0)𝛿휀is(𝐪, 𝑡)〉exp(−i𝜔i𝑡). (2.9) 

And the spectral density is: 

𝐼𝐸(𝜔) =
1

2𝜋
∫ 𝑑𝜏
∞

−∞

〈𝐸∗(𝑡)𝐸(𝑡 + 𝜏)〉 exp(−𝑖𝜔𝜏), (2.10) 

where 𝜏 is the relaxation time. Substituting Eq. (2.9) into Eq. (2.10), we can obtain the spectral 

density of light scattered into the detector (intensity measured by the detector) with 𝐞s, 𝐤s and 𝜔s, 

given by: 



45 
 

𝐼𝑖𝑠(𝑞, 𝜔, 𝑅) =
𝐼0𝑘𝑠

4

16𝜋2𝑅2휀2
1

2𝜋
∫ 𝑑𝑡
∞

−∞

〈𝛿휀𝑖𝑠(𝐪, 0)𝛿휀𝑖𝑠(𝐪, 𝑡)〉(exp i(𝜔s − 𝜔i)𝑡), (2.11) 

where 𝐼0 ≡ |𝐸0|
2. From the Eq. 2.11, the spectral density depends on the angular frequency change 

of the incident and scattered light in the scattering process as 𝜔 ≡ 𝜔i − 𝜔s. Furthermore,  

𝐼𝑖𝑠 ∝ 𝑘𝑠
4 ∝ 𝜆−4, shows that the scattering intensity is inversely proportional to the fourth power of 

the light wavelength. In other words, the electromagnetic radiations of shorter wavelengths will be 

scattered more than the longer wavelength radiations, apparently the scientific explanation of the 

blue color of the sky. 𝐼𝑖𝑠 ∝ 𝑅
−2 expresses the attenuation of the spherical wave 22.  

2.2 Brillouin Light Scattering 

Brillouin light scattering refers to the inelastic scattering of monochromatic light by the acoustic 

waves in the medium. The first theoretical prediction of the scattering of a coherent light beam by 

the thermal phonons in a homogeneous medium was proposed by French physicist Léon Brillouin 

in 1922 151. One of the distinct features of a BLS spectrum is the appearance of a frequency doublet, 

now termed as Brillouin doublet. In 1926, Leonid Mandelstam published his independent ideas on 

spontaneous scattering, later called “Brillouin-Mandelstam scattering” 152. As mentioned, the 

thermal motion of atoms and molecules in a medium induces position and time-dependent density 

fluctuations, propagating as periodic waves. These acoustic waves propagating through the 

medium generate variation in the local dielectric constant (refractive index) of the material, which 

can act as a diffraction grating for the incident monochromatic light 153.  

 

Figure 2.2: Brillouin light scattering as a process of constructive interference of the multiple reflections of 

the incident light beam (𝜆i, 𝐤i) from the acoustic wave of wavelength Λ. 
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The simplest description of BLS is the constructive interference between multiple reflections of 

incident light beams by the propagating acoustic waves, as shown in Figure 2.2. Let the wavelength 

of acoustic waves be Ʌ. Then, the medium can be treated as a stack of periodic multilayers having 

periodicity Ʌ. According to Bragg’s law, the condition for maximum reflected intensity is: 

𝜆i = 2𝑛Λsin
θ

2
, (2.12) 

Where 𝑛 is the refractive index of the medium, 𝜆i is the wavelength of incident light and 𝜃 stands 

for the angle between incident and scattered light. Substituting Eq. 2.12 in Eq. 2.6 we obtain: 

𝐪 =
4𝜋𝑛

𝜆i
sin
𝜃

2
=
2𝜋

Λ
 (2.13) 

Eq. 2.13 indicates that the magnitude of the scattering wave vector 𝐪 is equivalent to the phonon 

wave vector (𝒌 =
2𝜋

Λ
). By changing the scattering angle 𝜃, 𝐪 vector can be varied and BLS can 

probe different acoustic waves. The identity 𝒒 = 𝒌 reflects the momentum conservation in the 

scattering process, by the momentum transfer between sound waves and photons. Considering an 

acoustic wave having a phase velocity 𝑣, the scattered light of initial frequency 𝑓i experiences a 

Doppler shift 𝑓 determined by the scattering geometry, reaching the final frequency of: 154,  

𝑓𝑠 = 𝑓𝑖 ± 𝑓 = 𝑓𝑖 ± 2𝑓𝑖
𝑣

𝑣𝑚
𝑠𝑖𝑛

𝜃

2
= 𝑓𝑖 ±

𝑣

2𝜋

4𝜋𝑛

𝜆𝑖
𝑠𝑖𝑛

𝜃

2
, (2.14) 

where 𝑣𝑚 is the velocity of light in the medium. The plus and minus signs stand for the opposite 

propagation directions of the sound waves. The positive sign corresponds to the sound wave 

traveling towards the detector, increasing the frequency of the scattered light, termed “ anti-stokes 

scattering (phonon annihilation)”. The negative sign corresponds to the acoustic wave traveling 

away from the detector, “Stokes scattering (phonon creation)”. Correspondingly, the Brillouin 

doublet is centered at frequencies:  

𝑓 = ±
𝑣

2𝜋
𝑞, (2.15) 

or in terms of angular frequency: 

𝜔 = 𝜔𝑠− 𝜔𝑖 = ±𝑣𝑞. (2.16) 
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Figure 2.3: Schematic representation of a BLS spectrum showing Stokes and Anti-Stokes scattering 

frequencies.  

Regardless of the scattering geometries, all the scattering process is governed by conservation 

laws. From a quantum mechanical point of view, we can consider BLS as an inelastic photon-

phonon collision, where photon and phonon are the quanta of electromagnetic and acoustic fields, 

respectively. Consider an incident photon having energy ℏ𝜔i and momentum ℏ𝐤i, which is 

inelastically scattered by a phonon of energy ℏ𝜔 and momentum ℏ𝐪 in the scattering medium. In 

this process, a phonon is either created (Stokes scattering) with the scattered photon losing its 

energy or annihilated (anti-stokes scattering) with the scattered photon gaining the corresponding 

energy, as illustrated in Figure 2.4. The energy and momentum conservation laws 155 can be given 

as: 

ℏ𝜔𝑠 = ℏ𝜔𝑖 ± ℏ𝜔                                                                 (2.17)  

ℏ𝒌𝑠 = ℏ𝒌𝑖 ± ℏ𝒒                                                          (2.18) 

           , where                                Stokes scattering:           𝜔s = 𝜔i − 𝜔 

                                                                                                  𝐤s = 𝐤i − 𝐪  
 

(2.19) 

                                                           

                                                      Anti-Stokes scattering:    𝜔s = 𝜔i +𝜔 

                                                                                                       𝐤s = 𝐤i + 𝐪 
(2.20) 
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Figure 2.4: Schematic illustration of (a) Stokes scattering (phonon creation) and (b) anti-Stokes scattering 

(phonon annihilation). 

A phonon is the acoustic analog of a photon, i.e., the quantum of the acoustic field. In this thesis, 

we refer to hypersonic phonons (GHz frequency) propagating in 3D colloidal crystals. For the 

purpose of this thesis, terms like sound waves, elastic waves, acoustic waves, elastic excitations, 

and phonons will be used interchangeably.  

2.3 BLS instrumentation 

The frequency shift determined by BLS comes in the range of 108 to 1011 GHz, which is much 

smaller when compared to the incident laser frequency ~1014 GHz. In this case, a diffraction 

grating as used in Raman spectroscopy, will not be enough to resolve the vibrational modes 156 of 

CCs. Therefore, to achieve a higher spectral resolution, spectrometers based on the Fabry–Pérot 

interferometer (FPI)  are used 157–159. A combination of a highly monochromatic laser source and 

two FPIs with multiple light passes can provide excellent BLS spectra.  

2.3.1 Tandem Fabry-Perot interferometer 

The FPI, a multiple-beam interferometer, was constructed by the physicists Charles Fabry and 

Alfred Perot in 1897 158. The most straightforward configuration of an FPI is made of two plane 

mirrors parallel to each other, separated at a distance 𝐿. The distance between the mirrors (typically 

in the air) can be varied by moving one of these mirrors while the other remains fixed. The laser 

light entering through the first mirror undergoes multiple reflections between the two mirrors. The 

reflected beams interfere, and the beams that are transmitted should satisfy the condition of 

constructive interference given as: 
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𝑚𝜆i = 2𝑛𝐹𝑃𝐿cos𝜃, (2.21) 

where 𝑚 is an integer, 𝑛FP is the refractive index of the medium inside the FP, 𝜆i = 
2𝜋

𝑘0
 is the 

wavelength of light in vacuum, and 𝜃 is the angle between the normal to the mirrors and the light 

beam. For the nearly normal incidence of light to the mirror, (cos𝜃 = cos0 = 1). Typically, the 

medium inside the FP is air, and therefore 𝑛FP = 1. Thus, Eq. (2.21) can be thus reduced to: 

𝜆i =
2𝐿

𝑚
. (2.22) 

Eq. 2.22 shows that only the light of wavelength 
2𝐿

𝑚
 will be transmitted, and the transmitted 𝜆i can 

be changed by choosing different mirror distances 𝐿. As given in Figure 2.5, the separation of two 

adjacent transmission maxima for a given 𝐿, is called the free spectral range (FSR = Δ𝜆) and is 

expressed as: 

Δ𝜆

𝜆i
=
Δm

𝑚
, 

(2.23) 

where Δ𝑚 = 1. From Eq. (2.22) and (2.23), FSR (Δ𝜆) can be expressed as: 

Δ𝜆 =
𝜆i
𝑚
=
λi
2

2𝐿
, (2.24) 

or in terms of frequency: 

Δ𝑓 =
𝑣0
2𝐿
, 

(2.25) 

where 𝑣0 is the velocity of light in vacuum, 𝑣0 = 3 · 10
8 ms-1. 

FSR is a very important parameter to be set before using FPI in BLS spectroscopy. In this thesis, 

for working with different-sized PS NPs (frequency of Lamb modes depends on particle diameter  

𝑑), we need different FSR, which is achieved by adjusting the mirror spacing 𝐿.  

The full width at half maximum, FWHM (𝛿𝜆) of the transmitted line (Figure 2.7), depends on the 

reflectance, ℛ. The transmission function of the FPI and reflectance is given by Airy function 160 

𝑇FPI =
(1 − ℛ)2

1 + ℛ2 − 2 ℛ cos𝛿p
=

1

1 + 𝑐F sin2(𝛿p 2)⁄
, 

(2.26) 
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where 𝑐F is called the coefficient of finesse ℱ, 𝑐F = 4ℛ
2 (1 − ℛ2)2⁄  and the phase difference 

between each succeeding reflection, 𝛿p = 4𝜋𝐿 𝜆i⁄ . FWHM is given by: 

𝛿𝜆 =
4

√𝑐F

𝜆i
2𝜋𝑚

. (2.27) 

 
 

Figure 2.5: Illustration of free spectral range (FSR = Δ𝜆) as the spacing between two adjacent transmission 

maxima. The full width at half maximum, FWHM (𝛿𝜆) is also shown. Adapted from ref. 161. 

Now, finesse ℱ is the ratio of FSR to the FWHM of a transmission peak, which defines the relative 

separation of the adjacent transmission peaks 160: 

ℱ =
∆𝜆

𝛿𝜆
=
𝜆i
𝑚

√𝑐F
4

2𝜋𝑚

𝜆i
=
𝜋√𝑐F
2

=
𝜋ℛ

1 − ℛ2
. (2.28) 

In general, higher finesse is intended for a better resolution of BLS spectra, but practically it cannot 

be made greater than 10022.  

