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ABSTRACT 
 

The advancement of modern science and technology needs day by day smaller 

microprocessors, chips, sensors, machines, and devices, as a result, the existing 

methods of fabrication are slowly becoming obsolete. The fabrication of devices at 

small scale by the help of self-assembly is an inexpensive and promising technique. 

This work explores the formation of nano-microstructures using colloidal sulfur 

particles and the manipulation of their morphology using different acid salts, 

surfactants and substrates. 

 Evaporation of sessile droplets containing colloidal particles induces 

outward flow within the drop, which produces the well-known ‘‘coffee-ring’’ effect 

or a dense ring-like deposition along the perimeter. In this work, the formation of self-

assembled structure during drying of microliter drops on the glass surface containing 

colloidal sulfur particles (synthesized in situ by the reaction of oxalic acid and sodium 

thiosulphate) is investigated experimentally with help of optical microscopy. Our 

results show that the particles are self-assembled into a tree-like structure after the 

evaporation of liquid drops from the reaction mixture. The sulfur particles alone 

cannot form similar self-assembly structure in pure water, but the sodium oxalate salt 

present in the reaction mixture helps to form the tree-like structure. The structure 

formation is also influenced by evaporative flux inside the liquid drop, capillary, van 

der Waals attractive forces between the particles. The different parameters such as 

particle size, particle and salt concentrations, acid to thiosulphate ratio, drop volume, 

addition of surfactants strongly influences the structure formation. 

 By varying the acids that are used for the reaction, the resultant salts 

are varied too and this brings about changes in the sulfur structure morphology. By 

using HCl the sulfur structure turns into a labyrinthine grid like structure with almost 

90° branches growing from the main stems, which are also at 90° to each other. With 

H2SO4 similar leaf like patterns as before were obtained, but they were somewhat 

more angular and rougher. 

 Also by changing the substrate in which the self-assembly takes place, 

by coating glass slides with surfactants, or by using a polyester substrate the structure 

morphology can be influenced to a large extent. 

Keywords: self-assembly, colloidal sulfur, nanoparticles, coffee-ring effect, 

marangoni effect, van der Waals force, sessile drop, capillary force. 
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1.1 Introduction 

Self-assembly is a process in which the mobile components within a system are spontaneously 

arranged into an organized and ordered pattern, without any external intervention. The mobile 

components can be thought of as building blocks constituting the structure. These building 

blocks fall in the nano-colloidal range, therefore ions, molecules, macromolecules, nanocrystals, 

nanoparticles all can be used to fabricate self-assembled structures. As there is such a variety of 

building blocks, the forces acting on them are also equally varied basing on their size and their 

nature. At the micro level the forces acting are capillary forces, surface tension, external field 

forces such as gravitational, centrifugal, electrical and magnetic forces. At the nano and 

molecular level electrostatic forces, hydrogen-bonding, van der Waal interactions, “lock-key” 

type and other molecular based interactions play a major role. This methodology is an attractive 

and popular fabrication process in the scientific community, primarily because this is a 

spontaneous process, it doesn’t require much human supervision, the final self-assembled 

structure is often close to thermodynamic equilibrium, it is predicted that these systems will have 

minimum defects and will have self-healing capabilities and finally this methodology has 

versatile applications and will prove to be very cost-effective.  

1.2 History 

The original expectations of nanoscience included things like revolutionary electronics, 

nanobots, quantum computers, revolutionary materials with extraordinary applications and 

applications in biomedicine using particles that are small enough to be in the scale of the cell 

(Whitesides and Lipomi, 2009). But like any new technology, Nanoscience and nanotechnology 

also went through a period of exaggerated expectations and unrealistic claims, followed by a 

period of disappointment after which there is a return to the basics and fundamental aspects of 

the technology. Slowly the research starts to become more and more application oriented and 

more organized. More and more nanoparticles, with novel properties were synthesized and their 

behavior individually and with each other was studied. Now gradually the trend is moving 

towards forming nanostructures out of these particles, which is the next step in manufacturing 

techniques, where there is a constant race to design ever smaller systems.  

From the self-assembly point of view, the definitive work by Deegan et al.(Deegan et al., 

1997) can be considered as the first report regarding colloidal particles forming self-assembled 
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structures. They explained the reason for ring-like stain formations when a spilled drop of coffee 

containing colloidal particles dries on a solid surface. Since then many researchers have reported 

the self-assembly of colloidal particles (Bai et al., 2008; Banerjee et al., 2009; Bhardwaj et al., 

2010; Bormashenko et al., 2007; Cai, Zhang Newby, 2008; Cong, Yu, 2009; Daniel, Astruc, 

2004; Deegan et al., 1997; Denkov et al., 1992; Dushkin et al., 1993; George et al., 2009; Qin et 

al., 1999; Ray et al., 2009; Sahoo et al., 2009; Sommer et al., 2004; Sommer, 2004; Yang, Wang, 

2009; Ye et al., 2008; Zeng et al., 2007) as well as microbes (Nellimoottil et al., 2007; Keum et 

al., 2011) from the evaporating droplets. There are even studies describing the role of DLVO 

interaction on self-assembly, resulting in three types of commonly observed structures, which are 

the peripheral ring, (Sommer et al., 2004; Chon et al., 2007) the small central bump, (Bhardwaj 

et al., 2009) and a uniform layer (Sommer, 2004). But even before Deegan’s work Kralchevsky 

and co-workers have been studying interactions between colloidal particles. They reported the 

formation of 2-D arrays (Denkov et al., 1992, 1993; Kralckevsky et al., 1994; Yamaki et al., 

1995) of colloidal particles and used the term called convective self-assembly.to describe the 

phenomena. Recent works have also reported how the self-assembled structures obtained via the 

coffee-ring effect can be manipulated through various approaches (Quilliet and Berge, 2001; 

Shen et al., 2010; Eral et al., 2011; Yunker et al., 2011). Earlier works regarding the formation of 

self-assemblies such as fractal, dendritic and the sea weed patterns hint at crystallization of some 

form to have a major influence on the structure formation process (Ferreiro et al., 2002; 

Takhistov and Chang, 2002; Park and Moon, 2006; Vancea et al., 2008; Haidara et al., 2010; 

Kaya et al., 2010; Shen et al., 2010). Specifically Takhistov group propose that a common trend 

is followed during pattern formation on glass depending on the salt concentrations.  

 

Figure 1.1 Expectation versus time plot for new technologies (Whitesides and Lipomi, 2009). 
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The top areas with application of microfabrication to create patterns are information technology 

and nanoelectronics. Advances in microfabrication processes allow manufacturing of 

components in the deep-nanoscale region using techniques such as extreme ultraviolet 

lithography (Santo, 2007), double patterning lithography (Mack, 2008), multiple electron beam 

(maskless) writing (Pease and Chou, 2008) and so on. To overcome financial and technological 

constraints, the trend is slowly shifting towards self-assembly methods, which are not only 

greener but also simpler, inexpensive and more efficient and generate far less wastage of raw 

materials than the previous methods. The most recent application of commercial use of self-

assembly techniques is for the manufacture of RFID chips. The process claims a yield that is 

upwards of 90%. 

1.3 General Techniques for Self-Assembled Structure Fabrication  

Self-assembly is basically an application of nanotechnology therefore the methods for fabrication 

of nanostructures is more or less the same. Nevertheless it is useful to classify the methods based 

on the medium in which the synthesis occurs i.e. “dry methods” and “solution phase methods”. 

Dry methods mostly include methods such as chemical vapor deposition (Lao et al., 2003, 2004), 

acidic vapor oxidation (Yang et al., 2009), laser ablation and so on. Solution phase methods are 

again classified into self-assembly in the bulk solution and self-assembly by partial or complete 

adsorption of components on a substrate. Adsorption based solution phase self-assembly consists 

mostly of fluidic and evaporation induced self-assembly methods. These methods may or may 

not be assisted by a template on the substrate. The solution phase methods give more yields with 

minimal error and the degree of precision is also very high, this is proved by the increasing 

amount of research work done in the field of electronics using self-assembly. The high 

throughput, the simplicity of the process and the highly favorable conditions, constraints and the 

environment which are easily maintained at the ambient room conditions make this a very 

attractive procedure with a high possibility of scale-up. The dry methods are important also 

academically from the research point of view to understand the different mechanisms involved in 

the formation of a self-assembled structure. The fabrication methods have been dealt with in 

detail in the next chapter. 
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1.4 Application 

First of all self-assembly is already an application of nanotechnology in terms of synthesis and 

microfabrication, as mentioned earlier. Self-assembled structures are constituted of components 

that already have unique properties because of their small size such as in nanoparticles, their 

specific crystal structure or even pretreated components which assemble in a specific way such 

as that observed in the assembly of microelectronic parts on a substrate. The basic idea of self-

assembly is to bring together these different components in such a way that the resultant ordered 

structure will have enhanced properties. As Whitesides et al. (Whitesides and Grzybowski, 2002) 

very clearly describe the applications and possibilities of self-assembly can be broadly classified 

into the following areas. The formation of regular crystalline grids and matrices using self-

assembly to construct photonic materials out of nanoparticles is one of the basic applications 

(Xia et al., 2000). The assembly of micrometer scaled components to fabricate microelectronic 

devices has already starting to show signs of becoming a commercialized process (Stauth and 

Parviz, 2006; Saeedi et al., 2008). In the near future the use of robotics for manufacturing will 

become an obsolete process, as the trend is towards miniaturization and is slowly moving 

towards nanofabrication. At this scale robotics has reached its technological limit. Manufacture 

of nanowires and nanocircuits will need new interdisciplinary methods, which constitute most of 

the self-assembly methods (Keren et al., 2002; Nam et al., 2006). Another new approach being 

explored in microelectronics is devices and structures in three dimensions. Until now most of the 

work has been focused on fabrication of structures in the two dimensions, the attractive feature 

about employing the third dimension is that it will lead to shorter interconnects and efficient use 

of volume. This is inspired from the brain which is essentially a three dimensional computing 

device. Researchers have already begun fabricating three dimensional electrical systems using 

self-assembly (Breen, 1999; Gracias, 2000). In short, this is an area at its infancy and the 

possibilities and applications here are virtually limitless. 
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2.1 Introduction 

Self-assembly formation of nano or colloidal particles can be broadly classified into “dry 

methods”(Dick et al., 2004; Cheng et al., 2009; Yang et al., 2009) and “liquid phase 

methods”(Burda et al., 2005; Qi, 2010). Formation in dry condition includes, Chemical Vapour 

Deposition (CVD),(Dick et al., 2004; Cheng et al., 2009; Yang et al., 2009) Laser Ablation etc. 

Liquid phase formation of self-assembly can again be classified into (i) inside the bulk media 

(Cho et al., 2005; George et al., 2007; Li et al., 2004; Liu et al., 2008; Qi et al., 2000; Zhang et 

al., 2008,  2006; Zhao et al., 2008) and (ii) onto the solid surface (Deegan et al., 1997; Takhistov 

and Chang, 2002; Park and Moon, 2006; Haidara et al., 2010; Shen et al., 2010; Marín et al., 

2011). Self-assembly onto the solid surface may occur because of the adsorption of the particles 

on the surface (Qin et al., 1999; Daniel and Astruc, 2004; Zeng et al., 2007; Bai et al., 2008; Ye 

et al., 2008; Banerjee et al., 2009; Ray et al., 2009; Sahoo et al., 2009; Yang and Wang, 2009) or 

during the evaporation of liquid drop (Denkov et al., 1992; Dushkin et al., 1993; Deegan et al., 

1997; Sommer et al., 2004; Sommer, 2004; Bormashenko et al., 2007; Cai and Zhang Newby, 

2008; Bhardwaj et al., 2009, 2010; Cong and Yu, 2009; George et al., 2009).  

Until recently mostly aggressive procedures such as extreme lithography techniques using 

extreme UV, focused-ion beam, electron beam etc have been used to create nanostructures on 

metal and polymer substrates. Other processes such as CVD and laser ablation, where the 

nanostructures are formed as byproducts during manufacture of functionalized or seeded carbon 

nanotubes obviously have no scope for scale up or mass manufacture processes; hence there 

exists a need for a method that will enable fabrication of nanostructures in a simple and efficient 

manner with minimal wastage of precursors. Self-Assembly is such a process; it allows creation 

of fascinating structures and the structure’s specifications such as size and orientation can be 

controlled by slight variations in parameters such as pH, temperature and addition of organic 

molecules. The main reason why self-assembly as a nanostructure synthesis process is so 

attractive is that the whole process would be autonomous. The required precursors would 

generate the building blocks which would in-turn self-assemble into complex structures in order 

to attain a low energy state. As the name itself implies, the whole process would be self governed 

and there is no need for external supervision. As self-assembly procedures are predominantly 

solution phase methods this method can be used to fabricate structures using inorganic, organic, 

or functionalized materials. As this project is based on a drying assisted solution phased method, 
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therefore the majority of the focus is on similar methods and the growth and development of 

relevant techniques. 

2.2 Classification of Self-Assembly Processes 

Self-assembly has been found to occur in a variety of circumstances through different methods. 

This section discusses the different precursors and monomers leading to the self-assembled 

structures and the different methods used to achieve them. Self-assembly can be broadly 

classified into two domains based on the media in which the whole process occurs; these two 

domains being liquid phase methods and the dry methods. The solution phase methods being so 

diverse are again sub-divided according to the components involved in the self-assembled 

structure, such as particles, nanocrystals and micro-machined parts. Here the term particles is 

strictly in reference to nanoparticles such as latex, glass spheres, polymer and other type of 

particles which have been formed as a result of a precipitation reaction and bear somewhat more 

attraction towards each other than towards the solvent. Although nanocrystals are also formed as 

a result of a precipitation reaction but here organic reagents are used as crystal surface modifiers 

resulting in different type of crystal growths from the same precursors. The term most commonly 

used to describe such surface modified nanocrystals is inorganic-organic hybrid nanocrystals. 

Polymers are also well known for exhibiting unique patterns during the study of polymer-melt 

systems and this is in itself a vast field. Therefore nanocrystals, colloidal particles and polymer 

systems have been discussed in detail in separate sections each. 

2.2.1 Inorganic-organic hybrid nanocrystals 

The recent work by Banerjee et al. (Banerjee et al., 2009) highlights a drying-mediated process 

to form self-assembled monolayers of thiol-capped gold nanocrystals, shown in Figure 2.1. They 

have used dodecanethiol capped gold particles suspended in toluene, which is then spread on a 

Langmuir trough. The thiol capped gold particles being hydrophobic float on the water surface 

and after the solvent (toluene) evaporates a monolayer of the particles is formed at the air-water 

interface. Now this monolayer is studied by means of AFM and XRR techniques. Using the 

Langmuir trough, the surface-pressure isotherms were studied for the films transferred at 2, 5, 

10, 12 and 14 mN/m. The isotherms reveal distinct gaseous, liquid-expanded and liquid-

condensed phases but more than that they reveal that with the increase in compression more 
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pattern formation is observed. They explain that the pattern formation is somehow triggered by 

the spreading process in Langmuir trough itself. Due to spreading some of the particles 

inadvertently coalesce, given the tendency to kinetically self-assemble, and once the monolayer 

formed by these particles is transferred onto the substrate (carbon coated grid), these groups of 

particles are further brought together due to the drying process and the interplay of forces.  

  

Figure 2.1 Nanopattern formation in self assembled monolayers of thio-capped Au nanocrystals 

(Banerjee et al., 2009) 

During this drying process the water trapped in these groups of particles first start as nucleation 

centers within these particle agglomerates and later grows into bigger water bodies by combining 

with other such isolated bodies of water. Then later due to compression they begin to force their 

way out of the particle agglomerates and while moving the advancing water front carries with it 

any loose nanoparticles and until just before total dry-out the particles are deposited on the 

pathway of the water fronts. This is attributed to be one of the initial reasons for the pattern 

formation. Later the water from the various particle islands combines and forms a continuous 

film like entity in which these patterned particle islands are suspended. Apart from the said 

reason drying mediated self-assembly is always accompanied by contrarotatory hydrodynamic 

convection (Bernard-Marangoni convection) and the kind of pattern that is formed also suggests 

spinodal decomposition and dewetting. 

Another very similar work by John et al. (John et al., 2010) also using dodecanethiol capped gold 

nanoparticles suspended in toluene, describe the formation of cellular networks but they have 

limited their scope to SEM and AFM studies. They describe how by capping nanoparticles with 

molecules and ligands with a tendency to self-assembly, the nanoparticles acquire an ability to 

self-assemble themselves. Molecules such as alkanethiols, alkylamines and other biomolecules 

a b c d 
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allow programmed self-assembly to be achieved. They use mica as their substrate instead the 

silicon substrate with its native oxide described in the work by Bannerjee et al. (Banerjee et al., 

2009). Through their AFM studies they were able to explain why water appears as nucleation 

and growth centers in the middle of the chunks of agglomerated particles; something which was 

unclear in the previous (Banerjee et al., 2009) study. In the field emission SEM studies operating 

at low vacuum, water vapor was gradually introduced in the chamber. This causes water to get 

adsorbed on the hydrophilic mica surface and form monolayers and more importantly 

microdomains, which later act as nucleation and growth sites for water holes and as described in 

this study, they grow to form water domains. The hydrophobic thiol capped gold particles which 

are weakly adhered to the mica surface are able to move and diffuse better. Thus the explanation 

that the formation of water microdomains, holes, monolayers etc described here aid in the 

formation of the network structure in the end supports the previous study and is complementary 

to its explanation as well, in regard to how particles agglomerates are divided by escaping water 

during compression in the Langmuir trough and later form a continuous water domain. 

