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Abstract 

This thesis centers on the design of patchy particles and their self-assembly into 

ordered structures. Patchy particles have a patterned surface consisting of sticky 

and repulsive patches. These patches can be exploited to arrange the particles into 

ordered structures. In this thesis, the patchy particles are formed using monolayer 

protected metal nanoparticles (MPMNPs) consisting of a gold substrate coated by a 

self-assembled monolayer (SAMs) of thiol surfactants. The structure and patterning 

of the SAM can be controlled by tuning parameters like NP size and monolayer 

composition (variable number of surfactants in the monolayer with different length, 

immiscibility, and concentration). The patterned monolayer governs the 

interactions of the nanoparticle (NP) with its environment and other NPs. Binary 

SAMs were previously studied in the Glotzer group through molecular simulations. 

It was found that the MPMNPs could form Janus and striped particles based on 

sufficient entropic gains at the interfaces between immiscible surfactants.  

Coarse-grained simulations performed in this study have added additional 

surfactants to the monolayer to find a variety of new patterns (decorated Janus, 

decorated Cerberus, Neapolitan, decorated stripes, alternating stripes and 

tetrahedral particles to name a few). These patterns can be further modified by 

changing the ordering of the surfactants, adding additional patchiness, or changing 

the coverage of the patches. 

This work also introduces a new way of producing small Janus NP by using SAMs of 

surfactants with equal end groups but sufficient length difference. The long 

surfactants tend to crystallize on the surface of the NP leading to macrophase 

separation. These Janus NPs can be further functionalized to form dimers and other 
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interesting structures. The molecular dynamics results obtained in this study are in 

good agreement with experimental observations. 

Finally, ordered structures obtained using patterned MPMNPs are also studied. 

Ordering of binary MPMNPs has been observed experimentally, and this study 

reproduces this behavior through computer simulations and extrapolates the 

findings to other mixed SAMs patterns. 
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Chapter 1. Introduction 

1.1. Motivation 

Self-assembly has emerged as a novel and reliable way to produce nano and 

microstructures in relative large quantities and with relatively low defects. The 

“atoms” and “molecules” of self-assembly are the building blocks that will arrange 

themselves into the final structures based on the interactions between them with or 

without the help of external fields.1 Thus far, studies have mostly focused on what 

structures will form given a set of building blocks (forward self-assembly), to 

understand the interactions and learn about the self-assembly process. However, 

what we are really after are the design rules that will allow us to determine what 

building blocks would self-assemble into the desired structure (backward self-

assembly). 

The assembly potential of the building block depends directly on it’s anisotropy. As 

shown in Figure 1, that anisotropy can be derived from the shape of the building 

block (branched, spherical, faceted, elongated, or flat) or from the patterning on its 

surface. The relative size and strength of this anisotropy with respect to the size of 

the building block (from micro to nanoparticle) will determine the strength of the 

interactions and the way the building blocks will self-assemble. 



 

 2 

 

Figure 1 Recent examples of anisotropic building blocks of varying size (left to 

right) and anisotropy type (top to bottom).
1
 

As shown in Figure 1, there are many way of experimentally producing different 

types of building blocks and exploiting their self-assembly into ordered structures. 

For example, the Pine group studies the directionally directed assembly of colloidal 

particles. This directionality can come from specific bonds, like the case of particles 

functionalized with sticky DNA strands (Figure 2a),2 or be derived from the shape of 

the particles. One example of shape-guided assembly is the lock-and-key 

interactions between oil droplets with dimples (Figure 2b),3 that can assemble by 

depletion into clusters when the size and depth of the dimple in the lock particles 

allows for the complimentary key particles to position themselves in the desired 

arrangement. Another example is the formation of crystals of cubic symmetry by 

cubic colloids shown in Figure 2c.4  
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Figure 2 a) Schematic images (top panels) and snapshots from videos (bottom pales) 

showing step-by step reactions between colloidal atom,
2
 b) Lock and key colloids,

3
 

and c) Cube crystallization
4
 

Similar to the first example of colloids functionalized with DNA strands, the Mirkin 

group has been able to assemble different types of superlattices by functionalizing 

gold nanoparticles with hollow DNA spacers5. 

Within the many building blocks summarized in Figure 1, patchy particles seem to 

be one of the most promising. These particles have discrete interaction points (or 

patches) in their surface, that determine the interactions between them and with 

their environment, and ultimately their self assembled structure.6 For example, the 

Granick group demonstrated how charged Janus microparticles with opposite 

electric charge on both hemispheres could assemble into clusters of different sizes 

and shapes depending on the number of particles interacting (Figure 3).7 This Janus 

pattern is the simplest pattern possible on the surface of particles. The types of 

assembled structures could be expanded by changing the pattern on the particles, 

and by combining it with other dimensions of anisotropy, such as changing the 

shape of the particle as well. One way of expanding the types of patterns on the 

surface of the particles is by utilizing self-assembled monolayers of surfactants on 

top of the particles.  
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Figure 3 Comparison of clusters of Janus particles observed in experiments and 

Monte Carlo simulations.
7
 

1.2. Self-assembly of surfactants 

Monolayer protected metal nanoparticles (MPMNPs) are a type of patchy particle 

which consist of a gold substrate (with radius between 3 and 8 nm) stabilized by a 

self-assembled monolayer (SAM) of alkane thiols. It was shown that when the 

nanoparticle (NP) is coated with a binary mixture of immiscible surfactants 

(different end-groups to the alkane chain) of different length, it was possible to 

obtain either Janus particles or stripes (Figure 4) on the surface of the NP. It was 

possible to tune the width of the stripes by varying the composition of the binary 

SAM.8 Computer simulations showed that the stripes form because of entropic gains 
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due to length and bulkiness mismatch between the surfactants.9 They also predicted 

the formation of patterns on cylinders and flat surfaces.10 

 

Figure 4 STM image (left) and schematic representation (right) of a striped 

MPMNP.
8 

To explore the many possibilities of self-assembled patterns offered by these patchy 

particles, it is possible to distinguish two levels of self-assembly. The first one is the 

assembly of the patterns on the surface of the NP (i.e., the formation of stripes vs. 

Janus). The second one is the structures these NPs will self-assemble into. A first 

example was seen for the striped particles that form unidirectional chains of linked 

NPs.11 Therefore, if one can understand and utilize the rules to design patterns on 

the SAM, one can also control the self-assembly process of the MPMNPs into a larger 

structure.  

To exploit these two levels of assembly, it is first necessary to exploit the types of 

patterns that can be found on the monolayer. It is a natural step to increase the 

number of surfactants in the SAM. Experimental studies have demonstrated that it is 

possible to synthesize MPMNPs with up to five different thiol functional groups on 

their surface,12 which opens up the possibility of forming more complex and diverse 

patterns. 
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Once the possible monolayer patterns have been identified, it will be possible to 

study the interactions between the different types of patterned NPs. This will allow 

us to identify the types of structures that can be formed with MPMNPs and to 

understand how the patterns of the SAMs define the self-assembled structure of the 

NPs. 

1.3. Objectives 

The objectives of this work are to: 

1. Perform computer simulations of phase separation in grafted ternary and 

quaternary monolayers of surfactants. 

2. Provide design rules to obtain desired patchy patterns on experiments. 

3. Perform computer simulations of two-dimensional arrangements of multiple 

patchy nanoparticles. 

1.4. Thesis organization 

This thesis is organized as follows: 

Chapter 1 describes the motivation and objectives of this work. 

Chapter 2 provides the details of the methods and models used in this work. This 

includes dissipative particle dynamics (DPD), molecular dynamics (MD), polymer 

models and constrained dynamics. This chapter also covers the assumptions made 

to apply these methods, and a literature review of other systems for which these 

methods have been used.  

Chapter 3 presents a comprehensive literature review of previous studies (both 

experimental and computational) of self-assembled monolayers of different 
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composition (homoligand and binary) on different substrates (flat surfaces and 

nanoparticles of different shapes). 

Chapter 4 discusses in detail the different types of patchy patterns that can be 

obtained through mixed self-assembled monolayer of spherical nanoparticles. The 

patterns are classified in different families: tetrahedral, Brahma, Cerberus, Janus, 

and spotted. A discussion about the effects of symmetry breaking and a comparison 

between binary, ternary and quaternary patterns is also presented.  

Chapter 5 introduces the results from performing dissipative particle dynamics 

simulations of ternary and quaternary monolayers on spherical surfaces. It presents 

a comprehensive study of the different parameters considered: nanoparticle radius, 

immiscibility between surfactants, length difference between surfactants, and 

stoichiometry of self-assembled monolayer. Phase diagrams for all these parameters 

are presented.  

Chapter 6 presents results from performing molecular dynamics simulations of long 

surfactants with the same end group (miscible) on spherical nanoparticles. It is 

shown both through experiments and computer simulations that given a sufficient 

length difference, the surfactants will crystallize and macrophase separate in a Janus 

pattern. The effect of nanoparticle radius, length difference between surfactants, 

stoichiometry of self-assembled monolayer and degree of immiscibility between 

surfactants is studied for this system. 

Chapter 7 describes the interactions of multiple patchy particles on an interface. The 

two-dimensional arrangement of patterned nanoparticles is studied through 

dissipative particle dynamics simulations. 

Chapter 8 summarizes the contributions of this thesis to the field. It also introduces 

related projects being studied by other group members, and presents directions in 

which this field of research could be extended in the future. 



 

 8 

Chapter 2. Simulation methods and 

models 

This chapter provides the details of the methods used, taking particular care in 

explaining the choice of parameters for each system. Two methods have been 

employed in this thesis. The first one, dissipative particle dynamics (DPD), is a 

coarse-grained algorithm that overlooks the chemical details of the surfactants and 

allows for faster simulations based only on the geometry of the system and the 

length, flexibility, and immiscibility of the surfactants. The second method, 

molecular dynamics (MD), introduces chemical details about the structure of the 

alkane chains and the interactions between molecules. It allows to reproduce some 

specific behaviors that cannot be observed using DPD, but it requires longer 

computation times. 

The models presented include the representation of a MPMNP by a gold shell and 

surfactant chains attached to it, and the simulation of a two-dimensional interface 

populated by multiple MPMNPs. 

2.1. Dissipative particle dynamics 

Dissipative particle dynamics (DPD)13 is a coarse grained algorithm that simulates 

the behavior of fluids using interacting beads that move in a continuous space 

during discrete time steps in the NVT ensemble. Mass and momentum are 

conserved throughout the system, which is in thermal equilibrium and satisfies the 

fluctuation-dissipation theorem.14 The microscopic details of the interactions are 
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disregarded, making the simulation more computationally efficient while still 

providing a good approximation for the behavior of the fluid on mesoscopic length 

scales.15 The repulsive nature of the force between beads favors the modeling of 

phase separation of immiscible surfactants in which the net effective interaction 

between unlike surfactants is repulsive. DPD has been used successfully to model 

block copolymers,16 amphiphilic mesophases,17 surfactant,18 and polymer phase 

separations,19 as well as the assembly of patchy patterns on binary MPMNPs.9 

In DPD, the interaction between beads is derived from a soft repulsive force. The 

beads act like fluid elements that diffuse through each other instead of colliding 

when they come close together. This allows them to move farther in a given time 

step than they would in equivalent molecular dynamics (MD) simulations. 

Compared to MD, DPD allows for larger time steps to be employed, and particles can 

have displacements of about one mean free path per time step.20 The stochastic 

forces acting on each of the beads are approximated by a sum of the interactions of 

that bead with its closest neighbors. The effect of the implicit fluid is modeled by a 

friction factor and a random force.  

2.1.1. Bonded interactions 

The bonded interactions between beads of the same surfactant are simulated 

through a simple harmonic spring as shown in Equation 1. If bead i and j are bonded 

to each other, then they each feel a force of the same magnitude and opposite 

direction that is directly proportional to the distance between them (Equation 2). 

ijij
rCf


  Equation 1 

Where: 
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  Equation 2 

The scaling constant C determines the flexibility of the ligand. Larger C will cause the 

surfactants to be more rigid, while a smaller C will allow the surfactants to be more 

elongated and flexible.  

2.1.2. Non-bonded interactions 

The forces acting on the DPD beads can be calculated as a function of three pairwise 

additive terms as shown in Equation 3: a conservative force   
ij

C
rf


, a drag force 
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2.1.2.1. Conservative force 

The conservative force felt by the DPD beads is a soft repulsive force defined by 

Equation 4. 
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This force is proportional to the distance between two interacting beads, 



r 
r 

ij

. The 

cutoff radius is set to unity (rC = 1). This means that the force is always positive, 

which makes it a repulsive force without any attractive wells. The parameter aij 

determines the strength of the repulsion, which is always finite as shown in Figure 

5.  Since the repulsion between beads is finite, they can overlap at any point during 

the simulation. This possibility of overlapping beads is what makes this a soft force. 
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Physically, this can be explained because the DPD beads represent fluid elements 

and not specific atoms or molecules, so therefore they are allowed to flow through 

each other. This overlapping of beads is what allows DPD to take larger time steps 

than other simulation methods.  

 

Figure 5 Soft repulsion potential as a function of the distance between two beads i 

and j. 

The beads’ diameter is also set to 1 (like the cutoff radius), which means that a bead 

will only interact with overlapping beads. Therefore the density of the system has to 

be higher than 1 to guarantee that the beads can feel each other and move in the 

system. 

Since all interactions between beads are repulsive, different surfactants will need to 

have different relative repulsions, i.e. different aij parameters. To simulate 

immiscibility between surfactants A and B, we choose aAA = aBB < aAB. The base 

repulsion between beads of the same surfactant is set to aii = 25.16 The repulsion 

between unlike surfactants can be increased to model increasing degree of 

immiscibility between surfactants. 
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2.1.2.2. Dissipative force 

In DPD simulations, the solvent is kept implicit to reduce computation time and 

avoid having to keep track of all the solvent particles in the system. The dissipative 

force represents the drag that the DPD beads would feel from the solvent, and is 

defined in Equation 5. 

    
ijijijij

D

ijij

D
rrvrvrf ˆ,


   Equation 5 

Where: 

jiij
vvv


  Equation 6 

The parameter  controls the strength of the frictional force between the beads, and 

wD(rij) is a weight function that will be defined in section 2.2.3. 

2.1.2.3. Random force 

The random force is also used to represent the effect of the implicit solvent. This 

force simulates the effects of random fluid particles colliding with the DPD beads. 

   
ijijij

R

ij

R
rrrf ˆ


 Equation 7 

In Equation 7,  is the noise level of the system. wR(rij) is a weight function that will 

be defined in the next section. ij is a random number with uniform distribution and 

unit variance, with
 
ij = ji.  
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2.1.3. Thermostat 

The dissipative and random forces defined in 2.1.2.2 and 2.1.2.3 respectively, are 

coupled through their weight functions as shown in Equation 8. 
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  Equation 8 

They are also couple through the parameters  and , and strongly dependent on the 

temperature of the system, as shown in Equation 9. 

 Tk
B

2
2
  Equation 9 

This strong coupling and dependence in the temperature of the system makes these 

two forces act like a thermostat and can be tuned to keep the temperature 

fluctuations of the system at a minimum. In the DPD system, kBT = 1,  = 3, and 

=1/2.16 Because all the forces between beads is applied in an equal and opposite 

manner, DPD conserves linear as well as angular momentum and can be used to 

simulate hydrodynamic phenomena.21 

2.1.4. Integration method 

Each time step, the forces acting on every bead in the system are calculated as a sum 

of interactions between each bead and its neighbors within a cutoff radius of one 

bead diameter (Equation 3). The force acting on a bead is used to calculate its new 

position and velocity for the next time step by numerically integrating Newton’s 

equations of motion using a modified velocity-Verlet algorithm. This algorithm is 

defined by the following equations: 
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 Equation 13 

In Equation 10, the position of the beads in the system is updated as a function of 

the positions, velocities and forces from the previous step. In Equation 11, an 

intermediate velocity is guessed as a weighted average between the velocity from 

the previous step and the forces from the previous time steps integrated in time. 

This step is necessary because the dissipative force depends on the velocity of the 

particles (Equation 5). With the guessed velocity and the updated positions, the new 

forces of the system can be calculated with Equation 12. Once the forces have been 

calculated, the new velocity of the system can be calculated as defined in Equation 

13. After each time step, the physical properties (temperature, kinetic and potential 

energy) of the system are calculated. This iterative procedure is continued until 

equilibrium has been reached. 

2.1.5. Validation and assumption 

Studies were conducted to determine the optimal surface density of beads that 

would allow the surfactants to microphase separate without unnecessarily 

increasing the number of particles that had to be simulated. Surface density was set 

to 6 beads/2 for spheres and cylinders, and to 3 beads/2 for flat surfaces. Spheres 

and cylinders need a higher surface density because the radius of curvature 
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increases the available space so that not enough beads are interacting with each 

other. Doubling the surface density with respect to flat surfaces allows for a 

sufficient number of interactions between beads for the system to evolve. 

Independence from time step was also determined by running simulations at a time 

step 10 times smaller than the one being used and verifying validity of results.  

Since DPD is a coarse-grained algorithm, selected patterns were verified by 

comparing them to the patterns obtained by running more detailed molecular 

dynamics simulations.  

2.2. Molecular dynamics 

Similar to DPD, MD is an algorithm for molecular simulations in which the particles 

of the system are moved in discrete time steps in a continuum space. However, the 

MD particles are not soft, meaning that, unlike DPD beads, they are not allowed to 

overlap with each other. The system is less coarse-grained than DPD, in that the MD 

particles represent actual atoms or molecules, rather than abstract fluid elements.  