A single FP interferometer has been shown to have too low contrast to allow weak Brillouin signals 

to be observed due to intense elastically scattered light. This problem was solved by J. R. 

Sandercock by introducing a multipass FP interferometer 162. However, a multipass FP 

interferometer still suffers from the overlapping of neighboring interference orders, leading to 

unclear interpretations of the measured spectra. Later, Sandercock found a solution for this 

problem by using a tandem arrangement, i.e., two FP interferometers (FP1 and FP2) in series with 

slightly different mirror spacing, i.e., FSR 162. The wavelengths transmitted by the FP1 and FP2 

combination must simultaneously satisfy:  
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𝑚1𝜆i = 2𝐿1    for FP1 

𝑚2𝜆i = 2𝐿2     for FP2 
(2.29) 

Due to the slight difference in their FSRs, neighboring order transmission peaks of the two FP 

interferometers cannot coincide, as illustrated in Figure 2.6 (a). As a result, significant suppression 

of interference higher-order transmission is achieved. This is because one of the FP interferometers 

blocks the adjacent interference orders of the other. 

For the tandem interferometer, it is necessary to scan FP1 and FP2 synchronously by changing 𝐿1 

and 𝐿2 simultaneously. From Eq. (2.29), it is clear that the condition for the synchronized scanning 

of the two FP interferometers is that the changes Δ𝐿1 and Δ𝐿2 satisfy: 

Δ𝐿1
Δ𝐿2

=
𝐿1
𝐿2
. 

(2.30) 

a       b 

         

Figure 2.6: (a) Transmission spectra for two single (FP1, FP2) interferometers with different FSR and the 

TANDEM Fabry-Perot interferometer. (b) Schematic illustration of Sandercock's multipass TANDEM 

Fabry- Perot interferometer. Adapted from ref. 159,162. 

This is achieved by using the scanning stage that J. R. Sandercock has designed 159,162. The 

principle of the tandem operation is illustrated in Figure 2.6b. The first interferometer FP1 lies in 

the direction of the translation stage movement (scan direction) such that one mirror sits on this 

stage while the other sits on a separate angular orientation device. The second interferometer FP2 
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is positioned such that its axis is at angle 𝜃 with respect to the scan direction. The relative spacing 

of the mirrors is set so that a movement of the translation stage to the left would bring both sets of 

mirrors into contact simultaneously. A movement of the translation stage to the right sets the 

spacing to 𝐿1 and 𝐿2 = 𝐿1cos𝜃. Also, the movement of the translation stage Δ𝐿1 leads to the 

change of spacing Δ𝐿1 in FP1 and Δ𝐿2 = Δ𝐿1cos𝜃 in FP2. Therefore, the condition given in Eq. 

(2.30) is satisfied. 

Besides the tandem FPI, the BLS experimental setup consists of many optical components, 

including beam splitters, polarizers, lenses, and mirrors. The optical arrangement for the BLS 

measurements will be described in the subsequent sections.  
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Chapter 3 

Synthesis and characterization of polystyrene 

colloidal crystals 

 

3.1 Synthesis of polystyrene NPs 

Polystyrene (PS) NPs are synthesized by surfactant-free emulsion polymerization 163 at the 

Institute of Particle Technology in Erlangen and the Max Planck Institute of Polymer Research in 

Mainz. Styrene monomer (C8H8, 99 %, Sigma-Aldrich) as the building block of PS CCs is cleaned 

prior to the polymerization. The commercially available styrene contains 4-tert-butylcatechol 

(C10H14O2) inhibitor, which hinders the polymerization. As described in the previous literature 164, 

the styrene mixture is washed using 10% aqueous solution of sodium hydroxide 

(NaOH, 98 %, Roth) and transferred through an activated aluminum oxide (Al2O3, Roth) column 

for purification.  

For the polymerization reaction, we use a round bottom three-necked flask with a condenser 

immersed in a silicon oil bath, as shown in Figure 3.1. 240 mL of ultrapure water (18.2 MΩ) is 

added to the flask, and the water is degassed by passing nitrogen gas under stirring. 

Simultaneously, the oil bath is heated to 80°C, and the temperature is controlled using a 

thermometer. After the degassing procedure, the purified styrene monomer is added under stirring. 

After 10 minutes, ammonium persulfate ((NH4)2S2O8, Sigma-Aldrich) solution in ultrapure water 

is added as the initiator of the polymerization reaction and stirred at 600 rpm for almost 5 minutes. 

Later, acrylic acid (C3H4O2, Sigma-Aldrich) diluted in 10 mL of ultrapure water is added, and the 

mixture is allowed to polymerize under stirring for 24 h in an inert atmosphere. The suspension 

after polymerization is initially filtered using tissue paper, and the large unreacted styrene 

aggregates are removed. Later, the PS NPs suspension is diluted with ethanol in 1:1 ratio and 

centrifuged at 10000 rpm for 15 minutes. The supernatant liquid containing the fabrication 

impurities is removed, and the sedimented NPs are re-dispersed in ultrapure water via sonication. 

The cleaning procedure is repeated at least twice to obtain PS NPs suspension in water for the 

fabrication of CCs. Different-sized PS NPs can be achieved by varying the quantity of styrene 
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monomer, ammonium persulfate, and acrylic acid. The cleaning procedure, especially 

centrifugation parameters, must be adjusted based on the particle size. 

 

Figure 3.1: Experimental setup for the preparation of PS NPs by surfactant-free emulsion polymerization. 

This picture was taken by Dr. Reza Mohammadi at prof. Dr. N. Vogel’s lab at the Institute of Particle 

Technology, Erlangen, Germany. 

3.2 Fabrication of PS CCs 

For BLS measurements, we fabricated 3D PS CC multilayers on glass slides. The glass slides are 

pre-cleaned by sonication in ethanol and de-ionized water and dried using compressed air. A few 

microlitres of PS NPs suspension in ultrapure water is drop casted on the glass slide, and the sample 

is dried in a vacuum bell jar at RT (298 K) for a few hours. A sample image is given in Figure 

3.2a. For SEM measurements, we synthesize PS NPs monolayer on an air-water interface 30. A 

low polydispersity of particles is required to fabricate a perfectly close-packed monolayer. The PS 

NPs suspension in water is mixed with ethanol in 1:1 ratio, which helps in the ordered assembly 

of particles at the interface due to the Marangoni effect 165. 

At first, ultrapure water is taken in a clean glass beaker. The mixture of PS NPs in water and 

ethanol is taken in a syringe with a needle attached. The syringe tube is connected to a syringe 

pump, and the end of the needle is allowed to touch the center of the water interface, as shown in 

Figure 3.2b. After setting the flow speed in the syringe pump, the dispersion mixture is added drop 
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by drop to the air-water interface. PS NPs get self-assembled at the interface, and finally, a close-

packed layer of particles is formed. Care must be taken to avoid the buckling of films due to the 

excessive addition of particles. A perfectly made monolayer shows structural color 3,30, as visible 

in Figure 3.2b. The monolayer shown in that figure is prepared using 610 nm particles. The formed 

monolayer is manually deposited by inserting a pre-cleaned silicon wafer at certain angles in the 

water and vertically lifting the monolayer from the bottom. The deposited monolayer is initially 

kept at room condition and then vacuum dried for the SEM measurements. 

 

Figure 3.2: (a) PS CCs fabricated by drop casting PS NPs suspension on the glass slide. (b) PS CC 

monolayer formed on the air-water interface. 

3.3 Characterization by in-situ high-pressure BLS and SEM 

We use six sets of PS NPs with sizes ranging from 143 nm to 830 nm for the preparation of 

colloidal crystals. The SEM images of the as-prepared samples are shown in Figure 3.3. Notably, 

the as-prepared PS CCs have inhomogeneous physical contact bridges formed from fabrication 

impurities.  

Schematic of the in-situ high-pressure BLS experimental setup for measuring PS CCs is given in 

Figures 3.4a 1 and b. The original images of the BLS setup taken from the laboratory in the 

Molecular Biophysics division, Faculty of Physics, UAM, Poznan, are shown in Figures 3.5a-g. 

The 3D PS CC samples deposited on a clean glass slide (1 cm x 1 cm size) are fixed in a cylindrical 

sample holder (Figure 3.5d, e) and placed inside the high-pressure chamber (Figure 3.5c). Initially, 

reference measurements of the as-prepared sample are taken for all PS CCs at ambient room 

conditions (1 bar air, RT, 296 K). Further, Ar/He/N2 gas is supplied to the high-pressure chamber 

through a metal pipe (Figure 3.4a) at the specific pressure condition set by a gas compressor 

(Figure 3.5b), and BLS measurements are repeated.  
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Figure 3.3: SEM images of the pristine PS CCs with particle diameters (a) 𝑑 = 143 nm (b) 𝑑 = 210 nm (c) 

𝑑 = 337 nm (d) 𝑑 = 556 nm (e) 𝑑 = 610 nm (f) 𝑑 = 830 nm. The scale bars are shown in the figures. This 

image is reproduced from ref 19. 

 

Figure 3.4: (a, b) Schematic of the in-situ BLS experimental setup for measuring PS CCs exposed to 

high-pressure gasses. The image in (a) is reproduced from ref. 1 . 
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We measure PS CCs exposed to gas pressure in the backscattering geometry, providing the 

maximum intensity of scattered light 22,110. A CW laser of 𝜆 =  532 nm (green) is used as the 

probing light source, shown in Figure 3.4. Using a thin glass slide, a part of the incident light is 

directed to the diffuser of the tandem FPI. The light from the laser is s-polarized with respect to 

the propagating medium, which is completely reflected toward the sample by a polarizing cube 

beam splitter (PCBS) (Thorlabs, PSB103). PCBS reflects s-polarized and transmits p-polarized 

light; for PSB103, the reflection efficiency is > 95%, and transmission efficiency is >90%. We use 

an achromatic lens of 125 mm focal length to focus the laser beam on the sample through the 

chamber window. The laser beam hits the PS CC sample perpendicularly to the sample substrate. 

Due to the multiple scattering from dry colloidal samples 166, the light scattered from the acoustic 

phonons of PS CC is depolarized, and the wave vector is ill-defined 111. However, the surrounding 

gas molecules do not depolarize the light, and therefore, in this case, the light inelastically scattered 

on the pressure waves in the gas molecules is s-polarized. The scattered light (thick green line) 

from the chamber is collected using the same achromatic lens and transmitted through the PCBS. 

Notably, the cross-polarization (s-p) arrangement suppresses the BLS signal originating from the 

inelastic light scattering on the pressure waves in gas 167. On the other hand, at high pressure the 

BLS signal from the chamber containing the PS CC sample is overwhelmed by the gas signal 

which makes it difficult to analyze the data. The scattered beam is reflected towards the tandem 

FPI using a mirror. We use a half-wave plate to rotate the polarization of backscattered light by 

90° so that the transmitted light becomes s-polarized and FPI can detect the signal. Finally, we use 

an achromatic lens having a 150 mm focal length to focus the backscattered beam onto the pinhole 

of FPI.  

In this section, we discuss the BLS spectra of the as-prepared PS CC samples measured at ambient 

room conditions (1 bar air, RT). The experimental results from He/Ar/N2 high-pressure studies of 

PS CCs are discussed in the following chapters. 