It has also been noted in many colloidal nanocrystal synthesis procedures that the surfactants 

which usually play the role of restricting further growth by surface adsorption, also play a key 

for connectivity and self-assembly to occur among the nanocrystals. Although there are many 

ways to synthesize colloidal nanocrystals but the methods for size, shape control and establishing 

connectivity between monomers are fundamentally the same. A wide range of nanocrystals 

including metals, metal oxides, sulfides and many semiconductor materials are being synthesized 

recently. One such material is PbS. In the work by Wang et al. (Wang et al., 2008) shown in 

Figure 2.2, they attempt to describe the mechanism behind the formation of highly geometric 

shapes and other various morphologies of PbS truncated octahedron nanocrystals. They suggest 

that according to their XRD studies since the ratio between the intensities of the (200) and (111) 

diffraction peaks is higher than that of the standard value; ratio obtained is 1.3 whereas the 

standard value is 1.19, which means there is relatively accelerated growth along the {100} faces. 

The truncated octahedron shape has been confirmed by SEM and TEM images and as there is no 

presence of any other minor shapes so it is assumed that the growth is by Oswald ripening 

mechanism. It is also evident from the images that there is a tendency for self-assembly to occur 

by sharing of the square faces of the crystals. The different growth mechanisms have been 

explored by the use of surfactants and by use of different concentrations of thiourea (the source 
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of sulfur in this case). It has been established in previous studies that the use of surfactants 

promote the preferential growth of the truncated octahedron crystals along the {100} directions 

and under similar conditions but without the presence of surfactants it’s been observed that star 

shaped PbS crystals and eight arms along the {111} directions are obtained. This phenomenon 

has been explained from both the viewpoints; one being that surfactants selectively bind and 

stabilize the {111} faces due to the electrostatic interactions between the surfactant molecule’s 

ionic head and the charged {111} faces, and the other being that since the {100} faces have a 

higher energy than the {111} faces it is only natural that the system would try to reduce the 

surface energy by binding and self-assembly along the square faces and this also happens to be 

the most efficient packing arrangement for the PbS truncated octahedron crystals (Cho, Talapin, 

et al., 2005). Another reason supporting the electrostatic explanation is that PbS crystals are 

polar i.e. many of the crystals have permanent dipole moments along the {100} directions 

(Wang, 2000). The high uniformity among the PbS crystals is also said to promote self-

assembly. In this work Wang et al. have demonstrated how by controlling the surfactant and 

reactant concentrations it is possible to get preferential growth along different directions 

resulting in dendrites, 6 armed and 8 armed assemblies. 

 

Figure 2.2 Synthesis of PbS truncated octahedron crystals with high symmetry into different 

structures (Wang et al., 2008). 

The above work described an aqueous phase method to synthesize nanocrystals of various 

shapes. In the study by Jun et al. (Jun et al., 2005) an attempt is made to explain the shape-

guiding processes behind the various morphologies such as spheres, cubes, rods, multipods, 

stars, disks etc for various inorganic nanocrystals, synthesized through non-hydrolytic routes. 
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They have focused on the crystalline phase of nucleating seeds, surface energy, kinetic vs 

thermodynamic growth and the process of selective adsorption of capping ligands which are 

thought to be as key contributing factors for the different morphologies. Typically in this route 

the precursors are added to a hot organic solvent (~100-350°C) containing the required capping 

agents, unlike most aqueous phase syntheses where the whole pot mixture is usually maintained 

at room temperature. The resultant nanocrystals are known to possess excellent crystallinity and 

monodispersity. This can be attributed to the easy separation of nucleation and growth stages and 

the efficient control of growth related parameters in this process. The parameters influencing the 

ultimate nanocrystal structure, excepting the fact that this is a non-hydrolytic process, are more 

or less the same.  

 

Figure 2.3 Symmetry controlled MnS colloidal nanocrystals via nonhydrolytic chemical 

synthesis and manipulation of shape determining parameters (Jun et al., 2005) 

The nanocrystal formation process can be broadly broken down into steps where, in the first step 

the high temperature evokes rapid nucleation upto super-saturation after which in the second 

step; under the influence of many parameters the seed grows through agglomeration and Oswald 

ripening which results in formation of nanocrystals. The unit cell structure of the nucleating 

seeds of the nanocrystals will finally decide their shape, so it is of paramount importance that the 

crystalline phase of the nucleating seeds be controlled to get our desired geometrical shape. This 

can be done by controlling parameters such as temperature and capping molecules to get the 

desired stable form of the nanocrystal at that temperature. For example MnS crystals, as shown 

in the Figure 2.3 above, have a wide range of crystallographic structures i.e isotropic rock salt 

structures to anisotropic wurtzite structures. The growth of the crystals is along the respective 
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high energy crystal facets of the structures and this is important while using selective facet 

capping molecules because the growth rate will be exponentially proportional to the surface 

energy; as is similarly observed in the previous aqueous synthesis case resulting in multipod 

structures. Since temperature is also a controlling factor here so it is worth mentioning how the 

structures are influenced based on whether the growth is kinetically or thermodynamically 

driven.  

 

Figure 2.4 Different shapes and orientations of CdSe nanocrystals (Jun et al., 2005) 

As is clearly visible in the case of CdSe nanocrystals shown in Figure 2.4, under sufficient 

supply of thermal energy and low flux of monomers, the thermodynamic growth regime takes 

over and monomers grow isotropically giving rise to zero dimensional structures such as spheres 

and cubes. But under a high flux of monomers and at a lower relative temperature kinetic growth 

takes over and anisotropic growth occurs along high energy crystallographic facets and in the 

kinetically most favorable direction with low activation energy barriers. The surface energy 

effect for the different faces of the crystals has also been made clear through the example of TiO2 

nanocrystals, which grow from bullets to diamonds to short rods to long rods to branched rods; 

all due to the effect of variation of organic acid content and the appropriate surfactant. 

 

2.2.2 Colloidal particles 

This approach is probably the most simplest, the most energy efficient and economically viable, 

compared to all the other methods for fabricating self-assembled nanostructures. These methods 

are often a one-pot process, requiring no special conditions or expensive instruments to be 
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carried out. The self–assembly of colloidal particles can be carried out using virtually any 

particle ranging from, SiO2 particles, polymer particles, glass particles or even particles 

synthesized in the reaction media where the particle solution is directly used for self assembly 

purposes and on any substrate for that matter.(Bhardwaj et al., 2009, 2010) The pattern that is 

observed in the end depends heavily on the interaction between the particle, the substrate and the 

carrier fluid of the particles. The work which pioneered the whole race for self-assembly using 

colloidal particles was by Deegan et al. (Deegan et al., 1997) in their experiments regarding ring 

like patterns formed from dried liquid drops, now famously called “the coffee ring” effect.  

 

Figure 2.5 The “coffee ring” effect and variation of structure with particle concentration 

(Deegan et al., 1997; Vancea et al., 2008) 

They state that the capillary forces in the drop are responsible for holding the particles together at 

the boundary of the drop, where the effect of the force is maximum because of the liquid height, 

which is very low there, allowing for the capillary force to actually function by forming menisci 

around the particles and also due to the large number of particles there. The presence of any kind 

of salt or solute is said to aid in the formation of a flow called the marangoni flow, which very 

often flows in the opposite direction to the flow of liquid to replenish the fluid lost in evaporation 

from the boundary (evaporation is fastest there). This fluid circulation also aids the particles in 

forming interesting patterns. Kralchevsky, Nagayama and group have contributed much to this 

field in terms of understanding the capillary forces between different types of particles, 

phenomenon like size dependent segregation of particles, formation of organized 2 dimensional 

arrays of particles etc (Nagayama, 1996; Kralchevsky and Denkov, 2001). Recent studies show 

that the factors behind the self assembly are much more complex. The study by Vancea et al. 
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(Vancea et al., 2008) simulates different conditions under which particles form patterns. Their 

study indicates that variations in particle concentration, particle mobility are key factors deciding 

the final structure. Their study also states that presence of instabilities causing the “fingering” 

patterns, which is actually the beginning of formation of branch and leaf like patterns by the self 

assembled particles, might also be responsible. This is indicative of instabilities like the Mullins 

Sekerka instability which may occur due to the presence of salts in the particle solution and salts 

are also contributors to the Marangoni flow as previously stated. So parameters such as particles 

size and concentration which affect the particles’ interaction with each other and the substrate 

have a huge effect on the structure formed in the end. 

A very unique application of this approach is demonstrated  by Srinivasan et al. (Srinivasan et 

al., 2001), shown in Figure 2.6, where they allow micro-machined silicon parts to be fluidically 

self-assembled onto gold-on-silicon and quartz substrates in a preconfigured pattern, 

corresponding to the machined parts by means of capillary forces alone. The precision 

demonstrated here is of submicrometer scale but theoretically it can even be applied to parts in 

the nano size range. This method although very attractive is not free from photolithography and 

machining of parts; both of which are processes as mentioned before are processes which are 

trying to be eliminated using self-assembly Photolithography is used here to carve out 

complementary patterns of the micro-machined parts onto the substrates and by subsequent 

treatments one side of the parts and the complementary shapes of those parts on the substrates 

are rendered hydrophobic while the rest area of both the parts and substrate remains hydrophilic.  

  

Figure 2.6 Template assisted self-assembly (Srinivasan et al., 2001) 
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A hydrophobic layer of adhesive; which also acts as a lubricant is spread upon water in a 

container. After which the substrate is slowly immersed into water through the hydrophobic 

adhesive layer and set at the bottom in the container. The adhesive selectively adsorbs onto the 

hydrophobic complementary parts on the substrate. Now the machined parts are also carefully 

dispersed into the water. Now since there is a high interfacial energy between the hydrophobic 

adhesive and water, the system will seek to reduce this high energy. This is achieved when the 

hydrophobic face of one of the micro-machined parts lands on this adhesive layer coated binding 

site. In order to ultimately reduce the interfacial energy the parts align themselves according to 

the part and substrate shape; with misalignment within 0.3°. The bond between the parts and the 

substrate is made permanent by means of heat of ultraviolet light. The alignment yield is 100% 

for binding sites and their corresponding parts for shapes which have rotational symmetry, 

namely polygon shapes such as squares, regular hexagons, circles and rectangles of aspect ratio 

2. The same efficiency couldn’t be achieved for asymmetric shapes such as semi-circles and 

commas, probably because the said misalignments may be corresponding to a low interfacial 

energy configuration for the particular shape. There are many recent works applying these 

techniques with the variations and modifications and in the field of electronics and medical 

sciences (Jacobs et al., 2002; Ramadan et al., 2007; Saeedi et al., 2008). 

2.2.3 Polymer monolayers and nanocrystals 

Semicrystalline polymers have been used to prepare self-assembled monolayers at air-water 

interface and these monolayers have been extensively studied. Although there are plenty of 

observations and studies of dendritic patterns in Langmuir monolayers for amphiphillic 

molecules such as DODA (dioctadecylamine), EP (ethyl palmitate), ES (ethyle stearate) etc, 

similar studies for polymer based monolayers have only been done recently. Most of the studies 

have been focused on the self-organization of polymer chains at the growth front in regard to the 

kinetic pathway followed by the polymer melt. It has been observed that monolayers, which are 

hugely consisted of polymer nanocrystals also often exhibit crystal morphologies such as 

dendrites, spherulites and other branched and fractal structures, where the fractal and branched 

morphologies are limited to thin films while the spherulitic and single crystal growth are 

observed more on case of bulk films. In case of PEO the thickness of the thin films is in the 

vicinity of around 10 nm. Preparation of thin monolayers of these polymers often involves 
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spreading the polymer solution into thin films, often in a Langmuir trough as it is possible to 

make in situ observations of the whole growth process and the different morphological 

parameters such as the branching angle, thickness, the growth of dendritic fingers; or the other 

method is to spin cast the polymer solution or melt onto a substrate. It is well known that 

decreasing film thickness has a dramatic effect on molecular mobility, glass transition 

temperature and segmental orientation of the semicrystalline polymers. It has been previously 

reported that the main cause of different crystal morphologies (in sufficiently thin films) is 

diffusion-limited crystal growth. Further studies indicate that blending of amorphous polymers 

with semicrytalline polymers allows for more control over the crystal morphologies. 

 

Figure 2.7 Polymer dendritic patterns and crystal morphologies (Beers et al., 2003; Li et al., 

2007) 

By controlling the blending ratio it is possible to control parameters such as crystallization 

temperature, blend composition and the molar mass of the amorphous polymer, and hence enable 

tuning of crystal morphologies from spherulites to needles to finally dendrites. PEO and PMMA 

blend systems are one of the most heavily studied polymer mixtures in this regard. The work by 

Beers et al. (Beers et al., 2003) Figure 2.7, explores the various results and observed phenomena 

observed most semicrystalline polymers through their unique compact technique. They use 

isotactic polystyrene and flow-coat it over a treated silicon substrate and they report that the 

decreasing rate of crystallization is in competition with secondary nucleation which causes the 

transition from the flat hexagonal crystals to more rounded spherulites to complex dendrite 

formations. This secondary nucleation is attributed to homogeneous nuclei and heterogeneous 

nuclei formed due to various impurities in the melt and this effect is more pronounced with a 
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higher degree of undercooling. The role that impurities play in this single polymer system maybe 

played by PMMA and clay in the polymer mix melt as described later. 

Most of the previous studies on thin film crystallization involve forming the polymer films on 

solid substrates by spin-coating. The transport processes near the crystal/melt interface and as a 

result the crystallization rate and morphology are very much affected due to the restricted 

cooperative segmental motion, when polymer crystals are forming on the substrate. Li et al. (Li 

et al., 2007) use PCL (poly(ε caprolactone) to synthesize dendritic crystals, since according to 

previous studies PCL Langmuir films formed at low surface pressures are able to exhibit 

nucleation of crystals at room temperature and the eventual formation of the crystals in the 

subsequent plateau regime of the surface pressure-area hence facilitating in situ observation  by 

Brewster angle microscopy. To study the growth instabilities in the monolayer, the П-isotherms 

(surface-pressure isotherm) were slowly varied through compression and during this process the 

whole process of the formation of crystals from small domains to full dendritic crystals and in 

the end the reduction and disappearance of the small nucleation domains on expansion. The 

crystals were further studied by AFM after they were transferred onto a polystyrene spin-coated 

silicon substrate by Langmuir-Schafer method, and hence preserving the crystals for studies.  

Li et al. (Li et al., 2007) emphasize that the dendritic side branches usually reflect the symmetry 

of the crystal structure and grow along the crystallographic angles and the dendritic growths 

always begin at the interfacial instabilities caused by various causes such as concentration or 

temperature gradients at the growth front. This is even better observed in blend systems. The 

crystallizable material forms the crystal as usual while the amorphous material gets rejected and 

keeps getting accumulated at the growing crystal’s tip at the growth end, as described in the 

work by Li and group (Okerberg, B. C. PhD Thesis, 2005) for the case of PEO and PMMA 

mixes. Hence both thermal and compositional dendrites are diffusion transfer dependent. When 

the main branch stops growing then side branches start spouting to relieve the super-saturation of 

the polymer melt. The branches are of different lengths as they are all competing for a limited 

amount of crystallizable polymer and they follow the kinetic coarsening pathway. 
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Figure 2.8 Changes in the polymer structures with variation in the ratio of PEO/PMMA in the 

polymer mix (Ferreiro et al., 2002) 

Ferreiro et al. (Ferreiro et al., 2002) Figure 2.8, make a comparison between the pattern 

formations in PEO/PMMA polymer blend films; one of the most studied polymer systems, with 

a Ni-Cu alloy crystallization model and have taken the pattern formation explanation a step 

further. They add that the surface tension anisotropy (ε) caused due to all the gradients is also 

responsible for how much the crystalline symmetry is expressed in the pattern formation. Here 

the role of clay apart from an additive to maybe aid spin casting on the silicon   substrate has also 

been explored to some extent, but later it is evident that the clay particles actually nucleate the 

crystallization and are visible as dark spots in the center of the patterns. Although the clay 

concentration has been limited to a minimal 5% of all the melt mixtures but since it helps in the 

nucleation process so it seems to have aided the crystallization process. Although the degree of 

undercooling δT; (where (δT	 = 	 (�� − �	)) ⁄ (��	)) with �� = ������	�����������	��� 

�	 = crystallization temperature, is also responsible for the kind of pattern formed but since this 

parameter is also dependent on the composition of the melt so we are inclined to think that the 

surface tension anisotropy has a sizeable role here too. It is observed that at high PEO/PMMA 

ratio; greater than 50/50, the structure growth is spherulitic and is more the natural course of 

crystallization for mostly a pure PEO melt. The exact reason for spherulitic growth is not exactly 

known but surface tension anisotropy might be playing a key role here. Hibbert and group 

(Fleury et al., 1994), (Huang and Brynn Hibbert, 1996) suggest that “noisy” convection during 

fast rate of crystal growth suppress tip splitting and lead to symmetric spherulite growth. Now 

with increasing concentration of PMMA; 50/50, 40/60, 30/70, and higher PMMA blends, we 

observe that symmetric well defined dendrites which express the four-fold symmetry of PEO are 
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more visible. This leads us to believe that due to increased concentration of the more amorphous 

PMMA material the anisotropy in surface tension is reduced probably due to the reduction of 

thermal gradients and the amorphous material also aids in growth of specific crystal faces by 

getting accumulated at the growing crystal’s tips as described previously in Li and group’s (Li et 

al., 2007) work. 

2.2.4 Dry methods 

Dry methods and strategies for synthesizing nanostructures are limited and not very diverse. 

