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ABSTRACT 

 

Two-dimensional (2D) materials represent a class of scientifically fascinating and 

technologically relevant particles that have atomic-scale thicknesses (<100 nm) but colloidal-

scale lateral dimensions (~102 – 104 nm). 2D materials can preferentially adsorb at fluid-fluid 

interfaces, yielding a “2D colloidal system”, and there is growing interest in the assembly and 

deposition of 2D materials from a fluid-fluid interface for uses in next-generation, thin-film 

applications. However, the 2D nature of a fluid-fluid interface produces a different interaction 

environment for interfacially adsorbed particles than when the same particles are in a bulk fluid, 

and it is not understood how nanoscale or colloidal forces dictate the interfacial self-assembly 

dynamics of 2D materials.  

 In this thesis, our findings suggest a balance of capillary, thermal, entropic, and van der 

Waals (vdW) forces, each of which manifests from physical particle parameters, govern the 

dynamics of graphene particles at planar fluid-fluid interfaces. A major contribution of this thesis 

was the development of a concerted methodology for fabrication, transfer, and in situ 

visualization of 2D materials with controlled thickness, shape, and size at fluid interfaces in 

order to study fundamental interactions. A combination of indirect and direct techniques were 

used to investigate the dynamics of graphene particles at an air-water interface as a function of 

particle thickness, lateral dimension, and shape. We found 2D particle thickness could tune 

capillary interactions across a breadth of interaction energies (~10-1 to >102 kBT), the dynamics of 

small (<25 m lateral dimension) monolayer graphene particles were strongly influenced by 

thermal forces, and particle shape induced structural order through entropy maximization at high 

particle area densities. Additionally, the attractive edge-to-edge vdW force was found to be 

short-ranged but significant, enabling preservation of self-assembled morphology after 

deposition. Finally, the stacking kinetics of monolayer graphene particles were found to be 

dependent on interparticle contact length. The work in this thesis highlights substantial 

advancements made in observing and understanding the fundamental dynamics governing the 

morphology of 2D material-based films at fluid interfaces, and will have a significant impact on 

the fabrication of films of 2D materials with morphologies engineered for next-generation 

applications. 
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CHAPTER 1 

INTRODUCTION 

 

“Everything is soothed by oil, and that this is the reason why divers send out small quantities of 

it from their mouths, because it smoothes (sic) any part which is rough and transmits the light to 

them.” 

-Pliny the Elder 

“There’s plenty of room at the bottom!” 

-Richard Feynman 

1.1 Langmuir Films: From Folklore to Technological Significance 

The calming effect of monolayer films (of oil) on aqueous surfaces (ocean waves) was 

first documented by Pliny the Elder in 77 A.D. and was a tale passed amongst sailors for the 

centuries that followed as a means to persevere through the most treacherous of storms.1 The 

initial folklore regarding monolayer films at fluid-fluid interfaces has since aroused curiosity in 

the scientific community for centuries, dating back to the late 1700s when Benjamin Franklin 

was perplexed as to why a teaspoon of oil could cause the surface of nearly “half an acre of 

water” to become “smooth as a looking-glass.”2 Franklin performed several famous experiments 

at Clapham pond qualitatively demonstrating the aforementioned calming effect, but it wasn’t 

until well over 100 years later in the early 1900s when Irving Langmuir performed extensive 

work in characterizing and quantifying the properties of insoluble fatty acids floating at an air-

water interface.3 These findings later led to his awarding of the 1932 Nobel Prize in Chemistry 

and the naming of insoluble surfactant monolayers as Langmuir films. In 1935, the formation of 

“Langmuir-Blodgett” films were demonstrated for the first time by Langmuir and his successor 

Katharine Blodgett, where they demonstrated the controlled transfer of highly uniform fatty acid 

films from an air-water interface to a solid substrate.4 Throughout the past century, studies of 

Langmuir and Langmuir-Blodgett (LB) films of surfactants, polymers, and colloidal particles 

have been instrumental in enhancing our understanding of how interfacial moieties assemble at 

fluid-fluid interfaces. Additionally, LB films have found uses as non-reflecting coatings, sensors, 

and other applications.5 Today, the LB technique has the potential to be a low-cost and high-

throughput method for the deposition of zero-dimensional (0D, e.g., quantum dots), one-
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dimensional (1D, e.g., rod-like), and two-dimensional (2D, e.g., platelet-like) nanomaterials from 

fluid-fluid interfaces to create next-generation, thin-film devices.5 In this thesis, I take special 

interest in investigating the self-assembly dynamics of one of the most well-known 2D materials, 

graphene, at an air-water interface. 

1.2 Graphene: Life in the Flat Lane 

Early in the twentieth century, 2D crystals were predicted to be thermodynamically 

unstable by several groups.6-8 However, Benjamin Brodie had likely isolated solutions of 2D 

crystals several decades earlier in 1859 when he mixed graphite with nitric and sulfuric acid and 

discovered “perfectly transparent” platelet-like crystals when observed with a microscope.9 He 

deemed the crystalline substance “graphon”, and assigned it an atomic weight of 33; today, this 

substance he observed is known as “graphene oxide”. Research focused on investigating the 

lamellar structure of graphite that could give rise to such thin platelets continued into the 

twentieth century, with seminal work by John Bernal in 1924 using X-ray crystallography on a 

single graphite crystal to determine the hexagonal arrangement of in-plane atoms and AB, or 

“Bernal”, stacking of successive layers.10 Advances in electron microscopy during the mid-

twentieth century enabled the seminal work of Ruess and Vogt (1948)11 and Hoffman and 

Boehm (1962)12 to observe ultrathin layers of “graphite oxide”. Boehm (1986) was also the one 

to coin the term “graphene”, which is a portmanteau formed by combining “graphite” with the 

suffix referring to polycyclic aromatic hydrocarbons, “-ene”, to describe a single layer of 

graphite.13 Several other studies of “graphene prehistory” occurred in the early twenty-first 

century,14 but the excitement surrounding monolayer graphene and other monolayer 2D 

crystalline materials commenced in 2004 when Novoselov and Geim isolated monolayer 

graphene using the “Scotch tape” method and subsequently characterized graphene’s unique 

electrical properties.15 As Richard Feynmann pointed out in his 1959 lecture, Plenty of Room at 

the Bottom, “When we get to the very, very small world … atoms on a small scale behave like 

nothing on a large scale, … so, as we go down and fiddle around with the atoms down there, we 

are working with different laws, and we can expect to do different things.”16 Novoselov and 

Geim were clearly not the first to observe a monolayer 2D crystalline material, but instead 

gained wide-spread recognition because they recognized the novelty of their observations and 

took their investigation to a deeper level by characterizing how the behavior of electrons in 2D 

was unique to their behavior in 3D. Ultimately, this seminal work earned them the 2010 Nobel 
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Prize in Physics and opened the door to experimentally study new physics that had never before 

been possible.  

In this thesis, I combine an “old science”, Langmuir monolayers, with a “new science”, 

monolayer graphene, and make a significant effort to deeply characterize the fundamental 

dynamics of a unique form of soft matter, 2D colloids. The term “2D colloids” has been used 

previously17-19 to describe the behavior of spherical colloids at planar fluid-fluid interfaces but 

should be redefined to account for the 3D nature of the particles used in past studies; redefining 

2D colloids to acknowledge the single-atom thickness of monolayer 2D materials adsorbed to a 

planar fluid-fluid interface is more appropriate. My thesis also extends the previous work by 

Laura Cote et al. and Steven Woltornist et al., among others,20 who identified graphene oxide21,22 

and graphene23 as unique “2D surfactants”, as I take these 2D surfactants and transform them 

into model 2D colloids through creation of monodisperse size- and shape-controlled monolayer 

graphene particles. I expect the results from this thesis will provide a substantial foundation for 

understanding the effect that particle parameters have on the interparticle dynamics of 2D 

materials at fluid-fluid interfaces, and the novel fabrication of monodisperse 2D particles will 

enable significant progress to be made in this field.  

1.3 Thesis Organization 

This thesis is comprised of seven Chapters. Chapter 1 provides a historical overview on 

two of the central topics of this thesis, Langmuir monolayers and graphene, organization of the 

thesis, and summaries of the major findings in each body of work (Chapters 3 through 6). 

Chapter 2 provides background material and a review of the literature that provides the 

motivation for the work presented in the following Chapters. Chapters 3 through 6 represent the 

independent work performed in this thesis and are arranged based on the evolution of ideas 

throughout this thesis. Each Chapter (3 through 6) can be read independently but builds on the 

results or limitations identified in the previous Chapters. Chapter 7 provides future research 

directions that manifest from the findings in this thesis, and Chapter 8 presents conclusions 

regarding how my thesis has contributed to the fields of soft matter, 2D materials, and particles 

at fluid-fluid interfaces.  

1.4 Major Findings and Conclusions 

 Chapter 3 is a study that addresses the effects of surface coverage, time, particle 

thickness, and particle lateral size on the dynamics of graphene and graphite particles at an air-
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water interface. With respect to graphene, the data suggests an increase in surface coverage 

results in agglomeration of particles, while quiescent measurements suggest thin (≤1 nm) 

graphene particles can detach from large, aggregated structures over time in addition to 

continuous agglomeration of thick (>1 nm) particles. The broader consequence is that the 

physical properties of 2D materials influence their dynamics and ultimately their interfacial 

structure.  

 Chapter 4 contains a description of the adaptation of an optical microscopy technique, 

interference reflection microscopy, to directly visualize systems of mono- and few-layer 2D 

materials at fluid-fluid interfaces with excellent optical contrast, and spatial and temporal 

resolution. Direct observations of irregularly shaped, monolayer graphene particles with lateral 

dimensions <10 m indicate the dynamics of these particles are likely governed by a competition 

between interparticle and thermal forces. This work enabled, for the first time, direct observation 

of individual particle dynamics and interparticle interactions between mono- and few-layer 2D 

materials at fluid-fluid interfaces and is expected to increase the pace at which we understand the 

fundamental physics that occur in these systems. 

 Chapter 5 demonstrates the ability to create size- and shape-controlled 2D materials and 

observe their self-assembled structures at fluid-fluid interfaces. This technique was developed 

during the course of this thesis to address a significant limitation of conventional solution-

processed 2D material dispersions, particle polydispersity, which are commonly used to perform 

interfacial studies. Particle polydispersity has precluded isolation of the effect of particle 

parameters such as shape, lateral size, and thickness on the dynamics and self-assembly behavior 

of 2D materials at fluid-fluid interfaces until now. The novelty of this technique manifests from 

the use of “non-solution-phase” methods (photolithography and chemical vapor deposition-

grown, continuous graphene films) to enable solution-phase studies of monodisperse, monolayer 

2D materials at fluid-fluid interfaces. Development of this methodology is one of, if not the, 

most important contributions I have made in this thesis. As a result, we expect it will have a 

significant impact on our understanding of fundamental 2D physics, such as 2D phase 

transitions, and on our understanding of the important interparticle forces that drive the self-

assembly dynamics of films of 2D materials. 