Figure 3.6a shows an exemplary BLS spectrum normalized by the thermal phonon population 

factor 44 of PS CCs made of PS NPs with 𝑑 = 610 nm (PS610). The spectrum consists of two 

asymmetric peaks assigned to the dipolar (1,1) and quadrupolar (1,2) spheroidal Lamb modes 

111,112. The low-frequency (1,1) mode, which refers to the translational vibration of the CC, is 

represented by Asym2sig function 166 to yield its spectral position at 𝑓11. Notably, this peak appears 
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only in the presence of mechanical interactions (contacts) between neighboring NPs. In other 

words, 𝑓11 reduces to zero for a single particle.  

 

Figure 3.5: (a) He, Ar, and N2 gas bottles used for high-pressure measurements (b) gas compressor with 

the pressure indicator. (c) high-pressure chamber (d, e) cylindrical sample holder for PS CC samples (f) 

aligned optical elements on the table, part of the high-pressure BLS setup. (g) a sample spectrum of the as-

prepared PS610 CC shown on the computer screen. The images (a – g) are taken from the laboratory in the 

Molecular Biophysics division, Faculty of Physics, UAM, Poznan, Poland.  
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Figure 3.6: (a) Normalized BLS spectrum (solid black circles, anti-Stokes side) of pristine (1 bar air, RT, 

296 K) PS CCs made of 610 nm (PS610) diameter NPs showing the peaks corresponding to dipolar (1,1) 

and quadrupolar (1,2) modes of vibration. The peak corresponding to the (1,1) mode is fitted with Asym2sig 

function and (1,2) with two Gaussian curves. (b) The frequency of (1,1) mode as a function of diameter. 

The solid red line shows the exponential function fit, and the dashed red line represents the theoretical trend 

based on the JKR model. (c) The frequency of the (1,2) mode of PS610 CC is represented as a function of 

the inverse of the diameter measured from SEM. The solid black line corresponds to the expected values 

calculated based on Equation 3.8. 

Using the phonon density of states (DOS) of an fcc crystal, 𝑓11 can be related to the effective 

stiffness constant 𝐾eff of the interparticle contacts 166 given by: 

2π𝑓11 = 2(
2𝐾eff

𝑀
)

1

2
, 

 

(3.1) 

, where 𝑀 is the mass of the NP, 𝑀 =
π

6
𝑑3𝜌 and the effective stiffness constant (𝐾eff) can be 

expressed as: 

 

𝐾eff =
9

5
(
3π𝑊PS−PS𝑅eff

2 𝐸
eff

2

4
)

1

3

, 

 

(3.2) 

where 𝑊PS−PS is the work of adhesion, the effective radius 𝑅eff is calculated from the expression: 

 1

𝑅eff
=
1

𝑅1
+
1

𝑅2
 

 

(3.3) 

and for monodispersed NPs, 𝑅1 = 𝑅2 = 𝑅; 𝑅eff =
𝑅

2
 . 

The effective elastic modulus 𝐸eff is given by: 

 
𝐸eff =

4

3
(
1 − 𝜈1

2

𝐸1
+
1 − 𝜈2

2

𝐸2
)

−1

 
(3.4) 

 

Using the bulk properties of PS listed in Table 3.1, for two identical PS NPs, 𝐸eff can be 

simplified to: 

 𝐸eff =
2

3

𝐸

(1−𝜈 2)
= 3.05 GPa (3.5) 
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From Johnson-Kendall-Roberts (JKR) model 166,168,169, under zero load, the contact radius (𝑎0
JKR

) 

between two identical NPs is given by: 

𝑎0
JKR = (

3π𝑑2𝑊

8𝐸eff
)

1

3

 

(3.6) 

 

 

And using Eqns. 3.1 - 3.6, we can relate 𝑓11 to 𝑎0
JKR

 by: 

 

𝑎0
JKR =

5𝜋2𝑀𝑓11
2

9𝐸eff
 

(3.7) 

 

Table 3.1: Material properties of polystyrene (PS) used in calculations 1,170–172. 

𝑣t  𝑣l 𝐸 𝜈 𝜌 𝑙 𝑚 𝑎 𝑏 𝑐 𝑊PS−PS 𝐶eff 

m·s-1  m·s-1 GPa  kg·m-3 GPa GPa GPa GPa GPa J·m-2 GPa 

1210  2350 4.1 0.32 1050 2.889 1.381 -18.9 -13.3 -10 0.0636 5.79 

 

Table 3.2: Expected Contact radius 𝑎0
JKR

 calculated from Eq. 3.6 using Table 3.1. 

Particle diameter 

𝑑  

(nm) 

𝑎0
JKR

 

(nm) 

143  8 

210  10 

337 14 

556 20 

610 21 

830 26 

 

Additionally, 𝑓11 can be used to determine the effective elastic constant of PS CCs. In an fcc 

crystal, the longitudinal phonon velocity along the [100] direction 166 is given by:  

𝑣[100] = (π𝑑𝑓11)/√2 (3.8) 

𝐶eff is given by:  



61 
 

𝐶eff = 𝜌eff𝑣[100]
2  (3.9) 

 

 
𝐶eff =

1

2
𝜌eff π

2𝑑2𝑓11
2  

(3.10) 

 

For an fcc CC, the packing efficiency is 74% and the void fraction is 26%. The effective mass 

density is estimated by considering the mass density of polystyrene (𝜌PS) and the mass density of 

air (𝜌air) in the void. Thus, 

𝜌eff = 0.74 · 𝜌PS + 0.26 · 𝜌air = 777 kg/m
3 (3.11) 

with 𝜌PS = 1050 kg·m-3 and 𝜌air = 1.2 kg·m-3 at 1 bar and 293 K. 

 

Figure 3.7:  Effective elastic modulus (𝐶eff) and the normalized elastic modulus (𝐶eff /𝐶bulk) of pristine 

PS CCs represented as a function of particle diameter (𝑑).  

Figure 3.6 b represents the experimental 𝑓11 (solid purple circles) values obtained as a function of 

NP diameter. Based on JKR model 170, for weak interparticle bonding, the scaling relation should 

be 𝑓11 ∝ 𝑑−7/6. However, the measured 𝑓11 deviates from the calculated JKR trend (red dashed 

line); the obtained exponential fit (red solid line) is 19% higher than the theoretical prediction 

rescaling to 𝑓11 ∝ 𝑑−1.39. This observation implies the significant role of intrinsic fabrication 

impurities in developing solid contact bridges 23,173 in addition to van der Waals interactions in 

pristine PS CCs, as evident from the SEM images in Figure 3.3. Figure 3.7 shows the effective 

elastic modulus (𝐶eff) according to Eq. 3.10 for pristine PS CC samples as a function of the NP 

diameter. With the increasing NP 𝑑, 𝐶eff drops from ~ 1.64 to 0.49 GPa; the 𝐶eff for the measured 
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pristine PS CCs are given in Table 3.3. The right y-axis in Figure 3.7 represents the normalized 

elastic modulus (𝐶eff/𝐶bulk) for the pristine CCs, where 𝐶bulk = 𝐶11 of bulk PS = 5.79 GPa. The 

normalized elastic modulus ≤ 1 implies that the obtained 𝐶eff of the pristine samples are much 

lower than the 𝐶bulk.  

The frequency of the quadrupolar (1,2) mode 𝑓12 depends on the elastic properties of the material 

and the interactions of surrounding particles in CCs. In general, the contacts lower the spherical 

symmetry of the NP, which results in the blueshift and spectral split of this mode 44. Therefore, the 

peak corresponding to (1,2) mode can be represented by two Gaussian line shapes centered at 𝑓′ 

and 𝑓" as indicated in Figure 3.6a. As previously reported, the value representing 𝑓12 = 2𝑓
′ − 𝑓", 

approximately gives the frequency of the (1,2) mode for a single particle, free from surrounding 

interactions44. From the Lamb theory of spherical particles, the frequency of (1,2) mode can be 

related to the particle diameter as:  

𝑓12 = 𝐴𝑣t/𝑑, (3.8) 

where 𝐴 ≈ 0.81 for polystyrene 112. 

Table 3.3: Effective elastic modulus (𝐶eff) of pristine samples calculated from Eq. 3.10. 

Particle diameter 

𝑑  

(nm) 

𝐶eff 
(GPa) 

143 ± 4 1.641 ± 0.001 

210 ± 7 1.497 ± 0.006 

337 ± 1 0.683 ± 0.001 

556 ± 7 0.534 ± 0.003 

610 ± 1 0.530 ± 0.002 

830 ± 3 0.490 ± 0.002 
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Table 3.4: Comparison of particles’ diameters obtained from BLS  and SEM for pristine samples. 

Sample 𝒅 from SEM 

(nm) 

𝒅 from BLS 

(nm) 

PS143 140 ± 2 143 ± 4 

PS210 200 ± 2 210 ± 7 

PS337 336 ± 3 337 ± 1 

PS556 553 ± 4 556 ± 7 

PS610 610 ± 3 610 ± 1 

PS830 831 ± 3 830 ± 3 

 

In Figure 3.4c, the experimental 𝑓12 values (solid red circles) are plotted as a function of the inverse 

of the diameter (1/𝑑) obtained from SEM. As given in Figure, the experimental data points show 

a good agreement with the theoretical trend (solid black line) calculated using Eq. 3.8 and elastic 

properties of bulk PS given in Table 3.1. The 𝑑 values obtained from the experimental 𝑓12 values 

are given in Table 3.4. It shows a good agreement with the SEM 𝑑 values (analyzed using imageJ 

software), signifies the reliable determination of NP 𝑑 using BLS. In this thesis, the 𝑑 from BLS 

is used, and the samples are named accordingly. Moreover, the contact radii measured from the 

SEM images of pristine using ImageJ software is shown in Table 3.5. 

Table 3.5: Contact radius (𝑎0) of pristine samples measured from SEM images. 

Particle diameter 

𝑑  

(nm) 

𝑎0 from SEM  

(nm) 

143 ± 4 31 ± 3 

210 ± 7 33 ± 4 

337 ± 1 46 ± 5 

556 ± 7 46 ± 6 

610 ± 1 59 ± 8 

830 ± 3 81± 6 
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Chapter 4 

Elastic properties of supercritical fluids 

Brillouin light scattering (BLS) can be used to measure the acoustic properties of gasses at a 

specific pressure. Here, we discuss the determination of the refractive index (𝑛), longitudinal 

sound velocity (𝑣l) and acoustic impedance (𝑍) of He, N2 and Ar gasses at various pressures 

ranging from 1 bar to 1000 bar at room temperature (RT, 296K). 
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Figure 4.1: BLS triple geometry setup for the determination of 𝑛 of gasses at different pressures in (a) 

backscattering, (b) 90R reflection, and (c) 90A transmission geometries. The sample is a thin glass slide 

oriented at 45° to the incident laser beam (𝜆 = 532 nm) surrounded by the gas (He, N2, or Ar) at various 

pressures. The thin green line with the arrowheads denotes the direction of the incident laser beam, whereas 

the thick green line denotes the scattered beam from the glass sample directed to the tandem FPI. The black 

dots represent the s-polarization of the laser light, which is preserved after the scattering process. 