They mostly consist of Chemical vapor deposition techniques, laser ablation and the variations of 

these two techniques based on the precursors used. Most nanostructures are synthesized using 

materials with semiconductor properties, so that they can have applications as transparent 

conductive films, transparent field effect transistors, optical devices, sensors, solar cells, 

photocatalysis and so on.  Even though presently there are not many semiconductor materials to 

work with, there is a multitude of different structures being fabricated, with each of them having 

a unique application.  Metal oxides such as ZnO, MgO, SnO2, ZnS, In2O3 have been studied 

extensively in this area (Iwanaga et al., 1998; Zhu et al., 2001; Lao et al., 2002, 2003; Ma et al., 

2003). Lao et al. (Lao et al., 2004) have managed to generate a large number of unique 

nanostructures using ZnO Figure 2.9, by using their unique CVD method. In their process they 

insert the required oxides and graphite powder into the sealed end of a small quartz tube. Then 

the substrate is placed at the open end of the tube, after which the open end is covered by 

graphite foil. The whole arrangement is then placed inside the ceramic tube of a tube furnace at 

0.5-2.5 Torr and at 950-1050°C for 15-30 minutes. After cooling of the whole arrangement, the 

nanostructures were deposited on the substrate and on the graphite foil. Using this method they 

were able to synthesize nanonails on nanowires/nanobelts, ZnO nanorods on nanobelts and other 

hierarchical ZnO structures.  
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Figure 2.9 ZnO structures formed using CVD (Lao et al., 2004). 

By adding SnO2, GeO2, In2O3 or a mixture of them all to the initial mixture of oxides and 

graphite powder, they obtained ZnO structures doped with the added oxides. These structures 

were different from each other depending on the doping oxide used. The growth mechanism of 

these structures has been said to follow a two step procedure in which initially the primary 

nanowire/nanobelt develops first, followed by the secondary growth of the nanorods formed on 

the initial structure at later stages of vapor deposition in the system. The work by Yang et al. 

(Yang et al., 2009) shows a different approach, to manufacture TiO2 nanoforests, with TiO2 also 

having semiconductor properties. They use acid vapor oxidation (AVO) to grow tree-like 

nanoarrays of rutile TiO2 through the reaction between HCl and the titanium thin film covered 

substrate. The growth mechanism is similar to the previous study and the presence of HCl allows 

the titania to retain its rutile phase. The hierarchical structure can be varied by varying the 

concentration of the HCl present. 

2.3 Concluding Remarks 

The self assembly processes have been classified into many sections above. Of these, it is 

immediately understandable that the solution processes are far more efficient and have a higher 

throughput and also have higher chances of being scaled up into a fully fledged industrial 

process. The dry methods although very novel and produce attractive materials, they are simply 

not very feasible for large scale production. In the solution phase methods, for template assisted 

and non-template assisted methods they each have their own advantages. Template assisted 

methods require the components and the substrate to be pretreated, but these methods have 

immediate applications in the field of electronics and optics. The non-template assisted methods 
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on the other hand require no pretreatment of any kind but they still lack the accuracy required for 

applications in electronics. However these methods have immediate applications wetting, 

printing and other adsorption based applications. On the whole there are very attractive and 

novel applications for nanostructures fabricated by self-assembly. Very soon the whole top-down 

approach might slowly be phased out in favor of self-assembly methods and with the inherent 

advantage of being a green method; this seems a very logical choice.  

2.4 Motivation and objective of the project 

Among the many different methods that are available for fabrication of structures and surface 

modification on the micro-nano scale, self-assembly stands out to be the simplest, most efficient 

and the highest yielding method. An added advantage is the almost negligible requirement of 

human supervision. In this work the formation of self assembled patterns using colloidal sulfur 

particles (which are synthesized in the reaction solution itself) on glass surfaces, surfactant 

coated glass surfaces and on polymer surfaces has been studied. The structure formation abilities 

for sulfur solutions synthesized from different acids; Oxalic, H2SO4 and HCl media were also 

tested. The primary objectives for the project are as follows: 

(i) To explore the mechanism of formation of self-assembled structure using colloidal sulfur on 

flat surfaces after evaporating sessile drops. 

(ii) To study different parameters such as surface hydrophilicity, drop size, basicity of acids, and 

addition of surfactants and so on affecting the self-assembled patterns. 

This work will be very useful for researchers working with colloidal particles, sessile droplets 

and wetting and surface modification studies. This method of generating colloidal particles in the 

reaction media and using the same reaction solution to generate self-assembled patterns is a 

simple and novel process and these factors provide motivation for the project. 

2.5 Organization of thesis 

The thesis has been divided into six chapters. Chapter-1 is an introduction to self-assembly. Here 

a brief history of self-assembly is given followed by the general definition of self-assembly. 

Then the focus is on the different approaches of self-assembly and some of the examples that use 

these techniques. Chapter-2 is an exhaustive literature review on self-assembly techniques, such 

as dry methods and wet methods, the different materials used to fabricate self-assembled 
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structures along with the applications. Chapter-3 deals with the self-assembly of colloidal sulfur 

particles under the influence of the associated salt from the reaction (sodium oxalate), on a glass 

surface from evaporating sessile drops. In chapter-4 other acids are used instead of oxalic acid, 

which was used in the first chapter, and the changes in structures are studied and compared with 

each other. Chapter-5 describes the variation of the self-assembled structure because of the 

change in hydrophilicity of the flat surfaces. Chapter-6 concludes the research work described 

here and also contains few suggestions for future work. 
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         Chapter 3 

Self-Assembly of Colloidal 

Sulfur Particles Influenced by 

Sodium Oxalate Salt on Glass 

Surface from Evaporating 

Sessile Drops 
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3.1 Introduction 

Self-assembly refers to the process by which any kind of colloidal or nano-particles, 

macromolecules follow an organized arrangement driven by some favorable forces. The process 

of self-assembly involves mobile components that orient into a structure that is both predictable 

and organized. The mobile components must be in an environment (certain conditions), which 

will induce the desired interaction(s). Once components are introduced into the self-assembly 

environment, they will organize through attractive or repulsive forces between the components. 

When the structure is stable there must be net attractive forces; and this fabrication process is an 

example of bottom-up approach. 

Until now most of the works demonstrating pattern formation can be clearly divided into 

exclusively colloidal particles self-assembly and into those which involve the crystallization of 

materials or mixture of materials, as described earlier. Now the formation of an evaporation 

induced self-assembled pattern which involves colloidal particles self-assembly which is hugely 

modified by crystallization events has not been studied in earlier works, and this is the novelty of 

this study. This self-assembly has been achieved using colloidal sulfur and the associated sodium 

oxalate salt derived from the reaction solution. This facile one pot approach and the feasibility of 

this process at room temperature make this study simple and attractive. In this chapter the self 

assembling and patterning abilities of colloidal sulfur particles under the influence of sodium 

oxalate (which are generated in the reaction media and the particle solution obtained after 

reaction completion is used for experiments) during the evaporation of drops on a glass surface 

have been explored. An attempt has also been made to explain the various driving forces 

responsible for this structure. It was found that the resultant structure, a complex fractal 

resembling a tree or in some cases a sea-weed like structure, is heavily dependent on the particle 

size, drop volume, reaction time, acid to thiosulphate ratio, the concentration of salt present in 

the media etc.  

3.2 Materials and Methods 

The chemicals used in this experiment were procured from the following companies, sodium 

thiosulphate (Na2S2O3.5H2O) 99% purity, oxalic acid (H2C2O4.2H2O) 99% purity, sulfuric acid 

(H2SO4) 98% purity, hydrochloric acid (HCl) 35% purity from Merck (India), 

cetyltrimethylammonium bromide (CTAB) 99% purity, sodium dodecyl benzene sulphonate 

(SDBS) Cat No. 28,995-7 from Sigma Aldrich and Triton X-100 (TX-100) Cat No. 93418 from 



26 

 

Fluka Analytical, glass slides and polymer transparencies. All chemicals were used as received 

without any further purification. Ultrapure water having resistivity of 18 MΩ cm and pH 6.4 – 

6.5 was used for all the experiments. 

The sulfur nanoparticles in aqueous media were prepared according to the ratios of the reactants 

required to be used in the subsequent sections. Stock solution of sodium thiosulphate was 

prepared by dissolving solid thiosulphate in ultrapure water and acid solutions of different 

concentrations were similarly prepared from the stock solution. Now sodium thiosulphate 

undergoes a disproportionation reaction into sulfur and sulfonic acid, when present in an acidic 

solution, according to the following reaction. 

OHSSONaClHClOSNa 22322 22 +↓++→+  

3222 SOHOHSO →+
 

A constant ambient temperature of 30°C was maintained throughout all the experiments, unless 

stated otherwise. The glass slides were initially washed with alcohol and then deionized water, 

and dried in a hot air oven. The precursors were mixed and kept 40 min for equilibration. Then 

the particles suspension was dropped onto the glass slide using a micropipette for 10µl drops and 

a micro-syringe (Hamilton) for the smaller drop volumes. Then the slides containing droplets 

were dried in a hot air oven at 60°C with a constant relative humidity of ~ 30% for 1 to 3 

minutes depending on the volume of the drops. The resulting dried drops were observed under an 

optical microscope (Hund, D600); and some specific samples using scanning electron 

microscope (JEOL, JSM-6480LV). The structure height from the surface was measured by an 

AFM (Veeco). The particle size and zeta potential were measured using dynamic light scattering 

(DLS) by Malvern zeta size analyzer (Nano ZS). The contact angle measurements were done 

using a goniometer, Data Physics, Germany, OCA 20. 

3.3 Results and discussion 

3.3.1 Observation of the self assembly 

Self assembled structures of colloidal or nano-range sulfur particles on hydrophilic glass surface 

after drying of small drops were studied mostly using an optical microscope. Figure 3.1 shows 

the self assembled tree-like structure with many branches on the glass surface formed using the 

suspension of sulfur nanoparticles and sodium oxalate in aqueous media. Moreover, the figure 

depicting the full drop view (Figure 3.1a) also indicates that once the liquid drop evaporates the 



27 

 

self assembled structure is formed starting from the edge of the drop and leaving the central 

region mostly empty. As colloidal sulfur was dropped after the completion of reaction it can be 

assumed that there were no fluctuations in temperature due to the reaction which might influence 

the structure formation processes. Sulfur nanoparticles synthesized in organic acid catalyzed 

aqueous media, used in this study are hydrophobic in nature (zeta potential (ζ) ~ -8.05mV) and is 

orthorhombic in structure.(Chaudhuri and Paria, 2010) 

 

 

a b 

c d 
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Figure 3.1 Self-assembled structure of sulfur using 10 mM concentration (a) Optical image of 

the complete drop, (b) magnification of a certain portion of drop, (c) SEM image, and (d) 

magnified SEM image of tip of a single branch. 

Most of the earlier works exhibiting different fractal designs have been attributed to diffusion 

limited aggregation (DLA) (Witten and Sander, 1981; Johnson and Sekerka, 1995; Johnson et 

al., 1995) as the leading cause. The structures presented here are definitely an example of 

dendritic crystallization due to the presence of the crystallizable salt and the colloidal sulfur 

particles hence the structures formed here also follow a natural fractal pattern, but under the 

influence of the coffee-ring effect and Marangoni flows. This lends uniqueness to the fractal 

patterns, apart from the basic structure the branches would follow depending on the unit cell of 

the salt crystal. Now fractal structures formed mostly by DLA have the property of being devoid 

of any directional characteristics and the branches seem to grow out in random directions. This 

could be a result of the ‘random-walking’ particles which come and attach to the particles which 

have already been immobilized earlier. In the present study, it is evident that the structures tend 

to grow from the perimeter towards the center of the drop and the structures seem too organized 

and well formed to be simply attributed to DLA. When a liquid drop evaporates from a flat 

surface, there is a higher rate of evaporation at the edge of the drop; as compared to the center. 

Therefore, there exists a concentration gradient from the circumference to the center, with the 

edge of the drop having the highest concentration, which again causes diffusive flow from the 

edge to the center or in other words, the Marangoni effect. Another plausible explanation which 

has been cited in many works, (Takhistov and Chang, 2002; Vancea et al., 2008) is because of 

the formation of instabilities; particularly the Mullins-Sekerka instability, (Mullins and Sekerka, 

1963) in the drop suspension when it is about to dry. This instability is uniquely applicable to 

solidification and crystallization processes. The presence of sulfur nanoparticles in the present 

study acts both as heterogeneous nucleation centers for crystallization of sodium oxalate present 

in the reaction solution and as building blocks for the structure. In this case, in the absence of 

Marangoni effect only the coffee-ring effect would have existed, as discussed later in this 

section. Now the Marangoni effect in combination with the evaporative flux; which exists from 

the center towards the perimeter, forms a convection loop in the liquid drop. This ensures that the 

particles are in motion as long as possible and are not immediately deposited at the drop edge, 

unless they are immobilized because of the following reasons: (i) attractive capillary force 
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between the particles (ii) hydrophobic or van der Waals force. More specifically, when a small 

drop of liquid containing nanoparticles rests on a flat surface with a non-zero contact angle, the 

drop height reduces gradually towards the perimeter. At the perimeter or three phase contact line, 

the thin layer of liquid will evaporate fast and tend to shrink the drop radius, however outward 

liquid flow will prevent the shrinkage of contact line up to a certain extent, provided that the 

contact line of the drop is pinned by sufficient number of particles. The formation of structure 

takes place in a limited area near the perimeter of the drop and the central region remains mostly 

empty may be because of the coffee-ring effect. As the contact angle approaches zero degrees 

because of drying, the Mullins-Sekerka instability sets in which as the drop dries gives way to 

dendritic crystallization, which again is already accelerated because of the presence of colloidal 

sulfur acting as a nucleation site for heterogeneous nucleation. The pattern of this unique nature 

is formed only when the whole process goes through the complex conditions (coffee-ring effect, 

Marangoni flow). During the evaporation of drops, the evaporating flux J(r) at r distance from 

the centre of the drop can be written as (Deegan et al., 1997): 

J(r) ∝ (R-r)
-λ

 

Where R is drop radius, λ = (π - 2θ)/(2π - 2θ), and θ is the contact angle. The relation clearly 

indicates that the evaporative flux is dependent on the contact angle of the liquid. The value of λ 

is maximum (0.5) at zero contact angle and gradually decreases with the increase in contact 

angle. With the increase in contact angle for a particular value of R and r, evaporation flux 

gradually increases. Initially the smaller sized particles in the drop move towards the contact line 

because of fluid flow. Once the particles are transported and accumulated at the contact line, the 

liquid film will be continuously thinning due to evaporation; as a result the particles will be 

covered with a thin layer of liquid. When the small particles are covered with a thin concave 

liquid film, they will experience an attractive capillary force. Capillary forces are generally two 

types, depending on whether the particles are floating and (or) immersed in the liquid film called 

lateral flotation forces (Fflotation) and lateral immersion forces (Fimmersion) respectively.(Paunov et 

al., 1993; Kralchevsky and Nagayama, 1994) Both the forces show similar dependence on the 

interparticle distance of separation but different dependencies on other parameters such as 

surface tension and particle radius. The Fflotation is negligible when the particle size is smaller 

than a critical size (rp < 5-10 µm); however, Fimmersion is significant for even the very small sized 

particles (rp = 2 nm). In the case of immersion force the deformation of the liquid surface is 
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related to the wetting property of the particle surface. The relationship between the particle 

radius, surface tension, interparticle separation distance and the force of attraction can be 

represented as, 

 Fflotation = (rp

6
/γ) K1 (ql) 

 Fimmersion = (γrp

2
) K1 (ql) 

Where γ is the surface tension of the liquid, l is distance between two particles, q
-1

 is the 

characteristic length or the range of the capillary force and K1 is the modified Bessel’s function. 

Since the particle size used in this study is far below 5 µm, it can be assumed that the immersion 

force is applicable to describe the attractive force between the particles. Additionally, when the 

immersion capillary force brings the particles to a close distance van der Waals force also 

becomes predominant as the particles are hydrophobic in nature.  

To know the origin of the organized structure formation inside the drop, first the image of 

full drop was taken at lower magnification, and then a small portion was magnified to see the 

structure. The lower magnification image of the full drop (Figure 3.1a) clearly shows the stem of 

the tree-like structure beginning from the periphery of the drop and extending to a certain 

distance towards the centre of the drop and leaving the central region mostly empty as mentioned 

before. This can be explained as, because of the evaporative flux initially particles are moved 

towards the periphery of the drop and there within the thin film of the liquid the particles 

experience an attractive force (Fimmersion). Once the particles are close enough because of this 

attractive capillary force, Van der Waals force also helps them to get attached to each other as 

they are hydrophobic in nature, as a result they arrange in a systematic manner to form the self-

assembly. Initially the majority of the particles move and deposit at the drop periphery and 

generate a large diameter base of the stem. Then later the smaller particles attach on these large 

diameter stems and gradually a thinner stem grows towards the centre forming a finer structure. 

As the particle concentration is not very high, after some time all the particles are deposited and 

the central region does not have any structure. The structure was also clearly observed under a 

SEM (Figure 3.1c), where the magnified image of a small portion clearly shows that the stem is 

constituted of the small deposited particles (Figure 3.1d); which have been confirmed to be 

sulfur particles after EDX analysis. 