 Chapter 6 presents results that suggest the interparticle contact length between adjacent 

monolayer graphene particles dictates the kinetics of particle stacking at an air-water interface, 
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which we find to be in agreement with a simple theoretical model. Stacking of monolayer 

graphene particles had been shown to occur in the literature, but the mechanism through which 

stacking occurred had yet to be studied in detail until now because of the sub-nanometer length 

scales involved in this phenomenon. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Why Fluid-Fluid Interfaces? 

 The point at which two immiscible fluids meet is known as a fluid-fluid interface, and 

these interfaces are unique systems to study because of the abrupt change in physical properties 

that arise over a small length scale (~100 nm)24 as one moves from phase 1 to phase 2 at the 

fluid-fluid interface. Most notably, the asymmetry of a fluid-fluid interface gives rise to unique 

phenomena, such as surface or interfacial tension, and reduces the degrees of freedom through 

which adsorbed species can translate from three to two dimensions. The following sections 

discuss these features of a fluid-fluid interface in further detail to help explain why this thesis 

focused on investigating the behavior of 2D materials at fluid-fluid interfaces. 

 

 

Figure 2.1 Schematic of the intermolecular forces acting on a molecule in the bulk and at the 
interface between two immiscible fluids. 
 

2.1.1 Surface and Interfacial Tension 

 We begin by examining the intermolecular forces acting on a molecule of phase 1 that is 

found in the bulk of phase 1 and compare this to the intermolecular forces acting on a molecule 

of phase 1 that is found near the interface between phase 1 and phase 2 (Figure 2.1). For 
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simplicity, we assume the molecules are spherical, and there are attractive (green arrows, Figure 

2.1) and repulsive (red arrows, Figure 2.1) forces acting on each molecule. A molecule found in 

the bulk is surrounded by neighboring molecules of the same species and thus the symmetry in 

the bulk manifests in the magnitude of attractive and repulsive forces acting on a bulk molecule 

to be equal and opposite in all directions to satisfy equilibrium conditions.25 For a molecule near 

the interface of two phases, the situation is different due to a decrease in the molecular density 

near the interface.24,26 This decrease in density near the interface leads to an effective reduction 

in the magnitude of the attractive force in the direction normal to the interface compared to the 

bulk (i.e., normal pressure varies with density) but the magnitude of the attractive force in the 

direction parallel to the interface remains relatively unchanged (i.e., tangential pressure is 

independent of density).a Additionally, the repulsive force is generally of lesser magnitude and 

acts over a shorter range than the attractive forces (see red arrows for “interface” molecule, 

Figure 2.1).25 Thus, the force balance to maintain equilibrium requires the attractive tangential 

forces between molecules to dominate at the fluid-fluid interface. This is the origin for the 

surface or interfacial tension, denoted as , observed between two fluid phases. 

From a thermodynamic point of view, Gibbs defined the surface (interfacial) tension of a 

liquid-gas (liquid-liquid) interface as the excess free energy present at the interface between two 

immiscible phases due to the asymmetry in intermolecular interactions induced by the 

interface.27 Thus, it is not energetically favorable to move a molecule from the bulk to the 

interface as this can result in an increase in the surface (interfacial) area of a system. 

Mathematically, the surface tension can be defined as 

γ = (∂G
∂A

)
T,V,N

(2.1) 

which has units of J m-2 and is dimensionally equivalent to N m-1. We prefer to visualize 

concepts associated with surface tension using the definition in equation 2.1 rather than through 

the mechanical description of surface tension25 because of the physical intuition presented by 

equation 2.1:28 any increase in interfacial area is energetically unfavorable and the system will 

always seek to minimize its free energy. Throughout this thesis, the concept of surface tension 

will continually arise as it forms the basis for long-range interactions between interfacially 

 
a An analogy for this situation is seen in the relation between air pressure and altitude: the normal air pressure at 
Colorado School of Mines in Golden is less than at sea level, but the tangential air pressure is effectively the same 
regardless of elevation.  
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adsorbed species (i.e., capillary interactions) and also presents as an energy barrier that limits 

certain dynamic surface phenomena from occurring (i.e., graphene-graphene stacking).  

2.1.2 Restricted to Two Dimensions: Reduced Degrees of Freedom 

 A particle diffusing in a bulk fluid has six degrees of freedom: three translational and 

three rotational. However, if that same particle becomes adsorbed to a fluid-fluid interface, then 

surface tension significantly dampens motion in the z-direction and prohibits rotation around the 

x- and y-axes (Figure 2.2). Thus, interfacially adsorbed particles are forced to interact laterally in 

the xy-plane and can only rotate around the z-axis. As such, planar fluid-fluid interfaces can be 

used as templates to study the thermodynamics and dynamics of lateral interparticle 

interactions,29 two-dimensional phase behavior,30 and as construction sites for fabricating 

particle-based thin films with uniform thickness.31,32 The work in this thesis uses the reduction in 

degrees of freedom of 2D particles at a fluid-fluid interface to accomplish each of the 

aforementioned applications. 

 

 

Figure 2.2 Degrees of freedom for a particle found in a bulk fluid and at a fluid-fluid interface. 
 

2.2 Particles at Fluid-Fluid Interfaces 

2.2.1 Particle Adsorption 

 The adsorption of ideal, spherical particles to fluid-fluid interfaces can be a 

thermodynamically favorable event, and is governed by the three-phase contact angle c between 

the two fluids and particle (Figure 2.3), given by the Young-Dupré equation33 

cos θc = 
γp2 - γp1

γ12
(2.2) 
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where p2 and p1 are the surface energies of the particle-fluid 2 and particle-fluid 1 interfaces, 

respectively, and 12 is the fluid-fluid interfacial tension. 

 

 

Figure 2.3 Adsorption of an ideal, spherical particle at a fluid-fluid interface. 
 

The free energy change associated with moving a particle from either of the bulk phases 

to the fluid-fluid interface is governed by a balance of surface energies corresponding to the area 

of fluid-fluid interface that will be replaced by the particle.34 Thus, the energy required to 

remove a desorbed particle E with radius R from a fluid-fluid interface is given by 

∆E = γ12πR2(1 ± cos θc)2 (2.3) 

A negative value implies desorption into the lower phase while a positive value implies 

desorption into the upper phase. For reference, colloidal particles with lateral dimensions >0.1 

m and contact angles c ~ 90° have desorption energies >105 kBT. This implies the particles are 

effectively adsorbed in an irreversible manner at the interface.  

 This brief introduction to the adsorption of particles to fluid-fluid interfaces assumed 

perfectly smooth, spherical particles. However, particles having surface roughness,35 shape 

anisotropy,36 or chemical heterogeneities37 can induce non-thermodynamic pinning of the contact 

line to these features. Pinning of the contact line can induce energetically unfavorable 

deformations in the interface that give rise to capillary forces,34 which are discussed in more 

detail in Section 2.3.2. 
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2.2.2 Line Tension: Excess Energy at the Three-Phase Contact Line 

Line tension is a measure of the excess energy present at the three-phase contact line, 

with units of energy per unit length (i.e., force), and is a manifestation of an imbalance in the 

intermolecular forces of each phase (upper fluid, lower fluid, particle) near the three-phase 

contact line.38 Line tension is a similar concept to surface tension, where line tension is the 1D 

boundary between 2D interfaces and surface tension is the 2D boundary between 3D bulk phases 

(Figure 2.4). A system always seeks to minimize its line tension, similar to how a system seeks 

to minimize its interfacial tension, and the energy associated with line tension can be minimized 

by reducing the total contour length of all three-phase contact lines in the system. For reference, 

magnitudes of the line tension for spherical particles at fluid interfaces have been found in the 

range of ~100 – 102 pN.38 Line tension is generally neglected for colloidal particles but becomes 

increasingly relevant for nanoparticles, especially as the dimensions approach the atomic scale.39 

 

 

Figure 2.4 Schematic relating the concept of line tension with the concept of surface tension, 
where the red line indicates the 1D boundary (three-phase contact line) and the red surface 
indicates the 2D boundary (fluid-fluid interface). 

 

2.2.3 Spherical Particles at Fluid-Fluid Interfaces 

 The first report of an “interfacial colloidal crystal” was by Pieranski in 1980 when he 

observed that ~0.25 m diameter polystyrene spheres could form extremely ordered structures at 

an air-water interface.17 The significant conclusion drawn from this work was that the particles 

assembled into the ordered structures due to long-range, dipole-dipole repulsions between 
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particles that manifested from the redistribution of ions on the particle surfaces because of the 

asymmetry in the dielectric constants of the surrounding bulk phases. However, Pieranski only 

briefly mentioned that the origin of the long-range attraction balancing the long-range repulsion 

was perhaps “due to the presence of monolayer impurities”.17 It was not until the late 1990s and 

early 2000s when the origin of the long-range attractive interaction was addressed in greater 

detail. Three groups40-42 independently noted that the apparent attraction leading to a minimum in 

the interaction potential at particle separation distances greater than the size of the interacting 

particles (~100 m) could not be explained by the conventional Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory of colloidal interactions (i.e., van der Waals attraction balancing 

electrostatic repulsion).33 Stamou and colleagues were the first to suggest that irregular pinning 

of the contact line (Figure 2.5a) on spherical particles could create energetically unfavorable 

interfacial deformations responsible for the observed long-range attraction between particles.42 

They found that interfacial deformations as small as 50 nm could induce an attractive potential 

between 1 m diameter particles with a magnitude of ~104 kBT, and that particles with diameter 

~101 nm could still experience attractions with a magnitude of ~100 kBT.42 This induced a wave 

of interest in the use of capillary attraction between interfacially adsorbed particles to create thin 

films of spherical colloids and nanoparticles with potential applications in photonics,43 

plasmonics,44 and other functional coatings,31 and is still an active research area today. 

 

 

Figure 2.5 Schematics of a) real vs ideal contact lines on a colloidal particle at a fluid-fluid 
interface, b) attractive capillary interactions, and c) repulsive capillary interactions. 
 