At first, we determine 𝑛 of the gas (𝑛gas) (He, N2, or Ar) at different 𝑝 conditions using the triple 

geometry (backscattering, 90R reflection, and 90A transmission) setup. Although the experiment 

is done simultaneously in three geometries, for clarity, the light paths for the geometries used are 

separately represented in Figures 4.1a-c. We use a high-pressure system consisting of a cylindrical 

sample chamber attached to glass windows for the incident laser beam, gas compressor, and gas 

bottles1,19. For the measurement of 𝑛gas, a thin glass slide is kept inside the sample chamber at an 

angle of 45° to the incident green laser beam174 (Spectra-Physics Excelsior 300, 𝜆 =532 nm). A 

part of the green laser is directed to the reference pinhole of the tandem Fabry-Perot interferometer 

(JRS Scientific Instruments) using a thin glass slide. We use a non-polarizing cube beam splitter 

(Thorlabs; BS013; R:T = 50:50) in the path of incident light, which splits the beam to perform the 

triple geometry measurements. Three achromatic lenses of 125 mm focal length focus the laser 

light on the glass sample through the chamber windows from different directions. The scattered 

light transmitted through the beam splitter is focused on the pinhole of the FPI using a 200 nm 

focal length achromatic lens.  
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Initially, we perform the reference measurement at ambient room conditions (1 bar air, RT) in  

90A (transmission), 90R (reflection), and in backscattering (BS) geometries simultaneously. 

Further, the gas at a given 𝑝 is supplied to the chamber via an external metal pipe, and BLS 

measurements are taken at different 𝑝 conditions starting from 50 bar to 1000 bar at a constant step 

of 50 bars. Before every measurement, 5 minutes time interval is taken to stabilize the temperature 

change. An example of the spectrum obtained for the glass sample at ambient room conditions in 

three different geometries simultaneously is given in Figure 4.2a. The peaks at 15.48 GHz, 29.73 

GHz, and 33.51 GHz correspond to the longitudinal acoustic frequency of the glass sample 

measured in 90A, 90R, and BS geometries175, respectively. The peak at 24 GHz originates from 

the longitudinal acoustic wave of the chamber window glass, measured in BS geometry, as 

represented in Figure 4.2b. The spectral peaks are fitted by the Lorentzian function, and the 

frequencies (𝑓) are determined.  

 

Figure 4.2: (a) BLS spectrum representing the peaks corresponding to longitudinal acoustic waves 

propagating in the glass sample measured in 90A, 90R, and BS geometries at ambient room conditions    (1 

bar air, RT, 296 K). (b) BLS spectrum obtained from the chamber window glass measured in BS geometry 

represents the longitudinal wave peak centered at 24 GHz.  
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The magnitude of wave vectors (𝐪) corresponding to the measured geometries 176 are given as: 

 
𝐪90A =

2π√2

𝜆
𝑛gas 

(4.1) 

 

 
𝐪BS =

4𝜋𝑛g

λ
 

(4.2) 

   

 
q90R =

2𝜋

λ
√4𝑛g2 − 2𝑛gas2 , 

(4.3) 

 

where 𝑛g is the refractive index of the glass slide. Notably, 𝑞90A is dependent only on the 

surrounding gaseous medium and the wavelength of the probing light. Since 𝜔 = 𝑣l𝑞 and   𝜔 =

2𝜋𝑓, the frequency of the longitudinal acoustic phonons of glass in 90A transmission geometry 

(𝑓90A) can be related to the sound velocity through the glass (𝑣l,g) as:  

𝑣l,g = 
2π𝑓90A

𝑞90A
. (4.4) 

 

For the reference measurement, at 1 bar air, 𝑛gas = 𝑛air = 1 and,  

𝑣l,g = 
𝑓90A𝜆

√2
 ≈ 5.82 · 103m·s-1. (4.5) 

We assume that 𝑣l,g remains constant with the applied pressure on the glass. Now, the frequency 

of the glass sample in BS geometry 𝑓BS is related to 𝑣l,g as: 

𝑓BS = 
2𝑣l,g𝑛g

𝜆
, (4.6) 

and we can obtain 𝑛g at different gas pressures. Comparing the magnitude of wave vectors in 90A 

and BS geometries: 

q90A

qBS
=
𝑓90A

𝑓BS
= 

𝑛gas

√2𝑛g
, (4.7) 

 

we can obtain 𝑛gas for different 𝑝 conditions. Similarly, the values of 𝑛gas at different 𝑝 can be 

verified by comparing 𝐪90A and 𝐪90R as: 



68 
 

𝐪90A
𝐪90R

= √
𝑛gas2

2𝑛g2 − 𝑛gas2
 

 

(4.8) 

To obtain sound velocities of gasses 𝑣l,gas at different 𝑝 conditions, we performed BLS 

measurements in 90A and BS geometry considering Ar, He, or N2 gas as the sample. The 

experimental setup is similar to that in Figure 4.1, the glass slide is removed, and the gas is supplied 

to the chamber at different 𝑝 conditions.  

 

Figure 4.3: (a) BLS spectrum of Ar gas measured at 𝑝 = 1000 bar at RT showing two peaks corresponding 

to longitudinal acoustic waves centered at 2.25 GHz for 90A and 3.12 GHz for BS geometry. (b) The 

Brillouin shift at different 𝑝 of Ar at RT measured in 90A (solid red circle) and BS (solid blue circles) 

geometry. 

An exemplary BLS spectrum measured at 1000 bar of Ar is given in Figure 4.3a. The peaks 

corresponding to longitudinal acoustic waves of the gas are centered at 2.25 GHz and 3.12 GHz 

measured in 90A and BS geometry, respectively. The gas peaks were fitted by the Lorentzian 

function to obtain 𝑓90A,gas and 𝑓BS,gas at various pressures, as shown in Figure 4.3b. Using Eq. 4.9, 

we obtained 𝑣l,gas at different 𝑝 conditions: 

 
𝑣l,gas =

𝑓BS,gas𝜆

2𝑛gas
 

(4.9) 
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The values of 𝑣l,gas can be verified by using 𝑓 measured from 90A geometry as: 

𝑣l,gas =
𝑓90A,gas𝜆

√2𝑛gas
 

(4.10) 

 

Figure 4.4a represents the 𝑣l,gas for He, Ar and N2 gases from 50 bar to 1000 bar at RT. Now, 

acoustic impedance 𝑍 of the gasses can be calculated from the relation, 

𝑍 = 𝜌𝑣l,gas (4.11) 

Figure 4.4b shows the 𝑍 obtained for different 𝑝 conditions. The mass density 𝜌 of gasses at the 

corresponding 𝑝 values is taken from the standard reference database 177–179. The 𝑛, 𝑣l,gas and 𝑍 of 

He,  N2 and Ar gasses at different 𝑝 conditions at RT are given in Tables 4.1 - 4.3, respectively. 

 

 

Figure 4.4: (a) Longitudinal sound velocity (𝑣l) and (b) acoustic impedance (𝑍) obtained by BLS 

measurements of He, N2 and Ar gasses at different pressures. 
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Table 4.1: 𝑛, 𝑣l and 𝑍 values of He gas at various pressures.  

Pressure 

 𝑝  

(bar) 

Refractive 

Index 

 𝑛 

Sound velocity 

𝑣l  

(m·s-1) 

Acoustic 

impedance 

 𝑍  

(kg·m-2·s-1) 

50 1.0016 ± 0.0005 1017.3 ± 1.2 8173 ± 9 

100 1.0029 ± 0.0004 1040.8 ± 0.5 16335 ± 8 

150 1.0045 ± 0.0004 1065.0 ± 0.5 24527 ± 12 

200 1.0062 ± 0.0005 1086.8 ± 0.6 32666 ± 18 

250 1.0074 ± 0.0004 1108.3 ± 0.6 40751 ± 20 

300 1.0084 ± 0.0004 1129.7 ± 0.6 48831 ± 25 

350 1.0100 ± 0.0005 1149.4 ± 0.6 56867 ± 30 

400 1.0111 ± 0.0004 1169.1 ± 0.6 64820 ± 30 

450 1.0114 ± 0.0005 1190.9 ± 0.7 72850 ± 40 

500 1.0126 ± 0.0005 1210.8 ± 0.7 80880 ± 40 

550 1.0144 ± 0.0004 1228.6 ± 0.6 88750 ± 50 

600 1.0147 ± 0.0004 1246.8 ± 0.6 96420 ± 50 

650 1.0166 ± 0.0005 1264.3 ± 0.7 104320 ± 50 

700 1.01671 ± 0.00036 1284.2 ± 0.6 112060 ± 50 

750 1.0177 ± 0.0004 1302.2 ± 0.7 119910 ± 60 

800 1.0187 ± 0.0004 1319.6 ± 0.7 127580 ± 60 

850 1.0191 ± 0.0004 1337.6 ± 0.7 135230 ± 70 

900 1.0205 ± 0.0004 1345.0 ± 0.8 141970 ± 80 

950 1.0211 ± 0.0004 1360.6 ± 0.7 149260 ± 80 

1000 1.0212 ± 0.0004 1380.3 ± 0.8 157040 ± 90 
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Table 4.2: 𝑛, 𝑣l and 𝑍 values of N2 gas at various pressures. 

Pressure 

 𝑝 

(bar) 

Refractive 

Index 

 𝑛 

Sound velocity 

𝑣l 

(m·s-1) 

Acoustic 

impedance 

 𝑍 

(kg·m-2·s-1) 

50 1.0145 ± 0.0005 363.66 ± 0.35 21037 ± 20 

100 1.0281 ± 0.0005 379.21 ± 0.29 43575 ± 33 

150 1.0413 ± 0.0005 400.52 ± 0.32 67700 ± 50 

200 1.05344 ± 0.00038 426.37 ± 0.28 93240 ± 60 

250 1.06438 ± 0.00036 456.56 ± 0.29 120160 ± 80 

300 1.07411 ± 0.00033 486.65 ± 0.27 147260 ± 80 

350 1.08338 ± 0.00032 515.26 ± 0.27 173870 ± 90 

400 1.09040 ± 0.00033 544.99 ± 0.29 200720 ± 100 

450 1.09731 ± 0.00031 575.54 ± 0.29 227780 ± 110 

500 1.10311 ± 0.00029 605.05 ± 0.26 254360 ± 110 

550 1.10952 ± 0.00032 632.41 ± 0.28 279920 ± 120 

600 1.11371 ± 0.00027 657.92 ± 0.28 304510 ± 130 

650 1.11832 ± 0.00027 685.10 ± 0.26 329750 ± 130 

700 1.12284 ± 0.00026 710.04 ± 0.28 353840 ± 140 

750 1.12683 ± 0.00025 734.96 ± 0.27 377820 ± 140 

800 1.13014 ± 0.00028 758.15 ± 0.32 400860 ± 170 

850 1.13261 ± 0.00027 782.33 ± 0.30 424330 ± 160 

900 1.13612 ± 0.00026 802.70 ± 0.33 445680 ± 180 

950 1.13926 ± 0.00028 824.08 ± 0.36 467510 ± 200 

1000 1.14205 ± 0.00027 845.25 ± 0.28 489150 ± 160 
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Table 4.3: 𝑛, 𝑣l and 𝑍 values of Ar gas at various pressures. 