 Apart from the various phenomena described above, it is suspected that the resultant salt 

from the reaction of the precursors also plays a crucial role in giving the final shape to the tree 
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structure. To support this hypothesis, the sulfur particles were separated from the reaction 

mixture by centrifugation, washed with water, and then dispersed in water under sonication to 

break the weak agglomerates. When the re-dispersed phase was dropped and subsequently dried, 

only the stick-slip coffee-ring pattern (pertaining to dried particle solution droplets) was obtained 

may be because of the absence of sodium oxalate salt as shown in Figure 3.2a. Whereas, pure 

sodium oxalate solution forms needle like crystals on the glass surface after the drop has dried, 

as shown in Figure 3.2b. The structure is not as good as obtained for the original reaction 

suspension may be because of a loss of particles during the separation. However, when the 

particles were dispersed in freshly prepared pure sodium oxalate solution, tree-like structure 

similar to that in the reaction mixture was also obtained as depicted in Figure 3.2c. Previously 

reported studies also mention that to begin formation of the structure some sort of “impurity” is 

required to act as the heterogeneous nucleation center.(Keller, 1988; Takhistov and Chang, 2002; 

Chaudhuri and Paria, 2010; Kaya et al., 2010) This confirms that the sulfur particles act as the 

nucleation centers. The role of sodium oxalate as the crystalline solute responsible for the onset 

of Marangoni flows and the Mullins-Sekerka instability as the evaporation progresses also 

becomes clear here. Takhistov et al.(Takhistov and Chang, 2002) also mentioned in their work as 

the concentration of the salt decreases towards the milimolar regime, the minute salt crystals tend 

to aggregate into fractal tree like crystals. It is speculated that initially small crystals (nuclei) start 

forming from the localized concentrated solution at the periphery of the drop, with the sulfur 

particles as the crystal seeding surface; since free energy for heterogeneous nucleation is less 

than the homogeneous nucleation. Now as the concentration of the salt is low, once the nuclei are 

formed at the sulfur particle surface then they grow by depositing salt molecules from the 

solution to small crystals instead of forming new nuclei. Ultimately sulfur particles associated 

with the salt crystal resembles the tree like structure.  

 

a b c 
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Figure 3.2 Maximum drop view of the coffee ring formed using 10 mM sulfur concentration (a), 

sodium oxalate needle like crystal structures for 10 mM (b) and sulfur particles and sodium 

oxalate solution mixed giving tree structures (c); scale bars indicate 30 microns. 

Sodium oxalate solution when dried forms mostly bulk crystals near the boundary of the drop, as 

the peripheral region of the drop contains the highest localized concentration of salt because of 

the highest rate of evaporation there. As one proceeds towards the central region of the drop, the 

needle like crystals are still found but they are thinner, smaller and less densely packed, this is 

because of the lower concentration of salt there. This shows that even at the same concentration 

of salt as is present in the reaction solution, the salt has a tendency to form bulk crystals as 

compared to tree structures as depicted in Figure 3.2b. Therefore it can be deduced that the salt 

plays a role of a scaffold and guiding structure that allows the sulfur particles to assemble into 

this tree structure as shown in Figure 3.2c. As explained in later sections the particle size, 

particle and salt concentrations influence the structure in a major way. 

3.3.2 Atomic Force Microscopy study 

A small portion of the self assembled structure was also analyzed using AFM to verify the height 

of the stem at different positions. 3.3(a) shows that a tree like structure similar to optical 

microscopy is also generated by the AFM. The heights of the stems were calculated through a 

straight line starting from left to right of the image. The plot of height vs. distance clearly shows 

that the height is linearly decreasing (3.3b) towards the centre. As mentioned before, initially 

when the height of the drop is more, there is probably more than one layer of particles deposited 

at the periphery. Since ~ 770 nm average size particles were present in the media and the average 

height from the surface at the periphery is around 2000 nm, this further supports the speculation 

that the structure is comprised of more than one layer of particles. Gradually with time, drop 

height as well as the particle number density decreases, as a result the structures become finer 

with decreasing height, the tip of the branch is formed with almost a monolayer of particles, 

hence it is often the most smooth and thin part of the branch.  
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Figure 3.3. (a) AFM image of the self-assembled structure using 10 mM sulfur concentration, 

(b) Stem height vs. distance plot, heights measured from the circumference towards the center. 

 

3.3.3 Effect of Drop Volume 

Some physical parameters also affect the self-assembled structure. The drop volume is an 

important parameter playing a major role in the formation of structure. This parameter is 

important because as salt is in the form of molecules, it is not affected by the constraints imposed 

by the dimensions of the drop, whereas the particles whose size is comparable to the drop 

dimensions are significantly influenced by the drop volume. As explained earlier, the 

unavailability of sulfur particles causes the salt to revert to forming bulk crystals, therefore the 

restrictions on the motion of the particles because of the different drop volumes is an important 

parameter to be studied. The motion and deposition patterns of the various sized particles (at 

different initial thiosulphate concentrations) and their dependence on the change in drop volume 

(1, 5, 10 µl) has been elaborated here. Initially the drop drying times were measured and found to 

be 44, 85, and 161 s for 1, 5, and 10 µl drops using pure water respectively. While for 1 mM 

concentration of sulfur particles dries within average times of 26, 69, and 105 s respectively. 

This drop in the drying time for the particle solution may be attributed to the fact that the contact 

line is pinned for a longer time for drops with particles than those without, and therefore the area 

exposed for drying becomes greater in the latter case. Increasing particle concentration further 

decreases the drying time, for the 10 mM concentration the drying time was 75 s for 10 µl drop. 

Figure 3.4 depicts the structures using the three afore mentioned drop volumes, for 1 mM sulfur 

concentration (thiosulphate concentration ≡ sulfur concentration). For this study this low 
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concentration of 1 mM has been specifically chosen to demonstrate the effects of drop volume. 

Higher concentrations were not chosen so as to avoid the disjoining pressure effect (Kondiparty 

et al., 2011) because of the presence of a higher number of particles, which will cause the drop to 

spread out more and increase its surface area causing quick drying and ultimately lead to a 

uniform spread of particles and an improperly formed tree structure for drop volumes below 5 µl. 

Gradual changes (proper formation of branches, elongation in the main stem length) in the 

structure are clearly visible with the increase in drop volume, as depicted in Figure 3.4. When the 

drop volume increases the drop area on the solid surface as well as the drop height also increases 

but the contact angle remains the same. In general, during the evaporation of a drop from the 

solid surface containing colloidal particles, the presence of particles causes the drop boundary to 

be fixed to its initial position till a certain time. However, when the drop size is very small, the 

drop height is also less; as a result the evaporation of drop is fast. For smaller drops the 

evaporative flux is not large enough to transport the particles to the perimeter of the drop to pin 

the contact line. Hence, evaporative flux, one of the mechanisms responsible for particle 

transport ceases to function with reducing drop volume. Since the rate of evaporation is also high 

at the contact line, the particles there do not get enough time to circulate from the periphery 

towards the central region of the drop in order to form the self-assembly. Moreover, because of 

low particle concentration in the media there are not enough particles to initially pin the contact 

line. Eventually, certain portion of the drop squeezes towards the portion of the drop having 

maximum particle concentration. The observation using 1 µl drop volume clearly shows the 

depinning of drop periphery because of evaporation. Whereas, just as suspected, when a larger 

drop is present particles are deposited at the periphery as the majority of the particles have 

enough time to at least reach the periphery and thus prevent the shrinkage of the contact line. The 

images of larger drops (5 and 10 µl) show (Figure 3.4 b,c) the drops do not depin till the very last 

moment, similar to how higher concentration drops behave just before total dryout. During 

depinning of the contact line, the majority of the particles are dragged away with the liquid film 

and squeezed into a small droplet of fairly concentrated particle density, at some point on the 

circumference of the original drop. This small squeezed droplet again acts like a small drop 

giving the characteristic stick-slip pattern observed for the coffee-ring effect. Additionally, 

whether the contact line will shrink or not also depends on the concentration of particles. For 1 µl 

drop having a 10 mM particle concentration the contact line does not shrink (Figure 3.5c) or 
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depinning of contact line doesn’t occur because of sufficient particle concentration, but the 

contact line does shrink for concentrations 1 mM or below. Now for 10 mM concentration at 10 

µl drop volume the particles will have sufficient time to reach the periphery and circulate back to 

the centre to form the self-assembly. When the drop height is sufficiently higher than the average 

particle size present in the media, and if the evaporative flux is enough to move the particles of 

all sizes towards the periphery and circulate them, a uniform self-assembled structure with well 

developed branches and long stems was formed. So, both the drop volume and the particle 

concentration are important for the formation of self-assembly. Changes in the structure are 

observed by changing the drop volume from 1 – 5 µl. Above 5 µl changes are not significant in 

the case of 1 mM sulfur concentration. 

 

Figure 3.4 Maximum drop view of the self-assembled structures using 1 mM sulfur 

concentration of (a) 1 µl, (b) 5 µl and (c) 10 µl drops and their respective magnified images (d, e, 

f); scale bars indicate 100 microns for (a,b,c) and 30 microns for (d,e,f). 

3.3.4 Effect of particle size, particle and salt concentration on the self-assembly  

a b c 

d e f 
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On variation of the thiosulphate concentration in the reaction media, the particle size and the 

particle as well as the resultant salt concentration varies accordingly. Figure 3.5 shows the 

respective changes in structure using 1 µl drops, without any further dilution. The images clearly 

depict that from a low to a high concentration of thiosulphate there is a gradual change in the 

self-assembled structure. Figure 3.5(a) shows that at the low concentration (0.1 mM), the stems 

are not straight but of a curvy nature with less branches. At low reactant concentration the 

particle size and the particle concentration is low. In this situation mobility of the particles 

increases because of lower size, but during the formation of structure only the main stem is 

formed without formation of branches, as the particle concentration is low as observed in Figure 

3.5(a,e). At 10 times higher concentration (1 mM) the branches have sprouted but the length is 

short. Moreover, at low reactant concentrations (0.1 and 1 mM) because of lower sized particles 

and low particle concentration, the possibility of deposition of a multilayer of particles is less; as 

a result very fine structure is observed nearer to the boundary of the drop as shown in Figure 

3.5(a,e,b,f). The concentration was further 10 fold increased (10 mM) and the formation of a 

very distinct tree-like self-assembled structure as depicted in 3.5(c,g) is observed. This 

demonstrates how the presence of sufficient number of particles and salt concentration boosts the 

growth of the main stem and therefore increases the spacing between the branches giving an 

improved tree structure. But at higher concentrations the particle sizes are bigger with lesser 

mobility, because of which there are lesser and thicker branches, since the particles can easily 

agglomerate due to Oswald ripening. However, above that concentration (20 and 30 mM) the 

structure is disturbed may be because of the deposition of large size particles. When the particle 

size is too large and drop size is small (ds > hr; where hr is height of the drop at r distance from 

the centre) their movements toward the periphery is also restricted. As a result, at the highest 

concentration studied here (30 mM), since the particle density is high, initially the particles are 

deposited at the periphery to form a ring structure, but finally the particles are also distributed 

uniformly inside the drop area without forming any distinct structure (3.5d). Additionally, it has 

been also found that with the increasing particle concentration contact angle decreases on glass 

surface. The contact angle of pure water and different concentrations (0.1, 1, 10, 30 mM) particle 

suspension on glass surface are 45.68°, 43°, 38.5°, 31° and 32.2° respectively with an error of 1-

2°. The decrease in contact angle at higher particles concentration also supports the above 

explanation as well pining of drop boundary. The decrease in contact angle as compared to pure 
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water may be attributed to the disjoining pressure exerted by the sulfur particles present in the 

drop. These observations clearly indicate that the parameters such as size and particle 

concentrations, resultant salt concentration in reaction media are important for the formation of 

the self-assembled structure.  

 

 

Figure. 3.5 Effect of particle concentration and size on the self-assembled structure using 1 µl 

drop volume. Particles were synthesized using thiosulphate concentrations of (a) 0.1, (b) 1, (c) 10 

and (d) 30 mM and their respective magnified images (e, f, g, h); scale bars indicate 100 microns 

for (a,b,c,d) and 30 microns for (e,f,g,h). 

The effect of particle and salt concentration was also studied for a particular size 

suspension, the particle suspension of 10 mM (3.5c) was diluted to 5 and 1 mM concentrations 

(Figure 3.6 a,b). The resultant structures using 1 µl drop volume were found to be gradually less 

dense and at 1 mM the number of branches is also less with respect to the original structure of 10 

mM suspension. The empty area of the central region also increases gradually with dilution 

because of the presence of low particle density. For the 1 mM concentration (Figure 3.6b), the 

structures and the ring deposit on the periphery of the drop are very much similar to the original 

1 mM concentration drop (5 b,f), but the structure of Figure 3.6(d) are a little bulky probably 

because of the presence of larger size particles. Moreover, the smoothness of the structures in 

Figure 3.6d is comparable to the structures in Figure 3.5f. This may be because of the 

concentration of the salt in both samples is almost identical. While rough edges of the structures 

a b c d 
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are observed in higher concentrations, Figure 3.5 (g,h) may be because of the higher 

concentrations of the salt present which shows increased crystalline nature in the structures. This 

becomes more clear with the images for 1 mM at drop volumes higher than 5 µl, where at higher 

volumes more of the salt gets a chance to get deposited at the drop periphery causing the 

structures to become rough and increasingly crystalline. So, it can be assumed that at a lower salt 

concentration there are more chances of smoother structures, but the influence of the particle size 

also has an important role to play here. The particle size mainly decides whether structure would 

be fine or bulky, while the particle concentration is responsible for how much the structure can 

extend towards the central region from the drop boundary. In addition, it is also speculated that 

in 10 mM and above particle and salt concentrations, the crystal forming nature of the salt and 

aggregation of particles in bulk dominates over the delicate van der Waals and capillary forces, 

resulting in the final deformed structure, which otherwise theoretically should have resulted in a 

better tree structure owing to the increased capillary forces between the bigger particles as 

explained earlier. The same experiments were also repeated for 10 µl drops. There was no major 

change observed in the structure for the dilutions (1 and 5 mM). So these observations indicate 

that the parameters particle size, particle and salt concentration, and drop volume are very 

important for the formation of a good self-assembled structure.  
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Figure 3.6 Self-assembled structure of sulfur particles after dilution of 10 mM sulfur 

concentration to (a) 5, (b) and 1 mM and their respective high magnification images (c,d) using 1 

µl drops; scale bars indicate 100 microns for (a,b) and 30 microns for (c,d). 

3.3.5 Effect of thiosulphate to acid ratio on the self assembly  

The chemical reaction of sulfur formation suggests that one mole of thiosulphate reacts with two 

moles of hydrogen ions. Since the second ionization constant of the dibasic oxalic acid is low, 

the requirement of acid is more than the actual stoichiometric ratio as reported before.(Chaudhuri 

and Paria, 2010) Therefore, the effect of different thiosulphate to acid ratio on self-assembled 

structure was studied. For this study the sodium thiosulphate concentration was fixed at 10 mM 

and the ratio was varied from 1:1 to 1:5. Figure 3.7 clearly reveals that the self assembled 

structure is highly dependent on the thiosulphate to acid ratio. For 1:1 ratio the structure is very 

fine and dense (Figure 3.7a), with the increase of acid concentration the structure becomes more 

prominent at 1:3 (Figure 3.7b). At 1:4 the structure is gradually turning more crystalline and 

when the ratio is increased further to 1:5 the structure disappears and mostly the crystals of the 

salt (Figure 3.7d) and excess acid are visible.  

a b 
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Figure 3.7 Self-assembled structure of sulfur particles using thiosulphate to oxalic acid ratio of 

(a) 1:1, (b) 1:3, (c) 1:4 and (d) 1:5; 10 mM thiosulphate concentration was kept constant; scale 

bars for (a,b) indicate 30 microns and for (c,d) 100 microns. 

3.3.6 Effect of reaction time on self assembly formation 

The size of the nanoparticles strongly depends on the reaction time. The change in the self-

assembled structure with time was also studied to see the importance of progress of reaction and 

the particle growth. In our previous studies it was observed that the time required to reach 

equilibrium particle size is more than 40 min, however, the nucleation step is fast.(Chaudhuri 

and Paria, 2010, 2011) Samples collected at shorter time periods would contain mostly smaller 

sized particles formed just after the nucleation step, with minimal growth and agglomeration. 

Figure 3.8 shows the structures of samples collected at 5, 10, and 15 min interval from 10 mM 

thiosulphate concentration during the reaction and then immediately dried. Figure 3.8 (a) 

indicates that after 5 min the desired structure was not formed properly, may be because of 

incomplete reaction. The solution after 10 min (Figure 3.8b) shows that the structure was formed 

but not very prominent, but after 15 min (Figure 3.8c) predominant tree-like structures are 

formed.  

 

a b c d 
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Figure 3.8 Self-assembled structure of sulfur particles during the time intervals of (a) 5, (b) 10 

and (c) 15 minutes using 10 mM thiosulphate concentration; scale bars indicate 30 microns. 

 

3.3.7 Effect of surfactants  

Since sulfur is hydrophobic and the particles have a tendency of agglomeration in the aqueous 

media, the presence of surfactants can greatly influence the dispersability and size of the 

particles. To study the effects of different surfactants, three different types i.e. cationic (CTAB), 

anionic (SDBS) and nonionic (TX-100) are tested here at below and equal to the CMC of the 

respective surfactants, the respective CMCs of CTAB, SDBS and TX-100 are taken as 0.93 mM, 

1.2 mM and 0.15 mM.(Chaudhuri and Paria, 2009) Comparing the results of all the surfactants it 

can be seen that the structures are highly affected when ionic surfactants are present, additionally 

below and at the CMC there are distinct changes. The drops in the presence of CTAB show that 

below CMC (0.1 and 0.45 mM) the structure is present but dense (Figure 3.9a,b), whereas at 

CMC no organized structure present (Figure 3.9c). The presence of SDBS show retention of 

similar structure (Figure 3.9d) at very low concentration (0.1 mM) and leads to the disruption of 

organized structures at higher concentrations (0.6 and 1.2 mom/L) (Figure 3.9e,f). On the other 

hand, in the presence of TX-100 the organized structure (Figure 3.9g,h) remains intact at both the 

concentrations, but below CMC the structure is more fine and compact. These observations can 

be attributed to the development of the surface charge of the particles in the presence of ionic 

surfactants. When the particles are having high surface charge in the presence of ionic 

surfactants, the electrostatic repulsive force may be predominant over the attractive capillary 

force. Apart from electrostatic repulsion, the surfactant adsorbed particle surface may not be 

favorable towards the formation of salt crystals. This might be interfering with the availability of 

the sulfur particles to nucleate salt crystal formation and propagation of the tree structure. 