The united-atom OPLS (Optimized Potentials for Liquid Simulations) force field22,23 

was used to simulate the interactions between particles in the system. The united-

atom configuration simplifies the system to reduce the computation time by 

grouping atoms into CH2 and CH3 groups. This reduces the number of particles in 

the system, while still providing a good approximation of the behavior of the 

surfactants. This force field has been successfully used previously to simulate homo 

and mixed-ligand mixtures of surfactants on spherical NPs.9,24 The details of this 

force field are described in the following sections for non-bonded (2.2.1) and 

bonded interactions (2.2.2). 

The MD simulations presented in this thesis were conducted in the NVT ensemble, 

and the temperature of the system was regulated using a Nosé-Hoover thermostat 

(section 2.2.3). The integration method used was similar to Velocity-Verlet 
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algorithm used for DPD (section 2.1.4). The surface density was 21.6 Å2 per 

surfactant chain.24 

2.2.1. Non-bonded interactions 

Different types of potentials are used to represent the interactions between 

different atoms and molecules pairs. Figure 6 shows the different shapes and scaling 

of the potentials as defined by the united-atom OPLS force field for our system. 

Intramolecular non-bonded interactions are only counted for atoms three or more 

bonds apart. 

 

Figure 6 Non-bonded interactions for a binary SAM according to the united-atom 

OPLS force field. 
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2.2.1.1. Lennard-Jones potential 

The Lennard-Jones potential is defined in Equation 14. This potential is employed to 

represent the interactions between the sulfur heads and the alkane tails of the 

surfactants. It has a short range repulsion and long range attraction centered 

around , the equilibrium distance at which the two particles would rather sit from 

each other. The short-range repulsion describes the Pauli repulsion of overlapping 

electron orbitals, and the long-range attraction is due to van der Waals forces. 
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 Equation 14 

The Lennard-Jones parameters used in this thesis are summarized in Table 1.24, 25 

Table 1 Lennard-Jones potential parameters 

Atom  (Å)  (kcal/mol) 

S 4.250 0.39743 
CH (sp2) 3.800 0.11500 
CH2 (sp2) 3.850 0.14000 
CH2 (sp3) 3.905 0.11800 
CH3 (sp3) 3.905 0.17500 

Au 2.935 0.03900 

The combination rules for these parameters are presented in Equation 15 for the 

equilibrium distance, , and in Equation 16 for the depth of the potential well, . 
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2.2.1.2. Morse potential 

The Morse potential is used to model the interactions between the gold atoms of the 

NP and the sulfur heads of the ligands. It is described by Equation 17. 
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 Equation 17 

The parameters that describe the gold-thiol interaction are presented in Table 2. 24 

Table 2 Morse potential parameters 

Atoms E0 (kcal/mol)  r0 (Å)  (Å-1) 

Au – S 8.763 2.65 1.47 

As can be seen in the black curve in Figure 6, the Morse potential has a very sharp 

well that defines the distance at which the two atoms should sit from each other. 

This sharp well is the best way of describing the precise distance in which the thiol 

heads should be from the gold NP, preventing them from getting either too close or 

too far away.  

2.2.1.3. Modified Buckingham potential 

The Buckingham potential without the attractive terms is defined in Equation 18. 



V r
ij   A exp

 r


S









 Equation 18 

This modified form of the Buckingham potential is used to model the additional 

repulsion between unlike surfactants and between the surfactants tails and the gold 

NP to prevent the tails from penetrating the shell. This sharp short-range repulsion 

is shown by the dashed red line in Figure 6. The parameters used for the modified 
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Buckingham potential are summarized in Table 3, and are all the same for all 

interacting pairs of particles. 

Table 3 Modified Buckingham potential parameters 

A (kcal/mol) S (Å) 

500 0.4 

2.2.2. Bonded interactions 

Bonded interactions are also more complex than the ones used for DPD to correctly 

model the zigzagging carbon backbone in alkane chains. Interactions between two, 

three, and four consecutives atoms are therefore required.  

2.2.2.1. Bond potential 

The bonds between two consecutive atoms are modeled via a harmonic bond as 

described in Equation 19. 
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 Equation 19 

The parameters for this bonded interaction are presented in Table 4. 24, 26 

Table 4 Bond potential parameters 

Bond r0 (Å) k (kcal/mol) 

S – CH2 – 1.81 222 
– CH2 – CH2 – 1.54 260 
– CH2  – CH3  1.50 260 
– CH = CH2  1.34 260 
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2.2.2.2. Angle potential 

The angle between three consecutive united-atoms (Figure 7) is modeled using the 

harmonic angle potential shown in Equation 20. 

 

Figure 7 Schematic of angle interactions 



V 
ijk  

1

2
k 

ijk
 

0 
2

 Equation 20 

The parameters for this interaction are summarized in Table 5. 24, 26 

Table 5 Angle potential parameters 

Angel 0 (Å) k (kcal/mol) 

S – CH2 – CH2 – 114.40 62.5 
– CH2 – CH2 – CH2 – 109.47 63.0 
– CH2 – CH2 – CH3 109.47 63.0 
– CH2 – CH = CH2  124.00 63.0 

 

2.2.2.3. Dihedral angle potentials 

The torsion interactions between four consecutive particles (Figure 8) are modeled 

using triple cosines as shown in Equation 21 as a function of the angle between two 

planes, ijkn. 
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Figure 8 Schematic of dihedral interactions between four consecutive united-atoms 
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The parameters used to model the triple cosine dihedral potential are shown in 

Table 6. 

Table 6 Torsion potential parameters 

Dihedral A1 
(kcal/mol) 

A1 
(kcal/mol) 

A2 
(kcal/mol) 

A3 
(kcal/mol) 

S – CH2 – CH2 – CH2 –  0.0000 1.4119 –0.27187 3.147029 
 – CH2 – CH2 – CH2 – CH2 – 0.0000 1.4119 –0.27187 3.147029 
 – CH2 – CH2 – CH2 – CH3 0.0000 1.4119 –0.27187 3.147029 
– CH2 – CH2 – CH = CH2 0.2072 0.3728 –0.47390 1.21850 

2.2.3. Thermostat 

To keep the temperature of the system constant, the Nosé-Hoover thermostat was 

used. This thermostat acts by introducing a heat bath associated with an artificial 

mass to the system. The Nosé-Hoover thermostat modifies Newton’s equations of 

motion as shown in Equation 22 and Equation 23: 
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The friction coefficient, , is defined by Equation 24 as follows: 

 
  

ext

Bf

Tt
Q

kN

dt

td
 


 Equation 24 

Q, the effective mass of the thermostat, is defined by Equation 25: 

2

TextBf
TkNQ   Equation 25 

T is a time constant and Nf is the number of degrees of freedom in the system. (t) is 

the instantaneous temperature of the system at time t. 

2.3. Simulation model 

This section described the models used to represent the surfactants, the 

nanoparticles, and the two dimensional interfaces in which the nanoparticles can 

self-assemble. 

2.3.1. Surfactants 

The surfactants are represented as chains of beads connected by simple harmonic 

springs as shown in Figure 9.27 
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Figure 9 Bead and chain model to represent thiol alkane surfactants. 

The head of the surfactants represents the thiol group that adsorbs into the gold 

surface.  The tail is the alkane chain, and the tail end group is the functional group at 

the end of the thiol alkane (for example, a methyl group, an alcohol, or a carboxylic 

acid). The immiscibility between different surfactants comes from the interactions 

between different tail end groups. For most of the results presented in this thesis, 

only the head group is shown in the figures to simplify identifying the patterns 

formed by the surfactants (Figure 10). Only in Chapter 6 will the tails be shown, 

because their conformation is relevant to the formation of the patterns.  

 

Figure 10 Striped NP with (left) and without (right) surfactant tails. 
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2.3.2. Nanoparticles 

To model a MPMNP, beads are distributed over the surface of the spherical NP 

(Figure 11) with an initial configuration, which will be discussed in section 2.3.2.1. 

The gold NP is represented by a hollow shell described in section 2.3.2.2. The thiol 

heads are directly adjacent to the surface of the NP and restricted to the surface 

using constrained dynamics (section 2.3.2.3).  

 

Figure 11 Schematic representation of a spherical nanoparticle with a monolayer of 

surfactants. 

2.3.2.1. Initial configurations 

To assert that the patterns correspond to the equilibrated state of the system, 

independence of thermodynamic path was confirmed by initializing all simulations 

from different initial configurations (Figure 12 for DPD and Figure 13 for MD 

simulations). 
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Figure 12 Initial configurations for a) binary, b) ternary and c) quaternary 

MPMNPs. Tails not shown. Red: short, blue: medium, green: long, yellow: longest 

surfactant. 

 

Figure 13 Initial configurations for MD simulations. Left: Janus configuration, and 

right: randomly mixed. Short surfactant: red, and long: yellow. Tails shown. 

For each set of parameters studied in this thesis, the simulation was initialized from 

all the different initial configurations considered (as shown in Figure 14 for a 

particular ternary case). After running for a sufficiently long number of time steps, 
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the results from all the independent simulations were compared to verify that the 

resulting pattern was the same (within statistical differences), and therefore 

independent of initial configuration. This indicates that the final pattern obtained is 

the equilibrium pattern for the given set of parameters. For the purpose of this 

thesis, only one equilibrated pattern is shown and it is implicit that several 

independent simulations were run to verify said pattern. 

 

Figure 14 Example of simulation from five different initial configurations to verify 

equilibrium pattern. Tails not shown. 

2.3.2.2. Gold shell 

The gold shell is necessary to prevent the surfactant tails from penetrating the NP. 

An artificial repulsion between the surfactant beads and the gold atoms is added for 

that purpose. For MD simulations, the interactions between the thiol heads and the 

gold atoms are also important to capture the correct tilt angle of the surfactants. 

Figure 15 shows a gold NP from which a fraction has been removed to show the 

empty interior. 



 

 27 

 

Figure 15 View of gold shells for a) spheres, b) flat surfaces and c) cylinders. The 

sphere (a) has been sliced to show the empty interior. 

For DPD simulations, the configuration of the gold NP does not affect the patterns 

formed by the monolayer, as long as the surface density is enough to prevent the 

ligand tails from penetrating it. For MD simulations however, it was important to 

use the right parameters. The gold atoms were distributed with a surface density of 

10.4 Å2/Au.24 The NP shell was relaxed first at 0K using a Lennard-Jones potential to 

model the interaction between the gold atoms (Table 1). The sphericity of the NP 

was kept using constrained dynamics. For simulations including the surfactants, the 

gold atoms were frozen in their equilibrium positions to reduce computation costs. 

2.3.2.3. Constrained dynamics 

This algorithm works by allowing the beads to move each time step like they were 

not constrained to a spherical surface. After the particles have been moved, a 

correction is applied to modify their un-constrained position to the desired R 

distance from the center of the NP. The algorithm is defined by Equation 26 and 

Equation 2727: 
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With  defined in Equation 28 as follows: 

           

m

R

RttrRttrtrttrtr
uuu

2

2222






  
Equation 28 

The previous equations can be used to constrain beads to both spheres and 

cylinders. In the case of cylinders, however, the equations are only applied in two 

dimensions, while periodic boundary conditions are applied on the third dimension. 

This means the cylinders essentially behave like they are infinitely long. 

For flat surfaces, the beads are constrained to a plane defined by z = R, Equation 26 

and Equation 27 still apply, but  is now defined by Equation 29: 
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Equation 29 

Constraint dynamics are implemented through the SHAKE algorithm29 when used in 

conjunction with the Velocity-Verlet integration method. 

2.3.3. Two-dimensional interfaces 

Two-dimensional interfaces were used to simulate the assembly of multiple NPs 

(Chapter 7). The pattern on the NPs was frozen and the ligands were not allowed to 

move on the surface of the NP, to reduce computing times. Therefore, all the beads 

in a MPMNP were treated as a rigid body (2.3.3.1) for each of the NPs. Periodic 

boundary conditions were allowed in two-dimensions, but wall constrains (2.3.3.2) 

were utilized in the third dimension to guarantee that the NPs stayed on the 

interface and arranged in a single layer. 



 

 29 

2.3.3.1. Rigid bodies 

The rigid body constrains allow to main rigid bonds between beads, so that they do 

not change position with respect to each other. For the simulations of multiple NPs, 

the positions of the beads within one particle are kept fixed to allow the pattern to 

remain unaltered throughout the simulation. Each rigid body is described by a 

center of mass moving with a certain velocity. The angular momentum and a 

normalized quaternion represent the orientation of the body. The net force and 

torque acting on the body are the sums of the individual forces and torques 

resulting from the particle-particle interactions.33 

2.3.3.2. Wall constrains 

Periodic boundary conditions are used in all directions and wall constrains are 

necessary to keep the NPs confined to a two-dimensional interface as shown in 

Figure 16. The NPs are arranged in the xy plane, and two walls are added directly 

above and below them (shown in black shades in Figure 16). The box size on the z-

direction is larger than the cutoff radius so that the NPs are not interacting through 

that dimension, guarantying that the NPs truly behave as a single monolayer. 

 

Figure 16 Simulation box used for two-dimensional interfaces. Janus NPs shown in 

the middle. The black lines represent the simulation box. The brown surfaces 

represent the walls constraining the NPs. 
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For MD simulations, the wall constrains are modeled through a Lennard-Jones 

potential without the attractive well, as shown in Equation 30. A coefficient of  = 1 

is enough to keep the NPs constrained to the desired plane.  
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 Equation 30 

For DPD simulations, the walls are made of DPD beads distributed at a density of 1 

bead per 2 with and interbead repulsion between all beads in the system and the 

wall beads of aiw = 300. 

2.4. Computational tools 

In this section we describe the modeling packages used to perform the simulations 

presented in this thesis. 

2.4.1. HOOMD-blue 

HOOMD-blue30, 31 is a Highly Optimized Object-oriented Molecular Dynamics open 

source code developed and maintained by the Glotzer group. The code utilizes the 

massively parallel architecture of GPUs to speed-up molecular simulations. This 

package was used for all DPD simulations,32 including both the assembly of ternary 

and quaternary monolayers, and also the assembly of patchy NPs in an interface by 

utilizing the rigid body functionality.33 HOOMD-blue was also used to perform MD 

simulations of the binary system. 

Figure 1732 shows the speed-up gained by using HOOMD-blue for DPD simulations 

on a single GPU compared to the LAMMPS34 parallel code on multiple CPU cores. 
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Figure 17 Benchmarks comparing the speed-up achieved for DPD by using 

HOOMD-blue on one GPU compared to other parallel codes for multiple CPU cores 

Figure 1833 shows the speed-up gained by using HOOMD-blue for rigid bodies 

simulations on a single GPU compared to the LAMMPS34 parallel code on multiple 

CPU cores. 

 

Figure 18 Benchmarks comparing the speed-up achieved for rigid bodies by using 

HOOMD-blue on one GPU compared to other parallel codes for multiple CPU cores 

2.4.2. DLPoly 

DLPoly35 is a parallel molecular dynamics simulation package available free under 

license. The code is developed at the Daresbury Laboratory in the Imperial College 

of London. This package was used for the original binary MPMNPs simulations,9 so it 
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was used again now to verify the validity of the results obtained using HOOMD-blue 

in two ways: 

- Select ternary and quaternary systems (Chapter 4) were simulated using MD to 

verify the results obtained using DPD. This was done to guarantee that the 

coarse-graining introduced by the DPD method was still a good representation 

of the actual equilibrium state of the system. Once this was established, the bulk 

of the ternary and quaternary simulations were conducted using DPD to reduce 

the computing times and resources, which would have been prohibitive 

otherwise.  

- The crystallization results for binary systems of long surfactants (Chapter 6) 

were also verified using both DLPoly and HOOMD-blue to determine that the 

results were independent of the code used. 
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Chapter 3. Previous work 

In this chapter we explore previous experimental and computational studies on the 

structure and composition of SAMs of alkane thiols on gold surfaces. We review 

results for both homo and mixed ligand monolayers on different substrates, like flat 

surfaces and nanoparticles of different shapes (spheres, rods, and faceted 

polyhedra).  