Pressure 

 𝑝  

(bar) 

Refractive 

Index 

 𝑛 

Sound velocity 

𝑣l  

(m·s-1) 

Acoustic 

impedance 

 𝑍  

(kg·m-2·s-1) 

50 1.0141 ± 0.0006 326.5 ± 0.4 27980 ± 38 

100 1.0281 ± 0.0006 336.2 ± 0.5 58910 ± 90 

150 1.0428 ± 0.0005 348.8 ± 0.5 86320 ± 110 

200 1.0581 ± 0.0004 370.7 ± 0.6 130460 ± 230 

250 1.0698 ± 0.0004 394.2 ± 0.7 164210 ± 300 

300 1.08163 ± 0.00031 419.9 ± 0.5 211500 ± 270 

350 1.09263 ± 0.00031 444.8 ± 0.6 252270 ± 340 

400 1.10121 ± 0.00030 472.7 ± 0.7 294400 ± 400 

450 1.10885 ± 0.00025 499.4 ± 0.7 335600 ± 500 

500 1.11659 ± 0.00026 525.7 ± 0.8 376100 ± 500 

550 1.12301 ± 0.00022 550.2 ± 0.8 410900 ± 600 

600 1.12705 ± 0.00024 573.1 ± 0.8 452300 ± 600 

650 1.13399 ± 0.00024 595.8 ± 0.7 484800 ± 600 

700 1.13801 ± 0.00026 618.9 ± 0.8 525800 ±700 

750 1.14308 ± 0.00021 642.2 ± 0.9 564300 ±700 

800 1.14713 ± 0.00025 662.3 ± 0.9 596500 ± 800 

850 1.15064 ± 0.00026 682.2 ± 0.8 632700 ± 700 

900 1.15444 ± 0.00023 700.3 ± 0.9 661500 ± 900 

950 1.15753 ± 0.00023 717.7 ± 0.8 694500 ± 700 

1000 1.16031 ± 0.00026 736.7 ± 0.8 724300 ± 800 
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Chapter 5 

PS CCs in high-pressure Helium gas 

5.1 Brillouin light scattering experiment 

In this section, we discuss the pressure-dependent BLS experiments performed for PS CCs (as 

described in section 3.3), 𝑑 in the range of 143 nm to 830 nm, using He gas at RT. The experiment 

is performed by varying the gas pressure from 1 bar to 1000 bar at a constant step of 50 bars in 13 

minutes, sufficient to record good-quality BLS spectra. Before the each measurement, a few 

minute interval is taken to equilibrate the temperature after pressurizing the system. 

5.2 Pressure-dependent vibrational frequencies 

In order to understand the dependence of hydrostatic pressure on the vibrational frequencies of PS 

NPs, we calculate 𝑝 - dependent 𝑓11 and 𝑓12 based on the nonlinear theory of elasticity. For a 

nonlinear elastic material, the change in the bulk modulus 𝐵(𝑝) and shear modulus 𝐺(𝑝)180 with 

𝑝 is given by: 

𝐵(𝑝) = 𝜆′ +
2

3
𝜇′ −

18𝑎 + 2𝑐

9𝜆′ + 6𝜇′
𝑝 

(5.1) 

 

 

 
𝐺(𝑝) = 𝜇′ −

6𝑏 − 𝑐 + 6𝜆′ + 6𝜇′

6𝑙 + 4𝜇′
𝑝 

(5.2) 

 

 

 

The Young modulus 𝐸(𝑝) and Poisson ratio 𝜈(𝑝) can be related to Eq. (5.1) and (5.2) as: 

 
𝐸(𝑝) =

9𝐵(𝑝)𝐺(𝑝)

3𝐵(𝑝) + 𝐺(𝑝)
 

 (5.3)  

     

 
𝜈(𝑝) =

𝐸(𝑝)

2𝐺(𝑝)
− 1 

 (5.4)  

The calculated values for 𝐵(𝑝), 𝐺(𝑝), 𝐸(𝑝) and  𝜈(𝑝) are given in Table 5.1 and the graphical 

representation of the elastic constants with 𝑝 is given in Figure 5.1. 

i. Calculation of the dipolar mode frequency as a function of pressure 𝒇𝟏𝟏(𝒑) 

To calculate 𝑓11(𝑝), the effective elastic modulus 𝐸eff(𝑝) is given by: 
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𝐸eff (𝑝) =
2

3

𝐸(𝑝)

(1−𝜈(𝑝) 2)
. (5.5) 

 

The effective spring constant 𝐾eff(𝑝) can be rewritten as: 

𝐾eff(𝑝) =
9

5
(
3𝜋𝑊PS−PS𝑅eff

2 𝐸eff
2 (𝑝)

4
)

1

3

. 

 

(5.6)  

Now, 

2𝜋𝑓11(𝑝) = 2 (
2𝐾eff(𝑝)

𝑀
)

1

2

 

(5.7)  

 

 

 

Figure 5.1: (a) Bulk, (b) shear, (c) Young moduli, and (d) Poisson’s ratio as a function of the hydrostatic 

pressure calculated using Eq. 5.1-5.4. 
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Table 5.1: Pressure-dependent elastic constants used in the calculation of 𝑓11(𝑝) and 𝑓12(𝑝). 

Pressure 

𝑝 

[bar] 

Bulk modulus 

𝐵(𝑝) 

[GPa] 

 

Shear modulus 

𝐺(𝑝) 

[GPa] 

 

Young modulus 

𝐸(𝑝) 

[GPa] 

 

Poisson ratio 

𝜈(𝑝) 

[GPa] 

 

1 3.81 1.38 3.70 0.338 

50 3.86 1.39 3.72 0.339 

100 3.91 1.40 3.75 0.340 

150 3.97 1.41 3.78 0.341 

200 4.02 1.42 3.81 0.342 

250 4.07 1.43 3.84 0.343 

300 4.12 1.44 3.87 0.344 

350 4.18 1.45 3.90 0.345 

400 4.23 1.46 3.92 0.345 

450 4.28 1.47 3.95 0.346 

500 4.34 1.48 3.98 0.347 

550 4.39 1.49 4.01 0.348 

600 4.44 1.50 4.04 0.348 

650 4.49 1.51 4.07 0.349 

700 4.55 1.52 4.09 0.350 

750 4.60 1.53 4.12 0.351 

800 4.65 1.54 4.15 0.351 

850 4.70 1.55 4.18 0.352 

900 4.76 1.55 4.21 0.352 

950 4.81 1.56 4.23 0.353 

1000 4.86 1.57 4.26 0.354 
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ii. Calculation of the quadrupolar mode frequency as a function of pressure 𝒇𝟏𝟐(𝒑) 

The shear modulus 𝐺(𝑝) can be used to calculate transverse sound velocity 𝑣t(𝑝) as: 

𝐺(𝑝) = 𝜌𝑣t
2(𝑝) (5.8) 

and the frequency of the (1,2) mode 𝑓12(𝑝) is given by, 

 
𝑓12(𝑝) =

𝐴𝑣t(𝑝)

𝑑
, 

(5.9) 

where 𝐴 = 0.81 for polystyrene112. 

5.3. Acoustic impedance contrast between PS and gas 

The nature of the BLS spectra and the vibrational frequencies of PS CCs exposed to supercritical 

gasses are influenced by the acoustic impedance contrast between PS and the gas at the given 

pressure. In this section, we consider the relative acoustic contrast between PS and He/N2/Ar gas,  

𝑍PS

𝑍gas
. First, let us calculate the acoustic impedance 𝑍 of PS using the equations below, 

 𝐵(𝑝) = 𝜌(𝑝) ·
𝛥𝑃

𝛥𝜌
, (5.10) 

where 𝐵(𝑝) is taken from Table 5.1: 

 𝑍(𝑝) = √𝐵(𝑝) · 𝜌(𝑝), (5.11) 

 

where 𝜌(1 bar) = 1050 kg·m-3. The Density 𝜌(𝑝) and acoustic impedance 𝑍(𝑝) of PS is given in 

Table 5.2. 

Now, using 𝑍gas from Table 4.1-4.3 and 𝑍PS from Table 5.2, we can calculate the ratio of acoustic 

impedances between PS and gas at various pressures. The graphical representation of 
𝑍PS

𝑍He
, 
𝑍PS

𝑍N2
, and 

𝑍PS

𝑍Ar
 is shown in Figure 5.2a-c, and the values are given in Table 5.2. 

𝑍PS

𝑍He
 drops from ≅ 1.2·104 at 1 

bar to 14.5 at 1000 bar. For N2 gas,  
𝑍PS

𝑍N2
≅ 4.9·103 at 1 bar, drops down to 4.7 at 1000 bar.  In the 

case of Ar gas, 
𝑍PS

𝑍Ar
 ≅ 3.7·103 at 1 bar, drops down to 3.2 at 1000 bar.  
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Table 5.2: Density, acoustic impedance of PS and 
𝑍PS

𝑍gas
 at different pressures. 

Pressure 

𝑝 

bar 

Density of PS 

𝜌 

kg·m-3 

Acoustic 

impedance of PS 

𝑍 

(kg·m-2·s-1) 

𝑍PS
𝑍He

 
𝑍PS
𝑍N2

 
𝑍PS
𝑍Ar

 

1 1050 200·104 1.2·104 4.9·103 3.7·103 

50 1051 202·104 247.0 95.8 73.2 

100 1053 203·104 124.5 46.6 35.1 

150 1054 204·104 83.5 30.2 22.5 

200 1055 206·104 63.2 22.1 16.1 

250 1056 207·104 50.9 17.3 12.4 

300 1058 209·104 42.8 14.2 10.0 

350 1059 210·104 37.0 12.1 8.4 

400 1060 212·104 32.7 10.5 7.3 

450 1061 213·104 29.3 9.4 6.4 

500 1062 215·104 26.6 8.4 5.8 

550 1063 216·104 24.4 7.7 5.3 

600 1064 217·104 22.6 7.1 4.9 

650 1065 219·104 21.0 6.6 4.5 

700 1066 220·104 19.7 6.2 4.2 

750 1067 222·104 18.5 5.9 3.9 

800 1068 223·104 17.5 5.6 3.7 

850 1069 224·104 16.6 5.3 3.5 

900 1070 226·104 15.9 5.1 3.4 

950 1071 227·104 15.2 4.9 3.3 

1000 1072 228·104 14.5 4.7 3.2 
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Figure 5.2: Acoustic impedance contrast expressed as a ratio of 
𝑍PS

𝑍gas
 for (a) He, (b) N2, and (c) Ar gas. 

5.4 BLS experimental results 

Figure 5.3 shows the BLS spectra (anti-Stokes side) of PS CCs of 𝑑 = 143 nm, PS143, and 

𝑑 = 610 nm, PS610 measured prior (Figures 5.3a and d), during (Figures 5.3b and e) and after 

(Figures 5.3c and f) exposure to supercritical He, respectively. At first, we discuss the He pressure 

and NP size dependence on the spectral position and line shape of the low-frequency interaction-

induced mode (1,1). For PS143, 𝑓11 increases from 4.59 GHz for the as-prepared sample at 1 bar 

air (Figure 5.3a) to 5.18 GHz (Figure 5.3b) at 1000 bar He, producing about  12% frequency blue 

shift. Upon depressurization, 𝑓11 returns to 4.60 GHz (Figure 5.3 c), indicating reversible behavior. 

Conversely, for PS610 CCs, 𝑓11 slightly decreases from 0.63 GHz for the as-prepared sample 

(Figure 5.3d) to 0.59 GHz at 1000 bar He (Figure 5.3e), indicating about 6% frequency redshift. 

However, 𝑓11 comes back to 0.63 GHz after the pressure release, exhibiting the reversible trend as 

in the case of PS143. The significantly opposite trend of 𝑓11 change at 1000 bar He for PS143 and 

PS610 CCs implies a size-specific effect on the vibrational frequencies of PS CCs by He 

pressurization, which is discussed in the next section in detail.  
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Figure 5.3: Exemplary BLS spectra (anti-Stokes side) of PS CCs of diameter (a-c) 𝑑 = 143 nm, PS143 and 

(d-f) 𝑑 = 610 nm, PS610 obtained from He gas pressure-dependent measurements at RT. (a, d) As-prepared 

sample at 1 bar air (b, e) at 1000 bar He (c, f) post-treatment at 1 bar He. SEM images of (g, h) PS143 and 

(i, j) PS610 CCs, (g, i) before and (h, j) after He gas pressure treatment at 800 bar.   
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Now, considering the peak associated with the (1,2) mode for PS143 CC, the reduced 𝑓12 increases 

from 6.88 GHz for the as-prepared sample (Figure 5.3a) to 7.30 GHz at 1000 bar He (Figure 5.3b). 