2.2.4 Anisotropic Particles at Fluid-Fluid Interfaces 

 While self-assembled structures of spherical particles can be tuned via particle properties 

such as size and surface charge, introduction of anisotropy to particles via shape, chemistry, or 
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roughness, can produce drastically more complex self-assembled structures of anisotropic 

particles at fluid-fluid interfaces than those observed for spherical particles. A major reason for 

the difference in morphologies is because anisotropies introduce directed interactions that are 

generally not observed between isotropic, spherical colloids. Some of the first major examples of 

the complex assembly of anisotropic particles at planar fluid-fluid interfaces were demonstrated 

by Whitesides et al. (1997, 1999, 2001) when they demonstrated the fabrication and assembly of 

millimetric-scale (lateral dimension) objects with defined shape and chemistry at 

perfluorodecalin-water interfaces.45-47 The large particle sizes introduced gravitationally-induced 

capillary interactions between particles that forced the particles to assemble into ordered 

structures,45 and variations in the surface properties of particle edges (i.e., hydrophobic vs. 

hydrophilic) could induce structures to form with a desired porosity. Additionally, 

complementary particles were observed to assemble with the desired “lock and key” morphology 

that was pre-coded into their interactions based on shape and surface chemistry.45 These early 

observations of millimetric-scale particles led to a significant interest in harnessing such diverse 

structural behavior and applying it to colloidal-scale (sub-100 m) anisotropic particles.48 

 Prolate ellipsoidal particles were some of the first colloidal-scale (~101 m) anisotropic 

particles observed to exhibit directed interactions at fluid-fluid interfaces, as the film structure 

was found to be dependent on the orientation of interacting particles.49 Loudet et al. created 

polystyrene (PS) and Si-coated PS ellipsoids through mechanical stretching of PS spheres and 

spread each set of particles at an oil-water interface.49 The anisotropic deformations in the 

interface near the major (tip) and minor (long side) axes of the particles that gave rise to the 

directed interactions were first predicted49 and later visualized using an interferometric 

microscopy technique.50 Particles were observed to approach and make contact in both tip-tip 

and side-side orientations depending on surface chemistry (Figure 2.6a,b), but never in a tip-side 

orientation. Similar observations were made by Vermant et al. using charged ellipsoidal particles 

at a decane-water interface, and particles were observed to form similar fractal-like structures 

with different internal densities dependent on surface charge and the type of fluid-fluid interface 

(air-water vs. oil-water).51 A significant finding by Vermant et al. was that an assembled film of 

ellipsoidal particles exhibited a storage modulus >10× that of a film of spherical particles of the 

same surface charge and same interfacial coverage.51 This increase in solid-like behavior of films 

of anisotropic particles is directly related to the increased complexity of the assembled structure.  
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Figure 2.6 Anisotropic particles assembled at fluid-fluid interfaces. a,b) Prolate ellipsoids,49 c,d) 
Patchy hexagrams,52 e) Cuboids,53 f) Triangular prisms,54 g) Cylinders.55 Scale bars are: (a) 21 
m, (b) 33 m (inset: 13.6 m), (e) 10 m, (f) 200 m, and (g) 50 m. (a,b) Reprinted Figure 
1a,b with permission from Loudet, J.C., Alsayed, A.M., Zhang, J., Yodh, A.G., Physical Review 
Letters, 94, 018301, 2005. Copyright 2005 by the American Physical Society. (c,d) Republished 
with permission of the Royal Society of Chemistry, from Capillarity-induced directed self-
assembly of patchy hexagram particles at the air-water interface, Kang, S.-M., Choi, C.-H., Kim, 
J., Yeom, S.-J., Lee, D., Park, B.J., Lee, C.-S., 12, 2016; permission conveyed through Copyright 
Clearance Center, Inc. (e) Reprinted (adapted) from Anjali, T.G., Basavaraj, M.G., Shape-
Induced Deformation, Capillary Bridging, and Self-Assembly of Cuboids at the Fluid-Fluid 
Interface, Langmuir, 33, 3, 2017, 791-801. Copyright 2017 American Chemical Society. (f) 
Republished with permission of the Royal Society of Chemistry, from Capillary-driven binding 
of thin triangular prisms at fluid interfaces, Ferrar, J.A., Bedi, D.S., Zhou, S., Zhu, P., Mao, X., 
Solomon, M.J., 14, 2018; permission conveyed through Copyright Clearance Center, Inc. (g) 
Republished with permission of the Royal Society of Chemistry, from Capillary bond between 
rod-like particles and the micromechanics of particle-laden interfaces, Botto, L., Yao, L., 
Leheny, R.L., Stebe, K.J., 8, 2012; permission conveyed through Copyright Clearance Center, 
Inc. Copyright agreements given in Appendix K. 
 

 Advances in particle synthesis techniques have enabled fabrication and assembly of many 

other anisotropic colloidal particles at fluid-fluid interfaces including cuboids,56,57 patchy 

hexagrams,52 triangular prisms,54 and cylinders55,58 (Figure 2.6c-g). The primary force driving 

the assembly of each of these types of particles was determined to be capillary in nature, with 

various structures formed as a function of particle shape: cuboids were observed to form 

hexagonal and square lattices depending on how the contact line pinned to the particle after 

adsorption to the interface (Figure 2.6e),53 patchy hexagrams were observed to assemble into 

disordered structures when the particle surface chemistry was either purely hydrophobic or 
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purely hydrophilic, but could form highly ordered structures when a small patch of opposite 

hydrophilicity was introduced to the hexagram tips (Figure 2.6c,d),52 triangular prisms were 

observed to form fractal networks of various density (Figure 2.6f),54 and cylindrical particles 

were observed to form “bamboo” structures via strong end-to-end capillary forces (Figure 

2.6g).55 Thus, simple changes to the shape or chemistry of a particle can induce anisotropic 

interactions and lead to a diverse array of interfacial morphologies. 

2.2.5 Nanoparticles at Fluid-Fluid Interfaces 

 Nanoparticles are defined as having dimensions within the range of 100 – 102 nm,33 and 

are intriguing because they can exhibit size-dependent properties as the particle size increases 

from several atoms (~100 nm) to the “bulk” material (~102 nm). The small size of these particles 

also promotes fast dynamics as small particles exhibit greater Brownian motion than large 

particles, which implies different energy states of nanoparticle systems can be explored to a 

greater extent and thermodynamically preferred states can be reached on shorter time scales. 

Additionally, with respect to particle dynamics at a fluid-fluid interface, the nanoscopic size of 

these particles promotes dynamics distinct from those of larger colloidal particles at fluid-fluid 

interfaces. 

One of the first major differences between nanoparticles and colloids are the dynamics of 

nanoparticle adsorption to and desorption from an interface. As noted in Section 2.2.1, particles 

with diameters of ~102 nm and contact angles of ~90° are irreversibly adsorbed at a fluid-fluid 

interface because of the large energy penalty (>105 kBT) required to desorb a particle from the 

interface. However, for spherical nanoparticles with diameters <5 nm and contact angles that 

deviate from 90°, the desorption energy can be as low as 100 kBT.59 This implies that small 

nanoparticles are sensitive to fluctuations in thermal energy and can readily adsorb or desorb 

from fluid-fluid interfaces in a manner similar to surfactant molecules. Note this analysis 

neglects the influence of line tension on the desorption energy,38 as the reported magnitude of 

line tension can span orders of magnitude,60 but it is important to acknowledge that line tension 

has also been found to influence the desorption energy of nanoparticles at interfaces.38 

 In addition to the influence thermal forces have on the adsorption and desorption 

dynamics of nanoparticles at fluid-fluid interfaces, thermal forces can also have a strong 

influence on the lateral dynamics between nanoparticles that adsorb and remain trapped at a 

fluid-fluid interface. As seen in the previous sections, dynamics and interfacial structure of 
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colloidal particles are largely governed by strong, long-range capillary interactions because of 

significant interfacial deformations induced by the irregular contact line pinning on such 

particles. For nanoparticles with dimensions <101 nm, the magnitude of capillary interactions 

decreases to ≤100 kBT because of smaller deformations in the interface.42 Thus, the absence of 

strong interparticle forces (>101 kBT) and the size of nanoparticles (~101 nm) means that 

nanoparticle dynamics have the potential to be influenced by the thermally-induced fluctuations 

of a fluid-fluid interface known as capillary waves.61  

Nanoparticles adsorbed at fluid-fluid interfaces modulate the behavior of stochastic 

capillary waves61 and can induce an effective Casimir-like62 force that can be attractive and long-

ranged under the correct circumstances.61,63-65 While studied in great depth theoretically and 

often implicated as a driving force for observed nanoparticle structures at fluid-fluid interfaces, 

these forces have yet to be specifically isolated and measured because of the difficulty in directly 

visualizing the dynamics of <100 nm nanoparticles at fluid-fluid interfaces. We do not attempt to 

study capillary wave-mediated forces in this thesis but make mention of the potential influence 

of such forces on nanoparticle dynamics as capillary wave-mediated forces could be present in 

systems of 2D materials at fluid-fluid interfaces due to the molecularly-thick nature of these 

particles. 

 

 

Figure 2.7 Schematic showing characteristic length scales of a spherical colloid and 2D particle 
at a fluid-fluid interface. 
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2.3 Interactions and Forces Between 2D Particles at Fluid-Fluid Interfaces 

 The 2D nature of a fluid-fluid interface produces an anisotropic environment for particles 

adsorbed to the interface that can induce interactions that are similar to yet distinct from 

interactions between the same particles in a bulk suspension. For example, 2D materials prefer to 

assemble in a face-to-face manner in the bulk,66 but are forced to interact in an edge-to-edge 

manner when at a fluid-fluid interface.67 Furthermore, monolayer 2D materials present an 

interesting scenario in which their lateral dimensions reside in the colloidal regime, but their 

thicknesses are in the nanoparticle regime (Figure 2.7), which makes it possible that 2D particles 

could sometimes behave as conventional colloidal particles and other times behave as 

nanoparticles when adsorbed to a fluid-fluid interface. The “colloidal” nature of 2D particles is 

evident by their stability at fluid-fluid interfaces, as they have desorption energies >103 kBT.68 

However, little is still known how the nanoscale thickness of 2D materials influences their 

(thermo)dynamics. For instance, it is not understood if 2D materials interact via conventional 

colloidal interactions (i.e., capillary forces) at fluid-fluid interfaces due to their lateral 

dimensions or if they experience forces unique to nanoparticles at fluid-fluid interfaces due to 

their thicknesses (i.e, capillary-wave forces). The following sections introduce several of the 

forces studied specifically in this thesis and describe how these forces are distinct for 2D 

particles adsorbed at fluid-fluid interfaces. 