3.1. Homoligand self-assembled 

monolayers 

Gold is a relatively inert metal, but has a strong specific interaction with sulfur that 

allows the formation of the monolayers in presence of many other functional 

groups. Colloidal gold is usually synthesized in a liquid medium. A self-assembled 

monolayer of thiol-alkanes is used to stabilize the size of the colloids and prevent 

them from clumping together.36 The thiol head (SH) of the surfactant adsorbs on the 

gold surface, with the alkane tails pointing outwards towards the solvent. Once the 

first layer of thiol heads has adsorbed on the gold and occupied the entire available 

surface, no more layers can deposit on top of it, effectively forming a single 

monolayer of thiol alkanes. This monolayer is densely packed and crystalline. The 

distance between gold atoms is 2.8 – 3.1Å, and the sulfur heads are 2.2 – 2.6Å from 

the gold atoms.37 The thiol groups arrange in a (3x3)R30 lattice and have a tilt 

angle between 20 and 30 with respect to the gold surface. Shorter alkyl chains 

(less than 10 carbons in the surfactant tail) form a more disordered structure with 
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lower packing density and coverage.38, 39 The types of interactions which are most 

relevant to these structural aspects include the bonding interactions between the 

head group and the substrate, and the intermolecular interactions between adjacent 

adsorbate molecules. The greater the mismatch between the van der Waals radii of 

the tail groups and the head groups, and between these quantities and the substrate 

lattice parameters, the greater the tendency fro the monolayer to deviate from well-

arranged structures and to exhibit structural disorder and defects.38 

It has been shown that the wetting properties of the monolayer depend on the 

terminal group of the thiol surfactants.40  

3.1.1. On flat surfaces 

 

Figure 19 Structural models of SAM in closed packed configurations with tail 

groups oriented normal to the surface (top) or tilted (middle) or with a distribution 

of tilted angles (bottom).
38 

Figure 19 shows the possible configurations for the closed-packed monolayers of 

alkane thiols on a flat surface. The surfactants adsorb on the (111) gold surface. The 
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experimental observations were confirmed as well by molecular dynamics41 and 

Monte Carlo42 simulations, which were able to reproduce the closed-packed and tilt 

angle of the ordered surfactant chains. Solvent explicit simulations were also carried 

out to model the wetting behavior of long-chain SAMs with –CH3 and –OH end 

groups exposed to water.43 

3.1.2. On nanoparticles 

Gold NPs have been extensively studied because of their chemical stability,44 optical 

properties,45 biological applications,46 and catalytic activity.47 The surfactant shell 

defines most of the properties and interactions of the MPMNP with its environment 

(i.e. stability, solubility, assembly and electronic properties).48  

 

Figure 20 Homoligand alkanethiol [SH-(CH2)m-CH3] SAMs for different tail lengths. 

a) m = 4, b) m = 9, c) m = 13, d) m = 18.
24 

Computational studies of SAMs on spherical gold NPs have been performed using 

implicit24 and explicit solvent49 MD simulations. Figure 20 shows the result form 

implicit solvent simulation of monolayers of different lengths. Analogous to the 

results found for flat surfaces, it was shown that a minimum length (>= 9 carbons)  
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was necessary for the surfactants to form a crystalline structure. Figure 20a shows a 

disordered monolayer of alkanes that is too short to crystallize. Because of the  

curvature of the NP, the crystallized ligands shown in Figure 20b-d separate into 

“bunches” or regimes in which the surfactants are pointed in different directions, 

much like grains in a crystal. The tilt angle of the surfactants on spherical NPs is 

larger (20 – 50) than the tilt angle found on flat surfaces. 24 

3.2. Mixed self-assembled monolayers 

Mixed SAMs are formed by combinations of surfactants of different length, tail end 

group, or both. They were first studied on flat surfaces and their structure was hard 

to identify. The “islands” or irregular features observed in the monolayer were time 

dependent and hard to characterize. However, it was understood that the longer 

surfactants could bend their tails on top of the shorter ones50 (Figure 21). 

 

Figure 21 Schematic illustrations of monolayer structures for a) pure HS-(CH2)11-

OH, b) pure HS-(CH2)21-CH3, and c) a mixture of the two thiols
50 
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Computer simulations eventually confirmed the separation of the unlike surfactants 

into disordered and ordered domains,51 opening the door for the research done by 

the Stellacci group to fully understand and explain the system of mixed SAMs. 

 

Figure 22 Monte Carlo simulation results of a 256x256 (left) and 128x128 (right) 

system shown the domain formation.
51 

It is now understood that the mixed monolayers form by co-adsorption of the 

different surfactants from the mixed solution to the surface of the NPs. Since the 

species adsorb simultaneously on the NP, they compete with each other.52 The 

surfactants on the monolayer are always in dynamic equilibrium with the 

surfactants in the solution. If the NP is left in solution long enough, eventually the 

monolayer will become a homoligand monolayer composed by the surfactant that is 

less miscible in solution.53 Even if surfactants have the same end group, there are 

still differences in their solubility with the solvent. In that case, the longer surfactant 

will be the less soluble. Therefore, to obtain a desired stoichiometric composition it 

is necessary to perform a trial and error study, in which the NPs are removed form 

the solution at different times, until the desired stoichiometry is achieved.  

3.2.1. On nanoparticles 

In 2004, Jackson et al. presented a new class of MPMNPs coated with a binary SAM 

of hydrophobic and hydrophilic thiol molecules.8 Scanning tunneling microscopy 

(STM) and transmission electron microscopy (TEM) images of these particles 
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showed that the two immiscible ligands distributed in ordered domains (stripes) 

less than 1 nm wide on the surface of the NP (Figure 4).54, 55 

Many interesting properties of MPMNPs coated with binary SAMs have been 

studied, both experimentally and through computer simulations. It was shown that 

these particles avoid non-specific protein adsorption.8 This happens because the 

alternating ripples of hydrophobic and hydrophilic regions are at least one order of 

magnitude smaller than the proteins’ size, so there is a series of attractive and 

repulsive domains between the protein and the MPMNP’s surface that balance each 

other, resulting in no net attractive force between them. It was also found that two 

singularities form at the poles of the striped spheres where the aligned stripes 

collapse into points, as shown in Figure 23a. These singularities have been used to 

drive directionally specific assembly (Figure 23b).11,56  

 

Figure 23 Directionally specific assembly. a) Singularity at the top of a MPMNP. b) 

TEM image of chains formed by MPMNP.
 11

 

More recently, it was shown that MPMNPs can penetrate cell membranes in a way 

that bypasses endocytosis and causes no harm to the cell or membrane.56 It has 

been suggested that the penetration of cell membranes by NPs could be a viable 

path for drug delivery into the cytoplasm, and could potentially help understand the 

biological mechanism of direct membrane translocation (Figure 24).57 



 

 39 

 

Figure 24 Membrane translocation by striped NP (left) vs. endocytosis (right).
 57

 

3.2.1.1. Spheres 

Atomistic and mesoscale simulations of the system where conducted by Singh et al. 

to understand the formation of stripes on binary coated MPMNPs.9 They determined 

that the stripes form because of competition between enthalpic losses and entropic 

gains at the interfaces between ligands. Enthalpy and free energy are normally 

reduced by decreasing the interface between two immiscible surfactants in system, 

which is known as bulk phase separation. However, longer and bulkier surfactants 

gain free volume by aligning next to smaller and less bulky ones, thus increasing 

their conformational entropy. Figure 25 shows a schematic representation of the 

free volume shared by neighboring surfactants on curved surfaces. This allows the 

larger bulkier molecules (yellow beads in the figures) to bend their tails on top of 

the shorter less bulky ones (red beads) as shown in Figure 26, and therefore 

increase their conformational entropy. When the entropy gain is sufficient to 

compensate for the penalty in enthalpy due to extra phase boundaries, the 

surfactants microphase separate into stripe like domains.  
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Figure 25 Free volume available for the surfactants’ tails on the surface of a NP for 

high (left) and small (right) radius of curvature. 

An attractive feature of binary-coated MPMNPs is that the stripes seen on their 

surface can be tailored by changing the size of the NP or the stoichiometry and size 

of the ligands in the SAM.8,48 It was found experimentally that increasing the NP 

radius increases the distance between stripes. Changing the stoichiometry of the 

ligands determines the type of pattern found on the surface, from perfect ripples to 

discrete or “patchy” domains. Changing the length of the ligands (n-alkane thiol with 

n = 6 to 12 for the first component and either mercaptopropionic acid or 

mercaptoundecanoic acid for the second component) changes the height difference 

between peaks and valleys of the stripes. 
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Figure 26 Cross sectional view of simulated striped MPMNP. 

Simulations of MPMNPs coated with a binary SAM predicted that for small enough 

NP radius, the system forms a Janus particle (Figure 27a). This is because the larger 

curvature of the sphere already provides sufficient free space for the tails (FIGURE) 

and thus entropic gains are not enough to compensate for the increase in energy. 

Aligned stripes form on the surface of medium sized spheres (Figure 27b), and as 

the radius of curvature increases, the stripes become disordered and patches may 

appear due to kinetic effects (Figure 27c and d).9 

The effect of the size of the surfactants’ tails was also studied for binary SAMs,9 It 

was found that when the difference in length or steric size between the two 

surfactants is not enough to generate sufficient entropic gains, the surfactants 

completely phase separate instead of forming stripes. On the other hand, even on 

flat surfaces (or infinite radius of curvature) stripes form if the difference in size 

between the two surfactants is large enough (Figure 27d). 

 

Figure 27 Microphase separation of surfactants in a MPMNP with different 

curvature. NP radius: a) 3, b) 5, c) 10, d) infinite. Not drown to scale. Tails not 

shown.
9
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3.2.1.2. Cylinders 

On cylindrical surfaces, the stripes were always formed horizontally (Figure 28). It 

was found that when the stripes align with the vertical axis of the cylinder (Figure 

28a) the surfactants become crowded in one dimension (red arrow in the figure) 

and therefore they are constricted to a smaller free space. However, when they 

arrange themselves horizontally (Figure 28b), they gain a new dimension of free 

volume to explore (black arrow). Therefore, this is their preferred orientation.  58 

 

Figure 28 Free volume available for long surfactants (yellow) to explore in a) 

vertical and b) horizontal stripes. Tails of short surfactants (red) not shown.
58 

The effects of other parameters were also studied for this geometry. The effect of 

the radius of the cylinder is shown in Figure 29. For smallest cylinder radius, the 

surfactants separate without forming stripes (periodic boundary conditions are 

used for the simulation, therefore all of the short, red, surfactant is together in one 

domain in Figure 29a). This is due to the same curvature effect (FIGURE) that 

caused the formation of Janus particles on spherical NPs. The length of the cylinder 

had no effect on the width of the stripes formed. Varying the stoichiometry of the 

SAM to extreme values were one of the surfactants was in excess, caused them to 

form 2D-micelles patterns (like the ones found for flat surfaces) instead of stripes.  58 
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Figure 29 Effect of cylinder radius on phase-separated pattern in mixtures of short 

(red) and long (yellow) surfactants. The radii of the cylinders are: a)2, b) 3, c) 4, d) 

5, e) 7, f) 9, g) 11, h) 13. Tails not shown.
58

 

3.2.1.3. Faceted particles 

For faceted particles coated with a binary SAM, it has been predicted that longer and 

bulkier surfactants prefer to occupy the edges of the NP rather than its flat faces. In 

this case, a similar effect as that of the curvature of spherical particles is observed. 

The edges of the facets provide the surfactant with a greater available free volume, 

and therefore this is their preferred position.59 However, the results presented in 

Figure 30 are only valid for systems with very off-critical stoichiometries (the long 

surfactant is present in concentrations <10%) because they were obtained through 

a highly coarse-grained theoretical model. Simulations need to be performed to 

study the patterns that will form when the longer surfactant is present in higher 

concentrations, after all the available edges have been filled and it is forced to 

interact with the short one on the faces of the polygons. 
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Figure 30 Preferred lattice positions occupied by long (red) and short (blue) 

surfactants for faceted surfaces: a) cube, b) tetrahedron, c) icosahedron, and d) 

octahedron. Tails not shown.
59 

3.2.2. On flat surfaces 

The patterns formed by binary SAMs on flat surfaces were also studied.58 Figure 31 

shows the effect of stoichiometry of the SAM on the patterns formed. For very small 

interbead repulsion (Figure 31a) no stripes are observed because the immiscibility 

between unlike surfactants is not enough to force the minimization of interface 

length. However, as the repulsion between beads increases, stripes are found for 

stoichiometries near the 1:1 critical point. When one of the surfactants is in excess, 

then it forms a continuous matrix in which 2D-micelles of the other surfactant are 

dispersed. For these systems, the effect of surfactant length was also studied. It was 

found that for small length difference between surfactants, no stripes were formed. 

In those cases, the gain in free volume that would derive from forming stripes was 

not enough, and therefore the surfactants completely separated into two domains.  
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Figure 31 Simulation snapshots of microphase separation in asymmetric mixtures of 

short (red) and long (yellow) surfactants for increasing fraction of long surfactant. 

Interbead repulsion is a) 20, b) 25, c) 30, and d) 35. Tails not shown.
58
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Chapter 4. Assembly of monolayers on 

spherical nanoparticles 

In this chapter we will describe the types of patchy patterns that can be found on 

mixed SAMs of alkanethiols. The patterns are organized into different groups 

depending on the symmetry and base pattern of the monolayer. The simulations 

were performed using DPD, but key results very verified using MD. The results 

presented in this work are for spherical nanoparticles, but we show how they can 

also be extrapolated to flat surfaces and nanorods. To produce the results presented 

in this Chapter, all simulations were ran for at least 30 million time steps. To explore 

the effect of all parameters, we performed a total of 4280 production runs averaging 

10 GPU-hours per run. 

4.1. Patchy patterns 

The patchy patterns found for ternary and quaternary SAMs have been divided into 

different groups according to their base pattern. In all cases, red is the shortest 

surfactant and yellow is the longest. Blue and green are intermediate length 

surfactants, with green being longer than blue. Only the heads of the surfactants are 

shown for DPD simulations to simplify the recognition of the pattern formed.   
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4.1.1. Decorated striped particles 

The striped patterns are shown in Figure 32. The top row shows the base striped 

patterns, and the following rows show different modifications that can be done to 

this patterns following the design rules which will be discussed in Chapter 5. 

 

Figure 32 Decorated striped patterns. Tails not shown. Red: short, blue: medium, 

green: long, and yellow: longest surfactant. a) Striped particle, b) alternating stripes 

particle, c) four stripes particle, d) decorated Neapolitan particle. The bottom rows 

show possible variations to the patterns shown on the top row. 

Figure 32a shows the original striped pattern found for binary SAMs on spheres9, 

and directly underneath it is another version of the same pattern with different 

stripe width. Figure 32c shows the base ternary pattern, which was named 

Alternating Stripes61 because the medium (blue) surfactant forms one single stripe 

that coils all the way around the NP, and is always separated from the long (yellow) 

surfactant by a stripes of the red (short). This arrangement in which the short (red) 
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surfactant separates the two longest ones (blue and yellow) is preferred because it 

maximizes the length differences between surfactants that share an interface, and 

therefore maximizes conformational entropy. On the bottom of that same column it 

is shown the alternating stripes pattern with disordered stripes 

Figure 32c shows the simplest quaternary case, in which the four surfactants form 

one single stripe around the NP.62 The longest surfactant (in yellow) has an interface 

with the two shortest ones (in red and blue). Also, the two longest surfactants 

(yellow and green) both have an interface with the shortest (red). This pattern is 

found for a system with two short surfactants (i.e. 3, 4, 7 and 8 beads) and low 

interbead repulsion between unlike beads (aij = 30), when the overall length of the 

surfactants is relatively short compared to the NP size (i.e. all surfactants are less 

than 10 beads long). This pattern is also prevalent when the two shortest 

surfactants are in very low concentrations ( 20% of each), an example of which is 

shown directly underneath Figure 32c. The bottom-most pattern shown underneath 

Figure 32c shows a modified where there is one additional patch of the short 

surfactant (in red) inside the domain formed by the second longest surfactant 

(green). This case occurs under a very narrow range of conditions, for a system with 

two short surfactants (i.e. 3, 4, 8 and 9 beads) with low interbead repulsion between 

unlike surfactants (aij = 30), when the overall length of the surfactants is longer than 

the case for Figure 32a. 

Figure 32d shows a striped quaternary pattern where the short surfactant (in red) 

forms two stripes around the NP, instead of just one.  62 These two stripes separate 

the longest surfactant (in yellow) from the two medium length surfactants (in blue 

and green). This pattern is found for large NP radius (NP radius > 4) and high 

interbead repulsion between unlike beads (65 < aij  350). In systems with large NP 

radius, the surfactants have less available space to explore with their tails,9 and 

therefore the longest surfactant (yellow) prefers to increase its interface with the 

short one (red). This pattern can also be found in systems were the medium 
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surfactant (blue) is in the lowest concentration ( 10%), so there is not enough of it 

available to create sufficient interfaces with the longest one (yellow). 

The two patterns shown underneath Figure 32d are additional variations to this 

pattern, the first one by changing the coverage and width of the stripes.  The second 

one, by adding an additional patch of the small surfactant (in red) inside the domain 

formed by the second longest (in green). This pattern is found also for large NP 

radius, but for smaller repulsion between unlike beads (aij = 65) 

4.1.2. Decorated Janus particles 

Janus particles are a macrophase separated pattern formed by two domains, one in 

each side of the NP. They were named after the double-faced Roman God custodian 

of the universe.63 The simplest example is found for binary mixtures of unlike 

surfactants10 and is shown in Figure 33a. The image directly underneath it shows a 

possible variation of this pattern, where the two domains are not of equal size. 

 

Figure 33 Decorated Janus patterns. Tails not shown. Red: short, blue: medium, 

green: long, and yellow: longest surfactant. a) Janus particle, b) with stripes on one 

side, c) with stripes on both sides, d) Neapolitan particle, e) Janus particle with 

alternating stripes on one side and stripes on the other side. The bottom rows show 

variations to the patterns. 
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Figure 33b shows a decorated Janus NP with stripes on one side. This pattern occurs 

for ternary mixtures of surfactants,61 and is characterized by the medium (blue) 

surfactant separating from the other two. The shortest (red) and longest (yellow) 

surfactants form stripes on the other side of the Janus particle, and behave exactly 

like they would in a binary system. The separation of the medium (blue) length 

surfactant is expected and analogous to the case observed previously for the 

Alternating Stripes pattern. Possible variations to this pattern include changing the 

thickness of the stripes, the coverage of the Janus NP, disorder of the stripes, and 

changing of the order of the surfactants. This last variation deserves special 

attention, and it’s shown as the bottom-most image below Figure 33b. In this case, 

an interface between the yellow (long) and the medium (blue) length surfactant can 

actually be forced to occur. This will be discussed in detail in the following chapter. 

Figure 33c shows a Janus NP decorated with stripes on both sides, and also occurs 

for ternary SAMs. 61 The number and thickness of the stripes can also be easily 

controlled. Another possible variation for ternary SAMs is the formation of a 

Neapolitan particle, 61 shown in Figure 33d. In this particle, the short (red) 

surfactant forms one single stripe separating the two longest ones (blue and 

yellow). This ordering can also be modified, as shown below Figure 33d, by forcing 

the longest (yellow) surfactant to be the one forming the stripe between the two 

shortest (red and blue).  