Therefore generation of a self-assembled structure is greatly reduced. More specifically, sulfur is 

having low negative zeta potential value (~ - 8.5 mV) in pure aqueous media. The changes in ζ 

potential values in the presence of surfactants are shown in Figure 3.9(i). In the presence of low 

CTAB concentration few surfactants molecules will be adsorbed on the particle surface through 

the head-group, at the same time most of the molecules will adsorb through the tail-group and 

develop a low positive ζ potential on the particle surface, leading to formation of a less dense 

structure. In the presence of higher surfactant concentration more surfactant molecules are 
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adsorbed through the tail group and the surface becomes more positive, hence preventing the 

formation of structure. In the presence of SDBS the change in ζ potential is very sharp and the 

absolute value is also much higher than CTAB. In SDBS case the molecules are always adsorbed 

through the tail group and negative ζ potential increases gradually, because of which only at very 

low concentration structure is formed but little higher concentrations there is no structure 

formation. In the presence of TX-100 since there is almost no change in surface potential, there 

is an absence of electrostatic repulsion, which allows the similar structure to be retained to a 

large extent. Additionally reduced particle size also helps to form a fine structure. 
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Figure 3.9 Self-assemble structure of sulfur particles using 10 mM concentration, in presence of 

(a,b,c) 0.1, 0.45, 0.93 mM CTAB, (d,e,f) 0.1, 0.6, 1.2 mM SDBS and (g,h) 0.075, 0.15 mM TX-

100 respectively; (i) ζ potentials in CTAB and SDBS media; scale bars indicate 30 microns. 

 

3.4 Conclusions 

A distinct tree-like self-assembled structure with proper branches and stems can be formed on a 

hydrophilic glass surface using colloidal sulfur particles synthesized by oxalic acid catalyzed 

reaction of sodium thiosulphate. The structure is formed during the evaporation of liquid drop on 

the solid surface mainly because of the interplay of evaporative liquid flux and Marangoni flow 

inside the drop, capillary, van der Waals attractive forces between the particles and the 

crystallization of the salt (sodium oxalate). Some parameters such as particle size, particle and 

salt concentration, drop volume, acid to thiosulphate ratio, reaction time are very important for 

the formation of self-assembled structure from colloidal sulfur. The optimum particle size, 

particles and salt concentration, is very important for the formation of a proper structure. When 

the particle size and concentration is low less dense structure with more branches but less stems 

is formed. The variation of salt concentration resulted in the structure surface transforming from 

smooth to rough as the salt concentration was changed from low to high. Addition of ionic 

surfactants disturbed the self-assembled structure because of the formation of higher surface 

charge on the particle surface and hindrance in attachment towards the salt crystals. However, 

the presence of nonionic surfactant generates more fine structure because of the presence of finer 

particles and the absence of electrostatic repulsions.  
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4.1 Introduction 

This chapter expands upon the previous chapter which dealt with the self assembling and 

patterning abilities of colloidal sulfur particles. In the previous chapter the sulfur particles were 

synthesized using oxalic acid and thiosulphate as the precursors, using which a complex fractal 

resembling a tree or in some cases a sea-weed like structure was obtained after subsequent 

drying of the drops on a glass slide. Now in this present chapter, the different self-assemblies of 

sulfur particles synthesized using other acids have been explored; namely sulfuric and 

hydrochloric acid. Here too a similar fractal tree structure for sulfuric acid is obtained, as was 

demonstrated for oxalic acid in Chapter 3. But in addition to that an interesting grid like pattern 

for hydrochloric acid is also observed, which might have immediate applications in the field of 

electronics. These interesting changes in morphology and structure have been explored in this 

study. As observed for the structures formed using oxalic acid, these structures too heavily 

depend on the particle size, drop volume, reaction time, acid to thiosulphate ratio etc.  

 

4.2 Materials and methods 

The materials and methods are the same as described in Chapter 3, the only different thing being 

the new acids; HCl and H2SO4 being used here in addition to oxalic acid. The reactants are 

mixed according to the ratios required in the subsequent sections. 

4.3 Results and Discussion 

4.3.1 Observation 

Small droplets containing colloidal to nano-scaled particles were spotted onto a glass slide and 

were immediately dried. As the dropping of the sulfur suspension solution is done after the 

reaction is completed and has attained equilibrium, we can be sure that during drying there is no 

fluctuations in temperature due to the reactions, which might influence the structure formation 

processes. The subsequent self-assembled structures formed by these sulfur particles after drying 

were studied under a microscope and it was found that the sulfur particles produced using 

different acids all gave complex fractal and or grid-like patterns unique to the acids used. As 

observed previously in Chapter 3, here Figure 4.1 shows the self assembled tree-like structure 

with many branches for oxalic acid, a similar spiky structure for sulfuric acid and a neat grid-like 
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labyrinthine structure with branches forming almost at 90° to each other for hydrochloric acid, 

on the glass surface, formed using the respective suspensions of sulfur nanoparticles in aqueous 

media.  

  

 

Figure 4.1 Self-assembled structures of colloidal sulfur particles from (a), oxalic, (b) sulfuric, 

and (c) hydrochloric acids using 10 mM sulfur concentration. 

Sulfur nanoparticles are hydrophobic in nature having zeta potentials (ζ) -8.05mV, -1.85mV and 

-2.99mV in oxalic, sulfuric, and hydrochloric acid catalyzed aqueous media. The basic 

mechanism for the formation of various structures remains the same. The factor bringing about 

the new morphologies other than the tree structure encountered earlier might have something to 

do with the salt involved. 

 To explore this notion about the organized structure, the sulfur particles were separated 

from the thio-oxalic reaction mixture by centrifugation, washed with water, and then dispersed in 

water under sonication to break the weak agglomerates. When the re-dispersed phase was 

dropped and subsequently dried, only the stick-slip coffee-ring pattern (pertaining to dried 

particle solution droplets) was obtained. However, when the particles were dispersed in sodium-

oxalate solution (the resulting salt of the reaction) similar tree-like structure was also obtained. 

Whereas, sodium oxalate solution forms needle like crystals on the glass surface after the drop 

has dried. Similarly for sodium chloride and sodium sulphate solutions which form rock salt 

cubic (face-centered cubic) structured crystals and needle like crystals respectively, as shown in 

Figure 4.2, when mixed with the sulfur suspension give their respective patterns. 

 

a b c 
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Figure 4.2 Crystal structures of (a), sodium oxalate, (b) sodium-sulfate and (c) sodium-chloride 

and the self assembled structures (d,e,f) of sulfur particles re-dispersed in the respective salt 

solutions prepared according to 10 mM thiosulphate concentration in the reactions. 

Previously reported studies also mention that to begin formation of the structure some sort of 

“impurity” is required to act as the heterogeneous nucleation center.(Keller, 1988; Takhistov and 

Chang, 2002; Vancea et al., 2008) This confirms that the sulfur particles act as the nucleation 

centers and also that sodium salts provide the crystalline solute responsible for the onset of 

marangoni flows and the Mullins-Sekerka instability as the evaporation progresses. Sulfur 

particles; as synthesized by the previous route in Chapter 3, are in addition to being hydrophobic 

also orthorhombic in structure. 

 

4.3.2 Effect of type of acid used on self-assembled structure 

The formation of the structure is a complex interplay of the flow due to the differential 

evaporative flux, the Marangoni effect and dendritic crystallization. The Marangoni effect 

gradually gives way to the Mullins-Sekerka instability which causes stems of the structure to 
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grow along the perimeter, towards the center from the high end of the concentration gradient (in 

terms of salt and particle concentration) of the drop. The flow due to evaporative flux tends to 

carry the salt and particles in the opposite direction, towards the perimeter of the drop. The 

maximum instability is at the edges and corners of the crystal as these are the areas with the 

highest surface energy, therefore the crystal growth is fastest there. Additionally, it is believed 

that the competition between the two flows may induce sideways branching along the high 

energy edges of the crystals in the previously formed stems, instead of aiding more stem growth. 

Ordinarily this branching wouldn’t be observed for a pure salt solution. But the presences of 

sulfur particles which come and attach to the edges of the crystals promote nucleation and 

branching and further growth of the crystal structure. This makes it clear why the structures 

observed in case of NaCl solutions always have branches and stems at roughly 90° to each other. 

It is suspected that sodium-sulfate, the salt obtained for the sulfuric acid-thio reaction has a 

monoclinic crystal structure in its decahydrate form (the form most likely obtained in the 

reaction). So this might be why we have a dendrite structure which is more crystalline as 

compared to the oxalic-thio structures. Sodium oxalate has an organic part in the salt, this might 

also be a reason why the tree structure is more of a curvy nature and comparatively less 

crystalline as compared to the strongly crystalline nature of the other two salts. It is also 

speculated that if crystal growth occurs along the different angled edges of the monoclinic unit 

celled sodium-sulfate crystal, the resulting structure would indeed resemble a tree albeit not to 

the extent as the sodium oxalate crystals. The sulfur particles would also aid the growth in the 

structure as they had with the NaCl structure, as explained earlier. As demonstrated in Keller’s 

work (Keller, 1988) for clay particles in NaCl solution, NaCl follows a rock salt configuration 

therefore the structures obtained with NaCl salt solutions tend to have branches at 90°. This 

effect of the salt structure on the sulfur particles self-assembled structure has been confirmed 

again in case of the hydrochloric acid-thiosulfate reaction. Here too the resultant salt is NaCl and 

here as instead of bulky clay particles used in Keller’s work we have nano to colloidal range 

sulfur particles. This leads to a much finer and much clearly defined grid-like labyrinthine 

structure than which was obtained in Keller’s experiments, but the almost 90° branches formed 

in the presence of NaCl in both cases is unmistakable. With sulfuric acid the resultant structure is 

similar to the tree structure obtained for oxalic acid but it’s different in the sense that it has 

spikier and more angular and rough branches. Additionally, as the production of sulfur particles 
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is faster with sulfuric acid as compared to oxalic acid, the growth rate of branches is accelerated 

here which leads to increased branching and rougher edges of the branches. 

 

 

Figure 4.3 Self assembled structure of sulfur particle in (a) oxalic, (b) sulfuric, and (c) 

hydrochloric acid media using 10 mM thiosulfate concentration. 

 

4.3.3 Effect of reactant concentration and particle size on self-assembly 

Figure 4.4 shows the changes in the structures with the variation of particle concentrations. The 

particle concentration was varied by changing the thiosulphate concentration in the respective 

reaction media without any further dilution. The images clearly depict that from a low to high 

concentration of thiosulfate there is gradual change in the different self-assembled structures. 

Figure 4.4(a) shows that for the oxalic-thio reaction media, at the low concentration (1 mM), the 

stems are short and of a curvy nature with numerous branches growing within very less distances 

between each branch. At 10 times the higher concentration (10 mM), elongated and 

comparatively straighter stems with less density of branches are observed. Even the branches are 

longer and thicker, as depicted in Figure 4.4(b) and on the whole this gives a distinct tree like 

appearance. At 30 mM concentration Figure 4.4(c), there is almost no recognizable tree structure 

here with just a thick deposit of particles and the salt crystals. At low reactant concentration the 

particle size and the particle concentration is low. In this situation mobility of the particles 

increases because of lower size, therefore during the formation of structure there is more 

branching because of increased mobility but because of a lack of sufficient number of particles 

(due to low initial thio concentration) the stems don’t extend much towards the centre of the 

drop. Low particle size and concentration also leads to a much finer structure. The concentration 
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was further 10 fold increased (10 mM) and the formation of a very distinct tree-like self-

assembled structure as depicted in Figure 4.4(b). This demonstrates how the presence of 

sufficient number of particles boosts the growth of the main stem and therefore increases the 

spacing between the branches giving an improved tree structure. But at higher concentrations the 

particle sizes are bigger with lesser mobility, because of which there are lesser and thicker 

branches, since the particles can easily agglomerate due to Oswald ripening. However, above 

that concentration (30 mM) the structure is disturbed may be because of the deposition of large 

size particles. When the particle size is too large and drop size is small (ds > hr; where hr is 

height of the drop at r distance from the centre) their movements toward the periphery is also 

restricted. As a result, at the highest concentration studied here (30 mM), since the particle 

density is high, initially the particles are deposited at the periphery to form a ring structure, but 

finally the particles are also distributed uniformly inside the drop area without forming any 

distinct structure. Also the particle size enters the micro range at 10 mM for inorganic acids and 

at bigger sizes the particles no longer remain colloidal and start settling causing their mobility to 

become compromised even in the solution. Hence 30 mM was taken as the maximum 

concentration. There Similarly, in the case of sulfuric-thio reaction media, it is speculated that at 

such a low concentration of 1 mM Figure 4.4(d), the number of particles is simply not enough 

and therefore here crystallization dominates over the delicate self-assembly processes. The 

higher rate of sulfur particle production by virtue of a lower pKa in sulfuric acid as compared to 

oxalic acid and the highly crystalline nature of sodium-sulfate (the resulting salt, monoclinic 

structure) leads to a jagged and rough tree structure at the higher concentration of 10mM, as 

shown in Figure 4.4 (e). This is believed to be both due to the strongly crystalline nature of the 

salt as well as due to the increased propensity for branching and growth due to the availability of 

a large number of sulfur particles. The structure obtained for 1 mM is somewhat smoother in 

comparison to 10 mM concentration mostly due to these reasons.  At 30 mM concentration 

Figure 4.4 (f) it is clearly visible that the crystallization process has overtaken the delicate self-

assembly process leaving a crude tree structure with barely any proper distinction between the 

stems and branches. Now for hydrochloric-thio media it seems that it is able to provide sufficient 

number of particles to give a grid like structure Figure 4.4 (g), which is an extension and 

propagation of the of the base crystal rock salt structure of NaCl. At the higher concentration 10 

mM, the grid structure is still visible but the crystallization process has slowly begun to dominate 
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over the self-assembly process, with almost no discernable grid structure at 30 mM 

concentration, as depicted in Figures 4.4(h,i).   

 

Figure. 4.4 Self assembled structure of sulfur particle in oxalic (a, b, c), sulfuric (d, e, f), and 

hydrochloric (g, h, i) acid media for different particle concentrations as mentioned on the figure.  

4.3.4 Effect of thiosulphate to acid ratio on self-assembly 

The chemical reaction of sulfur formation suggests that one mole of thiosulphate reacts with two 

moles of hydrogen ions. Since the second ionization constant of the dibasic acids are low, so it is 

expected that the requirement of acid is more than the stochiometric ratios reported in earlier 

studies.(Chaudhuri and Paria, 2010) Similarly for sulfuric acid, although its first and second 

dp = 450 nm; 1 mM dp = 770 nm; 10 mM 

dp = 950.6 nm ; 1 mM dp = 1251.8 nm; 10 mM 

dp = 978.9 nm ; 1 mM dp = 1321.3 ; 10 mM 
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ionization constant is higher than oxalic acid but for structure formation purposes the required 

amount of acid is a little higher. The stochiometric ratio is used for hydrochloric acid only, as its 

ionization constant is sufficiently high to ensure reaction completion. Therefore, the effect of 

different acid to thiosulphate ratio on self assembled structure for both the dibasic acids and 

monobasic acid was studied. For this study the sodium thiosulphate concentration was fixed at 

10 mM and the ratio was varied from 1:1 to 1:5 for the organic acid; oxalic acid and 1:1 to 1:3 

for both the inorganic acids; sulfuric and hydrochloric acids. Figure 4.5 clearly reveals that the 

tree like self assembled structure is highly dependent on the thiosulphate to acid ratio. For oxalic 

acid, at 1:1 ratio the structure is very fine and dense (Figure 4.5a), with the increase of acid 

concentration the structure become more prominent at 1:3 (Figure 4.5b). At 1:4 the structure is 

gradually turning more crystalline (Figure 4.7c) and when the ratio is increased further to 1:5 the 

structure disappears and mostly the crystals of the salt (Figure 4.5d) and excess acid are visible. 

Sulfuric acid has higher ionization constant in comparison with oxalic acid. Additionally for the 

more complex salt structure (monoclinic) for sodium-sulfate as compared to sodium-chloride’s 

rock salt structure, the required amount of sulfur particles is either too much (Figure 4.5d) or 

optimum (Figure 4.5e) or too little (Figure 4.5f). Owing to its high first and second ionization 

constants as compared to oxalic acid, sulfuric acid provides too much sulfur particles as 

compared to the salt for the 1:1 ratio and the salt concentration proves to be too high at the ratio 

1:3. But the tree structure is just right at 1:2 as compared to 1:3 for oxalic acid. At 1:1 there is 

not enough salt to guide the sulfur particles to assemble into a structure and at 1:3 the high salt 

concentration causes the crystallization process overwhelms the delicate self-assembly process. 