Similar to the case of 𝑓11, 𝑓12 returns to the initial spectral position of 6.89 GHz after 

depressurization (Figure 5.3c). For PS610, at 1 bar air reduced 𝑓12 is at 1.60 GHz. After 

pressurization, at 1000 bar of He, the corresponding peak exhibits blueshift and increased 

split (𝑓′ = 1.85 GHz and 𝑓" =  2.20 GHz), which points to the increase of particle contacts by 

hydrostatic compression. However, the reduced 𝑓12 remains unchanged ( about 1.60 GHz), which 

may mislead to the idea that PS NP elasticity is pressure-independent. Considering only the 

stiffening due to hydrostatic compression, 𝑓12 calculated (section 5.2 A ii) should reveal a 5% 

blueshift at 1000 bar. Therefore, we have to consider all the gas pressure-induced effects to 

evaluate the change of frequencies. Similar to PS143, the (1,2) mode returns to the initial spectral 

position after releasing the pressure to 1 bar (Figure 5.3d and f). The reversible nature of the BLS 

spectra of PS CCs after He gas pressure treatment implies zero increase of particle contacts by He 

pressurization, which is validated by the similarity of the SEM images in Figures 5.3 g and h for 

PS143 and i and j for PS610.  

The negligible soldering of PS NPs in the CCs by He gas can be explained by the solubility of He 

in PS, which is expressed in terms of Henry’s law constant, 𝐻 = 
𝐶

𝑝
, where 𝐶 stands for the gas 

concentration and 𝑝 describes the equilibrium pressure at the specific (𝑝, 𝑇) conditions. From the 

available literature, the solubility of He in molten PS181 at 461 K (>𝑇g) is 1.27  10-8 mol·kg-1·Pa-

1. Since in this work we use polystyrene in the glassy state, and therefore this data can only give a 

hint about the solubility of He gas in PS. From this work, we can conclude that He gas can be used 

as a model system to study the effect of elastic deformation by hydrostatic compression, excluding 

the influence of plasticization. At first glance, we may think that the vibrational frequencies 𝑓11 

and 𝑓12 should increase with the He pressure due to hydrostatic compression (section 5.2 and the 

calculated trend in Figures 5.4 and 5.5). However, this concept fails when compared to the 

experimental results of all PS NPs displayed in Figures 5.4 and 5.5. Here, the frequencies of (1,1) 

and (1,2) modes at various 𝑝 are normalized with the corresponding values at 1 bar and represented 

(𝑓(𝑝)/𝑓(1 bar)) as a function of He 𝑝. The dashed lines in Figures 5.4 and 5.5 correspond to the 

expected trend of 𝑓11 and 𝑓12 assuming solely the effect of PS (nonlinear) stiffening due to 

hydrostatic compression (calculated in Section 2). The solid purple circles in Figure 5.4 represent 

the normalized frequency of the  (1,1) mode in the forward direction of pressure change, whereas 
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the open circles correspond to the backward direction. The zero hysteresis for both modes confirm 

the assumption of poor solubility of He in PS and, thereby, reversibility of PS CCs after He 

treatment. However, the behavior of 𝑓11 and 𝑓12 with He 𝑝 shows a size-dependent trend, as also 

described in Figure 5.3.  

For PS143, the normalized 𝑓11 blueshifts while increasing 𝑝 over the predicted (dashed line in 

Figure 5.4) trend due to the increase of particle contacts in addition to the stiffening of PS by 

hydrostatic compression. The same trend is being repeated for PS210. However, as the particle 

size increases, the normalized frequency of the (1,1) mode drops after about 200 bar. For example, 

in the case of PS556 (Figure 5.4d), the normalized 𝑓11(𝑝) monotonically decreases with 𝑝 after 

200 bar, showing about 3% frequency redshift at 1000 bar and for PS610 CCs (Figure 5.4e), 𝑓11(𝑝) 

reduces to about 6% of its initial value. This unusual behavior for the large-sized PS CCs (Figures 

5.4c-f) may lead to the conclusion that there is some gas-induced phenomenon working against 

the increase of particle contacts and nonlinear stiffening caused by hydrostatic compression. 

Surprisingly, the reduced 𝑓11(𝑝) for PS830 CC shows an irreversible trend before and after 

pressurization, i.e., 𝑓11(𝑝) is permanently redshifted after depressurization, which may be due to 

the removal of inherent contact bridges formed by fabrication impurities. 
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Figure 5.4: Normalized frequency of the dipolar (1,1) mode represented as a function of He pressure in the 

forward (solid pink circles) and backward (hollow white circles) direction of pressure change measured for 

(a) PS143 (b) PS210 (c) PS337 (d) PS556 (e) PS610 and (f) PS830 CC at RT. The red dashed lines represent 

the calculated 𝑓11 trend considering only the nonlinear stiffening of bulk polystyrene due to hydrostatic 

compression.  
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Figure 5.5: Normalized (and reduced) frequency of the quadrupolar (1,2) mode represented as a function 

of He pressure in the forward (solid yellow circles) and backward (hollow white circles) direction of 

pressure change measured for (a) PS143 (b) PS210 (c) PS337 (d) PS556 (e) PS610 and (f) PS830 CC at 

RT. The green dashed lines represent the calculated reduced 𝑓12 trend considering only the nonlinear 

stiffening of bulk polystyrene due to hydrostatic compression.  
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Now, let us consider the behavior of 𝑓12 upon He pressure treatment of CCs (Figure 5.5) to explain 

the drop of frequencies above 200 bar evident for PS210, PS337, PS556, PS610, and PS830 CCs. 

It is known that the acoustic energy localization of the quadrupolar mode depends on the elastic 

impedance contrast 𝑍 between NP and the surrounding environment 110,149. The observed 

frequency redshift of the dipolar (1,1) mode (Figure 5.4) also depends on the relative acoustic 

impedance 
𝑍PS

𝑍He
  (Section 5.2) that controls the leakage of the acoustic energy at the fluid-solid 

interface and thereby determine the frequency shift of 𝑓11(𝑝) and 𝑓12 (𝑝). The acoustic energy 

leakage increases with improving acoustic impedance matching between fluid and solid 182, 

resulting in a redshift of the frequencies. The relative 
𝑍PS

𝑍He
 drops from about 1.2104 at 1 bar to 

𝑍PS

𝑍He
≅ 

51 at 250 bar (Figure 5.3a) implying strong increase of the acoustic energy leakage. The leakage 

becomes even more prominent at 1000 bar, with 
𝑍PS

𝑍He
≅ 14.5, leading to a further decrease of 𝑓11 

and 𝑓12. Therefore, the redshift of frequencies is anticipated due to the leakage of acoustic energy 

from the particles to the voids of the PS CCs filled by the supercritical He. However, for PS143, 

the reduced 𝑓12 follows the theoretical trend (stiffening), suggesting acoustic leakage is negligibly 

small in the smaller NPs.  

From the JKR model, the contact area radius follows 𝑎0 ∝ 𝑑
2/3 dependence (Section 3.3) and the 

contact radii for PS143 and PS610 CCs would be 8 nm and 21 nm (Table 3.2), respectively. 

Consequently, for the fcc lattice with 12 neighbors, the free surface of NPs would be reduced by 

1% and 0.35% for PS143 and PS610 CCs. However, recalling the deviation of 𝑓11 from the JKR 

model prediction (Figure 4.4b), the presence of physical contacts created by intrinsic fabrication 

impurities173 may further reduce the available free surface. Furthermore, the contact radii measured 

from SEM images for the as-prepared PS143 and PS610 samples are 31 nm and 59 nm, 

respectively, which may further reduce the free surface by 56% and 11%. Clearly, the reduction 

of the free surface is pronounced for smaller NPs. Moreover, a further increase of contacts during 

compression also reduces the free surface for PS143 CC. Therefore, we can assume that for PS143 

CC, the acoustic energy leakage is absent, as shown in Figure 5.6. Conversely, for PS610, the 

relative reduction of the free surface by impurities is smaller than PS143 CC, and even after 

compression by hydrostatic pressure, the available free surface area is significantly larger for 

acoustic energy leakage. With the increase of pressure, the acoustic impedance contrast between 

PS and He lowers, which results in a significant drop of 𝑓11 and 𝑓12. In general, the size-dependent 



85 
 

behavior of 𝑓11 occurs as a consequence of the three effects mentioned above - an increase of 

particle contacts due to hydrostatic compression, nonlinear stiffening of PS (dashed lines in 

Figures 5.4 and 5.5), and acoustic energy leakage depending on the NPs free surface area. In 

summary, He gas as a non-plasticizing medium produces negligible soldering of PS NPs in the 

CCs and is an excellent model medium to investigate the reversible gas-pressure-induced effects.  

 

Figure 5.6: Scheme showing the response of PS143 and PS610 CCs at ambient conditions and when 

exposed to He pressure at 1000 bar 19. 
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Chapter 6 

PS CCs in high-pressure Ar gas 

Ar gas, in its supercritical state, is a good solvent for polystyrene181 (H = 0.26110-5mol g-1 bar-1 at 

298K)183, and hence it can plasticize PS NPs. The plasticization, along with the hydrostatic 

compression given by gas pressure, enhances the NP interparticle contacts, enabling permanent 

soldering of PS NPs1. The application and optimization of this physical process require a thorough 

knowledge of several geometrical and thermodynamic parameters, including the optimum (𝑝, 𝑇) 

conditions, NP size, solubility of the specific gas and time. In this section, we will quantitatively 

describe the optimum particle diameter for the nanoscale soldering of PS CCs by Ar gas pressure.  

When mentioning different particle diameters, one of the important parameters to consider is the 

surface-to-volume (S/V) ratio of spherical NPs. For a single particle of radius R, the surface area 

to volume ratio can be given by: 

𝑆

𝑉
=
4𝜋𝑅2

4

3
𝜋𝑅3

=
3

𝑅
 

 

(6.1) 

A particle in an fcc crystal has 12 nearest neighbors. Assuming that it has an initial contact radius 

of 𝑎0 with each neighboring particle and recalling the JKR model, we obtain: 

𝑎0
JKR = (

3π𝑑2𝑊

8𝐸eff
)

1

3

 

(6.2) 

 

 

The free surface-to-volume ratio can be given as:  

𝑆f
𝑉
=
4𝜋𝑅2 − (12 · 4𝜋𝑎0

2)
4

3
𝜋𝑅3

 

 

(6.3) 

Based on Eqs. 6.2 and 6.3, we can illustrate the free surface area to volume ratio for the particle 

diameter ranging from 100 nm to 900 nm, as shown in Figure 6.1a. As the particle size reduces to 

100 nm, the free surface-to-volume ratio is considerably increased. Therefore, we can expect that 

the gas diffusion inside smaller particles will produce a much thicker plasticized shell than larger 

particles, as illustrated in scheme 6.1b, c. Following this concept, a qualitative expectation is that 

the soldering is most pronounced for the smallest NP. 
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Figure 6.1: (a) Free surface area to volume ratio illustrated as a function of particle diameter calculated 

based on Eq. 6.2 and 6.3. (b) qualitative illustration of plasticized shells in smaller and bigger particle 

dimers. 