Finally, Figure 33d shows a quaternary Janus NP decorated with stripes on both 

sides.62 The two shortest surfactants (in red and blue) form an alternating stripe 

pattern61 with the longest surfactant (yellow) on one side of the Janus particle, while 

the second longest surfactant (green) forms a striped pattern with the shortest one 

(red) on the other side of the NP. This pattern is found for large NP radius (> 4) and 

low interbead repulsion between unlike beads (aij = 30), and is analogous to the 

pattern observed under similar conditions for ternary systems.61  
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4.1.3. Decorated Cerberus particles 

We observe several types of patterns where three of the surfactants macrophase 

separate into dominant features. The simplest case, found for ternary SAMs, is 

shown in Figure 34a.61 The Cerberus particle is the ternary analogue of a Janus 

particle, and we therefore named it after the Roman and Greek three-headed dog 

guardian of the gates to the underworld. 

Figure 34b shows a quaternary Cerberus NP that is decorated with a stripe of the 

shortest surfactant (shown in red) separating the three longest ones.62 We observe 

this particular pattern when the system has one short surfactant and three long 

ones (i.e. 3, 7, 8 and 9 beads) and the repulsion between unlike surfactants is low (a ij 

= 30). In this case, all three long surfactants compete to form an interface with the 

short one to maximize the free volume available for their tails to explore. The 

pattern directly underneath Figure 34b shows the possibility to control the width of 

the stripe formed by the short (red) surfactant. 

 

Figure 34 Decorated Cerberus patterns. Tails not shown. Red: short, blue: medium, 

green: long, and yellow: longest surfactant. a) through g) show different patterns, 

and the bottom rows show possible variations of those patterns. 

Figure 34c shows a Cerberus pattern in which the longest surfactant (shown in 

yellow) is separated from all others by the short one (shown in red), while the two 
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medium length surfactants (shown in blue and green) share an interface.62 This 

pattern also forms when there is one short surfactant in the system and three long 

ones (i.e. 3, 7, 8, and 9 beads) but when the interbead repulsion between unlike 

surfactants is high (aij = 65). In this case the system’s free energy is minimized by 

minimizing the number of interactions between the longest (yellow) and the two 

medium surfactants (blue and green). 

In Figure 34d the short surfactant (red) separates only the two longest ones (green 

and yellow). Both of these long surfactants have an interface with the medium one 

(blue).62 This pattern forms when the surfactants have an equal length difference 

(i.e. 3, 5, 7, and 9 beads) and the interbead repulsion between unlike surfactants is 

high (aij = 65). Since the medium surfactant (blue) is relatively short compared to 

the two longest ones (green and yellow), both of them gain conformational entropy 

by forming an interface with it. 

An analogous pattern to Figure 34d is shown underneath it. However, the 

arrangement of the surfactants is not the same between these two patterns. In this 

last case, there are three short and one long surfactant in the system (i.e. 3, 4, 5, and 

11 beads) and the interbead repulsion between unlike beads is high (aij = 65). In this 

case, the longest surfactant (yellow) maximizes its interface with the two shortest 

(red and blue), and also has a smaller interface with the second longest (green).62 

Figure 34e is similar to Figure 34d, with the difference that the stripe formed by the 

short surfactant (red) curves towards the longest (yellow) surfactant to increase the 

length of the interface between the two longest surfactants (in green and yellow) 

and the shortest one (in red). This pattern is obtained for SAMs formed by 

surfactants of symmetric lengths (i.e. 3, 5, 7, and 9 beads) and low interbead 

repulsion between unlike surfactants (a ij = 30). Therefore, this pattern occurs under 

similar conditions to Figure 34d, with the only difference that the interbead 

repulsion between unlike surfactants is smaller for Figure 34e, which is why the 

surfactants prefer to form a longer interface.62 A variation of this pattern is shown 

directly underneath it, in which the width if the stripe has changed. 
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In Figure 34f the short surfactant (shown in red) forms a single stripe inside the 

domain of the longest surfactant (shown in yellow).62 The stripe also has interfaces 

with the second longest surfactant (shown in green), but none with the medium 

surfactants (shown in blue). This pattern occurs for three short surfactants ( i.e. 4, 5, 

6 and 11 beads) when the interbead repulsion between unlike surfactants is low (aij 

= 30).  

Figure 34g is a sub-case of Figure 34f, in which the stripe of the short surfactant 

(red) becomes a fully closed circle creating a larger interface with the second 

longest surfactant (green).62 This case also occurs for three short surfactants and 

low interbead repulsion between unlike beads, but only for very short surfactants 

with respect to the NP radius (3, 4 and 5 beads long for the shortest surfactants, up 

to 9 beads long for the longest). 

4.1.4. Spotted particles 

Figure 35 shows spotted patchy particle for different numbers of surfactants in the 

monolayer. This type of pattern is found when the short surfactant (in red) is in 

excess (>50%) of the other ones. The longest surfactants form circular 2D micelles – 

spots – that are dispersed in a continuous matrix of the short one.58,61,62 The number 

and size of the spots can be modified as shown in the bottom row of Figure 35. 

 

Figure 35 Spotted particles. Tails not shown. Red: short, blue: medium, green: long, 

and yellow: longest surfactant. a) Binary, b) ternary and c) quaternary spotted 

particle. The bottom row shows possible variations for the patterns showed on the 

top row. 
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4.1.5. Tetrahedral particles 

Figure 36 shows a quaternary patchy particle with tetrahedral symmetry in the SAM 

pattern. We refer to this particle as a tetrahedral particle.62 This pattern minimizes 

the interface between all surfactant pairs. Moreover, the three longest surfactants 

(shown in blue, green and yellow) all have an interface with the shortest surfactant 

(shown in red in Figure 36a). When viewed from the top, this particle looks exactly 

like a Cerberus particle found in the ternary systems61 as shown in Figure 36b. The 

tetrahedral particle forms in cases when the surfactants are very long compared to 

the NP radius (i.e. all surfactants are at least 10 beads long, for a NP radius of 4), but 

the length difference between the four surfactants is relatively small (no more than 

six beads difference between the shortest and longest surfactants).62 

 

Figure 36 a) Top and b) bottom view of a tetrahedral particle. Tails not shown. Red: 

short, blue: medium, green: long, and yellow: longest surfactant.  

4.1.6. Brahma particles 

Figure 37 shows a patchy particle with the SAM separated into equal quadrants; we 

refer to this particle as the Brahma particle,62 in reference to the Hindu god of 

creation who is traditionally depicted with four heads. Here the surfactants again 

separate without forming stripes, but now each surfactant forms an interface with 

only two of the others. The two longest surfactants (shown in yellow and green) do 

not share an interface, and both form an interface with the two shortest surfactants 

(shown in red and green). This pattern forms when the SAM is comprised of two 
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short and two long surfactants (i.e., the surfactants are 5, 6, 13 and 14 beads long 

respectively, for a NP of radius 4). 

 

Figure 37 Brahma particle. Tails not shown. Red: short, blue: medium, green: long, 

and yellow: longest surfactant. 

4.2. Validation of results 

The DPD patterns were validated by running less coarse-grained MD simulations for 

a few key systems. The comparison of the DPD and MD results is shown in Figure 

38. Figure 38a and b show the reproduction of the Cerberus and alternating stripes 

patterns using MD simulations, and Figure 38c and d show the reproduction of the 

tetrahedral and Brahma patterns. There is good agreement between both simulation 

methods.  

 

Figure 38 Comparison of DPD (top row) and MD (bottom row) patterns for ternary 

and quaternary SAMs. Ternary patterns for a) low and b) higher interbead 

repulsion, and quaternary patterns for c) low and d) higher interbead repulsion 

between unlike surfactants. DPD tails not shown. MD tails shown. Red: short, blue: 

medium, green: long, and yellow: longest surfactant. 
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4.3. Patchy patterns on flat surfaces and 

cylinders 

 

Figure 39 Comparison of ternary and quaternary patterns on spheres (top row), 

cylinders (middle row) and flat surfaces (bottom row). Ternary patterns for a) low 

and b) higher interbead repulsion, and quaternary patterns for c) low and d) higher 

interbead repulsion between unlike surfactants. Red: short, blue: medium, green: 

long, and yellow: longest surfactant. Tails not shown. Not drawn to scale. 

Figure 39 shows some key ternary and quaternary patterns reproduced on 

cylinders and flat surfaces. The cylinders have a radius of 4σ and a length of 24σ, and 

the flat surfaces are 24σ x 24σ. For both ternary patterns (Figure 39a alternating 

stripes, and Figure 39b striped Janus) we see perfect agreement between the 

patterns formed on all geometries. There are some discrepancies for the quaternary 

patterns, especially for the stripes pattern shown in Figure 39d. For spheres, we see 

that the yellow and blue surfactants are separated on both hemispheres of the NP, 
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and therefore they do not share an interface. However, for cylinders and flat 

surfaces this is no longer a possibility, because of the continuity of the pattern due 

to periodic boundary conditions. Therefore, we see some interfaces on the cylinder 

and flat patterns (like the blue-green interface seen on the rightmost cylinder) that 

were not necessary on a sphere. However, for all quaternary geometries we see a 

marked preference for the shortest (red) surfactant to form interfaces with the two 

longest (green and yellow), and for the longest (yellow) not to form interfaces with 

the second longest (green). 

To verify that size effects were not playing a role in the patterns found, we also 

performed simulations for L = 50σ and L =100σ, and compared them to the results 

from using L = 24σ. The results for ternary flat surfaces are shown in Figure 40, in 

which we can see that the pattern remains the same regardless of the size of the 

system, but the stripes become disordered with larger system size. This 

phenomenon has also been observed for spheres with both binary58 and ternary61 

monolayers previously. 

 

Figure 40 Ternary patterns for large systems size in flat surfaces. Top row: L = 24σ; 

bottom row: L = 50σ. Ternary patterns for a) low and b) higher interbead repulsion 

between unlike surfactants. Red: short, blue: medium, and yellow: longest 

surfactant. Tails not shown. Not drawn to scale. 
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4.4. Comparison of binary, ternary, and 

quaternary SAMs 

Some of the results found for quaternary MPMNPs have relatively low symmetry. To 

understand this unexpected behavior, we compared those patterns with those found 

for binary and ternary NPs in Figure 41. We discussed previously how the Cerberus 

and Brahma particles are the ternary and quaternary equivalents, respectively, to 

the Janus particle found for binary MPMNPs. In Figure 41 we also show how the 

Janus pattern is the base for most of the patterns found on ternary SAMs, and the 

Cerberus pattern is the base for most of the patterns found on quaternary SAMs. Of 

course, there are exceptions to this behavior, like the alternating stripes pattern on 

ternary61 SAMs and the tetrahedral, Brahma and decorated stripe patterns on 

quaternary SAMs.62  

 

Figure 41 Comparison of binary, ternary and quaternary patterns found on 

MPMNPs. Tails not shown. Red: short, blue: medium, green: long, and yellow: 

longest surfactant. 
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As shown in Figure 41, for binary MPMNPs the base pattern is a NP coated by a 

single surfactant (Figure 41a), and this can only be decorated with stripes on one 

side of the pattern (Figure 41b). However, when we move to ternary MPMNPs, we 

increase the number of possible options. In this case, the base pattern is a Janus 

particle (Figure 41c), which can be decorated with a single stripe separating the two 

sides of the Janus particle to form a Neapolitan particle (Figure 41d), or stripes in 

either one (Figure 41e) or two (Figure 41f) sides of the NP. In doing this, certain 

symmetries in the patterns are broken. For example, the Neapolitan pattern (Figure 

41d) and the Janus pattern with stripes on both sides (Figure 41f) have higher 

symmetry when the difference in tail lengths is disregarded. The least symmetric 

pattern for ternary MPMNPs is the striped Janus NP (Figure 41e), where there are 

stripes on only one side of the NP. 

In the case of quaternary MPMNPs, the introduction of the fourth surfactant further 

increases the number of possible patterns that can be constructed. The base pattern 

now is a Cerberus particle (Figure 41g), which is further decorated by the addition 

of the fourth surfactant. Analogous to the formation of Neapolitan particles (Figure 

41d) for the ternary case, a stripe may separate all sides of the Cerberus particle 

(Figure 41h), or only two sides of the Cerberus particle (Figure 41i), or even just one 

side (Figure 41j). With each of these patterns, the symmetry successively decreases. 

Similarly, we found a quaternary pattern in which there are stripes only on one side 

of the NP (Figure 41k), and thus two sides without stripes.  

However, instead of a Cerberus particle with stripes on two sides, which would be 

the quaternary equivalent of Figure 41f, we find a Janus particle with stripes on both 

sides (Figure 41l). In this case it is symmetry that drives the system to form this 

Janus particle with stripes on both sides, instead of forming a Cerberus pattern with 

stripes on two sides and one stripe-less side. In the previous cases (Figure 41h-k) 

there was no option that offered more symmetry to the system, so the asymmetric 

patterns formed instead.  
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With this, it becomes clear that introducing additional surfactants in the monolayer 

is a way of introducing additional anisotropy to the resulting MPMNPs. Since higher 

anisotropy of the patterns can guide increasingly more complicated assemblies of 

NPs, this approach to produce anisotropic building blocks could provide a novel 

route to obtain higher order structures not possible with high symmetry NPs.  
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Chapter 5. Rules for the design of patchy 

particles 

In this chapter we present the phase diagrams from varying all possible parameters 

of the MPMNP for ternary and quaternary SAMs. This explains in greater detail the 

reasons why the patterns shown in Chapter 4 are formed. We look at the effect of 

changing the radius of the NP, the degree of immiscibility between unlike 

surfactants, the stoichiometric composition of the SAM, and the length difference 

between unlike surfactants. All these parameters have direct correlation with 

relatively easy to control experimental parameters. The goal is to provide a design 

rules to guide future experiments and simplify the selection of the necessary 

parameters to obtain the desired pattern. The phase diagrams also show the 

robustness of the patterns, meaning that for each desired pattern there is a range of 

the parameters in which the pattern occurs.  

5.1. Effect of nanoparticle size and degree 

of immiscibility 

The effects of NP radius and interbead repulsion for ternary SAMS are studied in 

Figure 42. Unlike surfactants separate without forming stripes for the smallest NP 

radius studied.  When the curvature of the NP provides enough free volume for 

surfactant tails to explore, the possible entropic gains from stripes are not enough to 

overcome the energetic penalties. The analogous effect is observed for binary 
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systems, where a Janus particle forms for smaller NP radius.60 As seen in Figure 42, 

for ternary systems a Cerberus particle is formed when the three surfactants adopt 

the minimum interface possible between them. 

As NP radius increases, the surfactants arrange themselves into stripped patterns. 

For the conditions of Figure 42, the short surfactant (red in the Figures) is always 

between the long (yellow) and medium (blue) ones, providing enough length 

difference to support the formation of the stripes. 

For smallest interbead repulsion (aij = 30), a pattern with Alternating Stripes is 

formed. In this pattern, the medium and long surfactants form alternating stripes 

with the short one always in between them. As NP radius increases, this pattern 

evolves from ordered to disordered stripes, as observed in Figure 42 for a NP radius 

= 8. From the Alternating Stripes pattern it is evident that the entropic gains are 

only enough to form stripes when either the long or medium combine with the short 

surfactant. However, the entropy gain from stripes formed between the medium and 

the long are not enough and therefore these types of stripes are not seen. Since the 

length difference between the short and the medium, and the medium and the long 

is the same (3 beads) (and therefore the gain in free volume is the same), but stripes 

are only seen for the first case, it becomes evident that the relative length of the 

surfactants with respect to the NP radius is also an important factor in the formation 

of stripes. This effect will be discussed in the next section. 

For higher interbead repulsion (aij > 30), different stripped patterns appear. The 

Cerberus particle transitions into a Neapolitan particle, where three stripes are 

formed. In this pattern the long and medium surfactants occupy the two poles of the 

NP, while the short surfactant forms a single stripe in between them. As the NP 

radius increases, the short surfactant begins to form stripes with the long surfactant 

on one face of the NP while the medium length surfactant remains separated on the 

other face, forming a Stripped Janus particle. The long and short surfactants behave 

like they would on a binary system, with increasing number and disorder of stripes 

as the NP radius increases.9 
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Figure 42 Effect of interbead repulsion vs. NP radius on ternary SAMs. Tails not 

shown. Length of surfactants is 3 (red), 6 (blue), and 9 (yellow) beads. Composition 
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of SAM is 1:1:1. NPs not drawn to scale. Radius of NPs in top row is eight times that 

of bottom row. Interbead repulsion increases from 30 to 365 from left to right. 

Different patterns are highlighted in shadowed regions. For systems highlighted by 

red rectangle, effect of surfactant length SAM stoichiometry has been shown in 

Figure 47 and Figure 48 respectively. 

 

Figure 43 Effect of NP radius on quaternary SAMs for fixed surfactant lengths. The 

NP radius is varied from 1 to 7, and the interbead repulsion between unlike beads, 
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which controls enthalpic immiscibility, is varied between 30 and 365. NPs not shown 

to scale. Tails not shown. Red: short, blue: medium, green: long, and yellow: longest 

surfactant. 

Increasing interbead repulsion increases the energetic penalties for forming stripes. 

A smaller radius of curvature (i.e. less available free volume for the tails) is needed 

before the striped patterns are favored. This means that as the interbead repulsion 

increases, the transition from Cerberus to Neapolitan to Striped Janus requires 

higher increments in the NP radius to occur.  

Figure 43 shows the effect of varying the same parameters for quaternary SAMs. 