Similarly for hydrochloric acid, at the ratio 1:1 (Figure 4.5g) the amount of salt is not enough to 

sustain the labyrinthine structure and the little amount of salt because of its hygroscopic nature of 

the unreacted thiosulfate and NaCl the structure starts to dissolve quickly. At 1:2 (Figure 4.5h) 

the structure seems stable enough with the optimum amount of salt and sulfur particles but at 1:3 

(Figure 4.5i) again the large amount of salt causes dissolution of the structure. The structure in 

Figure 4.5(i) closely resembles Figure 4.4(i) before dissolution. 
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Figure. 4.5 Self assembled structure of sulfur particle in oxalic [(a) 1:1, (b) 1:3 and (c) 1:5 

ratios], sulfuric [(d) 1:1, (e) 1:2 and (f) 1:3 ratios], hydrochloric [(g, 1:1, (h) 1:2 and (i) 1:3 

ratios)] acid media for different acid to thiosulphate ratio for 10 mM thiosulphate concentration.  

4.4 Conclusions 

Two different tree-like self-assembled structures with proper branches and stems and an 

interesting grid like structure with branches growing at almost 90° to the stems have been 

observed in this study. They can be formed on a hydrophilic glass surface using colloidal sulfur 

particles synthesized by oxalic, sulfuric and hydrochloric acid catalyzed reaction of sodium 
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thiosulphate respectively. The structure is formed during the evaporation of liquid drop on the 

solid surface mainly because of the interplay of evaporative liquid flux and marangoni flow 

inside the drop, capillary and van der Waals attractive forces between the particles; all of which 

influence the dendritic crystallization caused due to the presence of the respective salts, which in 

the end give each structure its unique form. Some parameters such as particle size, particle 

concentration, acid to thiosulphate ratio, are very important for the formation of self-assembled 

structure from colloidal sulfur and these parameters vary with each of the acids used. An 

optimum particle concentration and size is very important for the formation of a proper structure. 

Generally when the particle size and concentration is low less dense structure with more 

branches but less stems is formed. This study demonstrates a facile method as to how a simple 

one pot method can be used to exploit the crystalline nature of the salts so commonly generated 

in many reactions. Moreover, the usage of the in-situ generated sulfur particles effectively 

enhances the pattern formation process and it also shows how different patterns can be generated 

using the combination of self-assembly techniques and dendritic crystallization.  
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5.1 Introduction 

When phenomena such as the coffee-ring effect, marangoni flow etc are involved, then the 

surface on which the whole self-assembly process takes place also becomes very important. 

Depending on the nature of the surface; whether it is hydrophobic or hydrophilic, the dynamics 

of wetting and spreading of the colloidal particle solution on the surface will also change. These 

changes will also dictate how the structure forms in the end. Evaporative induced self-assembled 

patterns through an aqueous route using in situ generated colloidal sulfur have been explored in 

previous chapters. Presently the formation of the same self-assembly of sulfur particles on 

surfactant coated glass surfaces and on a hydrophobic polymer surface have been studied. The 

surfactants used here to modify the glass surface are CTAB (cationic), SDBS (anionic), and TX-

100 (neutral). The adsorption pattern of the surfactant molecules vary depending on the types of 

surfactants. Apart from the obvious changes in the contact angle and the drying time, with 

different surfactant coatings the manner in which the sulfur particles interact and adsorb on the 

glass surface will also change. The polymeric transparent sheet (OHP) was used as a 

hydrocarbon based hydrophobic surface to see the self-assembled structures. The best self-

assembly occurs on slightly hydrophobic surfaces. On the basis of hydrophobicity (which has 

been deduced from the contact angles) the different surfaces in ascending order are SDBS < TX-

100 < CTAB coated glass surfaces and polymer sheets respectively. Interestingly, the gradual 

changes in the structure in terms of the extent of its formation; stem and branch growth and the 

total drop area coverage strongly depend on the nature of the substrate. 

 

5.2 Materials and Method 

The sulfur particles in aqueous media were prepared according to the method described in 

Chapter 3. The glass slides and the polymer transparencies were initially washed with alcohol 

and then deionized water, and dried in a hot air oven. Only the glass slides were then dipped in 

the respective surfactant solutions for one hour after which they were carefully removed and 

dried in a hot air oven so as to ensure as much of an even coating of the surfactant as possible on 

the glass slides. The precursors were mixed and kept 40 min for equilibration. Then the particles 

suspension was spotted onto the glass slide as done in Chapter 3 and 4. Contact angle studies 

were done for the suspension and pure water using a goniometer, Dataphysics, Germany, (OCA-

20). 
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5.3 Results and discussion 

5.3.1 Wettability of the solid surfaces by pure water and particle suspension 

The properties related to particle suspensions on self-assembly were studied in the previous two 

chapters; this chapter is mainly focused on the properties of solid surfaces. In this study the 

changes in the structure formed by the sulfur particle suspension on surfaces of different 

wettabilities have been observed. To see the change in hydrophilicity, the contact angles made by 

water and the particle suspension have been tabulated and compared with each other. The 

surfaces used for the study include, polymer transparent sheets and glass slides adsorbed with 

varying concentrations of CTAB, TX-100 and SDBS respectively. The different material of the 

substrates and the surfactant coatings lend a unique nature to each of the surfaces in terms of 

surface charge, hydrophobicity, steric hinderance towards particle adsorption at the molecular 

level etc. The glass slides being used in the experiments are hydrophilic and a sessile water 

droplet makes an average contact angle of 45.68°. The interaction between the particle and 

surface depends on the nature of the surfaces. By using different concentrations of surfactant the 

degree of hydrophobic/hydrophilic nature of the surface can be changed. This in turn affects how 

well the suspension will wet and spread on the surface. The sulfur particles on the other hand, are 

responsible for aiding or restricting the suspension’s wetting and spreading characteristics 

depending on the concentration and the size of the particles, owing to the disjoining pressure 

effect exerted by particles on the edge of the drop. Therefore the profile of the sessile drop on a 

surface, or in other words the contact angle is heavily dependent on the adsorption characteristics 

of the surfactant on the substrate and on the components present in the drop. Changes in the self-

assembled structure because of the changes in drop height (or drop profile) and the particle 

concentration and size have been dealt with in detail in Chapter 3. In other words, if the sulfur 

solution spreads easily on a surface, then the height of the resulting drop is reduced quickly and 

therefore reducing the time for particles to arrange in a pattern through self assembly, this can be 

deduced from the contact angle and the drying time data (shown in Table 5.1). 
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Table 5.1 Average contact angles on glass surface using water after adsorption of SDBS, TX-

100, and CTAB respectively. 

Treated surfactant concentration Contact Angle (°°°°) 

 SDBS TX-100 CTAB 

0.5 × CMC 23.13 17.21 65.11 

1 × CMC 15.65 18.55 65.69 

2 × CMC 17.62 19.77 70.12 

Table 5.1 depicts that for ionic surfactants the contact angle decreases in the presence of SDBS 

and increases in the presence of CTAB with increase in surfactant concentration. In the presence 

of TX-100 the change is very less with a slight increase. In case of SDBS, most probably the 

negatively charged head-groups of the surfactant molecules are being repelled by the negatively 

charged hydroxyl groups on the glass surface causing the surfactant molecules to adsorb on the 

glass surface by their hydrocarbon chain, leading to increase in hydrophilic character of the 

surface. TX-100 on the other hand, being nonionic simply displays a linear increase in the 

contact angle with increase in concentration from 0.5 to 2 CMC. The nonionic nature of the 

molecules allow them to adsorb either through the head or tail-group on the glass surface, 

therefore the contact angle is mostly an averaged value of the interaction between the heads and 

tails with the bulk liquid, but even so the TX-100 adsorption has made the glass surface more 

hydrophilic than without any coating. Now CTAB has the strongest interactions with the glass 

surface among the three surfactants. The positively charged head-group is directly adsorbed on 

the negatively charged glass surface with the hydrocarbon tails extended towards the bulk liquid, 

giving a strongly hydrophobic character to the substrate; this behavior is in stark contrast to what 

is observed for SDBS. Now the contact angles made by the particles suspension on the surfactant 

coated glass surfaces (shown in Table 5.2) are comparatively lower than that observed previously 

for pure water in Table 5.1. 
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Table 5.2 Average contact angles on glass surface using 1 mM sulfur suspension after 

adsorption of SDBS, TX-100 and CTAB respectively. 

Treated surfactant concentration Contact Angle (°°°°) 

 SDBS TX-100 CTAB 

0.5 CMC 20.13° 17.94° 58.34° 

1 CMC 15.38° 19.25° 55.12° 

2 CMC 17.13° 20.64° 63.62° 

 

It can be deduced from Table 5.2. that when 1 mM sulfur suspension was dropped on the 

respective surfactant coated surfaces, that TX-100 due to its neutral nature doesn’t show any 

significant changes in the contact angle when compared to pure water contact angles. This might 

be because of the steric hindrance provided by the TX-100 molecules resulting in minimal 

interaction with the particle suspension. Similarly SDBS although it renders the glass surface 

more hydrophilic and reduces the surface tension, it still might be interacting less with the 

hydrophobic sulfur particles in suspension. This finally results in negligible deviation from the 

contact angles observed for pure water in case of SDBS and TX-100 coatings. When the CTAB 

adsorbed surface comes in contact with the colloidal sulfur, more interaction between the particle 

and surface compared to the other two surfactants is expected, thereby allowing the disjoining 

pressure to take effect. Now the changes observed in the contact angle data for the 10 mM 

concentration, as shown in Table 5.3 are similar to that obtained for 1 mM. 

Table 5.3. Average contact angles on glass surface using 10 mM sulfur suspension after 

adsorption of SDBS, TX-100 and CTAB respectively. 

Treated surfactant concentration Contact Angle (°°°°) 

 SDBS TX-100 CTAB 

0.5 CMC 14.37° 19.92° 51.58° 

1 CMC 13.86° 20.19° 47.18° 

2 CMC 14.5° 20.87° 51.66° 

But here the contact angles are lower probably because of greater disjoint pressure effect exerted 

by the sulfur particles, which are now in sufficient concentration. The drop drying time 
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(displayed in Table 5.4) has also been recorded for comparison and for supporting the idea, 

based on which this behavior is being explained. 

Table 5.4 Average drying times of 1 mM sulfur suspension on glass surface after adsorption of 

SDBS, TX-100, and CTAB respectively. 

Treated surfactant concentration Drying time (s) 

 SDBS TX-100 CTAB 

0.5 CMC 74 104 120 

1 CMC 67 98 90 

2 CMC 71 101 100 

The drying times at 1 mM seem consistent with the contact angle data, especially for SDBS 

coatings where a lower contact angle would automatically translate to a more spread out drop 

which again promotes quick drying. But one observation to be noted is that the TX-100 surface 

contact angles despite being significantly lower than the CTAB contact angles has drying times 

that is lower but still very close to the CTAB drying times. This might be because of the 

previously explained reasons regarding adsorption of the surfactants on the glass surface. 

Similarly, the drying times in Table 5.5 also seem consistent with the corresponding contact 

angle data. 

Table 5.5 Average drying times of 10 mM sulfur suspension on glass surface after adsorption of 

SDBS, TX-100 and CTAB respectively. 

Treated surfactant concentration Drying time (s) 

 SDBS TX-100 CTAB 

0.5 CMC 76 63 80 

1 CMC 68 59 82 

2 CMC 78 63 81 

As depicted in Table 5.5 the drying times for the 10 mM concentration are lower compared to the 

1 mM concentration, indicating the increased effect of the disjoining pressure because of the 

higher concentration of sulfur particles causing the drop to spread out more and increase the 

surface area available for drying, as explained earlier. Now the contact angle data and the drying 
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times depicted in Table 5.6 were expected in case of the polymer sheet, except for the drying 

time for the 10 mM particle concentration. For the surfactant adsorbed glass surfaces the time 

needed for the drop to dry using 10 mM suspension is less than that required for 1 mM 

suspension. But in case of the polymer surface, it is exactly the opposite. 

Table 5.6 Average contact angles and drying times on polymer sheet surface using 1 mM and 10 

mM sulfur suspensions respectively. 

Suspension concentration Contact angle (°°°°) Drying time (s) 

1 mM 86.85 214 

10 mM 83.95 280 

The polymer surface offers a very strong hydrophobic nature. Apart from the obvious increase in 

contact angles compared to the previous coated surfaces, the increase in the drying time for the 

higher concentration of 10 mM as opposed to the observed trend caused due to the disjoining 

pressure effect. The comparatively less area exposed for drying also contributes to the increased 

drying times 

5.3.2 Effect of surface hydrophilicity/hydrophobicity on the self-assembly 

Glass surfaces were coated with surfactants at different concentrations to induce 

hydrophilic/hydrophobic nature on the surface. A polymer sheet was also used as the surface 

with the highest hydrophobicity among all the surfaces. The glass surfaces were coated with 05, 

1 and 2 CMC of SDBS, TX-100 and CTAB respectively. Coatings of different concentrations 

0.5,1 and 2 CMC, were done in order to explore the change in the structures that are formed 

using the same surfactants and for comparison among the different surfactants. The effects of the 

various surfactant coated glass surfaces and the polymer sheet on the self-assembled structures 

were studied using 10mM sulfur concentration and 10 µl drop volume. 
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Figure 5.1 Self-assembly of sulfur particles using 10 mM suspension on surfactant SDBS 

adsorbed on glass surface using (a) 0.5, (b) 1 and (c) 2 CMC respectively. and (d,e,f) are the 

corresponding magnified images.  

In this case the particle suspension tends to spread out on the surface owing to the increased 

hydrophilicity because of adsorption of SDBS as explained earlier. In this case at 0.5 CMC 

(Figure 5.1a,d), as the particles used here have a larger size and higher concentration of 10 mM, 

they are able to pin the drop and also show dense branching and proper growth of the structure 

all over the drop contrary to the initial growth stages of the structure observed for 1 mM at 10 µl 

drops. With increasing surfactant concentrations, 1 and 2 CMC, even though contact angle varies 

only slightly but it is enough to decrease and increase drying times respectively, which again is 

an indication of changed drop heights due to the changed contact angles. The respective drying 

times at each of the CMCs were measured to be 76, 68 and 78 seconds. These times indicate that 

even a minimal rise or fall in drop height can influence how long a particle will stay and motion 

and hence the probability of forming a proper structure. Therefore for 0.5 and 2 CMCs there is 

some structure resembling the tree structure but for 1 CMC, where the drying time and contact 

angle is low, hence drop height is also low, the structures spread out in the bulk of the drop are 

more crystalline. This is indicative of reduced self-assembly processes due to immobilization of 

the particles too early. One thing common in the images in Figure 5.1 for SDBS coatings is that 
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the crystalline nature dominates over the self assembly process due to the lack of particle 

mobility. 

 

Figure 5.2 Self-assembly of sulfur particles using 10 mM suspension on surfactant TX-100 

adsorbed on glass surface using (a) 0.5, (b) 1 and (c) 2 CMC respectively. and (d,e,f) are the 

corresponding magnified images. 

Now when TX-100 coated surfaces are used, the structures are generally better because of their 

slightly less hydrophilic nature compared to the SDBS coated surfaces. The respective contact 

angles for 0.5, 1 and 2 CMC are 19.92°, 20.19° and 20.87° and the respective drying times are 

63, 59 and 63 seconds. In the absence of electrical charge, the basic trend for surfactant coatings 

to show increase in the hydrophobicity of the surface can be observed here. The images in Figure 

5.2, show a marked improvement in the structure with the increase in contact angle and it seems 

the increased drop height seems to overcome the lack of drying time of the drop when compared 

to SDBS coating images in Figure 5.1. This means that motility of the particles plays a key role 

in structure formation. The structures in Figure 5.1 are more curvaceous and less crystalline 

compared to that obtained for the SDBS coating. Although like in the previous figures, most of 

the structures are near the boundary and much of the particles are deposited all over the drop 

without forming any proper structure, due to the particle motility restrictions. 
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Figure 5.3 Self-assembly of sulfur particles using 10 mM suspension on surfactant CTAB 

adsorbed on glass surface using (a) 0.5, (b) 1 and (c) 2 CMC respectively. and (d,e,f) are the 

corresponding magnified images. 

Coming to CTAB coated surfaces, the contact angles for 0.5, 1, and 2 CMC are 58.37°, 55.13°, 

and 63.62° respectively and the drying times being 120, 90, and 100 seconds for the same. Now 

the CTAB coated glass surfaces can be categorized as a strongly hydrophobic surface when 

compared to the previous coated surfaces owing to the steep rise in the contact angles. It is 

speculated that a CTAB coating by increasing the hydrophobicity, not only increases the drop 

height via contact angle, but it also might be lending the surface a positive charge (through its 

cationic heads) and attracts the negatively charged sulfur particles. This favorable mix of 

conditions allows the structure to form efficiently over the maximum area of the drop. As 

depicted in Figure 5.3 the structures for 0.5 CMC is similar to those observed for SDBS and TX-

100 coatings, considering how most of the structure formation occurs near the boundary and how 

a large number of the particles are deposited in the central region and the bulk of the drop. But 

for 1 CMC it is observed that almost all of the particles form stems and a large number of 

branches, which reach almost to the center of the drop and sometimes even covering the whole 

drop area. There is very less crystalline deposits near the boundary of the drop. This is indicative 

of self-assembly and dendritic crystallization both processes working efficiently and not 

dominating each other due to the increased drop height and drying time conditions. This 

ultimately results in properly formed tree structures covering almost the total area of the drop, 
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unlike the previous drops where most of the well formed self-assembled structures are confined 

to the immediate area near the perimeter region of the drop. Now for 2 CMC almost the same 

structures are obtained, with the only exception being that the due to the increased 

hydrophobicity the drop is caused to shrink a little bit causing the particles and the salt to get 

concentrated in a smaller volume, which in the end after evaporation result in structures which 

are slightly more crystalline than that observed for the 1 CMC coated surface.  

 

Figure 5.4 Self-assembly of sulfur particles using 10 mM suspension using polymer sheet where 

(a) is the maximum drop view and (b) is the corresponding magnified image. 