6.1 BLS Experimental results 

 

Figure 6.2: Normalized BLS spectra (anti-Stokes side) of PS CCs of diameter (a-c) 𝑑 = 143 nm, PS143 

and (d-f) 𝑑 = 610 nm, PS610 obtained from Ar gas pressure-dependent measurements at RT. (a, d) as-

prepared sample at 1 bar air (b, e) at 1000 bar Ar (c, f) post-treatment at 1 bar Ar.  
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As shown in Figure 6.2, we will consider the (1,1) and (1,2) modes of two different-sized CCs; 

PS143 and PS610, when exposed to Ar gas pressure. Notably, the peaks corresponding to the (1,1) 

and (1,2) modes are significantly blueshifted for both samples with respect to the spectra of pristine 

CCs. For the smaller-sized PS143, 𝑓11 increases from 4.57 GHz for the as-prepared sample at 1 

bar air (Figure 6.2a) to 6.13 GHz (Figure 6.2 b) at 1000 bar Ar, producing 34% frequency blueshift. 

The intense sharp peak in Figure 6.2b overlapping with the peak corresponding to (1,1) mode 

represents the pressure wave propagating in the Ar, which was not sufficiently suppressed by the 

cross-polarized light geometry. Upon depressurization, 𝑓11 redshifts to 5.49 GHz (Figure 6.2c). 

This, when compared with the as-prepared sample, indicates an irreversible process with 20% 

blueshift. This behavior of 𝑓11 can be attributed to the increase of particle contacts caused by plastic 

deformation of the interface due to the combination of two effects: plasticization and hydrostatic 

compression. Similarly, for PS610 CCs, 𝑓11 increases from 0.61 GHz for the as-prepared sample 

at 1 bar air (Figure 6.2d) to 0.97 GHz at 1000 bar Ar (Figure 6.2e), indicating 59% frequency 

blueshift. After depressurization (Figure 6.2f), 𝑓11 shifts to 0.82 GHz, showing 34% permanent 

blueshift.   

Now, considering the peak associated with the (1,2) mode, for PS143 CC, the reduced 𝑓12 increases 

from 6.85 GHz (𝑓′ = 7.92 GHz and 𝑓" =  8.98 GHz) at 1 bar air (Figure 6.2a) to 7.55 GHz (𝑓′ = 

8.58 and 𝑓" =  9.61 GHz) at 1000 bar of Ar (Figure 6.2b), indicating 10% blueshift by 

pressurization. However, 𝑓12 shifts to 6.94 GHz (𝑓′ = 7.98 GHz and 𝑓" =  9.02 GHz) after 

depressurization. The significant spectral split and blueshift of 𝑓′ and 𝑓" after Ar treatment indicate 

the permanent increase of particle contacts. For PS610 as-prepared sample, the reduced 𝑓12 is about 

1.60 GHz (𝑓′ = 1.69 GHz and 𝑓" =  1.79 GHz), as given in Figure 6.2d. However, the BLS 

spectrum at 1000 bar Ar is poorly resolved, as shown in Figure 6.2e. The apparent broadening of 

(1,2) mode can be explained as the mode delocalization occurring due to the acoustic/elastic energy 

leakage from the NPs to the surrounding medium. As explained in the previous section, the 

acoustic impedance contrast, 𝑍PS/𝑍Ar  ≅ 3 at 1000 bar Ar, which is much more pronounced when 

compared to He atmosphere (𝑍PS/𝑍He  ≅ 14.5) at the same pressure. Additionally, as we found in 

the case of He treatment, the acoustic energy leakage becomes prominent while increasing the NP 

size, and therefore, the spectrum of PS610 (Figure 6.2e) is less resolved when compared to PS143 

(Figure 6.2b) at 1000 bar Ar. After the pressure release, at 1 bar, peak resolution is much improved 

due to the lack of energy leakage, as shown in Figure 6.2f. Now, the reduced 𝑓12 is about 1.49 
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GHz, where 𝑓′ = 1.68 GHz and 𝑓" =  1.88 GHz. Again, the significant mode split and blueshift 

indicate the permanent increase of particle contacts after Ar pressure treatment. As it is evident 

that Ar gas pressure treatment results in an irreversible change in the BLS spectra of PS143 and 

PS610 CC, next we can discuss the pressure dependence of 𝑓11 in detail for all the PS CCs.  

 

Figure 6.3: Normalized frequency of the dipolar (1,1) mode represented as a function of Ar pressure in the 

forward (solid red circles) and backward (hollow red circles) direction of pressure change measured for (a) 
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PS143 (b) PS210 (c) PS337 (d) PS556 (e) PS610 and (f) PS830 CC at RT. The green dashed lines represent 

the calculated 𝑓11 trend considering only the nonlinear stiffening of bulk polystyrene due to hydrostatic 

compression.  

Figure 6.3 represents the behavior of 𝑓11 normalized by the corresponding frequency at 1 bar   

𝑓11(𝑝)/𝑓11(1 bar) for all PS CCs as a function of Ar gas pressure. The solid red circles denote the 

normalized 𝑓11 in the forward direction of pressure change, whereas the hollow red circles 

represent the 𝑓11 in the backward direction. The green dashed lines display the expected trend of 

𝑓11 considering the effect of hydrostatic compression (nonlinear stiffening of PS, change of the 

contact area is not included), calculated based on the nonlinear theory of elasticity. As evident 

from Figure 6.3, all PS CCs after Ar treatment exhibit evident hysteresis in contrast to the results 

obtained from He pressure studies (Figure 5.4). For PS143 and PS210 CCs (Figures 6.3a and b), 

the normalized 𝑓11 follows the predicted trend up to about 300 bar, illustrating that a moderate 

blueshift (4%) of 𝑓11occurs due to the nonlinear elastic stiffening of PS NPs by hydrostatic 

compression. However, for PS337, PS556, PS610 and PS830 CCs (Figures 6.3c-f), with the 

increase of pressure, the normalized 𝑓11 shows an abrupt blueshift above the predicted trend. This 

indicates the enhancement of interparticle contacts from the lower applied pressure (about 100 bar) 

due to the plastic deformation of PS NPs by plasticization and the nonlinear stiffening by 

hydrostatic compression, which overcomes the acoustic energy leakage. For further increase of 

pressure from 300 bar to 800 bar, the normalized 𝑓11 is monotonically increasing for all PS CCs, 

indicating further plasticization and soldering. As mentioned in the previous section of He gas 

treatment (Figure 5.4), for PS143 and PS210, we assume that the acoustic energy leakage is 

negligibly small. However, for all other PS CCs, the behavior of 𝑓11 represent the combined effect 

of all four phenomena – the increase of particle contacts by plasticization, increase of particle 

contact by hydrostatic compression, nonlinear stiffening, and acoustic energy leakage. The 

subsequent increase of pressure above 800 bar, results in the continuous increase of 𝑓11 for all PS 

CCs. Surprisingly, in the backward direction, from 1000 bar to 800 bar, all the PS CCs have zero 

hystereses, depicting a reversible change of 𝑓11 as observed after the He gas treatment. It suggests 

that the PS stiffening due to the hydrostatic compression takes over plasticization, as the diffusion 

of Ar in PS above 800 bar is kinetically arrested 1,184. The subsequent reduction of pressure below 

800 bar shows a distinct response for the smaller (PS143 and PS210) and bigger (PS337, PS556, 

PS610 and PS830) sized PS CCs. The former samples (Figures 6.3a and b) exhibit a monotonous 

reduction of 𝑓1,1 down to 1 bar. The corresponding trend resembles hydrostatic softening, 
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excluding acoustic leakage. However, plasticization and, hence, soldering are still ongoing. 

Parallel hydrostatic softening. For the latter samples (Figure 6.3c-f), the drop of 𝑓1,1 shows a 

systematic weakening of soldering, considering the interplay between plastic deformation, 

nonlinear stiffening, and acoustic leakage.  

 

Figure 6.4: Scheme showing the response of PS143 and PS610 CC to Ar gas pressure in different pressure 

regimes; 1 bar to ~300 bar in region A, 300 bar to ~ 800 bar in region B and 800 bar to 1000 bar in region 

C, in the forward and backward direction of pressure change based on the experimental results shown in 

Figure 6.2. Reproduced from ref. 19.   

To summarize the discussion of the pressure dependence of 𝑓11, we can use the scheme in Figure 

6.4 describing the interfacial effects in PS143 and PS610 CCs in response to the applied Ar 

pressure. The as-fabricated CCs in the glassy state have weak contacts formed by van der Waals 

interactions and contacts made out of fabrication impurities. For PS143 (lower panel in Figure 

6.4), in region A (from 1 bar to ~300 bar), an increase of particle contacts occurs due to nonlinear 

elastic deformation. When the pressure increases in region B (from ~300 bar to ~800 bar), 

plasticization gets pronounced, improving the particle contacts and thus reducing the interparticle 

voids. However, plasticization is absent above 800 bar in region C, as the gas diffusion is 

suppressed. Nevertheless, the further increase in particle contacts results from the nonlinear elastic 
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deformation due to hydrostatic compression while increasing the pressure. Decreasing the pressure 

to 1 bar (regions B and A) reverts the nonlinear elastic deformation, but plasticization continues. 

Notably, the post-treated PS143 shows much reduced void volume compared to the as-fabricated 

sample. For PS610 (upper panel in Figure 6.4), plastic deformation and nonlinear elastic 

deformation start even from the lower pressures (~100 bar), thus increasing the particle contacts. 

Clearly, PS610 has a much higher free volume compared to PS143, and therefore, acoustic leakage 

comes into play as the pressure increases. Therefore the normalized 𝑓11 shows the resultant nature 

of all four phenomena. As mentioned before, above 800 bar in region C, the plastic deformation is 

absent. However, the conflicting trend of elastic deformation and acoustic energy leakage 

determines 𝑓11. On decreasing the pressure below 800 bar, soldering weakens systematically as 

hydrostatic compression drops, but plastic deformation and acoustic leakage exist. The post-treated 

PS610, has a much lower void, or in other words, much-improved particle contacts than the as-

fabricated structure. Figure 6.5 displays the SEM images of all the PS CCs before and after the Ar 

pressure treatment at 800 bar.  

 

Figure 6.5:  SEM images of PS monolayer deposited on Si wafer substrate before and after the Ar 

pressure treatment at 800 bar. Reproduced from ref. 19.   
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Chapter 7 

PS CCs in high-pressure N2 gas 

In this section, we discuss the gas-specificity and size dependence of nano-scale soldering of PS 

CCs exposed to nitrogen gas pressure. As supercritical nitrogen is also a good solvent for 

polystyrene (H = 0.08710-5mol g-1 bar-1at 298 K (< Tg))
1,183, it can plasticize the PS NPs and induce 

the mechanical reinforcement of particles.  

7.1 BLS experimental results 

 

Figure 7.1: Normalized BLS spectra (anti-Stokes side) of PS CCs of diameter (a-c) 𝑑 = 143 nm, PS143 

and (d-f) 𝑑 = 610 nm, PS610 obtained from N2 gas pressure-dependent measurements at RT. (a, d) as-

prepared sample at 1 bar air (b, e) at 1000 bar N2 (c, f) post-treatment at 1 bar N2.  

At first, we consider the (1,1) and (1,2) modes of two different-sized CCs; PS143 and PS610, when 

exposed to N2 gas pressure at RT. For PS143, 𝑓11 increases from 4.58 GHz for the as-prepared 

sample at 1 bar air (Figure 7.1a) to 6.17 GHz (Figure 7.1b) at 1000 bar of N2, producing 35% 
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frequency blueshift. However, it returns to 4.99 GHz (Figure 7.1c) after the pressure release to 1 

bar, producing 9% frequency blue shift. Similar to Ar case, the peak corresponding to the pressure 

wave in supercritical N2 at 1000 bar (Figure 7.1b) is intense and overlaps with the (1,1) mode peak 

of PS143 CC. For PS610 CCs, 𝑓11 increases from 0.60 GHz for the as-prepared sample at 1 bar air 

(Figure 7.1d) to 0.98 GHz at 1000 bar N2 (Figure 7.1e), indicating 63% frequency blueshift. After 

depressurization (Figure 7.1f), 𝑓11 redshifts to 0.73 GHz, showing 22% permanent blueshift 

concerning the as-prepared sample.   