The trends are similar to those found for ternary SAMs. For smallest radius the 

surfactants macrophase separate into a tetrahedral particle. As the radius of the NP 

increases, stripes begin to form as it becomes necessary to increase the interface 

between surfactants of different lengths to maximize conformational entropy gains.  

Analogous to the Neapolitan pattern for ternary SAMs, the four-striped pattern 

emerges for quaternary SAMs. Largest NP radius and small interbead repulsion 

force the maximization of the interface length, eventually resulting in a Janus NP 

with alternating stripes on one side and simple stripes on the other side. Highest 

immiscibility between unlike particles results again in macrophase separation, by 

the formation of decorated Cerberus patterns. 

5.2. Effect of surfactant length 

Figure 44 shows the effect of surfactant length on the formation of ternary patterns. 

A tridimensional space was studied, where the length of each surfactant 

corresponds to each dimension. In Figure 44a, a view of the effect of the length of 

the short and medium surfactants is shown, and the axis corresponding to the long 

surfactant is not presented. For relatively short surfactants with respect to the NP 

radius, a Striped Janus particle is observed. As the length of the surfactants 

increases with respect to the NP radius, the system evolves to Neapolitan and 
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Cerberus particles. The stripes are lost because the length difference between the 

surfactants does not provide enough entropic gains to overcome the high energetic 

penalties due to having long chains of unlike beads forming interfaces. This is the 

same effect observed in Figure 42, where given the same length difference between 

two surfactants, only the smaller ones (short, 3, and medium, 6 beads) formed 

stripes, whereas the longer ones (medium, 6, and long, 9 beads) did not.  

 

 

Figure 44 Effect of surfactant length on ternary SAMs. a) Length of short surfactant 

vs. length on medium surfactant. Dots represent data points simulated for different 

surfactant lengths and the patterns obtained are presented according to the coloring 

of Figure 1. b) through d) Length of medium surfactants vs. length of long 

surfactant. b) through d) are side views of planes highlighted by red squares in a), 

after adding a third axis representing the length of the long surfactant. NPs have 
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radius 4. Stoichiometry of SAM is 1:1:1. Interbead repulsion is 15. Length of the 

short surfactant is b) 3, c) 6, and d) 10 beads. Length of medium and long 

surfactants are varied along the axis in the figures. The black arrows represent the 

side from which the figures are viewed in a). In b) through d), line 1 corresponds to 

the case with two short surfactants and one long, with only a one bead difference 

between the short and medium surfactant. Line 2 represents the case when the 

difference in number of beads between the short and medium surfactant is equal to 

the difference in number of beads between the medium and the long. Line 3 

represents the case when there are two long surfactants in the system, with the 

difference between the medium and the long being only one bead. Tails not shown. 

Figure 44b through c show planes perpendicular to the one shown in Figure 44a, 

corresponding to the red rectangles. In them, the patterns obtained as a function of 

length of the medium and long surfactants are shown, keeping the length of the 

short surfactant constant in each case. Three different cases were studied for each 

plane, corresponding to the numbered lines in the figures.  

 

Figure 45 Striped Janus particles. a) Short (red) and long (yellow) surfactants form 

stripes, while medium (blue) separates. No interface between medium and long. b) 

Same as a), but with interface between medium and long surfactants. c) Short 

surfactant forms stripes on both sides of Janus particle. Tails not shown. 

The first case, Line 1, is parallel to the long surfactant axis. The length of the medium 

surfactant is kept constant at just one bead longer than the short surfactant, as the 

length of the long surfactant is increased to up to eight beads longer than the short 

one. The net effect of this case is a SAM formed by two short surfactants and a long 

one. For short surfactants (Figure 44b) a one bead difference is still enough to 

stabilize the formation of stripes. But as the length of the surfactants increases (c 

and d), Cerberus particles are formed. In this last case, for a NP of radius 4, 

surfactants of 10, 11, and 12 beads act essentially as same length surfactants and 

they separate to minimize the interface between them. Moving from left to right 
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along Line 1, Striped Janus particles begin to appear as the long surfactant grows. 

However, unlike the cases previously studied (Figure 45a), this time an interface 

between the long and medium surfactant is generated, without the need for the 

short one in between them (Figure 45b). This occurs as the medium surfactant 

becomes short enough with respect to the long one to offer enough gain in the free 

volume to justify the formation of stripes.  

The second case, Line 2, corresponds to the same length difference between the 

short and medium, and the medium and long surfactants. Alternating Stripes are 

formed when the surfactants are short relative to the NP radius (b), but as they 

grow in length this pattern is lost, turning into Striped Janus (c) and finally 

Neapolitan particles (d). 

 

Figure 46 Effect of surfactant length on quaternary SAMs. Tails not shown. Red: 

short, blue: medium, green: long, and yellow: longest surfactant. 
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The last case, Line 3, shows the case when the length difference between the long 

and medium surfactant is only one bead, essentially acting as two long surfactants 

and one short. A behavior very similar to the one of Line 1 is observed. However, in 

this case the short surfactant always needs to be in between the other two. Also, the 

Janus particle has now stripes on both sides, instead of only one (Figure 45). Since 

the length difference between the long and medium is only one bead, the entropic 

gains from forming stripes with either one of them are very similar so stripes form 

on both sides. Once again, this effect is lost as the surfactants become too long with 

respect to the NP radius, with the number of stripes decreasing in (c), and a 

Neapolitan particle in (d). 

An equivalent study to the one presented in Figure 44 was conducted for quaternary 

surfactants. However, because the phase space becomes even larger for quaternary 

surfactants and impossible to represent in two dimensions, the results are 

summarized as shown in Figure 46. Four different cases were considered for the 

quaternary surfactants: one short (i.e. 3, 10, 11 and 12 beads), two short (i.e. 3, 4, 11 

and 12 beads), three short (i.e. 3, 4, 5 and 12 beads), and symmetric length 

differences (i.e. 3, 6, 9 and 12 beads) between surfactants. The results for each case 

are shown in Figure 46 for low and high immiscibility. On the case of the two short 

surfactants in which two patterns are shown for both low and high immiscibility, 

the transition from the leftmost (decorated Cerberus) to the rightmost (Brahma 

particle) occurs as the overall length of the surfactants increases with respect to the 

NP radius. 
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5.3. Effect of self-assembled monolayer 

stoichiometry 

 

Figure 47 Effect of SAM stoichiometry on ternary MPMNPs. Only head beads 

shown. NPs have radius 4, and length of surfactants is 3, 6, and 9 beads. Interbead 

repulsion is a) 30 and b) 65. Color shadows in background represent the surfactant 

in highest concentration in SAM. Tails not shown. 
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Figure 48 Effect of SAM stoichiometry on ternary MPMNPs. Only head beads 

shown. NPs have radius 4, and length of surfactants is 3, 6, and 9 beads. Interbead 

repulsion is a) 30 and b) 65. Color shadows in background represent the surfactant 

in highest concentration in SAM. Tails not shown. 

For fixed NP radius = 4 and length of surfactants (3, 6, and 9 beads), the effect of 

SAM stoichiometry on ternary MPMNPs is presented in Figure 48. For interbead 

repulsion = 30 (Figure 48a), the Alternating Stripes pattern is observed around the 

1:1:1 critical composition of the SAM. When the concentration of one surfactant is 

>70%, the patterns present 2D-micelles instead of stripes (Figure 49). When either 

the medium or long surfactants are in the highest concentration, a Janus particle is 
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formed with 2D-micelles of the short surfactant dispersed into the surfactant that is 

present in the highest concentration (Figure 49b and b). When the short surfactant 

is in the highest proportion, then the other two form 2D-micelles dispersed in a 

continuous matrix of the short surfactant (Figure 49a). In this case, the entropic 

gains achieved by the creation of additional interfaces with the short surfactant are 

enough to stabilize this pattern. For the cases when there are only two surfactants 

present in the SAM, stripes are formed also for stoichiometries where the relative 

concentration of the surfactants is similar. If one of them is in excess, 2D-micelles 

will be formed except for the case where there is no small surfactant present. In this 

case, Janus particles are formed, and even for near 1:1 stoichiometries the stripes 

formed are much thicker than the ones formed in all other cases. This is due to the 

effects of surfactant length as previously discussed. 

 

Figure 49 Patterns of 2D-micelles, obtained for concentrations >70% of a) short, b) 

medium, and c) long surfactant. Tails not shown. 

For higher interbead repulsion (Figure 48b), the Striped Janus pattern is always 

observed. For very low concentrations of the small surfactant (10%) a Neapolitan 

particle is formed with a very thin stripe of the small surfactant separating the other 

two. When there is no small surfactant present, the other two form a Janus particle 

with no stripes. In this case, the relative length of the two surfactants with respect to 

the NP radius becomes too high, and no stripes are formed. 

For quaternary SAMs, the stoichiometric variations of the monolayer are now 

represented as a pyramid, instead of a triangle. The results are shown in Figure 50 

for low and Figure 51 for higher interbead repulsion between unlike surfactants. 
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Figure 50 Effect of SAM stoichiometry on the quaternary patterns as shown via 

ternary phase diagrams for fixed but increasing concentration of short (red) 

surfactants, in the limit of weak immiscibility between unlike surfactants (aij = 30). 

Concentration of short surfactant is varied from 10% on the leftmost triangle to 

70% on the rightmost triangle. Tails not shown. Red: short, blue: medium, green: 

long, and yellow: longest surfactant. 

 

Figure 51 Effect of SAM stoichiometry on quaternary patterns as shown via ternary 

phase diagrams for fixed but increasing concentration of short (red) surfactants, in 
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the limit of strong immiscibility between unlike surfactants (aij = 65). Concentration 

of short surfactant is varied from 10% on leftmost triangle to 70% on the rightmost 

triangle. Tails not shown. Red: short, blue: medium, green: long, and yellow: longest 

surfactant. 

5.4. Summary of design rules 

We can summarize our findings as general design rules for patchy particles made 

from quaternary (four-component) SAM MPMNPs: 

 Patchy particles with tetrahedral symmetry can be obtained by using the 

smallest NP radius possible, or by increasing the overall size of the four 

surfactants with respect to the NP radius, so as to optimize for “bulk” phase 

separation in lieu of microphase separation. 

 Brahma NPs can be produced by using two long and two short surfactants so 

that there is no interface between the two longest surfactants and the two short 

ones assemble between them. 

 The decorated Cerberus patterns can be obtained by various combinations of 

surfactant length and immiscibility between unlike surfactants, playing off phase 

separation and microphase separation unequally between different surfactant 

pairs: 

o Cerberus particles analogous to those predicted for ternary MPMNPs61 

but with simple decorations between the three main domains of the NP 

can be obtained when there is one short surfactant and three longer ones; 

o Modified Cerberus particles in which three surfactants form three parallel 

stripes, and the fourth forms one perpendicular stripe on a pole of the NP 

can be obtained for symmetric length differences between surfactants 

when the overall length of the four surfactants is long with respect to the 

NP radius; or for three short surfactants when the unlike surfactants are 

strongly immiscible; 
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Figure 52 Summary of design rules and patterns for MPMNPs. Tails not shown. 

Red: short, blue: medium, green: long, and yellow: longest surfactant. Particles not 

drawn to scale. The base case has a 1:1:1:1 stoichiometry, with symmetric length 

diference between surfactants (3, 6, 9 beads for ternary; 3, 6, 9, and 12 beads for 

quaternary) on a NP of radius 4. In the cases when there are two images per case 

(e.g. Ternary base case) the leftmost image corresponds to weak immiscibility 

between unlike surfactants (aij = 30) and the rightmost corresponds to strong 

immiscibility between unlike surfactants (aij = 65). Shadowed in gray are cases that 

do not apply, based on the number of surfactants available. 
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o A Cerberus particle in which there are stripes in one of the three domains 

can be made using three short and one long surfactant, with weak 

immiscibility between unlike surfactants. 

 Striped particles can be achieved for weak immiscbility between unlike 

surfactants, and can be further complicated by increasing the NP radius, going 

from a simple system of four stripes all the way to a decorated Janus NP with 

stripes on both sides of the NP. 

 Modifying the stoichiometric composition of the SAM allows one to tune the 

coverage of each surfactant on the surface of the NP for some of the previous 

patterns, except for the cases when the small surfactant is in excess of 50%, 

which produces a spotted pattern of 2D micelles. 

These design rules are summarized in Figure 52 for binary, ternary and quaternary 

SAMs. Examples of the application and usefulness of these design rules follows. 

5.5. Application of design rules in the 

formation of new patterns and the study of 

monolayers formed by mixtures of five or 

more surfactants 

Imagine that we would like to produce a decorated Cerberus NP with stripes on the 

three sides of the Cerberus. This pattern did not emerge naturally from the 

combinations of parameters for quaternary SAMs that were studied in this Chapter. 

However, we now from ternary SAMs that a Janus NP with stripes on both sides can 

be obtained when there are two long surfactants competing to form interfaces with 

the short one. Therefore, we can assume that we need three long surfactants (of 

very similar length difference), and one short one. This makes sense because when 

we look of this case in Figure 46 for low interbead repulsion, we see that the pattern 
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form is the closest one to our desired pattern, we only need to add the additional 

stripes in each side of the Cerberus particle. We can also assume that since the short 

surfactant will be creating stripes with the other three, we need it to be in a higher 

stoichiometric ratio, probably close to 3:1:1:1. Based on these heuristics, we 

simulated the desired system and the result is presented in Figure 53. 

 

Figure 53 Decorated Cerberus NP with stripes on the three sides. Short surfactant 

shown in red; longest surfactants shown in blue, green and yellow. Tails not shown. 

An analogous reasoning can be applied to any other pattern that may be produced 

as a combination of the design rules presented in this Chapter. This includes the 

extrapolation of these design rules to nanoparticles coated with mixture of five or 

more surfactants, which have not been explicitly studied so far. However, just as 

adding a third surfactant allowed for the formation of decorated Janus patterns, and 

the addition of a fourth surfactant allowed the formation of decorated Cerberus 

patterns, increasing the number of surfactants to five, for example, allows the 

formation of decorated tetrahedral patterns as shown in Figure 54a. The top image 

in Figure 54a shows all five surfactants, and the two images directly below it show 

side views that allow to identify the pattern easier (since in Figure 54a it’s difficult 

to spot all five surfactants, only small regions of the yellow, blue and purple patches 

are showing). 
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Figure 54 Decorated quaternary patterns formed using monolayers of five 

surfactants. a) Decorate tetrahedral pattern, images below the top row show 

different views from the same pattern. b) Janus particle with alternating stripes on 

both sides. c) Five striped particle. Surfactant colors (from shortest to longest): red, 

blue, green, purple, and yellow. Tails not shown. 

Figure 54b shows a particle with two types of alternating stripes separated on two 

hemispheres of the NP, similar to a decorated Janus particle. On the right side, the 

second shortest (blue, 6 beads) and second longest (purple, 12 beads) surfactants 

for alternating stripes while remaining separated from each other by the short (red, 

3 beads) surfactant. On the other side of the Janus, the medium (green, 9 beads) and 

longest (yellow, 15 beads) surfactants also form alternating stripes. This 

distribution of the surfactants was to be expected, since in both cases the length 

differences are maximized (6 to 12 beads on the right, and 9 to 15 beads on the left). 

To achieve this pattern, a higher concentration of the short surfactant is necessary 

(3:1:1:1:1). 

Finally, Figure 54c shows a pattern in which most surfactants form stripes, while the 

yellow and longest maximize interface on one hemisphere of the NP by forming 

small 2d-micelles of the shortest (red) surfactant inside a continuous matrix of the 

longest (yellow). The other surfactants arrange themselves in a way that the second 

longest surfactant (purple) shares an interface with the two shortest (red and blue). 
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As shown in Figure 54, understanding the effect of adding additional surfactants to 

the system (ternary and quaternary monolayers) allows predicting the behavior of 

monolayers with multiple surfactants (five or more) without the need to perform 

exhaustive phase-space studies. Since each time an additional surfactant is added to 

the system the possible combination of parameters increases exponentially, it is no 

longer practical to study larger systems extensively. It is more efficient to utilize the 

knowledge garnered from ternary and quaternary monolayers to identify the range 

of parameters that more closely resemble the desired pattern, and then study in 

detail a much more constrained phase-space until the desired pattern is perfected.  
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Chapter 6. Crystallization of surfactants 

of self-assembled monolayers 

Janus nano- and micro-particles are currently under intense investigations because 

of their unique assembly and physico-chemical properties, as well as many potential 

applications. Unfortunately, mostly at the nanoscale, there are only complex 

procedures intrinsically limited to low yields to produce Janus nanoparticles. 

Obviously this limits their potential. Monodisperse Janus NPs based on mixed self-

assembled monolayers were synthesized by the Stellacci group using a one-step 

one-phase method. The results were confirmed by scanning tunneling microscopy, 

transmission electron microscopy, nuclear magnetic resonance and molecular 

dynamics simulations. By tuning the length difference and composition ratio of 

binary mixtures of suitable ligand molecules of different lengths, the surface 

morphology of the resultant NP is varied in a controlled manner. The ease and 

efficiency of this method to synthesize small Janus nanoparticles (< 10 nm) as well 

as its scalability and versatility to include various functionalities make it a powerful 

candidate to become the main approach to achieve Janus nanoparticles.  