2.3.1 Van der Waals Force 

 The origin of the van der Waals force between particles at interfaces is the same as for 

particles in the bulk, quantum electrodynamics,33 and the van der Waals force is always attractive 

between two particles of the same material.33 However, the presence of two fluids of varying 

dielectric constants surrounding a particle that is immersed at a different fraction in each fluid 

presents the need to modify the Hamaker constant AH, which modulates the strength of the van 

der Waals interaction between particles. Williams and Berg suggested the Hamaker constant for 

a particle adsorbed to an interface AH,int could be described as a function of the linear fraction  

the particle is immersed in the lower phase69 

AH,int = AH,2 + ϕ2(3 − 2ϕ)(AH,1 − AH,2) (2.4) 

where AH,1 and AH,2 are the Hamaker constants in the lower and upper phases, respectively. 

Values of AH,int are generally of similar magnitude as AH in the bulk and are ~10-19 – 10-20 J.33 
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 The van der Waals force is dependent on the geometry of the interacting particles.33 For 

example, assuming the radii of the interacting particles R1 and R2 are much greater than the 

separation distance D, the van der Waals force between spherical particles scales as D-2 

(equation 2.5) whereas the force between two parallel rods scales as D-3/2 (equation 2.6) 

FvdW,s-s(D) = − AH,int ( R1R2
R1 + R2

)
6D2 (2.5) 

FvdW,c-c(D) = − AH,int ( R1R2
R1 + R2

)1
2

8√2D
5
2

(2.6) 

Thus, the shape of interacting particles is important as it modulates the magnitude and length 

scale over which the van der Waals force is significant. 

 It should be noted that equation 2.4 was derived for colloidal particles that are large 

enough to extend into both surrounding media. However, the atomically-thin nature of 2D 

materials and molecular dynamics simulations70 suggest these types of particles prefer to situate 

themselves only on one side of the interface and thus the use of equation 2.4 is likely 

unnecessary for 2D materials at fluid-fluid interfaces. In Chapter 5, we present a relation for the 

van der Waals force between two graphene discs interacting edge-to-edge (i.e., in two 

dimensions, derivation in Appendix D) and the results are compared and contrasted to equation 

2.5 above. 

2.3.2 Capillary Forces 

Capillary forces are interparticle forces only observed between colloidal particles 

immersed in a thin liquid film or between particles adsorbed to a fluid-fluid interface.34,71,72 

These forces arise when energetically unfavorable deformations of a fluid-fluid interface around 

interfacially-bound particles overlap.73 These interfacial deformation are often due to gravity 

(i.e., the “Cheerios” effect)71,74 or particle anisotropies.36,75,76 To minimize unfavorable 

interfacial deformations, particles will either aggregate with or repel from one another (Figure 

2.55b,c) to minimize gradients in surface curvature and minimize the free-energy of the system.77 

A substantial amount of work has been performed to understand how capillary forces influence 

interfacial morphology at different length scales.52,78-83 The following sections provide a brief 

introduction to capillary interactions and forces, and highlight studies that have investigated how 

capillary interactions in both the far- and near-field influence the morphology of colloidal 
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particles at fluid-fluid interfaces. 

2.3.2.1 Capillary Quadrupoles: Long-Range Attraction 

 The magnitude and length scale over which colloidal particles can interact due to small 

interfacial deformations are perhaps the most intriguing aspects of capillary forces. As 

gravitational deformations are negligible for spherical particles of diameter ≤10 m,39 perfectly 

spherical particles adsorbed to fluid-fluid interfaces are expected to reside at the interface with a 

constant three-phase contact angle c determined by thermodynamics. However, colloidal 

particles are consistently observed to interact very strongly when separated by distances much 

greater than several particle diameters,42 which indicates particle anisotropies such as roughness, 

shape, or chemical heterogeneities pin the contact line at different positions along a particle 

(Figure 2.8a). For example, 1 m spherical particles with contact line undulations of ~10 nm can 

interact with one another over several particle lengths with a potential of ~103
 kBT,42 and 

“smooth” non-spherical particles with c ≠ 90° will induce contact line undulations to maintain 

the constant thermodynamic contact line boundary condition (e.g., capillary quadrupolar 

deformation around an ellipsoidal particle).49 

 The shape of contact line undulations around a particle can be solved using a Fourier 

multipole expansion73 to give rise to what are known as capillary multipoles. Capillary 

multipoles (mk = 0, 1, 2, …; k is particle A or B) can induce attraction or repulsion between 

particles depending on if the interfacial deformations between interacting particles have similar 

or opposite meniscus shapes, respectively (Figure 2.5b,c). Capillary quadrupoles (mk = 2) are 

generally attractive (same interfacial deformation) at large particle separations, but can be 

attractive or repulsive at small separation distances depending on the relative orientation (φk) of 

the interacting particles.73 This orientational and spatial dependence of the capillary pair 

interaction potential Ucap(D) is demonstrated in equation 2.7 (and Figure 2.8), which is an 

approximation of the interaction potential between two spherical colloidal particles interacting 

via capillary multipoles of arbitrary order84 

Ucap(D) ≈ − πγG0Hm,AHm,B cos(mAφA − mBφB) RA
mARB

mB

D(mA + mB) (2.7) 

where  is the interfacial tension (for an air-water interface,  = 72 mN/m), G0 is a constant, Hm,k 

is the amplitude of the contact line undulation for the capillary multipole of order m of particle k, 

and RA and RB are the radii of particle A and B, respectively. Maximum attraction occurs when 
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multipolar deformations are perfectly aligned (mAφA = mBφB, Figure 2.8a), whereas maximum 

repulsion occurs when multipolar deformations are perfectly misaligned (mAφA = − mBφB, 

Figure 2.8b). It is important to note that Ucap depends strongly on the amplitudes of the contact 

line undulations of the two interacting capillary multipoles; this has important implications when 

discussing the interactions between 2D platelet-like particles where Hm,k is governed by the 

thickness of the particle. Additionally, equation 2.7 indicates that Ucap between multipoles of 

larger total order mA + mB decays more rapidly with separation distance D. 

 

 

Figure 2.8 Numerically-calculated meniscus shape  around two particles at a center-center 
separation of 3 particle radii with capillary quadrupolar deformations in perfect alignment (a) 
and misaligned by 90° (b).73 Reprinted from Advances in Colloid and Interface Science, 154, 
Danov, K.D., Kralchevsky, P.A., Capillary forces between particles at a liquid interface: General 
theoretical approach and interactions between capillary multipoles, 91-103, Copyright 2010, with 
permission from Elsevier. Copyright agreement given in Appendix K.  
 

Capillary interactions have been used to induce large-scale 2D crystallization of spherical 

particles18,85 and more recently, have been used as a directed assembly method for particles with 

predefined shapes.52,77,86 These directed assembly methods could be used to construct films or 

particle networks with specific properties. Additionally, anisotropic51,55,87 and rough 

nanoparticles82 have been observed to form percolated networks through long-range capillary 

interactions, and these structures were found to exhibit significant interfacial elasticity at low 

surface coverage fractions in comparison to smooth spherical particles. These results are 

important for the enhanced stabilization of foams and emulsions. 
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2.3.2.2 Short-Range Interactions: Enhanced Attraction or Stabilizing Repulsion 

 Literature on long-range capillary interactions between colloidal particles is extensive 

because the strong attractions give rise to interesting interfacial morphologies. However, 

capillary interactions in the near-field are rarely studied even though they are equally important 

in determining the functional properties of an assembled film. For instance, if electrically 

conductive particles were to assemble into an “apparent” percolated network but neighboring 

particles could not make intimate contact due to capillary repulsions at small interparticle 

separations (Figure 2.9), the resulting film would likely demonstrate poor conductivity. 

 In 1992, Jacob Lucassen was the first to suggest that capillary interactions could be 

repulsive at short distances by performing a theoretical analysis involving two rectangular 

particles that had edges taking the shape of sinusoidal waves of similar amplitude but different 

wavelengths.88 The sinusoidal edges were expected to deform the interface immediately around 

each particle differently, but also expected to induce interfacial deformations that would appear 

similar at a significant distance away from each particle. Lucassen discovered that increasing the 

phase difference between wavelengths resulted in the local minimum of the interaction potential 

being shifted to further interparticle separation distances due to an increase in near-field capillary 

repulsion.88 Eight years after the seminal work by Lucassen, Stamou also suggested that capillary 

repulsion was possible at short range due to unfavorable interactions between higher-order 

multipoles.42 However, it wasn’t until 2013 when Kathleen Stebe’s group at University of 

Pennsylvania were able to fabricate wavy, curved particles using photolithography, similar to the 

particles described by Lucassen, that long-range attraction and short-range capillary repulsion 

were able to be studied experimentally for the first time.89 Stebe et al. successfully demonstrated 

that particles tended to interact via capillary quadrupoles at large interparticle separation 

distances, but interacted through higher order multipoles at small interparticle separations 

(Figure 2.9a). Additionally, particles were observed to experience enhanced attraction and 

apparent contact between particles if higher order multipoles could properly align.89 Conversely, 

if multipoles were of different order, then particles were unable to align and adopted a 

morphology that exhibited an equilibrium separation distance between particles (Figure 2.9b).89 

These results align with what is expected from equation 2.7. 
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Figure 2.9 a) Capillary multipole deformations predicted by simulations,89 and b) SEM image of 
two particles with different capillary multipoles that cannot align.89 Inset is theoretically 
predicted orientation. Republished with permission of the Royal Society of Chemistry, from 
Near field capillary repulsion, Yao, L., Botto, L., Cavallaro, M., Bleier, B.J., Garbin, V., Stebe, 
K.J., 9, 2013; permission conveyed through Copyright Clearance Center, Inc. Copyright 
agreement given in Appendix K. 
 

While capillary interactions between particles of various 3D geometries have been 

studied intensely, it is still not understood how capillary interactions influence the interfacial 

morphology of films formed by 2D particles. Capillary interactions have been alluded to for 

observed morphologies in films of 2D materials,68,90-92 but have yet to be studied systematically. 

The work throughout this thesis investigates the influence of both attractive and repulsive 

capillary interactions on the interfacial structure of graphene particles with different shape, size, 

and thickness. Furthermore, we note the platelet-like structure of 2D materials also enables 

potential studies to investigate if capillary interactions between 2D particles arise due to pinned 

versus dynamic contact line undulations (Figure 2.10) but are not studied explicitly in this thesis.  