Now, considering the peak associated with the (1,2) mode; for PS143 CC, the reduced 𝑓12 is at 

6.83 GHz (𝑓′ = 7.79 GHz and 𝑓" =  8.75 GHz) at 1 bar air (Figure 7.1a). The spectrum is less 

resolved at 1000 bar N2 (Figure 7.1b) due to the presence of an intense nitrogen pressure wave 

peak and the acoustic impedance matching between PS and N2 at 1000 bar (𝑍PS/𝑍N2  ≅ 4.67). 

After depressurization (Figure 7.1c), the reduced 𝑓12 is obtained at 6.82 GHz (𝑓′ = 7.92 GHz 

and 𝑓" =  9.03 GHz). Since the reduced 𝑓12 gives the frequency of the quadrupolar mode of an 

interaction-free particle, the value remains the same before and after pressurization. However, the 

significant spectral split and blueshift, indicated by 𝑓′ and 𝑓", confirm the enhancement of particle 

contacts. For PS610 as-prepared sample, the reduced 𝑓12 is about 1.62 GHz (𝑓′ = 1.70 GHz 

and 𝑓" =  1.80 GHz), as given in Figure 7.1d. Similar to PS143 CC, the BLS spectrum at 1000 bar 

N2 is poorly resolved, as shown in Figure 7.1e. The apparent broadening of the (1,2) mode peak 

can be explained as the mode delocalization occurring due to the acoustic energy leakage from the 

NPs to the surrounding medium. As mentioned in the He study, acoustic energy leakage becomes 

prominent with the NP size, and therefore the spectrum of PS610 (Figure 7.1e) is less resolved 

when compared to PS143 (Figure 7.1b) at 1000 bar N2. After the pressure release, at 1 bar, the 

peak resolution is much improved due to the lack of acoustic energy leakage, as shown in Figure 

7.1f. The reduced 𝑓12 is about 1.57 GHz, where 𝑓′ = 1.69 GHz and 𝑓" =  1.82 GHz. Clearly, N2 

gas pressure treatment also results in an irreversible change in the BLS spectra of PS143 and PS610 

CC, and in the next section, we  discuss the pressure dependence of 𝑓11 in detail for all the PS CCs 

exposed to N2 gas pressure.  
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Figure 7.2: Normalized frequency of the dipolar (1,1) mode represented as a function of N2 pressure in the 

forward (solid purple circles) and backward (hollow purple circles) direction of pressure change measured 

for (a) PS143 (b) PS210 (c) PS337 (d) PS556 (e) PS610 and (f) PS830 CCs at RT. The pink dashed lines 

represent the calculated 𝑓11 trend considering only the nonlinear stiffening of bulk polystyrene due to 

hydrostatic compression.  
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As shown in the previous sections, we can represent 𝑓11 normalized by the corresponding 

frequency at 1 bar 𝑓11(𝑝)/𝑓11(1 bar) for all PS CCs as a function of N2 gas pressure. In Figure 

7.2, the solid purple circles denote the normalized 𝑓11 in the forward direction of pressure change, 

whereas the purple hollow circles represent the 𝑓11 in the backward direction. The pink dashed 

lines in each figure show the calculated trend of normalized 𝑓11considering the effect of hydrostatic 

compression solely (no change of the contact area) based on the nonlinear theory of elasticity. As 

evident from Figure 7.2, all the PS CCs exhibit hysteresis, which shows the permanent change of 

PS CCs after N2 treatment. For PS143, PS210 and PS337 CCs, the normalized 𝑓11 follows the 

calculated trend up to about 250 bar (Figure 7.2a-c). For PS 556, PS610 and PS830 CCs, the 

normalized 𝑓11blueshifts abruptly from about 50 bar (Figure 7.2d-f) over the predicted trend. This 

indicates the increase of particle contacts due to the plasticization of PS CCs by gas diffusion, 

which, in addition to the nonlinear stiffening of PS, overcomes the acoustic energy leakage effect. 

Further increase of pressure above 300 bar monotonically blueshift the normalized 𝑓11 of all PS 

CCs, indicating the increased plasticization and soldering of PS NPs. As stated in the Ar gas study, 

the behavior of normalized 𝑓11illustrates the competition between all four effects: the increase of 

contact by plasticization, an increase of contacts by hydrostatic compression, nonlinear stiffening, 

and acoustic energy leakage. Similar to the PS CCs exposed to Ar gas pressure, on  decreasing the 

pressure from 1000 bar to 700 bar, the normalized 𝑓11follows a reversible path. Here, the N2 gas 

diffusion in PS is kinetically arrested 1,184 in this regime, and therefore, hydrostatic elastic 

compression takes over the plasticization. On decreasing the pressure below 700 bar, the 

normalized 𝑓11monotonically reduces up to about 250 bar for PS143, PS210, and PS337 CCs. In 

this regime, plasticization is still ongoing. However, the pressure-induced stiffening is reduced. 

For bigger particles such as PS556, PS610 and PS830 CCs, the normalized 𝑓11shows a systematic 

weakening up to about 1 bar, indicating the combined effect of reduced plasticization, nonlinear 

stiffening, and acoustic energy leakage. 

7.2 Size-dependence of nano-scale soldering of PS CCs with different supercritical gases  

As our primary objective is to identify the size dependence of nanoscale soldering of PS CCs with 

different supercritical gases, we can illustrate the ratio of effective elastic modulus before and after 

the gas pressure treatments. As evident from Figure 7.3, He gas pressure treatment produces 

negligible soldering for the PS CCs, and therefore the 𝐶eff value (Eqn. 3.10, section 3.3) remains 

the same as the as-prepared sample. However, after Ar and N2 gas treatments, there is a non-
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monotonic size-dependent trend, which is against the qualitative expectation of stronger soldering 

for smaller NPs. It is clear that from PS830 to PS610 CCs, soldering effectively improves as the 

NPs diameter reduces and the surface-to-volume ratio of an individual NP increases. However, the 

relative change of the modulus is the highest for the medium-sized particles (𝑑 =  610 nm), after 

which the ratio of effective elastic modulus considerably reduces while decreasing 𝑑. For the 

smallest-sized NPs (PS143), the role of initial contact bridges formed out of the fabrication 

impurities reduces the free surface and hence suppresses the gas diffusion and plasticization. 

Recall that the acoustic energy leakage is absent in PS143 because of the reduced interparticle 

voids, thereby free surface, occurring due to the contacts formed by fabrication impurities. For 

bigger particles such as PS610, the contact bridges formed out of fabrication impurities have a 

minor effect compared to smaller NPs. Even though the free surface is reduced with the impurity 

contacts, a comparatively higher free space for plasticization still exists. Notice that both Ar and 

N2 gas pressure treatments have a similar size-dependent trend. However, as supercritical Ar is a 

better plasticizer than supercritical N2, the ratio of effective elastic modulus is lower for PS CCs 

exposed to N2 gas pressure. 

 

Figure 7.3: Relative change of the effective elastic modulus after He, N2, and Ar pressure treatments of PS 

CCs as a function of particle diameter (𝑑). The shaded lines represent the guide to the eye. 
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Conclusion and outlook 

This thesis highlights the experimental investigation of the mechanical reinforcement of 

polystyrene colloidal crystals by exposure to supercritical fluids at room temperature. By 

employing Brillouin light scattering as a non-contact and nondestructive optical technique, we 

measured in situ the acoustic vibrations of CCs under the pressure changes. From this study, we 

are able to quantify the effect of nanoparticle size and gas specificity that favors the efficient 

soldering of CCs.  

In Chapter 3, I discussed the synthesis of PS NPs by surfactant-free emulsion polymerization and 

the fabrication of PS CC samples for BLS and SEM studies. We investigated 6 PS CC samples 

with NP size ranging from 143 nm to 810 nm. For BLS measurements, 3D PS CC samples were 

prepared by drop casting, whereas for SEM studies, 2D monolayer samples were prepared on the 

air-water interface. The initial characterization of the pristine samples by BLS and SEM gave 

information about the particle diameter and the effective elastic modulus. The BLS measurement 

of pristine samples can accurately measure the particle diameter, which is in good agreement with 

the SEM data. 

In Chapter 4, I discussed the acoustic properties of He, N2, and Ar gasses measured at various 

pressures using BLS. The refractive index (𝑛), longitudinal sound velocity (𝑣l) and acoustic 

impedance (𝑍) values of the gasses were determined for pressures ranging from 1 bar to 1000 bar. 

The above results were applied in the further analysis of CCs exposed to supercritical fluids. 

In Chapter 5, I discussed the pressure-dependent BLS experiments performed when PS CCs are 

exposed to He gas pressure. At first, I represented the theoretical pressure dependence of 

vibrational frequencies based on the nonlinear theory of elasticity. The ratio of acoustic 

impedances between PS and the gas is illustrated for pressures from 1 bar to 1000 bar. The BLS 

and SEM results lead to the conclusion that He gas does not produce soldering in PS CCs. He gas 

is poorly soluble in polystyrene, and hence, the effect of plasticization can be excluded. Although 

He treatment is reversible and soldering-free, we can establish a model system to evaluate the 

effect of hydrostatic pressure on CCs. The vibration spectra of CCs exposed to He pressure 

originate from the competing effects of nonlinear elastic deformation, increase of particle contacts 

by compression, and acoustic energy leakage from the NPs to gas. We observed a size-dependent 

behavior in the crystal’s spectral response to He pressure.  Notably, the larger free surface of larger 
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nanoparticles makes the acoustic leakage more effective. Additionally, the acoustic impedance 

contrast increases with pressure, making the acoustic leakage more obvious at higher pressures. 

Since Ar and N2 gases are good solvents for PS, the exposure of PS CCs to these gases results in 

the plasticization of PS NPs. PS CCs exposed to supercritical Ar (Chapter 6) and N2 (Chapter 7) 

can produce efficient soldering to all the NPs studied. On illustrating the size-dependence of nano-

scale soldering of PS CCs, we can conclude that soldering turned out to be efficient for mid-sized 

NPs (diameter ~ 610 nm). The effective elastic modulus of the CCs exposed to supercritical Ar 

improved by over 90% compared to the pristine sample. The monotonic size-dependent behavior 

can be related to the fabrication impurities that contribute to impurity-based solid contacts, in 

addition to the van der Waals adhesive forces. The creation of solid bridges in three-dimensional 

colloidal crystals 173 and the quality of monolayers constructed of polystyrene spheres 23 have both 

been observed to be impacted by impurities. However, these native interparticle bonds are 

insufficiently strong to resolve the problem of colloidal crystal brittleness. They also lessen the 

free surface that is open to plasticization or other surface-mediated treatments. Since this effect is 

more pronounced for smaller particles, soldering becomes less effective as nanoparticle size 

decreases. 

This research opens up new avenues for the controllable mechanical engineering of two- and three-

dimensional architectures based on polymer colloidal crystals. These architectures can be 

engineered using variables that can be changed, such as nanoparticle geometry and composition, 

thermodynamic variables (pressure, temperature), solubility, and time. Additionally, we hope that 

this study may inspire theoretical and experimental work that creates large-scale robust colloidal 

crystals using various polymers and gases, such as supercritical CO2 
185 or Xe 186, for novel 

applications in coatings, photonics, and phononics 79,94.  
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