6.1. Introduction 

Janus particles can have different shapes, including dumbbell-like,64 acorn-like,65 

half raspberry-like66 or snowman-like particles67 and be produced with different 

materials such as dendritic macromolecules,68 block-copolymers micelles,69 or 

inorganic materials.70 The asymmetry of Janus particles makes them useful for a 
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wide range of applications. They can be used like surfactants and stabilize oil-in-

water or water-in-oil emulsions via the Pickering effect.71 The emulsions stabilized 

by Janus particles have been shown to be more stable than those stabilized by 

homogenous particles due to the higher absorption energy72,73 making them 

suitable for applications ranging from water-based paints to heterogeneous 

nanocatalysis.74 Janus particles can also be used in electronic displays,75 

nanomotors,76,77 drug or gene delivery78 or as building blocks for more complex 

suprastructures such as supracrystals or molecular colloids.1,79,80  

Various strategies have been used to produce Janus particles. These include 

approaches such as toposelective surface modification (or masking), template-

directed self-assembly, controlled phase separation or controlled surface 

nucleation.81-83 However, methods to obtain small (<10 nm) nanoparticles (NPs) are 

scarce. The majority of the methods for micron-sized or hundreds of nanometer-

sized Janus particles are excellent in terms of morphology control and yield, but 

they have not been shown to scale to small (10 nm and smaller) NPs.83-89 The few 

available methods to obtain small Janus NPs normally involve complex procedures 

involving multiple-step synthesis. Most methods cannot be considered truly bulk 

syntheses and hence have a limited yield because they use surfaces as masks.81 To 

the best of our knowledge none has the ability to produce large quantities of Janus 

NPs in the way a direct synthesis could and it is evident that methods able to 

synthesize small Janus nanoparticles in an easy way and with high yield are a 

necessity nowadays. 

In 2004, Jackson, et al. discovered that 1-2 nm “ripples” or “stripes” formed on the 

surface of gold NPs when these NPs were coated with SAMs of binary mixtures of 

immiscible ligands.8,48 This finding was striking because similar ligand molecules 

were known to form domains on flat surfaces somewhat larger than the NPs (>5nm) 

themselves.90 Later, simulations (coarse grained as well as MD) demonstrated that 

the stripes result from a balance between an entropy-driven stabilization of the 

domain interface due to the gains in conformational entropy for longer ligands 
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surrounded by shorter ones, and enthalpy of phase-separation driven minimization 

of those interfaces.10 The Gibbs free energy of mixing Gmix=Hmix-TSmix is 

composed of an enthalpy part responsible for the phase separation of the two 

ligands, and an entropy term (–TSmix) that is negative as the entropy increases 

upon the mixing.  The entropy in this case can be separated into two parts, 

configurational entropy due to the distribution of ligands on the surface of the 

metallic core and conformational entropy due to the allowed conformations of 

individual ligands. In the case of self-assembled monolayers (SAMs) -and in general 

for any two-dimensional assembly, the latter term is directly proportional to the 

length of the interface, and hence can be further decomposed in an entropic term 

per unit length and a length term. Theoretical approaches, and further simulations  

have confirmed this interpretation at least in the case of similar monolayers on 

cylinders.91,92 When the total entropy balances the enthalpy, patchy NPs are 

produced (around the 1:1 composition these form striped-like domains). 

Simulations based on this reasoning have correctly predicted many experimental 

observations,10,60,93 and have predicted other morphologies that have yet to be 

found.61,62 Most notable of these are Janus morphologies, which were predicted to 

form on NPs of sufficiently small radius of curvature to allow for each ligand to 

explore a large enough cone angle such that the number of microstates accessible to 

the ligand far exceeded the free volume obtainable by the ligand when surrounded 

by shorter ligands. In this case the contribution of the interfacial conformational 

entropy to the free energy of mixing becomes negligible, and the enthalpic term 

dominates, leading to “traditional” demixing and the formation of Janus NPs. This 

prediction has been confirmed recently for NPs with diameters well below 3 nm.94-96 

However, these NPs difficult to synthesize in monodisperse samples, have limited 

stability, and in any case exist only in a very limited size range. 

The Stellacci group presented a novel route to produce monodisperse small Janus 

NPs (<10 nm) by direct one-step synthesis based on the aforementioned 

thermodynamic principles. Their approach strategically increases the enthalpic gain 

for phase-separation while simultaneously minimizing the conformational free-
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energy gain at interphases, thus leading to a morphology that tends to minimize 

interface length. This can be achieved using combinations of relatively long and 

short ligands so that (i) the strong tendency to crystallization for the long ligands 

increases the enthalpy driving force towards separation, and (ii) the large length 

mismatch between the two ligands leads to a ‘hanging’ part of the long ligand that in 

itself has a strong tendency to crystallize. The latter argument implies that for the 

‘extra length’ of the longer ligands the enthalpy of crystallization should exceed the 

interfacial conformational entropy (in absolute numbers). Together both arguments 

suggest a plausible strategy for the formation of Janus NPs. Two thiolate molecules 

were used initially, 1-dodecanthiol (C12) and 1-hexanethiol (C6). The length 

difference of six methylene groups is equivalent to a hexanethiol molecule (known 

to produce ordered domains on flat and curved surfaces97). As shown in Figure 55, 

NPs produced with a C12:C6 ratio of 2:1 (reaction stoichiometry) exhibit Janus 

morphology as observed by scanning tunneling microscopy (STM). This case was 

analyzed in detail through a systematic study with a variety of different ligand ratios 

and lengths. The Stellacci group further demonstrated the synthesis of Janus NPs 

with functional groups, extending their potential for a variety of applications.  

Figure 55a shows an STM image in an ultra high vacuum (UHV) Omicron system of 

NPs synthesized using a modification of the method described by Zheng et al.98 (a 

one-step, one-phase synthesis) and covered by a monolayer of C12:C6 2:1 (reaction 

stoichiometry). Each circular mushroom-like motif corresponds to an individual NP 

with an average size of 10.4±1.0 nm. The distribution of NP sizes determined 

through analysis of the STM images is presented in Figure 55e. This size is 

consistent with TEM results (see Supporting Materials, SM) that show an inter-

particle distance of 10.8±0.4 nm and a core size of 8.2±0.5 nm. These NPs tend to 

form a close-packed lattice, which is characteristic of monodisperse NPs. Most 

interestingly, a pronounced sub-NP feature is observed: each NP (in the specific 

image, most in generic images) is split into two parts, as illustrated by the cartoon in 

Figure 55c. This feature is further confirmed by STM results using a Veeco 

Multimode in air on the same sample, as shown in Figure 55b and d; these images 
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also show a clear patchy structure with C12 and C6 split into separated domains. 

The statistics on the surface-area ratio between the small patch (red section) and 

the whole NP based on both UHV and air STM results yield a value of 0.39±0.06 

(Figure 55f), which is only a little higher than the stoichiometry ratio of 2:1 (note 

though that the final ratio of C6:C12 tends to be smaller than the initial 

stoichiometry ratio of the reaction). As STM can only visualize the exposed surface, 

the higher measured ligand ratio could be due to the nanoparticles orientation 

exposing more of the C6 surface. 

 

Figure 55 a) A STM image of a Langmuir-Blodgett film of C12:C6 2:1 Janus NPs 

collected in UHV with an Omicron STM microscope and b) in air with a Veeco 

multimode both on the same sample. c) and d) are close views of a) and b) 

respectively, where the superimposed cartoon represents the surface morphology of 

the Janus NP with long C12 ligand section in yellow and short C6 ligand part in red. 

e) The size distribution of the Janus NPs. f) A statistical diagram of the ratio of the 

C6 size to the whole NP based on STM results. g) The front and backside of a 

C12:C6 2:1 NP obtained by MD simulation; red ligands correspond to C6 and 

yellow to C12. 
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We performed MD simulations for C12:C6 NPs at the same stoichiometry starting 

from a mixed ligand configuration. Figure 55g shows both sides of the simulated NP 

demonstrating phase-separation of the ligands into two large domains. Closer 

inspection shows how the long ligands tend to align in a parallel fashion, i.e. in a 

crystalline state while the short ones tend to be in a less order conformation, in 

agreement with what is known for self-assembled monolayers on flat97 and curved 

surfaces.24 This observation further supports the hypothesis leading to the choice of 

this pair of ligands. It can also be noticed that the ligands at the interface appear 

significantly less crystalline than those further away from the interface. This type of 

interfacial configuration of the ligands would result in a darker interface in STM 

images. Indeed we find a dark interface with a sizeable thickness in good agreement 

with the MD simulations Figure 55c and d. 

Interestingly, Janus NPs were not observed when the C12:C6 2:1 NPs were 

synthesized using one-phase synthesis with the reduction of HAuCl4 with NaBH4 in 

ethanol at 0°C. These NPs have only slightly smaller sizes but higher polydispersity 

(4.2±1.3nm) than the NPs produced using the Zheng method, suggesting an 

influence of the synthesis method on the final structure. This is not unexpected 

because different temperatures of synthesis and to a lesser extent different solvents, 

can lead to different equilibrium states, as recent studies suggest.99 

This approach to Janus NP synthesis has the potential for broad impact when one 

considers the large variety of existing functional ligands or ligands that could be 

further functionalized. Here, as an example, we have synthesized NPs composed of 

1-dodecanthiol (C12) and Hex-5-yn-1-thiol (C6yne). C6yne is formed by a 6-carbons 

chain with a triple bond at the end of the chain. This acetylene group can be used to 

attach one side of the NP to another system or to another NP with a direct reaction. 

C12:C6yne 2:1 also exhibits Janus morphology, as can be seen in the STM image 

(Figure 56a). Similar to the case of C12:C6 2:1, mushroom-like motifs with two 

different sides are observed, with the larger hemisphere corresponding to C12 and 

the smaller to C6y. The acetylene group has been used to bind the NPs using a direct 
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coupling catalyzed by CuBr. Because these groups are concentrated on one side of 

the NP, small clusters of NPs such as dimers are expected but not large aggregates. 

Figure 56b shows a TEM image of the nanoparticles after the binding showing the 

presence of many dimers and a few trimers. An analysis of the images show that 

around 75% of the clusters correspond to dimers, ~15% to trimers and fewer than 

10% to clusters of higher number, indicating the segregation of the acetylene groups 

to only one side of the NPs. 

 

Figure 56 a) STM image of C12:C6yne 2:1 NPs. b) TEM image of C12:C6y 2:1 after 

direct coupling. Blue circles show where the dimers have been identified. 

6.2. Effect of self-assembled monolayer 

stoichiometry  

To gain a better understanding of the separation phenomenon a series of C12:C6 

NPs with different ligand ratios were synthesized. The actual ratio of ligands on the 

NPs was been obtained by H NMR spectroscopy on the ligands after etching. The 

measured ratio showed a larger fraction of the longer ligand than the stoichiometric 

ratio used in the reaction. The observed fraction of Janus NPs relative to particles 

that have no discernable structure in STM images changes with the ratio of the 

ligands. Based on visual analysis of several STM images the samples were classified 

as: primarily Janus NPs (Full), roughly half Janus NPs (Half) and a small percentage 
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of Janus NPs (Few). Examples of these NPs can be seen in the Figure 57a, b and c 

respectively (the images for the NPs at all the different ligand ratios can be found in 

SM). Figure 57d shows the amount of Janus as a function of the molar fraction of C6 

(C6)).  

 

Figure 57 a)-c) STM images of C12:C6 NPs at different ligand ratios showing 

different yields of Janus nanoparticles. The duplicated images outlining the NPs 

have been added to easily identify the Janus Nanoprticles. a) STM image of NPs 

with χ(C6)=0.59 showing a high yield of Janus NPs. b) STM image corresponding to 

the NPs (χ(C6)=0.72) where roughly half of them are Janus. c) STM image 

corresponding to the NPs (χ (C6)=0.64) where only a few Janus can be found (STM 

image for other compositions can be found in the SM). d) Amount of Janus NPs 

visualized for the different NPs ratios classified in “full”, “half” or “few” depending 

on the amount of NPs visualized; The x-axis indicates de molar fraction of the C6 

ligand (χ (C6)) and in brackets the ligand ratio used for the reaction. e) MD 

simulations of C12:C6 at different ratios of 2:1, 1:1, 1:2 (C12 ligands in yellow and 

C6 ligands in red). 

The decrease in the percentage of Janus NPs at intermediate values of C6) can be 

explained by an increase in the interfacial entropy. As discussed, conformational 
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entropy increases linearly with the length of the interface. Hence as the 1:1 ratio is 

approached, it is reasonable to expect that this term becomes comparable to the 

enthalpy, leading to an instability of the Janus morphology, and consequent increase 

in the amount of interface. Simulations at this composition support this reasoning, 

showing fluctuating patterns similar to those of a system close to some critical 

instability. Figure 57e shows the equilibrium states from MD simulations of C12:C6 

nanoparticles at compositions 2:1, 1:1 and 1:2. As observed for the ratios 2:1 and 

1:2, there is a complete phase separation of ligands into Janus morphology while for 

the 1:1 composition we observe a higher degree of mixing with the formation of 

small irregular domains. The lack of any observable structure in STM images of 

C6)~0.5 (despite considerable efforts) further supports this interpretation. On the 

other hand decrease of the yield of Janus NPs at much higher values of C6) could 

be somewhat easier to explain if one accepts the simulations results of less ordered 

short ligands, then as the (C6) increases there will be a larger tendency for C6 to 

act as a ‘solvent’ for C12. When analyzing the plot in Figure 57d it is important to 

consider two additional factors that can also affect the results. First some of the NPs 

could adopt a vertical orientation (the interfacial line parallel to the surface) 

rendering the feature delineating the two phases invisible in STM images. Second a 

possible segregation of NPs could occur similar to the known segregation that takes 

place for NPs of different sizes100 so in the hypothetical case of a mixture of NPs with 

different surface structure it could happen that only areas of one kind are observed.  

Additional investigations for the 1:1 stoichiometry were performed, both through 

simulations and experiments. Since we were not able to observe the formation of 

Janus particles for a length difference of six carbons, we decided to increase that 

length difference and verify its effect on the crystallization of the ligands. Therefore, 

we studied the 1:1 stoichiometry for a NP coated with the following surfactant 

mixtures: C12:C5, C13:C6, and C15:C6. In all cases, we increased the length 

difference to more than six carbons. As shown in Figure 58, we obtained the desired 

Janus pattern for all three cases. These results confirm the idea that there is a 

competition between length of the interface and length difference between the 



 

 89 

surfactants that influences the type of pattern on the monolayer. For longer 

interface length, a longer length difference between the surfactants is required to 

stabilize the Janus pattern. 

 

 

Figure 58 Results from MD simulations of a NP coated with a monolayer of a) 

C12:C5, b) C13:C6, c) C15:C6 with a stoichiometric ratio of 1:1. 

As seen on Figure 58c, the longest surfactant (C15) separates into well-defined 

clusters that have different tilt angles. This result was expected, and previously 

observed for homoligand monolayers.24 We will further explore the effect of the 

length of the surfactants in the next section. 

6.3. Effect of length difference between 

surfactants  

As mentioned above, the phase separation of the ligand mixture occurs due to the 

length mismatch between the two ligands. This begs the question of what is the 

necessary length mismatch to produce Janus NPs. To answer this question, a 

systematic investigation of NP patterning by varying the length mismatch of the 

alkanethiols from eight to two methylene groups was performed both 

experimentally by the Stellacci group and by me through MD simulations. Figure 
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59a-d shows the STM images of NPs covered by different mixed alkanethiols with 

the general composition C12:Cn 2:1 with n=10,8,6 and 4, resulting in four length 

mismatches of 2, 4, 6, and 8 methylene groups, respectively. The results show 

separation of ligands in Janus NPs for the C12:C4 and C12:C6 NPs containing 6 and 8 

methylene groups difference in length, respectively. Non-Janus NPs are observed for 

the C12:C10 combination (2 methylenes length difference). MD simulations of NPs 

with a C12:C10 monolayer for different stoichiometric ratios also show that for this 

system phase separation in Janus does not occur at any of the ratios tested, showing 

a good agreement with the experimental results (Figure 59e). For C12:C8 NPs non-

Janus configurations were observed with only a small percent of Janus NPs (less 

than 2%). Other NPs with short length difference and shorter ligands (C8:C6 and 

C8:C4) also showed non-Janus morphology. The results show that a 6-carbon length 

mismatch is the minimum necessary to produce a complete formation of Janus NPs 

(for an all-alkane system). These results are also in good agreement, despite the 

difference in curvature, with what has been found for mixed SAMs of alkanethiols on 

flat surfaces.101 From a thermodynamic point of view the reduction of the length 

mismatch corresponds to a decrease of the enthalpy Hmix, as this is mainly the 

energy involved in the crystallization of the extra length of the long ligand, and a 

decrease of the conformational entropy of mixing as the number of microstates of 

the extra length is smaller for shorter chains. For the limit      both terms will be 

0 as the molecules are identical. On the other hand the conformational entropy of 

mixing remains independent on the length mismatch as it takes into account only 

the position of the ligands on the surface of the gold core. This means that the free 

energy has a term that tends to 0 and a term that remains negative so it necessarily 

has to became negative producing a complete mixture of the ligands bellow a certain 

value of   . On the contrary if we start from a small value of    where the ligands 

are mixed and we increase it, the enthalpic part per methylene group should be 

bigger than the configurational entropy per methylene so it reaches a moment 

where Gmix is positive giving rise to Janus nanoparticles. 
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Figure 59 STM images of Langmuir-Blodgett films of mixed ligand NPs. a) C12:C10 

2:1. b) C12:C8 2:1. c) C12:C6 2:1. d) C12:C4 2:1. The duplicated images with the 

superimposed cartoons have been added to help to identify Janus NPs. e) MD 

simulations of C12:C10 at different ratios of 2:1, 1:1, 1:2 (C12 ligands in yellow and 

C10 ligands in red) 

6.4. Effect of repulsion between 

surfactants  

The Stellacci group also synthesized particles coated with a mixture of alkane thiols 

(C14 or C12 specifically) and 6-Mercapto-1-hexanol (C6ol) or 4-Mercapto-1-butanol 

(C4ol), to produce hydrophobic/hydrophilic Janus NPs, as most of the theoretical 

predictions on unusual pickings focus on these types of particles. Figure 60a and b 

show the STM image of C14:C6ol 1:1 and C12:C4ol 1:1 respectively. Both NPs have a 

length mismatch approximately equivalent to a seven-methylene groups chain and 

show Janus morphology. This long mismatch, as well as the very well known 

tendency for C12 and C14 to form highly crystalline monolayers when on Au NPs is 

a strong driving force for the formation of Janus NPs, as shown in the STM images in 
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Figure 60. It should be pointed out that when the alkane ligand becomes shorter, 

then a weaker tendency to crystallize together with a stronger ability for C6ol to 

disrupt the interface lead to the formation of stripes in these types of particles, as 

previously shown using both STM and atomic force microscopy.90 Finally, it should 

be pointed out that STM images for these NPs show a preferential orientation for the 

NPs similar to one observed for all-alkane NPs. The reason for this orientation (with 

the Janus plane roughly perpendicular to the substrate plane) is not clear. Most of 

the experimental samples were produced via a Langmuir Schaefer approach hence 

we postulate that this may be due to ideal packing. This will be discussed in greater 

detail in 0. For these particles another type of packing was observed, much simpler 

to rationalize. Indeed, preliminary results on the STM images of C14:C6ol 1:1 seem 

to indicate that there are regions where the nanoparticles are oriented with the 

hydrophilic part facing up. This configuration is expected as the upper surface of the 

NP monolayer is the one that was in the contact with water during the monolayer 

formation on Langmuir trough. Figure 60c shows an example of a C14:C6ol 1:1 NP 

monolayer in which the hydrophilic parts of the NPs are facing up. Figure 60d shows 

a profile of one of those NPs in which the different parts can be appreciated.  