 

 

Figure 2.10 Potential contact line undulations due to a rigid versus fluctuating 2D material at a 
fluid-fluid interface.  
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2.3.3 Thermal Forces 

 Thermal forces acting on particles at interfaces arise from the incessant bombardment of 

solvent atoms on particles at a fluid-fluid interface (Figure 2.11). Thermal forces are generally 

considered disruptive forces because they enable a system to explore different energy states if 

attractive forces in the system are weak (i.e., on the order of thermal forces). The magnitude of 

thermal forces can be found using the fluctuation portion (equation 2.8) of the fluctuation-

dissipation theorem:93 

Fthermal ≈ 〈F(t)F(t’)〉1 2⁄  = (2dξkBTδ(t –  t’))1 2⁄ (2.8)
Here, d is the dimensionality (i.e., d = 1 = 1D, etc.), ξ = 16

3
μR is the drag coefficient on a disc 

with radius R and subphase viscosity ,94 and (t – t’) is the Dirac delta function. The stochastic 

bombardment of solvent molecules exhibits the form of white noise,95 and in practice this 

implies the use of a Gaussian white noise generator to calculate Fthermal. For particles with 

radii 1 m ≤ R ≤ 25 m at an air-water interface ( ≈ 1 mPa∙s), Fthermal is ~10-14 – 10-15 N. This 

value is important as it enables us to compare the magnitude of all other interparticle forces to 

Fthermal to understand the relative contribution of each force to the dynamics of 2D materials at 

fluid-fluid interfaces. 

 

 

Figure 2.11 Visualization of thermal forces from the surrounding subphase molecules acting on a 
colloid adsorbed to a fluid-fluid interface. 
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2.3.4 Entropic Forces 

 Entropy S arises from the second law of thermodynamics that states that a system will 

always seek to minimize its Helmholtz free energy, A = U – TS, where U is the internal energy 

and T is the temperature of the system.96 For a system at constant T, minimization of the free 

energy can occur by decreasing the internal energy U or by increasing the entropy S of the 

system. This section focuses on systems that minimize their free energy through the latter and 

will discuss two sources of entropy-driven forces potentially relevant for 2D particles at fluid-

fluid interfaces, depletion and shape entropy forces. 

2.3.4.1 Depletion Force 

 The depletion force occurs in binary systems of (essentially) non-interacting particles 

with different sizes and occurs when the small particles, known as the depletants, are excluded 

from the interstitial region between two large particles. This force was initially observed for a 

suspension of colloidal particles (the large particles) and macromolecules (the depletants) by 

Asakura and Oosawa in 1958,97 and has since been studied extensively in 3D as it is important in 

determining colloidal stability,98 protein binding,99 and can even be used to create colloids with 

specific shapes.100 However, studies of depletion interactions in 2D have largely been limited to 

simulations,101 and there are very few experimental studies that attempt to investigate the 

depletion interaction between particles at a fluid-fluid interface.102 The difficulty in studying 

depletion at fluid-fluid interfaces arises for several reasons. The first is that large colloids 

adsorbed to interfaces generally experience strong capillary forces, as mentioned above, that are 

much greater in magnitude than the depletion force. This difficulty requires the surface of 

colloidal particles to be extremely smooth and for the particle to have a contact angle as close to 

90° as possible. The second difficulty is that the “large” particles must be sufficiently “small” so 

that they can undergo substantial Brownian motion and explore all of phase space on the 

timescale of the experiment. Optical microscopy puts another limit on the smallest diameter of 

the particles (~200 nm) in order to be able to sufficiently resolve the spatial location of the 

particles. Finally, the depletant molecules must also be surface active, must not induce interfacial 

deformations, and must not interact with each other nor the large particles. Thus, these 

difficulties have made the experimental isolation of depletion interactions at fluid-fluid interfaces 

hard to achieve to date. 

 While not strictly studied in the work of this thesis, it is possible these forces are present 
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between monolayer 2D particles at fluid-fluid interfaces due to the monoatomic thickness of 2D 

particles, which significantly reduces the magnitude of capillary forces due to minimal interfacial 

deformations. A discussion surrounding how the size- and shape-controlled 2D particles created 

in Chapter 5 present a unique opportunity to study depletion interactions between particles at 

fluid-fluid interfaces is presented in the future work section, Chapter 7. 

2.3.4.2 Shape Entropy: Directional Entropic Forces 

 Non-interacting, faceted, hard particles at moderate to high densities can assemble into 

ordered structures through a maximization of system entropy.103,104 This phenomenon arises in 

crowded hard-particle systems in both 3D and 2D because the optimal packing structure for a 

system of hard particles of a given shape is achieved by maximizing both translational and 

rotational entropy for every particle in the system (Figure 2.12). For the example of 2D square 

particles in Figure 2.12, this implies that edge-to-edge alignment of neighboring squares is 

preferred because this orientation provides maximal translational and rotational freedom for each 

particle in the system. Additionally, the directional shape entropy force104 experienced by 3D 

(2D) faceted (flat-edged) particles is an emergent force, which means directional entropic forces 

occur only when the density of hard particles in the system is high. These forces therefore must 

be accounted for when analyzing the phase behavior and self-assembled morphology of hard 

particles as the local density of the system increases. 

 

 

Figure 2.12 Demonstration of entropy maximization for nine square particles by increasing the 
translational and rotational entropy for each particle in the system (left to right). 
 

The work of Sharon Glotzer and colleagues at the University of Michigan has 

significantly advanced our understanding of these forces through their simulations of hard 
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colloids with various shapes and sizes.103-108 Furthermore, experimental realization of the 

behavior of 3D hard particles has also been accomplished,109 but the behavior of 2D hard 

particles has only been explored through simulations30,110 and pseudo-2D studies.111,112 As 

mentioned previously, it is difficult to produce an experimental system that is truly two 

dimensional and consists of particles interacting only through a hard-core potential. Any 

deviation from two-dimensionality is likely to induce emergent behavior distinct from that 

predicted for a truly two-dimensional system. The work in Chapter 5 demonstrates, for the first 

time, the closest experimental representation of a two-dimensional system to date: one-atom-

thick particles at a planar fluid-fluid interface, and our results suggest that directional shape 

entropy forces emerge in the systems studied at area fractions > 0.58.  

While the subsections of Section 2.3 outline the forces determined in this thesis to be 

most relevant for dictating the self-assembly dynamics of graphene particles at fluid-fluid 

interfaces, it should be noted that there are other potentially relevant forces governing the 

dynamics of 2D materials at fluid-fluid interfaces that should be considered in future work with 

graphene and other 2D particles, such as line tension and Casimir-like forces, (see Chapter 7), 

and also for 2D materials with inherent surface charges such as MoS2 or graphene oxide; for 

example, electrostatic dipole-dipole repulsions,67 or electrocapillary attraction (Figure 2.13).90,113 

 

 

Figure 2.13 Summary of potentially relevant forces between 2D materials at a fluid-fluid 
interface. Attractive forces given in green, repulsive forces given in red.  
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Figure 2.14 Schematic of a vertical van der Waals heterostructure constructed from h-BN (blue-
purple), MoS2 (green-silver), and graphene (black-grey). 
 

2.4 2D Materials 

2.4.1 Platelet-Like Particles: Electronic Confinement 

 A paramount discovery of this century was the mechanical exfoliation and subsequent 

characterization of the electronic properties of mono- and few-layer graphene by Novoselov et 

al. in 2004.15 This work stimulated an expansive amount of research aimed at understanding 

fundamental properties and potential applications of graphene and other 2D materials. It has 

since been recognized that graphene and other 2D materials such as MoS2, hexagonal boron 

nitride (h-BN), and Mxenes114 are poised to revolutionize next-generation technologies due to 

unique physical properties that arise near the atomic scale.115-117 For example, one property not 

present in bulk materials but is present in 2D materials is the confinement of electrons to two 

dimensions.118 Quantum confinement of electrons in graphene has enabled studies of various 

condensed matter physics phenomena119 and has made graphene ideal for electronic applications 

because of extremely high charge carrier mobility and electrical conductivity.118 A second 

unique characteristic of some 2D materials is their ability to exhibit layer-dependent 

properties.115 For instance, monolayer MoS2 has a direct bandgap of 1.8 eV, but stacking 

successive monolayers to form bi- and tri-layer MoS2 can be used to atomically engineer the 

bandgap of a MoS2 thin-film until it reaches its bulk, indirect bandgap of 1.3 eV.120 Additionally, 

the dielectric properties of h-BN have been shown to be a function of the number of stacked 

layers.121 A final unique aspect of 2D materials is the opportunity to construct nanometer-scale 

architectures known as van der Waals heterostructures (VDWHs, Figure 2.14).116,117,122 The 

construction of VDWHs can be thought of as manipulating “molecular Legos”,117 where each 

“Lego” is a different 2D material with a distinct property (e.g., conducting, semiconducting, or 
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insulating) placed in a specific location within a vertical or horizontal stack to build an 

atomically-thin device held together by van der Waals forces. This modularity enables a vast 

number of possible permutations that could all lead to device structures <101 nm, and VDWHs 

could serve as a route towards continued miniaturization of the working components of 

electronic devices.115,123 

2.4.2 Methods of Production: Bottom-Up vs Top-Down 

 The potential applications of 2D materials has led to a substantial amount of research 

focused on the production of 2D materials via “bottom-up” or “top-down” methods.124 Bottom-

up methods such as molecular beam epitaxy or chemical vapor deposition (CVD) employ the use 

of molecular precursors that adhere to a substrate and then self-assemble into the desired 2D 

material, while top-down methods use bulk parent material subjected to an external mechanical 

force to produce 2D “sheets” of the desired material.125 The choice of production method largely 

revolves around a balance of three factors: production cost, material quality, and production 

throughput (Figure 2.15). 

 

 

Figure 2.15 Schematic comparing the production cost, quality, and throughput of different 
methods to produce 2D materials. 
 

The most notorious top-down method for graphene production is mechanical exfoliation, 

or the “Scotch tape” method, as this was the method used by Novoselov and coworkers in 2004 
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to successfully separate monolayer graphene from bulk graphite.15 This method is still 

commonly used126,127 because it produces large (≥10 µm) monolayers of high-quality 2D 

materials.117 The advent of VDWH research has also leaned heavily on mechanical exfoliation 

because structures consisting of several 2D materials can be easily manipulated and stacked on 

one another. Mechanical exfoliation has been instrumental in developing our current 

understanding of 2D materials, but its low throughput prevents this method from being used 

outside of the laboratory setting. No studies using mechanically exfoliated samples were 

performed in this thesis. 