Finally coming to the polymer sheet, it has the highest hydrophobicity among all the surfaces. 

The sulfur solution makes a contact angle of 83.95° giving it an almost spherical shape and this 

gives a very high drying time of 280 seconds, which again allows the particles sufficient time to 

deposit at the boundary. Here due to the high hydrophobicity the particles are not able to pin the 

drop initially, so the drop shrinks to a large extent and also dragging much of the particles with 

it. Ultimately a dense ring of particles and salt crystals are deposited at the drop boundary with 

almost no structures anywhere. The rare structures which are found are very crystalline and 

much distorted. This is expected as the structures obtained at 1 mM were also similarly very 

crystalline. 

5.3.3 Effect of Drop Volume 

Here the dried drops have been studied on a transparent polymer sheet and on surfactant 

adsorbed glass surfaces from 2CMC solutions of various surfactants respectively. The motion 

and deposition patterns of the various sized particles (at different initial thiosulphate 

concentrations) and their dependence on the change in drop volume (1, 3, 5 µl) has been 

elaborated here. The effect on the drying time because of drop volume and sulfur particle 

concentrations has been dealt with in detail in Chapter 3. Higher concentrations were not chosen 
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because of their large particle size which causes the particles to settle quickly and also to avoid 

the disjoining pressure effect arise from the presence of a higher number of particles, which will 

cause the drop to spread out further more and cause the drop height to fall rapidly and hence 

immobilize the large particles much more quickly compared to the smaller particles available at 

lower concentrations. Therefore, here the changes have been demonstrated using 1 mM sulfur 

concentration. In the previous chapters, the structures were unable to form because of 

insufficient pinning of the drop on the glass surface. Now the surfactant adsorbed glass surfaces 

and polymer sheet show the following order of increasing of hydrophobicity: SDBS < TX-100 < 

CTAB < Polymer sheet; as a result differences in the final self-assembled structure are observed. 

These changes in the structure formation can be attributed to the changes in the drop profile, 

such as drop height etc, which is a result of the change in the hydrophobic nature of the surface. 

Different drop profiles may enhance or decrease the mobility of the sulfur particles, resulting in 

an elegant branched structure or a lumped crystalline one. The interaction of the sulfur 

suspension with the substrates, causing changes in the contact angle and drying times has been 

elaborated in great detail in the previous section. Now these changes help the formation of 

structure even for 1 µl drops in contrast to the structures obtained on clean glass surfaces as 

discussed in Chapter 3. On the SDBS adsorbed surface the average contact angle of the sulfur 

suspension is 17.13°, here the solution immediately spreads as a thin film on the surface 

therefore the drop height is reduced rapidly causing rapid drying. Now for a 1 µl drop, just before 

drying the thin film bursts and the remaining liquid drags the remaining particles and collects 

into a pool of concentrated liquid at an area along the original perimeter of the drop. Therefore 

the structures usually formed for 1 mM sulfur concentration are formed again but here there is 

more stem growth than branch growth and the rest of the particles are simply deposited inside the 

small drop (Figure 5.5 a,e). In case of the TX-100 coating, the resulting average contact angle is 

20.64°, making it slightly more hydrophobic than the previous coating. Slightly more 

hydrophobicity translates to a less spread out drop, therefore allowing the drop to not dry as 

quickly. So here the particles are able to properly pin down the boundary of the drop. As the drop 

height is a little more the particles have sufficient time to move about. Here although stem 

growth is observed but still lack of branch growth (Figure 5.5b,f) as many particles may be 

trapped in their initial positions as the drying time is still too quick. For proper stem growth a 

threshold concentration of particles is required at the stem growth front. Now for the CTAB 
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coated glass surface, the average contact angle made by the sulfur solution was found to be 

58.34°, which makes the surface very hydrophobic as water made only 45.68° on a clean glass 

surface. Now with such a large contact angle the drop height is sufficient and so is the drying 

time. The drop now begins to take a more hemispherical shape. So here the formation of 

branches is visible along the boundary of the drop (Figure 5.5g), although still a large number of 

particles are deposited inside the drop towards the center without forming any structure, as 

shown in Figure 5.5(c). This might be happening because of the lack of sufficient salt to guide 

the self assembly as shown in Chapter 3 and 4. The polymer sheet gives the highest contact angle 

with the sulfur solution, 86.85° causing the drop to attain almost a hemispherical shape. When a 

drop has a near hemispherical shape the area exposed for drying is minimal and hence the drying 

time is very high and even the height is almost the highest for the drop. On such highly 

hydrophobic surface the drop undergoes dewetting as it evaporates. The particle concentration is 

not enough here to pin the drop, because of this ultimately the drop dries in a very small area 

(Figure 5.5d) compared to area the drop occupied initially. This results in almost all the particles 

concentration being increased in the now reduced volume drop. This results in a large amount of 

particles available at the stem growth front (which is mostly near the perimeter), causing thick 

crystalline structures (Figure 5.5h) to grow at the drop boundary. 
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Figure 5.5 Self-assembly of sulfur particles using 1 mM concentration and 1 µl drop volume on 

surfactants (a) SDBS, (b) TX-100, (c) CTAB at 2 CMC adsorbed on glass surfaces respectively 

and on (d) polymer sheet and (e,f,g,h) are the corresponding magnified images. 

Now when 10 µl drops were used, by virtue of their volume, the height of the drop, and also the 

area on which it is spread out is increased. Although there is a large number of sulfur particles 

present due to the large volume of 10 µl but even so, as previously explained because of a low 

contact angle the particles are quickly immobilized in their initial positions. This causes the stem 

growth at the boundary to be diminished due to lack of sufficient number of particles. This 

phenomenon leads to gradual improvements in the structure based on the increase in contact 

angles with the order of increasing hydrophobicity of the substrates. But ultimately with too 

much hydrophobicity the structure again gets distorted. Now in the SDBS coated surface the 

particles are able to pin the drop and the rest of the particles are spread out uniformly in the drop. 

It is observed that the particles are in very early stages of structure formation. Thin curved stems 

are found spread out uniformly in the drop (Figure 5.6e). With the TX-100 coated surface, which 

is slightly more hydrophobic as mentioned earlier, the particles due to increased motility in the 

greater drop volume have enough time to move to the perimeter and due to the large number of 

particles, we observe nice curvy branching (Figure 5.6f) . The branching becomes denser for the 

CTAB coating (Figure 5.6g). On the polymer surface the structure is even more crystalline and 

dense (Figure 5.6h). This is because of the larger initial volume, 10 µl, the final shrunk drop area 

is more than that for 1 µl, the larger area and greater drop height aids slightly better structure 

formation. 
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Figure 5.6 Self-assembly of sulfur particles using 1 mM concentration and 10 µl drop volume on 

surfactants (a) SDBS, (b) TX-100, (c) CTAB at 2 CMC adsorbed on glass surfaces respectively 

and on (d) polymer sheet and (e,f,g,h) are the corresponding magnified images. 

In general it can be deduced that in smaller drops the structures are not formed properly due to 

restrictions on their mobility due to the very low drop height and evaporating time constraints, 

whereas in 10 µl drops there is sufficient space for the particles to move and also due to the 

increased number of particles the true nature of the influence of the surface on the structure 

emerges. Interestingly, the structure improves with increasing hydrophobic nature but when the 

surface is strongly hydrophobic the structure starts becoming distorted and increasingly 

crystalline. These changes are thought to be brought about by the relative influences of contact 

angles in smaller and bigger drops. 
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5.3.4 Effect of particle size and concentration on the self-assembly 

      

    

Figure 5.7 1 mM thio sulfur drops on glass coated with 2cmc sdbs, tx100, ctab respectively and 

polymer sheet. Top 10mM down, magnification 

The effect of particle size and concentration on the self assembled structure formed on a glass 

surface has been explored in Chapter 3. In that study the concentrations 0.1, 1, 10 and 30 mM 

sulfur solutions were used to form the self assembled structures. Through the different 

concentrations the different phases in the development of the self assembled structure is 

observable through the early stages, the beginning of growth of branches, the final tree structure 

and finally crystalline structures due to oversaturation of salt and particles. In this case only two 

concentrations 1 and 10 mM were studied but on the different surfaces; glass surfaces coated 

with 2 CMC each of SDBS, TX-100 and CTAB and the polymer surface. The gradually 

increasing hydrophobicity also aids the structure to gradually improve itself, as observed in 

Figure 5.7. But at the polymer surface, the high hydrophobicity drastically distorts the structure 

for both the particle concentrations. It is evident from the figures that the optimum tree structure 

with maximum drop coverage is obtained for the 10 mM concentration on the CTAB surface, 

whereas the rest of the drops are limited either in the extent of structure formation or the area of 

the drop that is covered. One thing that becomes clear is that the best structures are formed on 

moderately hydrophobic surfaces and the structure is distorted if the surface is too hydrophilic or 

too hydrophobic. So the TX-100 and CTAB surfaces prove to yield the best structures. 

a b c d 

e f g h 



71 

 

5.4 Conclusions 

Tree like structures were observed on various surfaces, using sulfur particles synthesized in 

oxalic acid catalyzed media and substrates with varying degrees of hydrophobicity. Glass slides 

adsorbed with different concentrations of SDBS, TX-100 and CTAB surfactants show subtle 

variations in the structure and gradual improvements in the structure according to the ascending 

order of hydrophobicity was observed. But when the polymer surface is encountered the 

structures are distorted because of higher hydrophobicity of the surface. The influence of particle 

size on the self assembled structure is similar to that obtained for bare glass surface. This 

interesting change in patterns with variations in contact angles might definitely be applied to 

many fields and much more information can be extracted from this directly and easily observable 

phenomenon. 
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         Chapter 6 

Conclusions and Suggestions 

for Future Work 
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6.1 Conclusions 

The overall findings of this work can be summarized as follows: 

A distinct tree-like self-assembled structure with proper branches and stems can be formed on a 

hydrophilic glass surface using colloidal sulfur particles synthesized by oxalic acid catalyzed 

reaction of sodium thiosulphate. The structure is formed during the evaporation of liquid drop on 

the solid surface mainly because of the crystallization of sodium oxalate salt and the interplay of 

evaporative liquid flux and Marangoni flow inside the drop, capillary and van der Waals 

attractive forces between the particles. Similar sized sulfur particles alone dispersed in pure 

water cannot form tree-like structure, but sodium oxalate salt assists the sulfur particles to form 

the particular pattern. Some parameters such as particle size, particle and salt concentration, drop 

volume, acid to thiosulphate ratio, reaction time are very important for the formation of self-

assembled structure from colloidal sulfur. The optimum particle size, particles and salt 

concentration, is very important for the formation of a proper structure. When the particle size 

and concentration is low less dense structure with more branches but less stems is formed. The 

variation of salt concentration resulted in the structure surface transforming from smooth to 

rough as the salt concentration was changed from low to high. Addition of ionic surfactants 

disturbed the self-assembled structure because of the formation of higher surface charge on the 

particle surface and hindrance in attachment towards the salt crystals. However, the presence of 

nonionic surfactant generates more fine structure because of the presence of finer particles and 

the absence of electrostatic repulsions. 

 In the next study, two different tree-like self-assembled structures with proper branches 

and stems and an interesting grid like structure with branches growing at almost 90° to the stems 

have been observed. They can be formed on a hydrophilic glass surface using colloidal sulfur 

particles synthesized by oxalic, sulfuric, and hydrochloric acid catalyzed reaction of sodium 

thiosulphate respectively. The structure is formed during the evaporation of liquid drop on the 

solid surface mainly because of the interplay of evaporative liquid flux and marangoni flow 

inside the drop, capillary and van der Waals attractive forces between the particles; all of which 

influence the dendritic crystallization caused due to the presence of the respective salts, which in 

the end give each structure its unique form. An optimum particle concentration and size is very 

important for the formation of a proper structure. Generally when the particle size and 
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concentration is low, less dense structure with more branches but fewer stems is formed. This 

study demonstrates a facile method as to how a simple one pot method can be used to exploit the 

crystalline nature of the salts so commonly generated in many reactions. Moreover, the usage of 

the in-situ generated sulfur particles effectively enhances the pattern formation process and it 

also shows how different patterns can be generated using the combination of self-assembly 

techniques and dendritic crystallization.  

 In the final study, Tree like structures were self-assembled on various surfaces, using 

sulfur particles synthesized in oxalic acid catalyzed media and substrates with varying degrees of 

hydrophobicity. Glass slides adsorbed with different concentrations of SDBS, TX-100, and 

CTAB surfactants show subtle variations in the structure probably because of the hydrophilicity 

of the surfactant adsorbed glass slides. This might also be influencing the structure formation 

process as different surface charges on the substrates may influence the interaction between 

surface and sulfur particles. Gradual change in the self-assembly structure according to the 

ascending order of hydrophobicity was observed, until the polymer (OHP) surface is 

encountered, where the structures are distorted because of higher hydrophobicity of the surface. 

The influence of particle size on the self assembled structure is similar to that obtained for glass 

surface. This interesting change in patterns with variations in contact angles might definitely be 

applied to many fields and much more information can be extracted from this directly and easily 

observable phenomenon. 

It can be concluded that from all the three studies, the particle, the salt, and the surface property 

are the three key parameters involved in the formation of the self-assembled structures. These 

three parameters can be manipulated to get different self-assembled structures. 

6.2 Suggestions for Future work 

This work can be further extended and deeply explored. There is virtually no limitation to raw 

materials that can be used for self-assembly and fabrication of functionalized structures and new 

materials. In the future the following work can be done: 

1) Similar self-assemblies can be tried with other materials as the mobile components, such 

as polystyrene microspheres, glass microbeads and so on. 

2) Different solvents may also show variation in the structures. 



75 

 

3) More crystalline and semicrystalline materials can be explored to assist and enhance the 

structure forming abilities of the particles. 

4) More detailed studies using the goniometer (OCA measurement) and AFM instruments 

can be done. This will help to generate drying patterns and drop stain texture and 

topology data. 

5) The structures can be functionalized with other materials as per the requirement or 

application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 

 

 

              

References 

 

 

 

 

 

 

 

 

 

  



77 

 

Bai, F., Zeng, C., Yang, S., Zhang, Y., He, Y., Jin, J., 2008. The formation of a novel 

supramolecular structure by amyloid of poly-L-glutamic acid. Biochem. Biophys. Res. 

Commun. 369, 830-834. 

Banerjee, R., Hazra, S., Banerjee, S., Sanyal, M., 2009. Nanopattern formation in self-assembled 

monolayers of thiol-capped Au nanocrystals. Phys. Rev. E 80, 1-9. 

Beers, K.L., Douglas, J.F., Amis, E.J., Karim, A., 2003. Combinatorial Measurements of 

Crystallization Growth Rate and Morphology in Thin Films of Isotactic Polystyrene. 

Langmuir 19, 3935-3940. 

Bhardwaj, R., Fang, X., Attinger, D., 2009. Pattern formation during the evaporation of a 

colloidal nanoliter drop: a numerical and experimental study. New. J. Phys. 11, 075020. 

Bhardwaj, R., Fang, X., Somasundaran, P., Attinger, D., 2010. Self-assembly of colloidal 

particles from evaporating droplets: role of DLVO interactions and proposition of a phase 

diagram. Langmuir 26, 7833-7842. 

Bormashenko, E., Whyman, G., Pogreb, R., Stanevsky, O., Hakham-Itzhaq, M., Gendelman, O., 

2007. Self-Assembly in Evaporated Polymer Solutions: Patterning on Two Scales. Isr. J. 

Chem. 47, 319-328. 

Breen, T.L., 1999. Design and Self-Assembly of Open, Regular, 3D Mesostructures. Science 

284, 948-951. 

Burda, C., Chen, X., Narayanan, R., El-Sayed, M.A., 2005. Chemistry and properties of 

nanocrystals of different shapes. Chem. Rev. 105, 1025-1102. 

Cai, Y., Zhang Newby, B., 2008. Marangoni Flow-Induced Self-Assembly of Hexagonal and 

Stripelike Nanoparticle Patterns. J. Am. Chem. Soc. 130, 6076–6077. 

Ghosh Chaudhuri, R., Paria, S., 2009. Dynamic contact angles on PTFE surface by aqueous 

surfactant solution in the absence and presence of electrolytes. J. Colloid Interface Sci. 337, 

555-562. 

Ghosh Chaudhuri, R., Paria, S., 2010. Synthesis of sulfur nanoparticles in aqueous surfactant 

solutions. J. Colloid Interface Sci. 343, 439-446. 

Ghosh Chaudhuri, R., Paria, S., 2011. Growth kinetics of sulfur nanoparticles in aqueous 

surfactant solutions. J. Colloid Interface Sci. 354, 563-569. 

Cheng, C., Liu, B., Yang, H., Zhou, W., Sun, L., Chen, R., Yu, S.F., Zhang, J., Gong, H., Sun, 

H., Fan, H.J., 2009. Hierarchical assembly of ZnO nanostructures on SnO(2) backbone 



78 

 

nanowires: low-temperature hydrothermal preparation and optical properties. ACS Nano 3, 

3069-3076. 

Cho, K.-S., Talapin, D.V., Gaschler, W., Murray, C.B., 2005. Designing PbSe nanowires and 

nanorings through oriented attachment of nanoparticles. J. Am. Chem. Soc. 127, 7140-7i47. 

Cho, Y.-S., Yi, G.-R., Lim, J.-M., Kim, S.-H., Manoharan, V.N., Pine, D.J., Yang, S.-M., 2005. 

Self-organization of bidisperse colloids in water droplets. J. Am. Chem. Soc. 127, 15968-

15975. 