Figure 60e shows the result form a MD simulation of the same C14-C6ol system. 

Once more, the formation of a Janus particle through the crystallization of the 

ligands is demonstrated. In this case, the two driving forces acting in the system 

favor the macrophase separation of the unlike surfactants. On the one hand, the 

immiscibility between them drives them to separate. If the surfactants were smaller 

(like the cases presented in previous chapters), the length difference between the 

surfactants would make them form stripes to maximize conformational entropy. 

However, in this case the ligands are long enough that they have crystallized. 

Therefore, the conformational entropy gains are no longer relevant, and the stripes 

are no longer an energy minimizing pattern. Both the immiscibility and the 

crystallization of the ligands favor the formation of a Janus NP. 
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Figure 60. a) STM image of C14:C6ol 1:1 Janus NPs. b) STM image of C12:C4ol 1:1 

Janus NPs. c) STM image of C14:C6ol 1:1 Janus NPs with the C6ol path facing up. 

Inset shows one of this NPs with an inner circle corresponding to the C6ol and an 

external part corresponding to C14 d) Smoothen profile of the line in the inset of c). 

Points 1 and 2 correspond to the limit of the nanoparticle and the higher part in the 

middle corresponds to the C6ol patch. e) MD simulation of a C14:C6ol NP showing 

the formation of a Janus pattern with crystallized surfactants. Yellow: long, red: 

short. 

6.5. Effect of nanoparticle radius 

All previous simulation results shown in this Chapter were done on a spherical 

nanoparticle with a radius of 38Å. We verified the effect of varying the NP radius 

and the results are shown in Figure 61. It can be seen than changing the NP radius 

does not affect the Janus pattern formed on the monolayer, as was expected since 

the crystallization of the surfactants only depends on the length of the surfactant 



 

 94 

(i.e, sufficiently long surfactants crystallize on flat surfaces as well40). Furthermore, 

in Figure 61 we show how for small NP radius (28Å in this case), the clusters formed 

by the ligand tails become even more pronounced that they do for larger NP (48Å). 

This is again to be expected because of the increase on the radius of curvature of the 

NP. The NPs with larger radius resemble closest a flat surface, and it is well know 

that no such clusters are observed in flat surfaces. Indeed, for the limit when the NP 

radius   ∞, the tilt angles of the surfactants tend to align all in the same direction, 

as seen on Figure 61 (left). 

 

Figure 61 Crystallization of SAMs on NPs of radius 48Å (left) and 28Å (right). 

C12:C6 1:2. Yellow: long, and red: short surfactant. NPs no shown to scale. 

6.6. Summary 

Through collaboration with the Stellacci group, we have shown that SAMs of mixed 

alkanethiols with different length on gold nanoparticles can be used to produce 

Janus NPs through a novel one-step method with high yield. STM images of NPs at 

varying composition or ligand length mismatch are in good agreement with MD 

simulations.  In our opinion the phase separation in Janus morphology is likely due 

to the crystallization of the long ligands overcoming the configurational and 
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conformational entropy. Finally, Janus nanoparticles with acetylenes as functional 

groups were synthesized, demonstrating the formation of dimers as additional 

evidence of the two-sided Janus morphology and as a demonstration of the potential 

of this method to obtain a high yield of designer Janus NPs with tailored 

functionality. 
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Chapter 7. Crystallization of patchy 

particles 

In this Chapter we study the alignment and ordering of multiple patterned NPs 

assembled into two-dimensional monolayers. This study was inspired by the 

packing of Janus particles presented in Chapter 6. We first investigate this 

phenomenon through interaction and shape arguments. Afterwards, we utilize the 

sticky and repulsive interaction points of the patchy particles presented in Chapter 

4 and Chapter 5 to guide the self-assembly of those NPs into ordered structures.  

7.1. Alignment of Janus nanoparticles 

As shown in Chapter 6, it was observed experimentally that the Janus NPs always 

arranged in the same manner when assembled into a Langmuir-Blodgett film. The 

particles showed a closed-packing configuration, and the patches of long surfactants 

were all pointed in the same direction. The only exception occurred when one the 

surfactants was terminated with an alcohol group, in which case that side of the 

Janus NP was always exposed to the water (Figure 60). In this section we investigate 

the forces that are acting between the Janus NPs that cause them to arrange in this 

fashion. 
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1.1.1 Interactions between two NPs 

We first simulated just two NPs adjacent to each other. The particles were initialized 

with their patches pointing in the same direction (Figure 62a left) and opposite 

directions (Figure 62b left). The particles are treated as rigid bodied, and allowed to 

move freely in a very small box that forces them to interact with each other in all 

dimensions. The non-bonded interactions between surfactants were the same used 

to generate the Janus patterns in Chapter 6. The rightmost images from Figure 62 

show the final configurations of the NPs. We observe a tendency of the patches of 

long (yellow) surfactant to point towards the short (red) surfactant of the other NP. 

We also note a tendency for the NPs to maximize the contact points between them, 

i.e. instead of minimizing contact points as shown in Figure 62a left, they rotate with 

respect to each other to increase the shared surface between them as seen in Figure 

62a right. We believe this is due in part to the attractive term of the Lennard-Jones 

potential acting between the alkane chains. 

 

Figure 62 Initial (left) and final (right) configurations for two Janus NPs initialized 

with the long surfactant (yellow) patches pointing in a) the same and b) opposite 

directions.  
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7.1.1. Assembly of multiple NPs 

To verify the preliminary results presented in Figure 62, we simulated the self-

assembly of 6x6 Janus NPs uniformly distributed in a square box. The Janus patterns 

were frozen on the NPs using the rigid bodies constrain, and the NPs were trapped 

between two walls to keep them restrained to a two dimensional interface. The NPs 

were allowed to move freely inside the quasi-two dimensional box. This system size 

was chosen because it was the maximum number of NPs allowed by the GPUs 

memory. Each simulation was run over 15 million time steps, taking about 96 GPU 

hours to complete. The simulations were initiated from three different initial 

configurations, shown in Figure 63. Figure 63a and b show two configurations in 

which the Janus NPs are evenly distributed across the simulation box, not on a close-

packed configuration but in a square lattice. In Figure 63b the Janus NPs are 

distributed in rows pointing in opposite directions, and in Figure 63a the NPs are all 

pointing in the same direction. To generate the random configuration form Figure 

63c, the system was simulated for a long time with only repulsive interactions. After 

the system had randomized, the attractive interactions were turned back on and 

Figure 63c was used as an initial configuration for simulations with the full Lennard-

Jones potential. 

 

Figure 63 Examples of initial configurations for the Janus NPs with a 2:1 mixture of 

C12 (yellow) and C6 (red) surfactants. 
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Figure 64 shows the results for Janus NPs using with the same interaction potentials 

described in Section 2.2.1 (which were also the same used to obtain the Janus 

patterns in the previous Chapter). As can be seen in Figure 64, the Janus NPs are 

attracted to each other and arrange in a close-packed configuration, rather than 

occupying all the empty space in the box. This indicated that the attractive part of 

the Lennard-Jones potential plays an important role in the self-assembly of these 

NPs. Furthermore, we see a similar arrangement to what was observed 

experimentally (Chapter 6) in which we see a specific preference for the short (red) 

surfactant to interact with the long (yellow). We postulate that this arrangement 

maximizes the interaction points between two neighboring NPs. 

 

Figure 64 Assembly of 6x6 Janus NPs coated with a)1:2 and b)2:1 mixture of C12 

(yellow) and C6 (red) surfactants. 

To verify the alignment of the NPs, we calculated the order parameter (S) defined by 

Equation 31: 



S 
3 cos

2
   1

2
 Equation 31 
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This order parameter is an average of the orientation of the NPs with respect to the 

preferred orientation of the system. To calculate it, we first found the vector that 

unites the centers of mass of the C12 and C6 patches of the NPs. For each NP in the 

system, we found the center of mass of the short and long surfactants, and 

connected those two points with a line, which we call the orientation vector. We 

then calculated the angle between the orientation vector for each NP and the mean 

of all the orientation vectors (i.e. the preferred direction of the system). We expect 

that if all the NPs have the same orientation, that angle should be 0 degrees or very 

close to 0 degrees, and therefore the order parameter should be very close to 1. For 

completely disordered systems, the order parameter should be 0. For order liquid 

crystals, this order parameter is usually expected to fall between 0.3 and 0.8.102 To 

study the alignment of the Janus NPs, we study both the distribution of the angles in 

the system, and the values of the order parameter. The order parameters for all 

cases presented in this section are summarized in Table 7. 

 

Figure 65 Probability distribution of the angles between the orientation vector of 

each NP and the preferred direction of 6x6 NPs Janus coated with 1:2 (left) and 2:1 

(right) mixture of C12 and C6 surfactants as shown in Figure 64. 

In Figure 65 we plot the probability distribution of the angles between the 

orientation vectors and the preferred direction for the configurations presented in 

Figure 64. As can be seen in Figure 65, this distribution peaks at a 0 degrees, as is 

expected for NPs aligned with the preferred direction of the system. The peak is 

more pronounced for the 2:1 stoichiometry (Figure 65 left), which indicates a better 
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ordering of the NPs than for the 1:2 case. This indicates that the shape of the NPs 

may be playing a role in their ordering, since the 2:1 Janus NPs shape is less-

spherical than the 1:2 NPs. The distributions shown in Figure 65 were averaged 

over ten runs for each system. 

7.1.1.1. Effect of the interaction potential 

To verify the role of the Lennard-Jones potential in the arrangement of the NPs, we 

conducted two additional studies. In the first one, we diminished the strength of the 

interaction potential by 50%, i.e., in Equation 14 we used 50% of the value shown in 

Table 1 for ε. These results are shown in Figure 66a for a 2:1 mixture of surfactants. 

If we compare Figure 64b and Figure 66a (in which the only difference is the 

strength of the Lennard-Jones potential) we observe that the NPs present a very 

similar behavior.  

 

Figure 66 Assembly of 6x6 Janus NPs coated with a 2:1 mixture of C12 (yellow) and 

C6 (red) surfactants with different interactions: a) Lennard-Jones potential is 50% 

of the one shown in Figure 64b; and b) Lennard-Jones potential without the 

attractive well. 

The other modification to the potential consisted in using a Lennard-Jones 

interaction without the attractive well, as shown in Equation 30. The results are 
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shown in Figure 66b, and it can be seen that in this case the ordering of the NPs is 

lost. Without the attractive well, the NPs no longer attract each other, so they are 

uniformly distributed occupying all space (not minimizing the distance between 

them). We also observe no ordering of the NPs, with no preferential orientation of 

the short (red) surfactants. This last test confirms the importance of the attractive 

interactions between the NPs for their alignment into a closed-pack and oriented 

configuration. 

We then again calculated the probability distribution of the angles between the 

orientation of each NP and the preferred direction of the system for the assemblies 

presented in Figure 66 to verify the alignment of the NPs. The results are presented 

in Figure 67. When we compare Figure 65(left) to Figure 67(right) we see that by 

diminishing the strength of the interactions between the NPs, the general shape of 

the probability distribution remains the same. However, the peak shown in Figure 

67(right) for the reduced potential is not as pronounced as the one seen in Figure 

65(left) for the normal inter-particle interactions. This is expected as well, as we 

postulate that the strength of the potential plays an important role in the ordering of 

the NPs. 

 

Figure 67 Probability distribution of the angles between the orientation vector of 

each NP and the preferred direction of the 6x6 NPs Janus coated with a 2:1 mixture 

of C12 and C6 surfactants with different interactions (as shown in Figure 66): right) 

Lennard-Jones potential is 50%; and left) Lennard-Jones potential without the 

attractive well. 
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As we look at Figure 67(left), in which there are only repulsive interactions between 

the NPs, it becomes evident that the ordering has been lost. There is no peak at 0 

degrees form preferred orientation of the NPs in the box anymore, as can be seen in 

Figure 66b. This once again confirms the importance of the role played by the 

interactions between the Janus NPs in guiding their ordering. Figure 67(left) shows 

no preferred ordering of the NPs, but a fairly regular distribution of angles. 

7.1.1.2. Effect of the NP shape 

To take the role of shape into consideration we shrank the box starting from a 

disordered configuration like the one showed in Figure 66b, to force the NPs to 

come close together and organize.  These simulations were performed while 

maintaining only the repulsive part of the Lennard-Jones potential, so that no 

attractive interactions were acting between the NPs, and in the NPT ensemble. 

Figure 68 summarizes the results from these simulations, showing that the NPs 

begin to align once more and become oriented as the spacing between is reduced 

and they are forced to organize in a close packed configuration, which will allow 

them to pack better and fill space (Figure 68a).  

Figure 68b shows the probability distribution of the angles between the NPs 

orientation and the preferred direction of the system shown in Figure 68a. We see 

an improvement in the ordering of the NPs from the configuration shown in Figure 

66b, however the peak in the structure factor is still not as clear as it was when the 

full attractive and repulsive interactions were considered in Figure 64b.  

The comparison between all these cases is summarized in Figure 69 for both 

stoichiometries (1:2 and 2:1). It can be seen than in both cases, when there are only 

repulsive interactions between the NPs there is no preferred orientation for the 

system. In all other three cases (full Lennard-Jones interaction, 50% Lennard-Jones 

interactions, and repulsive interactions while shrinking the box) the probability 

distribution follows a very similar pattern, confirming that all three possibilities 

produce a similar ordering of the NPs. 
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Figure 68 a) Assembly of 6x6 Janus NPs coated with a 2:1 mixture of C12 (yellow) 

and C6 (red) surfactant with only repulsive interactions between the beads, and b) 

probability distribution of angles between the orientation of each NP in (a) and the 

preferred direction of the system.  

 

Figure 69 Comparison of the probability distribution of the angle between the NP 

orientation vector and the preferred vector for the systems discussed in this section 

and summarized in Table 7 for a system of 6x6 NPs Janus coated with 1:2 (left) and 

2:1 (right) mixture of C12 and C6 surfactants and different interactions between the 

NPs. 

Finally, in Table 7 we present the order parameter calculated for all the systems 

studied in Section 7.1.1. The values of the order parameter demonstrate once more 

the results presented in Figure 69. They show good alignment of the NPs when there 
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are attractive interactions in the system, and for system with only repulsive 

interactions and a small box that force the NPs to order because of shape effects. 

The alignment of the NPs is lost when there are only repulsive interactions but the 

box is not shrunk. 

Table 7 Order Parameters for the Assembly of Janus NPs on two-dimensional 

interfaces  

Stoichiometry 
(C12:C6) 

Interactions Between the NPs 
Order Parameter S 

( 0.1) 

1:2 

Lennard-Jones 0.8 

50% Lennard-Jones 0.9 

Only repulsive 0.4 

Only repulsive, shrinking the box 0.8 

2:1 

Lennard-Jones 0.9 

50% Lennard-Jones 0.8 

Only repulsive 0.3 

Only repulsive, shrinking the box 0.8 

 

7.2. Two dimensional assembly of patchy 

nanoparticles 

Inspired by the previous results of assembly of multiple Janus NPs into ordered 

structures, we performed simulations to study the assembly of other types of patchy 

NPs, with the intention of exploiting the repulsive and attractive patches resulting 

from immiscible tail end groups to guide the self-assembly of the NPs. Like before, 

the striped pattern was maintained by using rigid bodies. The tails were not 
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considered in these simulations because the surfactants are very short (less than 12 

carbons) and therefore not expected to crystallize. The number of NPs simulated 

was again limited by the available GPU memories. The simulations were run for over 

30 million time steps each, taking about 50 GPU hours to complete. The results are 

presented in Figure 70. 

 

Figure 70 Assembly of 8x8 a) binary and b) ternary striped NPs constrained to a 

two-dimensional interface. Tails not shown. Red: short, blue: medium, and yellow: 

longest surfactant.  