 Chemical vapor deposition has emerged as the most promising bottom-up synthesis 

method because of low operating vacuum requirements, high selectivity, and moderate 

throughput.128 A multitude of 2D material monolayers have been grown using CVD over the past 

decade.129-132 The general process for CVD growth of 2D materials includes heating a catalyst, 

which is generally a solid metal such as Cu130 or Ni,131 to facilitate a surface reaction of the 

specific source gases, followed by removal of the undesired reaction product via an inert carrier 

gas such as Ar, and finally surface diffusion, nucleation, and growth of the desired 2D material 

on the catalyst surface.133 By varying parameters such as operating temperature, source gas ratio, 

and source gas flow rate, one can achieve large-area, polycrystalline monolayers,134 or films with 

a specific number of layers.135 One of the most significant reports in CVD-grown materials 

occurred in 2010 when a roll-to-roll method for producing CVD graphene on a flexible plastic 

substrate was demonstrated for the first time,129 demonstrating the potential scalability of the 

CVD growth method. Furthermore, significant advancements in enhancing the monocrystalline 

nature of CVD-grown 2D material films have arisen due to the advent of using liquid catalysts as 

growth substrates.133 The liquid catalyst surface is inherently free of grain boundaries that are 

common in conventional solid metal catalysts and the fluid surface enables facile translation and 

rotation of nucleated crystals such that adjacent crystals can align with the proper grain 

orientation. For those interested in this method of CVD growth of 2D materials, Chapter 5 will 

be of interest as it is likely that the results we observed with monolayer, shape-controlled 

graphene particles at an air-water interface can be used to help explain why monocrystalline 

grains of 2D materials undergo self-alignment during CVD growth on liquid catalysts.133 

 A promising method for industrial-scale production of 2D materials is liquid phase 

exfoliation (LPE) because of its nearly universal applicability to any 2D material136-143 and the 
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resulting 2D flake suspensions can be implemented across a wide range of applications including 

biosensors,144 polymer composites,145 and (opto)electronics.146 The production of 2D materials 

through LPE takes advantage of the weak van der Waals forces in layered crystals, where these 

forces can be overcome by supplying sufficient energy to a suspension of bulk layered material 

in an appropriate solvent.147 The supplied energy can come in the form of ultrasonication,136 

shear-mixing,148 or ball milling149 of bulk parent material. Ultrasonication relies on the collapse 

of cavitation bubbles to induce the necessary stresses to separate individual flakes while shear-

mixing and ball milling rely on physical shearing of bulk material to separate flakes.147 The 

resulting suspensions immediately after initial exfoliation are highly polydisperse and are 

undesirable for many applications. Thus, several techniques have been developed to obtain 

suspensions of liquid exfoliated 2D particles with reduced polydispersity in lateral size and 

thickness.140,147,150,151 For Langmuir film formation of 2D materials, there are additional 

constraints that need to be considered as an ideal solvent should not only be able to efficiently 

exfoliate mono- and few-layer flakes and then suspend the exfoliated material without 

reaggregation, but should also be water-immiscible and have moderate volatility.137,143,152,153 

Currently, the best solvents for exfoliation and suspension of 2D materials are defined as having 

a surface tension sovlent that matches the surface energy of the desired 2D material solid,143,147,154 

and solubility parameters (e.g., Hildebrand155 and/or Hansen156) that also match those of the 2D 

material. A solvent that has continually appeared in the literature as a prime solvent for 

exfoliating and suspending 2D materials is N-methyl-2-pyrrolidone (NMP) because it meets 

most of the above criteria.136 However, NMP and similar organic solvents are poor solvents for 

Langmuir film applications because of their low vapor pressure and are water miscible. This 

limitation has been overcome using binary solvent mixtures that utilize the best properties of two 

solvents to exfoliate, suspend, and spread 2D materials as Langmuir films.157-159 For example, 

initial exfoliation of bulk material in NMP allows for efficient production of mono- and few-

layer 2D particles and subsequent dilution of the exfoliated suspension with a volatile solvent 

such as chloroform aids in spreading particles at a fluid-fluid interface.159 However, it is still not 

fully understood what combination of parameters give rise to the “best” exfoliating and 

suspending solvent, and this is still an active field of study. 
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2.5 2D Materials at Fluid-Fluid Interfaces 

 The primary objective for many groups interested in 2D materials at fluid-fluid interfaces 

is to assemble and deposit large-area thin films in a more controlled manner than through spin 

coating, drop casting, spraying, or vacuum filtration.160 However, there are few studies that have 

attempted to understand the dominant interactions present between particles as a function of 2D 

particle parameters such as lateral size, thickness, chemistry, and shape that manifest in a 

specific interfacial morphology. The following sections highlight seminal work regarding the 

dynamics of specific 2D materials at fluid-fluid interfaces and provide the primary motivation 

for the work performed in this thesis. 

2.5.1 Graphene 

 Studies of pristine graphene at fluid-fluid interfaces are far fewer in number than the 

chemical derivatives of graphene such as graphene oxide (GO) and reduced graphene oxide 

(rGO). This discrepancy in volume of literature is largely because of the difficulty in creating 

stable suspensions of non-functionalized, monolayer graphene particles through liquid phase 

methods that can be spread at a fluid-fluid interface; the first report was in 2008, but described 

the preparation of films of surfactant-stabilized graphene particles at a fluid-fluid interface.161 As 

such, the field of 2D materials at fluid-fluid interfaces is still in its infancy and our depth of 

understanding of these systems has remained limited. 

The preferential adsorption of graphene particles to a fluid-fluid interface was 

demonstrated in 2009, when Biswas and Drzal assembled pristine graphene films at a 

chloroform-water interface161,162 by using sonication to first exfoliate graphite into many-layer 

graphene particles (~10 layers, 3-4 nm) in chloroform, and then added water and sonicated the 

system to induce transport of the exfoliated graphene particles to the fluid-fluid interface.162 The 

result was a dense interface of close-packed particles, and the authors argued that capillary forces 

were the driving force for lateral particle agglomeration. Given the average thickness and 

diameter of the graphene particles in this study (3-4 nm and ~10 m, respectively), attractive 

capillary interactions between particles could have magnitudes ranging from ~100 – 102 kBT, 

which are reasonable values for driving particle aggregation depending on where the contact line 

was pinned to the particle. Woltornist et al. used a similar setup to drive adsorption of exfoliated 

graphene to a heptane-water interface four years later in 2013 and observed films were stable for 

extended periods of time when at the interface but would agglomerate and settle when dispersed 
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in either the heptane or water phases.70 They also observed films were comprised of graphene 

particles with <4 layers (~1.5 nm thick) and argued that neighboring particles preferred to stay 

laterally aggregated rather than to stack on top of one another because more particles at the fluid-

fluid interface resulted in a reduction of the liquid-liquid interfacial tension (i.e., lower free-

energy of the system), and because of the energy associated with bending a particle out of the 

interface in order for stacking to occur. Furthermore, particles were always observed to adsorb 

with their basal planes parallel to the interface in both studies.70,162 These two seminal reports 

were key to advancing our understanding of the thermodynamics of 2D material adsorption to 

fluid-fluid interfaces. 

The (thermo)dynamics of 2D particles at fluid-fluid interfaces can be studied using a 

Langmuir trough (Chapter 2.6.1). Particle surface coverages can be manipulated in a Langmuir 

trough by compressing or expanding the barriers of the trough to either decrease or increase, 

respectively, the available interfacial area to the particles to understand how particles assemble 

as a function of surface coverage. Jonathan Coleman’s group at Trinity College Dublin studied 

the behavior of few-layer graphene particles (thicknesses <7 nm, average lateral dimension ~305 

nm) at different surface coverages using a Langmuir trough and observed a pseudo-reversible 

interface upon successive compression-expansion measurements if the surface pressure did not 

exceed 25 mN/m.159 This result was surprising given that pristine graphene should not have 

excess charge nor surface modifications to help stabilize against agglomeration, and Coleman et 

al. attributed this behavior to residual solvent acting as a lubricant at high surface pressures. 

They did not explore this result any further. 

Our findings in 2018 indicated that interfaces comprised of graphite and graphene 

particles at an air-water interface were not reversible and experienced continuous agglomeration 

upon consecutive compression-expansion measurements of the interface, but if left in a quiescent 

state the interface could “restore” its original structure (details in Chapter 3).163 Our hypothesis 

was that thin (~1 nm, <3 layers) graphene particles could detach from large agglomerates over 

time due to thermal forces being greater than attractive capillary forces, which allowed the thin 

particles to re-explore the interface. We then supported our hypothesis with direct visual 

evidence of attachment-detachment events of <3-layer graphene particles using interference 

reflection microscopy in 2020 (details in Chapter 4).164 Notably, our direct evidence could 

provide further support for the results presented by Coleman et al. in 2013, where small and thin 
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graphene particles were used, as weak attraction between particles could result in a reversible 

interfacial morphology.  

A report in 2020 by Alan Dalton’s group at the University of Sussex also suggested that 

there was an apparent repulsive force acting between graphene particles at an air-water interface, 

which was determined after analyzing the compression curves for “small” and “large” graphene 

particles using the Volmer equation of state for particles at a fluid-fluid interface.165,166 This 

repulsive force they observed could have arisen from thermal forces countering particle 

aggregation, similar to what we observed previously, or could have been an artifact associated 

with curve fitting; a similar Volmer equation of state analysis was performed on compression 

curves of GO films by Jan Vermant’s group in 2012, and Vermant et. al.’s results suggested 

there was an attractive force present between GO particles,68 which was interesting considering 

that GO particles are known to have a repulsive electrostatic contribution in their interparticle 

interaction potentials.67 Regardless, our results and those in the literature suggest that the film 

morphology comprised of irregularly shaped, few-layer graphene particles are governed by a 

delicate balance between weak long-range attractive forces and thermal forces that seek to 

disrupt the structure. However, there have yet to be studies that definitively separate the effects 

of particle thickness, lateral size, and shape on the dynamics leading to film morphology. The 

work performed in this thesis aims to address these open questions in the literature in more detail 

than before. 

2.5.2 Graphene Derivatives 

 Graphene oxide (GO) and reduced graphene oxide (rGO) have been the most studied 2D 

materials at fluid-fluid interfaces since the seminal report by Laura Cote et al. in 2009.67 Polar 

functional groups (ketones, carboxylic acids, etc.) attached to the graphitic edges and basal plane 

of (r)GO make (r)GO a highly surface-active material that readily adsorbs to an air-water 

interface. The functional groups induced during synthesis of (r)GO also enable the production of 

samples with a greater fraction of monolayer particles than samples of pristine graphene.167 

Thus, (r)GO samples can be used to help isolate the effect of particle thickness on the 

interparticle interactions between ~1 nm thick particles at fluid-fluid interfaces. 