Chon, C.H., Paik, S., Tipton, J.B., Kihm, K.D., 2007. Effect of nanoparticle sizes and number 

densities on the evaporation and dryout characteristics for strongly pinned nanofluid 

droplets. Langmuir 23, 2953-2960. 

Cong, H.-P., Yu, S.-H., 2009. Self-assembly of functionalized inorganic–organic hybrids. Curr. 

Opin. Colloid Interface Sci. 14, 71-80. 

Daniel, M.-C., Astruc, D., 2004. Gold nanoparticles: assembly, supramolecular chemistry, 

quantum-size-related properties, and applications toward biology, catalysis, and 

nanotechnology. Chem. Rev. 104, 293-346. 

Deegan, R.D., Bakajin, O., Dupont, T.F., 1997. Capillary flow as the cause of ring stains from 

dried liquid drops. Nature 827-829. 

Denkov, N., Velev, O., Kralchevsky, P., Ivanov, I., Yoshimura, H., Nagayama, K., 1992. 

Mechanism of formation of two-dimensional crystals from latex particles on substrates. 

Langmuir 8, 3183-3190. 

Denkov, N.D., Velev, O.D., Kralchevsky, P.A., Ivanov, I.B., 1993. Two-dimensional 

crystallization. Nature 361, 26. 

Dick, K.A., Deppert, K., Martensson, T., Seifert, W., Samuelson, L., 2004. Growth of GaP 

nanotree structures by sequential seeding of 1D nanowires. J. Cryst. Growth 272, 131-137. 

Dushkin, C.D., Nagayama, K., Miwa, T., Kralchevsky, P.A., 1993. Colored multilayers from 

transparent submicrometer spheres. Langmuir 9, 3695-3701. 

Eral, H.B., Augustine, D.M., Duits, M.H.G., Mugele, F., 2011. Suppressing the coffee stain 

effect: how to control colloidal self-assembly in evaporating drops using electrowetting. 

Soft Matter 7, 4954-4958. 

Ferreiro, V., Douglas, J., Warren, J., Karim, A., 2002. Nonequilibrium pattern formation in the 

crystallization of polymer blend films. Phys. Rev. E 65, 10-13. 



79 

 

Fleury, V., Kaufman, J.H., Hibbert, D.B., 1994. Mechanism of a morphology transition in 

ramified electrochemical growth. Nature 367, 435-438. 

George, R.C., Durmuş, M., Egharevba, G.O., Nyokong, T., 2009. Electrostatic self-assembly of 

quaternized 2,(3)-tetra(oxo-pyridine) phthalocyaninato chloroindium(III) with a series of 

tetrasulfonated phthalocyanines. Polyhedron 28, 3621-3627. 

George, T., Joseph, S., Sunny, A.T., Mathew, S., 2007. Fascinating morphologies of lead 

tungstate nanostructures by chimie douce approach. J. Nanopart. Res. 10, 567-575. 

Gracias, D.H., 2000. Forming Electrical Networks in Three Dimensions by Self-Assembly. 

Science 289, 1170-1172. 

Haidara, H., Vonna, L., Vidal, L., 2010. Unrevealed Self-Assembly and Crystallization 

Structures of Na−Alginate, Induced by the Drying Dynamics of Wetting Films of the 

Aqueous Polymer Solution. Macromolecules 43, 2421-2429. 

Huang, W., Brynn Hibbert, D., 1996. Fast fractal growth with diffusion, convection and 

migration by computer simulation: Effects of voltage on probability, morphology and 

fractal dimension of electrochemical growth in a rectangular cell. Phys. A 233, 888-896. 

Iwanaga, H., Fujii, M., Takeuchi, S., 1998. Inter-leg angles in tetrapod ZnO particles. J. Cryst. 

Growth 183, 190-195. 

Jacobs, H.O., Tao, A.R., Schwartz, A., Gracias, D.H., Whitesides, G.M., 2002. Fabrication of a 

cylindrical display by patterned assembly. Science 296, 323-5. 

John, N.S., Raina, G., Sharma, A., Kulkarni, G.U., 2010. Cellular network formation of 

hydrophobic alkanethiol capped gold nanoparticles on mica surface mediated by water 

islands. J. Chem. Phys. 133, 094704. 

Johnson, B., Sekerka, R., 1995. Diffusion-limited aggregation: Connection to a free-boundary 

problem and lattice anisotropy. Phys. Rev. E 52, 6404-6414. 

Johnson, B.K., Sekerka, R.F., Foley, M.P., 1995. Scaling of fractal aggregates. Phys. Rev. E 52, 

796-800. 

Jun, Y.-wook, Lee, J.-H., Choi, J.-sil, Cheon, J., 2005. Symmetry-controlled colloidal 

nanocrystals: nonhydrolytic chemical synthesis and shape determining parameters. J. Phys. 

Chem. B 109, 14795-806. 

Kaya, D., Belyi, V.A., Muthukumar, M., 2010. Pattern formation in drying droplets of 

polyelectrolyte and salt. J. Chem. Phys. 133, 114905-114909. 



80 

 

Keller, W., 1988. Morphology of clay deposited by evaporation of visually clear aqueous phases 

from clay-water suspensions. Appl. Clay Sci. 3, 101-110. 

Keren, K., Krueger, M., Gilad, R., Ben-Yoseph, G., Sivan, U., Braun, E., 2002. Sequence-

specific molecular lithography on single DNA molecules. Science 297, 72-5. 

Keum, J.-W., Hathorne, A.P., Bermudez, H., 2011. Controlling forces and pathways in self-

assembly using viruses and DNA. WIREs Nanomed. Nanobiotechnol. 3, 282-297. 

Kondiparty, K., Nikolov, A., Wu, S., Wasan, D., 2011. Wetting and spreading of nanofluids on 

solid surfaces driven by the structural disjoining pressure: statics analysis and experiments. 

Langmuir 27, 3324-3335. 

Kralchevsky, P.A., Denkov, N.D., 2001. Capillary forces and structuring in layers of colloid 

particles. Curr. Opin. Colloid Interface Sci. 6, 383–401. 

Kralchevsky, P.A., Nagayama, K., 1994. Capillary forces between colloidal particles. Langmuir 

10, 23-36. 

Kralckevsky, P.A., Denkov, N.D., Paunov, V.N., Velev, O.D., Ivanov, I.B., Yoshimura, H., 

Nagayama, K., 1994. Formation of two dimensional colloidal crystals in liquid films under 

the action of capillary forces. J. Phys.: Condens. Matter 6, 395-402. 

Lao, J.Y., Huang, J.Y., Wang, D.Z., Ren, Z.F., 2003. ZnO Nanobridges and Nanonails. Nano 

Letters 3, 235-238. 

Lao, J.Y., Huang, J.Y., Wang, D.Z., Ren, Z.F., 2004. Hierarchical oxide nanostructures. J. Mater. 

Chem. 14, 770-773. 

Lao, J.Y., Wen, J.G., Ren, Z.F., 2002. Hierarchical ZnO Nanostructures. Nano Letters 2, 1287-

1291. 

Li, B., Marand, H., Esker, A.R., 2007. Dendritic growth of poly(ɛ-caprolactone) crystals from 

compatible blends with poly(t-butyl acrylate) at the air/water interface. J. Polym. Sci. Pol. 

Phys. 45, 3200-3318. 

Li, M., Cölfen, H., Mann, S., 2004. Morphological control of BaSO4 microstructures by double 

hydrophilic block copolymer mixtures. J. Mater. Chem. 14, 2269-2276. 

Liu, D.M., Chen, S.Y., Liu, T.Y., 2008. Self-assembled hollow nanocapsule from amphiphatic 

carboxymethyl-hexanoyl chitosan as drug carrier. Macromolecules 41, 6511–6516. 



81 

 

Liu, J., Huang, X., Li, Y., Li, Z., Chi, Q., Li, G., 2008. Formation of hierarchical CuO 

microcabbages as stable bionic superhydrophobic materials via a room-temperature 

solution-immersion process. Solid State Sci. 10, 1568-1576. 

Ma, C., Moore, D., Li, J., Wang, Z.L., 2003. Nanobelts, Nanocombs, and Nanowindmills of 

Wurtzite ZnS. Adv. Mater. 15, 228-231. 

Mack, C., 2008. Seeing double. IEEE Spectrum 45, 46-51. 

Marín, Á., Gelderblom, H., Lohse, D., Snoeijer, J., 2011. Order-to-Disorder Transition in Ring-

Shaped Colloidal Stains. Phys. Rev. Lett. 107, 085502- 085506. 

Mullins, W.W., Sekerka, R.F., 1963. Morphological Stability of a Particle Growing by Diffusion 

or Heat Flow. J. Appl. Phys. 34, 323-329. 

Nagayama, K., 1996. Two-dimensional self-assembly of colloids in thin liquid films. Colloids 

Surf., A 109, 363-374. 

Nam, K.T., Kim, D.-W., Yoo, P.J., Chiang, C.-Y., Meethong, N., Hammond, P.T., Chiang, Y.-

M., Belcher, A.M., 2006. Virus-enabled synthesis and assembly of nanowires for lithium 

ion battery electrodes. Science 312, 885-8. 

Nellimoottil, T.T., Rao, P.N., Ghosh, S.S., Chattopadhyay, A., 2007. Evaporation-induced 

patterns from droplets containing motile and nonmotile bacteria. Langmuir 23, 8655-8658. 

Park, J., Moon, J., 2006. Control of colloidal particle deposit patterns within picoliter droplets 

ejected by ink-jet printing. Langmuir 22, 3506-3513. 

Paunov, V.N., Kralchevsky, P.A., Denkov, N.D., Nagayama, K., 1993. Lateral Capillary Forces 

between Floating Submillimeter Particles. J. Colloid Interface Sci. 157, 100-112. 

Pease, R.F., Chou, S.Y., 2008. Lithography and Other Patterning Techniques for Future 

Electronics. Proc. IEEE 96, 248-270. 

Qi, L., 2010. Colloidal chemical approaches to inorganic micro- and nanostructures with 

controlled morphologies and patterns. Coord. Chem. Rev. 254, 1054-1071. 

Qi, L., Cölfen, H., Antonietti, M., 2000. Control of Barite Morphology by Double-Hydrophilic 

Block Copolymers. Chem. Mater. 12, 2392-2403. 

Qin, D., Xia, Y., Xu, B., Yang, H., Zhu, C., Whitesides, G.M., 1999. Fabrication of Ordered 

Two-Dimensional Arrays of Micro- and Nanoparticles Using Patterned Self-Assembled 

Monolayers as Templates. Adv. Mater. 11, 1433-1437. 



82 

 

Quilliet, C., Berge, B., 2001. Electrowetting: a recent outbreak. Curr. Opin. Colloid Interface Sci. 

6, 34-39. 

Ramadan, Q., Uk, Y.S., Vaidyanathan, K., 2007. Large scale microcomponents assembly using 

an external magnetic array. Appl. Phys. Lett. 90, 172502. 

Ray, M.A., Shewmon, N., Bhawalkar, S., Jia, L., Yang, Y., Daniels, E.S., 2009. Submicrometer 

surface patterning using interfacial colloidal particle self-assembly. Langmuir 25, 7265-

7270. 

Saeedi, E., Kim, S., Parviz, B.A., 2008. Self-assembled crystalline semiconductor 

optoelectronics on glass and plastic. J. Micromech. Microeng. 18, 075019. 

Sahoo, S., Husale, S., Colwill, B., Lu, T.-M., Nayak, S., Ajayan, P.M., 2009. Electric field 

directed self-assembly of cuprous oxide nanostructures for photon sensing. ACS Nano 3, 

3935-3944. 

Santo, B., 2007. Plans for Next-Gen Chips Imperiled. IEEE Spectrum 44, 12-14. 

Shen, X., Ho, C.-M., Wong, T.-S., 2010. Minimal size of coffee ring structure. J. Phys. Chem. B 

114, 5269-5274. 

Sommer, A.P., 2004. Suffocation of Nerve Fibers by Living Nanovesicles: A Model 

Simulation−Part II. J. Proteome Res. 3, 1086-1088. 

Sommer, A.P., Ben-Moshe, M., Magdassi, S., 2004. Size-Discriminative Self-Assembly of 

Nanospheres in Evaporating Drops. J. Phys. Chem. B 108, 8-10. 

Srinivasan, U., Liepmann, D., Howe, R.T., 2001. Microstructure to substrate self-assembly using 

capillary forces. J. Microelectromech S. 10, 17-24. 

Stauth, S.A., Parviz, B.A., 2006. Self-assembled single-crystal silicon circuits on plastic. Proc. 

Natl. Acad. Sci. USA 103, 13922-7. 

Takhistov, P., Chang, H.-chia, 2002. Complex Stain Morphologies. Indu. Eng. Chem. Res. 41, 

6256-6269. 

Vancea, I., Thiele, U., Pauliac-Vaujour, E., Stannard, A., Martin, C., Blunt, M., Moriarty, P., 

2008. Front instabilities in evaporatively dewetting nanofluids. Phys. Rev. E 78, 014601-

014615. 

Wang, N., Cao, X., Guo, L., Yang, S., Wu, Z., 2008. Facile synthesis of PbS truncated 

octahedron crystals with high symmetry and their large-scale assembly into regular patterns 

by a simple solution route. ACS Nano 2, 184-90. 



83 

 

Wang, Z.L., 2000. Transmission Electron Microscopy of Shape-Controlled Nanocrystals and 

Their Assemblies. J. Phys. Chem. B 104, 1153-1175. 

Whitesides, G.M., Grzybowski, B., 2002. Self-assembly at all scales. Science 295, 2418-2421. 

Whitesides, G.M., Lipomi, D.J., 2009. Soft nanotechnology: “structure”vs.“function”. Farad. 

Discuss. 143, 373-384. 

Witten, T., Sander, L., 1981. Diffusion-Limited Aggregation, a Kinetic Critical Phenomenon. 

Phys. Rev. Lett. 47, 1400-1403. 

Xia, Y., Gates, B., Yin, Y., Lu, Y., 2000. Monodispersed Colloidal Spheres: Old Materials with 

New Applications. Adv. Mater. 12, 693-713. 

Yamaki, M., Higo, J., Nagayama, K., 1995. Size-Dependent Separation of Colloidal Particles In 

Two-Dimensional Convective Self-Assembly. Langmuir 11, 2975-2978. 

Yang, X., Zhuang, J., Li, X., Chen, D., Ouyang, G., Mao, Z., Han, Y., He, Z., Liang, C., Wu, M., 

Yu, J.C., 2009. Hierarchically nanostructured rutile arrays: acid vapor oxidation growth and 

tunable morphologies. ACS Nano 3, 1212-1218. 

Yang, Y., Wang, C., 2009. Solvent effects on two-dimensional molecular self-assemblies 

investigated by using scanning tunneling microscopy. Curr. Opin. Colloid Interface Sci. 14, 

135-147. 

Ye, J., Bonroy, K., Nelis, D., Frederix, F., Dhaen, J., Maes, G., Borghs, G., 2008. Enhanced 

localized surface plasmon resonance sensing on three-dimensional gold nanoparticles 

assemblies. Colloids Surf., A 321, 313-317. 

Yunker, P.J., Still, T., Lohr, M.A., Yodh, A.G., 2011. Suppression of the coffee-ring effect by 

shape-dependent capillary interactions. Nature 476, 308-311. 

Zeng, H., Liu, P., Cai, W., Cao, X., Yang, S., 2007. Aging-Induced Self-Assembly of Zn/ZnO 

Treelike Nanostructures from Nanoparticles and Enhanced Visible Emission. Cryst. Growth 

Des. 7, 1092-1097. 

Zhang, L., Lu, W., Feng, Y., Ni, J., Lu, Y., Shang, X., 2008. Facile Synthesis of Leaf-like 

Cu(OH)2 and Its Conversion into CuO with Nanopores. Acta Phys.-Chim. Sin. 24, 2257-

2262. 

Zhang, Y., Kang, Z., Dong, J., Abernathy, H., Liu, M., 2006. Self-assembly of cerium compound 

nanopetals via a hydrothermal process: Synthesis, formation mechanism and properties. J. 

Solid State Chem. 179, 1733-1738. 



84 

 

Zhao, W., Song, X., Yin, Z., Fan, C., Chen, G., Sun, S., 2008. Self-assembly of ZnO nanosheets 

into nanoflowers at room temperature. Mater. Res. Bull. 43, 3171-3176. 

Zhu, Y., Hsu, W., Zhou, W., Terrones, M., Kroto, H., Walton, D.R., 2001. Selective Co-

catalysed growth of novel MgO fishbone fractal nanostructures. Chem. Phys. Lett. 347, 

337-343. 

 

 

 

  



85 

 

              

Research Publications 
Journal 

1. “Self-assembly of colloidal sulfur particles influenced by sodium oxalate salt on glass 

surface from evaporating drops.” Naveen Noah Jason, Rajib Ghosh Chaudhuri, and 

Santanu Paria. Accepted in Soft Matter, Jan 25, 2012. DOI:10.1039/C2SM07136C. 

2. “Effect of surface hydrophobicity on self-assembly of colloidal sulfur particles from 

evaporating drops.” Naveen Noah Jason and Santanu Paria. Under preparation. 

3. “Effect of associated salt on self-assembly of colloidal sulfur particles on glass surface 

from evaporating drops.” Naveen Noah Jason and Santanu Paria. Under preparation. 

 

 

Conference 

1. “Self-assembly of colloidal sulfur particles on hydrophilic surface”. Naveen Noah Jason, 

Rajib Ghosh Chaudhuri, and Santanu Paria. Accepted in 243rd ACS National Meeting, 

Will be held on March 25−29, 2012 in San Diego, California, USA.  

 

 

 