Figure 70a shows the assembly of binary NPs with a single stripe in the middle of 

the NP. This pattern is produced by relatively short surfactant with high interbead 

repulsion between unlike surfactants (as shown in Figure 48). The NPs arrange in a 

closed-packed configuration, with some NPs overlapping with other because of the 

soft-repulsion between DPD beads. In general, we see good alignment of the NPs. In 

Figure 70b we see a similar behavior for ternary Neapolitan particles. However, we 

observe many more grains in the system, with the NPs organizing with the stripes 

perpendicular to each other (Figure 71a and b) and aligned perpendicular to the 

plane of the wall, or with the stripes aligned parallel to the plane of the wall. This 

last configuration can be seen in Figure 71c for a larger system (10x10 NPs), and 

occurs when only one surfactant (in this case the medium, blue) can be seen from 
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the angle the image was rendered. Figure 71c is not an equilibrated simulation and 

is only included here to show the possible arrangement of the NPs.  

 

Figure 71 Possible orientations observed in the assembly of Neapolitan particles. 

Tails not shown. Red: short, blue: medium, and yellow: longest surfactant.  

We observe that as the number of surfactants in the system increases, it becomes 

increasingly more difficult for the NPs to orient in the same way, because multiple 

orientations become possible, and therefore grains appear in the system. 

7.2.1. Assembly of patchy particles on a fixed 

hexagonal lattice 

To facilitate the assembly of the NPs, we fixed them to points in a hexagonal lattice 

defined by the diameter of the NPs. The particles were not treated as rigid bodies, 

meaning that the tails and heads of the surfactants were allowed to move freely 

(although they remained constrained to their spherical gold shell). The interactions 

between surfactants were the same DPD interactions considered on Chapters 4 and 

5. The results are shown in Figure 72. As expected, the patches of like surfactants 

aligned, with some defects arising for the ternary case shown in Figure 72b. 
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Figure 72 Assembly of 8x8 a) Janus and b) Cerberus NPs constrained to a two-

dimensional interface and a hexagonal lattice. Tails not shown. Red: short, blue: 

medium, and yellow: longest surfactant. 

Figure 72 shows a good improvement in the ordering of the NPs with respect to 

Figure 70. Having the NPs fixed on a lattice helps prevent some of the kinetic traps 

shown in Figure 71. However, the alignment of the NPs is not perfect (like the 

example shown in Figure 73a) because we are dealing with a single monolayer, so 

only the direct points of contact between them define their orientations. Because of 

the short-ranged nature of the DPD interactions used to simulate this system, 

configurations a and b shown in Figure 73 result in the exact same potential energy, 

because in both cases the yellow beads are far away enough from the red ones as to 

no interact with them. The third left-most NP shown in Figure 73b shows a possible 

configuration for the interaction between red beads. The force a configuration like 

the one shown in Figure 73a, it would be necessary to add additional layers of NPs 

on the z-direction. 



 

 109 

 

Figure 73 Possible orientations of the Janus NPs resulting in the same potential 

energy. Red: short, and yellow: longest surfactant. Tails not shown. 

Having the patchy particles constrained to the hexagonal lattice allows for good and 

rapid alignment of the NPs, but ignores the shape effects that arise from the 

different lengths of the surfactants tails. To take these into account, we performed 

the simulations that we will discuss in the next section. 

7.2.2. The effect of shape on the assembly of 

patchy particles 

To take the shape anisotropy of the patchy particles into consideration, the 

patterned NPs were frozen into rigid bodies once more, and allowed to freely move 

inside a small box. The box dimensions were such that the NPs did not interact along 

the z-dimension, but they did on the other two through periodic boundary 

conditions. The same DPD interactions as in the previous sections were utilized for 

this system. The number of NPs in the system was limited by the available GPU 

memory, and simulations took 15 GPU hours to complete 30 million time-steps. The 

results are shown in Figure 74.  

Figure 74 shows the assembly of Neapolitan (a) and Brahma (b) NPs that are 

modeled as rigid bodies in a two-dimensional interface. The assembly of the 

Neapolitan particles is in good agreement to the one observed in Figure 70b for a 

system in which the tails were not considered. In this case however, the addition of 

the tails in the simulation allows to improve the ordering of the NPs, which are 

aligned with much less defects than the ones seen in Figure 70b. The stripe formed 

by the short (red) surfactant is in this case aligned with the xy-plane, while the 
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patches of the medium length (blue) surfactant are all on the top side of the 

simulation. There is only one important defect towards the top of Figure 74a, in 

which one of the NPs is inverted with respect to the other showing the patch of the 

long (yellow) surfactant. The inclusion of the tails in the simulations allows to 

correct for the orientation defects discussed in Figure 71, and produces a much 

more precise orientation of the NPs. 

 

Figure 74 Assembly of 6x6 a) Neapolitan and b) Brahma NPs constrained to a two-

dimensional interface. Red: short, blue: medium, green: long, and yellow: longest 

surfactant. 

Figure 74b shows similar results but in this case for Brahma NPs. We see the 

formation of stripes of particles that are showing their longest (yellow) or second 

longest (green) surfactant patches on the top of the simulation. There are more 

defects in this case then there were for the Neapolitan particles of Figure 74a, but 

this is expected as it was noted earlier that increasing the number of surfactants 

increases the number of ways in which two particles can come together, and 

therefore increases the number of grain boundaries and defects in the system. 

In Figure 74b we also see some frustration because of the competition between the 

interactions and the best packing due to the shape. Because of the interactions 
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between the four unlike surfactants, the preferred orientation of the NPs would be 

into a square lattice. However, because of the shape the NPs are forced into a 

hexagonal lattice to maximize the packing fraction of the system. This is an 

interesting effect due to the scale of the NPs. If this were a colloidal system, the 

coating would be so small compared to the size of the particles that it would not 

play an important role in their packing preference. However, in the nanoscale the 

particles become very fuzzy because the length of the coating is comparable to the 

length of the NPs, and therefore influences the way in which they want to pack.  

7.3. Summary 

In this chapter we simulated the self-assembly of multiple NPs constrained to a two-

dimensional interface. We conducted these simulations for both Janus particles 

produced through crystallization of the long surfactants, and for patchy particles 

produced through different tail end groups. In both case we saw a prevalence of the 

closed-packed configuration expected for spherical NPs. The patches in the system 

guided the orientation of the NPs. In the case of patchy particle with sticky and 

repulsive points of interactions, constraining the NPs to a hexagonal lattice and 

taking into account the surfactant tails improved the assembly of the NPs. In both 

cases, the shape and composition of the monolayer played an important role in the 

packing of the NPs because of the similar length scales of the coating and the 

particles. 
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Chapter 8. Conclusions and outlook 

In this chapter we summarize the contributions of this dissertation on the design 

rules and self-assembly of patterned NPs. We also present possible directions for 

future research exploiting the new ideas and findings derived from this work. 

8.1. Contributions 

In this dissertation work we used dissipative particle dynamics and molecular 

dynamics to study the self-assembled patterns that form on the monolayers of thiol-

surfactants protected gold nanoparticles. We focused on understanding the effect of 

parameters like:  

- curvature of the nanosurface (from small spherical nanoparticles to nanorods 

and flat surfaces),  

- number of surfactants in the monolayer (from binary to quaternary mixtures),  

- immiscibility between surfactants (from surfactants with the same end group to 

amphiphillic mixtures),  

- length difference between surfactants,  

- and stoichiometric composition of the monolayer. 

These parameters can be easily controlled in experiments. For example, the 

synthesis method determines the geometry of the nanosurface.102 The length of the 

surfactants can be changed by using longer hydrocarbon chains in the tails of the 

surfactants. The immiscibility is controlled by using different end groups for the 

alkane chain of the surfactants, i.e., -CH3, -OH, -COOH, etc. The number of surfactants 
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in the monolayer correspond to the number of surfactants in the initial solution 

used to stabilize the nanoparticles, and the stoichiometric composition is 

determined by the time allowed for the monolayers to equilibrate in solution. 

Therefore, the studies conducted in this thesis are useful guidelines for designing 

experiments to obtain the desired nanoscale patterns on the nanoparticles.  

Our simulations of ternary and quaternary monolayers of surfactants revealed a 

large number of possible patterns. We identified six mayor families of patterns, all of 

which include multiple possible variations depending on the combination of 

parameters used. The patterns were verified by using different simulation methods 

(dissipative particle dynamics and molecular dynamics), and by changing the 

geometry of the nanosubstrate (spheres, cylinders and flat surfaces). Some of the 

patterns were analogous to previous results known both through simulations and 

experiments for binary monolayers, but most were novel patterns never observed 

before and unique to monolayers with more than two surfactants in them. The 

families of patterns presented in this thesis are as follows: 

- Decorated striped patterns: These patterns are characterized by stripes in the 

system. They could be macrophase separated in which each surfactant forms one 

single stripe, forming three stripes (Neapolitan particles) or four stripes on the 

nanoparticle. Or they could be microphase separated patterns, in which multiple 

stripes are formed in the system. For binary systems, that consists in forming 

multiple simple stripes of both surfactants. For ternary systems, that means 

forming Alternating stripes, in which one surfactant forms one single stripe, 

which coils around the nanoparticle, and that stripe is decorated by a thinner 

stripe of the shortest surfactant to separate it from the longest surfactant.  

- Decorated Janus patterns: The Janus patterns are characterized by the 

macrophase separation of two surfactants into two different hemispheres of the 

nanoparticle, diving the nanoparticle in half. The decorated Janus patterns occur 

when a third or forth surfactant are added to the system, and even though the 

Janus pattern remains, the additional surfactants for stripes on one or two sides 
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of the Janus. It can also occur when one of the sides of the Janus nanoparticle has 

alternating stripes, and the other side has simple binary stripes. 

- Decorated Cerberus patterns: Similar to the Janus patterns, the Cerberus pattern 

corresponds to the macrophase separation of three surfactants on the 

nanoparticle. In this case, when a fourth surfactant is added it can form 

additional stripes in the system, for example just separating the three sides of 

the Cerberus, or forming stripes with one, two, or three of the other surfactants. 

- Spotted patterns: These patterns occur for high stoichiometric ratios of one of 

the surfactants, usually the smallest one. Under these conditions, the surfactant 

that is present in the highest ratio forms a continuous matrix, and the other(s) 

surfactant(s) form 2D-micelles dispersed in said matrix. 

- Tetrahedral patterns: This is one of the ways in which quaternary surfactants 

can macrophase separate on a monolayer. In this case, each surfactant shares an 

interface with all others. The top of the nanoparticle looks like a Cerberus 

pattern, and the fourth surfactant covers the bottom of the nanoparticle, in a 

tetrahedral configuration. 

- Brahma patterns: This is the second way in which quaternary surfactants 

macrophase separate. In this case, each surfactant occupies a different quadrant 

of the nanoparticle, therefore only sharing an interface with two other 

surfactants, but not with all three of them. 

Tetrahedral and Brahma patterns could be further decorated by adding additional 

surfactants to the monolayer, following the same design rules that were identified in 

this dissertation for ternary and quaternary mixtures.  

All the patterns discussed in this work arise from a competition between two 

driving forces: the immiscibility due to the different end groups of the surfactants, 

which drives them towards macrophase separation and minimizing the interface 

length between unlike surfactants; and the conformational entropy gains at 

interfaces due to the length differences between unlike surfactants, which drives 

them towards maximizing the interface length. A balance between these two 
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competing effects determines the pattern that will minimize the free energy of the 

system, and be therefore the preferred equilibrium pattern. In all cases, microphase 

separation occurs only when the entropic gains at interfaces are enough to 

compensate for the energetic penalties derived from creating such interfaces 

between immiscible surfactants. 

Based on all the simulation parameters discussed earlier, we constructed phase 

diagrams for ternary and quaternary monolayers of surfactants. These phase 

diagrams show the robustness of the patterns and define the range in which each 

specific pattern is possible. They also allowed us to enumerate the design rules that 

guide the formation of the patterns. We used these design rules to choose 

combinations of parameters to form new patterns, and even predict the behavior of 

monolayers formed by mixtures of five surfactants. 

Once the design space for ternary and quaternary monolayers was exhaustively 

explored, we introduced the concept of immiscibility through crystallization of 

monolayers of nanoparticles. This was the result of a direct collaboration with the 

experiments performed by the Stellacci group. In this case, we eliminated the 

different end groups as a source of immiscibility in the system by using surfactants 

with the same end group, -CH3. Unlike previous studies though, the surfactants in 

this system had much larger length differences between them (at least six carbons), 

and were larger with respect to the nanoparticle size. We found that the longer 

surfactants were long enough to form a crystalline monolayer, while the shorter 

ones remained disordered following a behavior that was originally observed both 

on flat surface and in homoligand monolayers on nanoparticles. The surfactants 

therefore macrophase separated into a Janus nanoparticle, with one side formed by 

the ordered long surfactants, and the other by the disordered short surfactants.  

We showed both through simulations and experiments that this phase separation 

was independent of nanoparticle size, stoichiometry ratio of the monolayer, and 

miscibility between surfactants (i.e., even for different end groups, crystallization 

will be the driving force of the separation when the length differences are enough). 
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We showed that the separation only depends on the length difference between 

surfactants, requiring at least a six-carbon length difference to occur.  

Finally, it was observed experimentally that these Janus nanoparticles arranged into 

a closed-packed configuration with clear orientation of the patterns when the 

nanoparticles were deposited into a Langmuir-Blodgett film. We were able to 

reproduce this behavior with our molecular dynamics simulations of multiple 

nanoparticles confined to a quasi-two dimensional surface. We showed how the 

attractive interactions between the nanoparticles were key in their assembly into an 

ordered configuration. We extended that study to other types of patterns, in which 

the attractive and repulsive patches due to different end groups could guide the 

assembly of the nanoparticles into different configurations. 

8.2. Directions for future research 

In this dissertation we presented an exhaustive discussion of the types of patterns 

available to this system, the parameters that should be considered both in 

experiments and simulations, and the design rules that guide the formation of such 

patterns. We also confirmed the formation of some of those patterns in flat surfaces 

and cylinders. However, we did not perform studied of similar monolayers on 

faceted particles, such as cubes, tetrahedrons, and other faceted polyhedra. Some 

preliminary studies exist for such geometries and extreme stoichiometric cases, 59 

showing interesting behavior on the vertices between facets. Since there are no 

vertices in any of the geometries studied in this dissertation, we expect there to be 

some differences between the patterns formed on faceted surfaces and the patterns 

presented in this work. It will definitely be an interesting area of study in the future 

to further explore and understand the design rules of monolayers on faceted 

polyhedra. 

Another interesting direction for this research to continue consists in performing 

all-atom solvent explicit simulations. So far, most of the work performed in this 
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system had been highly coarse-grained, and that has been enough to provide an 

initial guidance and explanation to the real experimental system. However, as the 

system complicates and we begin to understand better then interactions and the 

governing forces, it might become relevant to include more detailed and fully-

atomistic studies. For examples, the crystallization of the ligands could have never 

been studied by using our highly simplified dissipative particle dynamics model. We 

could only reproduce the true behavior of our system through more complicated 

and detailed molecular dynamics simulations. Performing solvent explicit 

simulations might allow us to have a deeper understanding of the system. Some 

similar studies have already shown how the micropatterns affect the wetting 

behavior of the solvent,90 some of its useful properties,104 and even the shape of the 

monolayer depending on the type of solvent used.49 However, no study so far has 

been performed to observe the self-assembly of the pattern with explicit solvent. So 

far, all explicit-solvent simulations of non-homoligand monolayers have used pre-

assembled striped patterns that are not allowed to change during the course of the 

simulation. Therefore, reproducing known patterns using explicit solvent will be a 

novel and interesting study, not to mention modeling challenge due to high 

computational costs. But once a standard procedure for such simulations has been 

found, it will be interesting to study the interactions of the patterns with different 

solvents, and how the presence of the solvent guides the alignment and ordering of 

multiple nanoparticles. 

Finally, it will also be interesting to study some of the lesser-known properties of 

patterned nanoparticles. For example, it was observed experimentally that the 

striped nanoparticles could go through cell membranes without disrupting them or 

damaging the cell,56 offering great potential applications for directed drug 

delivery.57 However, not much is understood about the interactions between the 

striped nanoparticles and the lipid bilayers of the cells. It is believed that the 

amphiphillic composition of the stripes resembles the structure of the lipid bilayer, 

and therefore plays an important role in allowing the translocation of the cell 

membrane without being trapped by endocytosis. Computational studies could 
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elucidate this phenomenon, and help in further studies towards targeted drug 

delivery.  

To simulate the interactions between the striped nanoparticle and the cell 

membrane, even dissipative particle dynamics and united-atom molecular dynamics 

could prove to be useful tools. The formation of lipid bilayers has already been 

investigated,105 as well as the interaction of nanoparticles with vesicles106, engulfing 

of Janus nanoparticles by lipid bilayers,107 interactions of nanorods with lipid 

bilayers,108 and even the formation of bilayers and vesicles in the presence of 

nanoparticles with explicit solvent.109 These studies show the usefulness of 

dissipative particle dynamics to create a simple but qualitatively accurate model of 

the interactions between patterned nanoparticles of different shapes with lipid 

bilayers in solvent. It would be interesting to extend this model to study the 

penetration of lipid bilayers by striped nanoparticles, showing the disruption of the 

membrane by the nanoparticle, and its later rearrangement once the nanoparticles 

are through. It could also be useful to observe the arrangement of multiple 

nanoparticles suspend inside the lipid bilayer, in which the nanoparticles are 

experimentally thought to exhibit a certain degree of long range ordering.  
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