Through compression-expansion measurements, Cote et al. argued that the simple DLVO 

interaction potential, which includes only contributions of electrostatic repulsion balanced by van 

der Waals attraction, was sufficient to explain the reversibility of GO films (Figure 2.16).67 



33 
 

Electron micrographs of GO particle films before and after successive compressions were nearly 

identical even after compression to large surface pressures (~40 mN/m). The return to a similar 

interfacial structure after the interface had been compressed and expanded was argued to be a 

result of the edge-to-edge electrostatic repulsion between adjacent particles. Particles could be 

pushed together to the point of partial overlap, but electrostatic repulsion, among potentially 

other forces, prevented particles of similar lateral size from completely stacking. Reversibility 

was also observed by Zheng et al. in 2011 for air-water interfaces laden with GO particles with 

small (~100 m2) and large lateral dimensions (>103 m2).168 However, Zheng and colleagues 

observed that the stress relief mechanism was size-dependent as small particles tended to overlap 

while large particles tended to wrinkle when compressed to large surface pressures.168  

 

 

Figure 2.16 a) Surface pressure as a function of trough area for three compression-expansion 
cycles of an interface of graphene oxide particles.67 Inset image is SEM image taken of interface 
before beginning compression cycles. b) Magnified region in (a) showing slight shift of plots to 
lower areas due to particle stacking.67 Inset image is SEM image of interface taken after a 
compression-expansion cycle showing smaller particles were forced on top of larger particles. 
(a,b) Reprinted (adapted) from Cote, L.J., Kim, F., Huang, J., Langmuir-Blodgett Assembly of 
Graphite Oxide Single Layers, Journal of the American Chemical Society, 131, 3, 2009, 1043-
1049. Copyright 2009 American Chemical Society. Copyright agreement given in Appendix K. 
 

Specific interactions between GO and rGO particles were investigated in greater depth by 

Imperiali et al. in 201268 and Silverberg et al. in 2015.90 Imperiali et al. observed that GO 

particles were stable as a suspension in a bulk aqueous solvent, but the formation of fractal-like 

networks of particles at the air-water interface suggested that attractive interface-specific forces 

not included in the DLVO theory were responsible for network formation.68 The interface-



34 
 

specific forces invoked were lateral capillary forces, due to the irregular particle structure and 

chemical heterogeneity at the edge of the GO particles, and line tension. Imperiali et al. argued 

that attractive lateral capillary interactions of magnitude 103 –104 kBT or the ~10% reduction in 

total three-phase contact line length (corresponding to an energetically favorable change in 

energy of ~103 kBT) could have been responsible for particle agglomeration.68 Evidence of lateral 

particle aggregation was also observed by Imperial et al. in successive compression-expansion 

measurements as the first and second compression curves were shifted (i.e., did not line up on 

top of one another). These results from Imperiali et al. were different from the compression-

expansion measurements reported by Cote et al. and Zheng et al., where particle overlap/stacking 

was observed instead of lateral aggregation, and differences in all three studies were 

hypothesized to occur because of a difference in the lateral size and chemistry (i.e., the C:O 

ratio) of the GO particles used.68 

Silverberg et al. examined the self-assembly behavior of rGO particles at an air-water 

interface in 2015, and to date, this work represents one of the only studies performed on 

quiescent interfaces of rGO and GO particles.90 In this work, variations to the ionic strength of 

the aqueous subphase resulted in varying degrees of lateral aggregation that again could not be 

explained using DLVO theory. Large clusters of particles were observed to form at lower 

subphase ionic strengths than at higher ionic strengths, which is counter to what is expected with 

a decrease in the Debye length due to charge shielding. Silverberg et al. suggested that 

hydrophobic interactions169 and thermal capillary waves61 were too short-ranged (<100 nm) to 

induce the observed long-range aggregation, but the ionic-strength dependence of the apparent 

interactions suggested that a combination of shape anisotropy49 and electric-field-induced (i.e. 

electrocapillary)75,113 deformations of the interface could have been responsible for the long-

range attraction, as shape anisotropy would enhance the non-uniform charge distribution around 

a particle in addition to an irregularly pinned contact line.90 Additionally, Silverberg and 

colleagues noted the appearance of many-body interactions that modified the local structure 

around particles as surface coverage increased but were unsure of the origin. Our results in 

Chapter 5 suggest these surface coverage-dependent modifications in the structure of their films 

may have been entropic in nature. Overall, the findings from Imperiali et al.68 and Silverberg et 

al.90 are significant as they propose many potential interactions between ~100 nm thick particles 

that had yet to be implicated in other works studying 2D particles at fluid-fluid interfaces.  
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2.5.3 Other 2D Particles 

 The realm of 2D particles extends well beyond graphene and graphene derivatives, and 

includes layered materials such as MoS2, h-BN, MXenes, and other platelet-like particles that 

have minimal thickness in comparison to their lateral dimensions. Each of these 2D particles has 

properties of interest for use in thin films, which has led to studies using Langmuir-Blodgett 

deposition to assemble these other types of 2D particles into uniform thin films. For example, 

perovskites are layered materials that can be used in next-generation solar cells170 and have 

recently been found to form Langmuir monolayers at the interface of liquid subphases.171 The 

planarity of fluid-fluid interfaces has also been used to promote the formation of 2D metal 

organic frameworks (MOFs),172 2D polymers,173,174 and 2D zeolites.175 Thus, the use of fluid-

fluid interfaces as a construction site for a plethora of next-generation devices is intriguing. 

However, I reiterate that few studies have focused on the forces governing the assembly of these 

2D particles at fluid-fluid interfaces as a function of particle chemistry, lateral size, thickness, 

and shape. Understanding the influence of these variables is necessary to construct 2D particle-

based films at fluid-fluid interfaces with the desired morphology and properties. The paragraphs 

that follow highlight several studies that demonstrate some of the progress made in 

understanding the dynamics of other 2D particles at fluid-fluid interfaces. 

Interactions between transition metal dichalcogenides such as MoS2,144,157,165,176 WS2,165 

and WSe2
177 at fluid-fluid interfaces have largely been neglected and most groups implicate 

“electrostatics” as the predominant driving force for film structure. Pope et al. (2017) spread 

solutions of primarily trilayer MoS2 particles at an air-water interface and expected to see a 

uniform film because of the large zeta potential measured for their system, which is indicative of 

system stability.157 However, they observed large regions of aggregated particles at the interface 

even after dilution of the spreading solution,157 which indicated that there were likely interface-

specific forces present in their system similar to those noted by Imperiali et al. for GO particles.68 

However, Pope et al. did not provide an analysis of the potential forces governing aggregation. 

The results from Pope et al. were also significantly different from those reported by 

Roberts (2017)176 and Solanki et al. (2018).144 Roberts and Solanki et al. independently prepared 

Langmuir films of MoS2 particles at an air-water interface but observed variations in the degree 

of interfacial reversibility in successive compression curves,144,176 similar to the discrepancies 

seen in films of GO prepared by Cote et al.67 and Imperiali et al.68 Roberts observed a monotonic 
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shift towards smaller interfacial areas in successive compression-expansion curves of MoS2 at an 

air-water interface, and acknowledged that agglomeration, stacking, or loss of material in each 

consecutive compression-expansion cycle was possible. Solanki et al. observed negligible 

variations in consecutive cycles and suggested the observed reversibility was due to the 

electrostatic repulsion between MoS2 particles. However, the reversibility Solanki et al. observed 

was also likely because the surface pressure was never raised above ~11 mN/m, which implies 

particles were never forced to interact with one another at small separation distances. Our results 

on MoS2 particles are given in Appendix A and align more closely with those from Roberts. 

However, we observed significant shifts in successive compression-expansion curves of MoS2 

particles indicating that our system underwent more significant structural changes in each cycle. 

It is likely that the differences observed manifest from variations in particle properties such as 

the lateral size and thickness of the MoS2 particles used in each of the different studies and 

emphasizes the need for isolating and understanding the direct influence of each variable on the 

forces leading to interfacial morphology. 

Other platelet-like, “2D” particles with defined shape and size can be fabricated through 

synthetic means. Deji Akinwande’s group at the University of Texas, Austin (2016) fabricated 

hexagonal Cu2Se nanoplatelets (lateral dimensions ~210 nm, thickness ~20 nm) and observed 

that they formed highly uniform films at high surface coverages when spread at an air-water 

interface (Figure 2.17a).178 They suggested that the force from compression in a Langmuir 

trough aligned the particles, but results from Sharon Glotzer’s group (2013)179 using lanthanide 

fluoride nanoplatelets (lateral dimensions ~50 nm, thickness ~5 nm) suggested that entropic 

forces could be also be responsible for particle alignment (Figure 2.17b).  

Shape-induced order of films of monolayer 2D materials (<1 nm thick) on fluid-fluid 

interfaces have only been observed during liquid-catalyst-assisted CVD growth of 2D 

materials.133 For example, monolayer graphene hexagons grown on a liquid Cu surface180,181 and 

monolayer h-BN discs grown on a liquid Au surface182 (Figure 2.17c,d) were observed to 

assemble into ordered lattices at high surface coverages if the size and shape of the domains were 

monodisperse (Figure 2.17d), and less ordered structures were observed at lower surface 

coverages (Figure2.17c). The forces between domains giving rise to the self-alignment of CVD-

grown 2D materials on liquid catalyst surfaces are still not understood, largely because of a lack 

of in situ visualization of the CVD growth process, but it is possible that the alignment is again a 
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manifestation of shape-induced directional entropic forces. Thus, the work performed in 

Chapter 5 of this thesis represents a significant advance not only in the field of soft matter and 

interface science, but will also enable advances to be made in the CVD growth of large-area, 

monocrystalline 2D materials on liquid catalysts.  

 

 

Figure 2.17 a) Hexagonal Cu2Se nanoplatelets at different surface coverages at an air-water 
interface,178 b) lanthanide fluoride nanoplates assembled at an air-ethylene glycol interface,179 c) 
CVD-grown monolayer graphene on liquid Cu,181 and d) CVD-grown h-BN grown on liquid 
Au.182 (a) Reprinted (adapted) from Zhu, Y., Peng, L., Zhu, W., Akinwande, D., Yu, G., Layer-
by-Layer Assembly of Two-Dimensional Colloidal Cu2Se Nanoplates and Their Layer-
Dependent Conductivity, Chemistry of Materials, 28, 12, 2016, 4307-4314. Copyright 2016 
American Chemical Society. (b) Adapted by permission from Springer Nature Customer Service 
Centre GmbH: Nature Publishing Group, Nature Chemistry, Competition of shape and 
interaction patchiness for self-assembling nanoplates, Ye, X., Chen, J., Engel, M., Millan, J.A., 
Li, W., Qi, L., Xing, G., Collins, J.E., Kagan, C.R., Li, J., Glotzer, S.C., Murray, C.B., Copyright 
2013. (c) Reprinted (adapted) with permission from Zeng, M., Wang, L., Liu, J., Zhang, T., Xue, 
H., Xiao, Y., Qin, Z., Fu, L., Self-Assembly of Graphene Single Crystals with Uniform Size and 
Orientation: The First 2D Super-Ordered Structure, Journal of the American Chemical Society, 
138, 25, 2016, 7812-7815. Copyright 2016 American Chemical Society. (d) From Lee, J.S., 
Choi, S.H., Yun, S.J., Kim, Y.I., Boandoh, S., Park, J.-H., Shin, B.G., Ko, H., Lee, S.H., Kim, 
Y.-M., Lee, Y.H. Kim, K.K., Kim, S.M., Wafer-scale single-crystal hexagonal boron nitride film 
via self-collimated grain formation, Science, 362, 2018, 817-821. Reprinted with permission 
from AAAS. Copyright agreements given in Appendix K.  
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2.5.4 Thesis Statement 

From an assessment of the literature, it is clear there is a lack of understanding as to how 

parameters such as surface density, particle lateral size, thickness, and shape influence the 

assembly of 2D materials at fluid-fluid interfaces. It is also clear that a detailed analysis 

attempting to address every permutation of particle chemistry, lateral size, thickness, shape, etc., 

would be too broad. Thus, the central hypothesis of this thesis is: A balance of capillary, van 

der Waals, thermal, and entropic forces, each of which manifests from particle thickness, 

lateral size, shape, or surface density govern the self-assembly dynamics of graphene particles 

at a planar air-water interface. 

2.6 Techniques for Characterization of 2D Materials at Fluid-Fluid Interfaces  

Three characterization techniques were used throughout this thesis to (in)directly probe 

the thermodynamics, dynamics, and interfacial structure of graphene particles at a fluid-fluid 

interface: a rectangular Langmuir trough, Brewster angle microscopy (BAM), and interference 

reflection microscopy (IRM). A brief overview of the working principle and types of 

measurements that can be made using each technique are presented in the sections that follow. 

2.6.1 Rectangular Langmuir Trough 

 A rectangular Langmuir trough is one of the most common devices used to study 

interfacial systems.29,183 A more detailed process of preparing an interface can be found in our 

previous work.163 Briefly, the material to be studied (i.e., surfactant, polymer, particle) is 

introduced to a clean fluid-fluid interface via drop-wise addition from a syringe. The trough 

(Figure 2.18a) is equipped with movable barriers that can be programmed to vary the available 

surface area A at a given rate. As A is varied, the surface pressure  as a function of surface 

coverage  is measured using a Wilhelmy plate attached to a force transducer (Wilhelmy 

balance). The total force balance on the Wilhelmy plate (Figure 2.18b) is176 

F = ρPglwt + 2γ(w + l) cos θ − ρLgtwh (2.9) 

where ρP is the density of the Wilhelmy plate, g is the gravitational constant, l is the length of the 

plate, w is the width of the plate, t is the thickness of the plate,  is the interfacial tension,  is the 

fluid contact angle on the plate, ρL is the density of the liquid, and h is the depth the plate is 

immersed into the subphase. Thus, assuming  = 0°, w + l ≫ t, and h = 0 (i.e., the plate is directly 

at the interface),  is experimentally measured by measuring the change in force required to 
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maintain the position of the plate at a clean interface with interfacial tension γ0 versus the 

interfacial tension at a given material surface coverage (): 

Π(Γ) = γ0 − γ(Γ) (2.10) 

 

 

Figure 2.18 a) Schematic of a Langmuir trough and b) The relevant parameters for measuring the 
surface tension using a Wilhelmy plate. 
 

Plots of −A or − or “compression curves”, are the two-dimensional equivalents of 

three-dimensional pressure-volume phase diagrams. Thus, compression experiments performed 

by slowly varying A or  provide information on the interparticle interactions and structure of 

Langmuir monolayers as they go through two-dimensional phase changes, essentially probing 

the thermodynamics of the system.5 However, recent work has shown that the apparent 

thermodynamic response measured during compression measurements likely has contributions 

from the dynamic response of the interface due to rheological stresses at high  values.29,183 

Regardless, the obtained compression curves provide initial insight into structural rearrangement 

of the interface that can then be further probed using other techniques. Interfacial dynamics can 

be actively probed by performing consecutive compression-expansion measurements, which 

provide insight into how particles relax and restructure after being compressed to a large , or 

quiescent techniques can be used to probe thermally-driven dynamics of interfacial material by 

monitoring  as a function of time.163  

2.6.2 Brewster Angle Microscopy 

 Brewster angle microscopy (BAM) is a non-invasive microscopy technique that allows 

for real-time imaging of interfacial species at an air-water interface.184 The technique is of 



40 
 

particular use when performing LB depositions because it allows one to identify that the 

interface has reached a phase desirable for deposition. The working principle behind BAM is that 𝑝-polarized light, when directed at a specific angle at an interface between two phases of 

different refractive index, 𝑛𝑖, does not reflect off of the surface but is instead completely 

transmitted into the lower medium (Figure 2.19a,b).185 Using Snell’s law, n1 sin θ1 = n2 sin θ2, 

where θi is the angle measured from the normal of the boundary, one can calculate the Brewster 

angle for an air-water interface (θB ≈ 53°) using the relation tan θB = nwater
nair

, where nwater = 1.33 

and nair = 1.00. At θB, a pristine water interface will appear “dark” using a BAM system due to 

no reflected light from the surface reaching the camera (Figure 2.19b). However, introduction of 

material to the interface results in distinct white areas against the dark water background due to a 

change in refractive index, which violates Brewster’s angle for an air-water interface and reflects 

light towards the detector. Because of this phenomenon, BAM has been used to qualitatively 

demonstrate large-scale lateral morphology of 2D materials at an air-water interface.67,176,186 

Brewster angle microscopy can also be used quantitatively. For example, the thickness of 

surfactant films was quantified using differences in reflectivity intensities at different states of 

compression.187 However, BAM has yet to be used quantitatively in any studies of 2D materials 

at an air-water interface. 

 

 

Figure 2.19 a) Schematic showing relevant parameters for BAM and b) representative BAM 
images with no material present and a graphene film present.  
 

 A KSV Nima MicroBAM was used for large-scale (4.0 mm × 3.6 mm viewing area) 

imaging of in situ interfacial structure. The limitation of this system is the spatial resolution (~10 

m) and low resolution (640 px × 480 px) camera employed, but the system is useful for 

capturing images of large particles/aggregates in a larger field of view. An additional limitation 

of the BAM system used here is that the optical components of the KSV Nima MircoBAM are 

aligned for an air-water interface and cannot be adjusted to image species at oil-water interfaces, 
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which prevents comparison of interfacial morphology as a function of interface type using this 

technique.  

2.6.3 Interference Reflection Microscopy 

 Interference reflection microscopy (IRM) was first developed by Adam Curtis in 1964 to 

investigate the mechanisms of cell adhesion to solid substrates in culture media188 and is based 

on the same phenomenon Isaac Newton analyzed in the 17th and 18th centuries, interference 

patterns due to the reflection of light off of different interfaces between adjacent media. The 

inception of IRM was significant for the cell biology community because it provided a means to 

observe living cells using a common optical microscope under the desired aqueous conditions 

and did not require the use of fluorescent labels to produce images with contrast. This meant that 

images could be acquired with diffraction-limited spatial resolution (~300 nm) and millisecond 

temporal resolution. To generate IRM images, a monochromatic, epi-illumination light source 

(i.e., inverted optical microscope) is made incident on a sample and image contrast is generated 

by constructive or destructive interference of the light reflected off of the different interfaces 

within the system (Figure 2.20). The reflected light intensity can be modeled using thin-film 

optics theory189 if the refractive indices of each medium in the system are known. Thus, the 

excitement surrounding the use of the technique to quantitatively determine the distance between 

nearby surfaces in cell-based studies soon faded because the refractive indices of cells are 

heterogeneous and not always known. Yet, if the system of interest is comprised of media with 

homogeneous and known optical properties, then IRM can be used to quantitatively determine 

the distance between nearby surfaces, or in the case of 2D materials, to determine the layer 

number and thickness. 

 

 

Figure 2.20 Schematic of interference reflection microscopy working principle. Incident light 
reflects off the interfaces of different media in a destructive or constructive manner, which 
generates the observed image contrast.  
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  More than five decades after Curtis developed IRM for cell biology, Li et al. (2016) used 

IRM to visualize graphene on transparent, solid substrates with exceptional optical contrast.190 

Monolayer graphene on a glass substrate could be visualized with ~30% optical contrast in 

comparison to the underlying glass substrate when using IRM; for reference, the human eye has 

a static contrast detection limit of ~1% and graphene absorbs ~2.3% of visible light. 

Additionally, the contrast between successive layers of graphene was found to be >30% when 

viewed using IRM, which enabled distinct identification of the thickness and layer number of 

graphene in a given region of the film. As IRM had been previously used for cells in aqueous 

media and later shown to produce high contrast images of mono- and multilayer graphene, IRM 

is perfectly suited for visualizing 2D materials at fluid-fluid interfaces in real time, as we 

demonstrate in Chapter 4. 
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CHAPTER 3 

DYNAMICS OF PRISTINE GRAPHITE AND GRAPHENE 

AT AN AIR-WATER INTERFACE 

 

Modified from a paper published in AIChE Journalb 

David M. Gogginc,d and Joseph R. Samaniukc,e 

 

 At the time of this work, there was increasing interest in using planar fluid-fluid 

interfaces to construct thin films of 2D materials for optoelectronics and other applications. For 

example, Woltornist et al.70 produced graphene films from a heptane-water interface with 

transparencies (~95%) and electrical conductivities (~400 S/cm) that rivaled graphene films 

grown through the much more expensive chemical vapor deposition method,191 and Sivula et 

al.177 demonstrated how film structure determined the photoelectrochemical properties of WSe2 

films formed at either a hexane-ethylene glycol or air-water interface. Thus, the thermodynamic 

preference of 2D materials to adsorb to a fluid-fluid interface was well accepted, but there were 

limited studies that investigated the individual and interparticle dynamics leading to film 

morphology after the particles had adsorbed to the interface, and, to the best of my knowledge, 

there were no studies that focused specifically on the dynamics of graphene.  

In this work, we identified that graphene and graphite particles would agglomerate if 

forced together, but thin (<1 nm) graphene particles could detach from large agglomerates and 

re-explore the interface if the system were allowed to relax. This was a counterintuitive result as 

pristine graphitic material should only experience attractive interactions, but we identified that 

thermal forces could overcome weak attractive capillary forces that kept thin particles attached to 

large agglomerates if given sufficient time. This work drastically changed how we envisioned 

systems of 2D materials at fluid-fluid interfaces and was the catalyst for all other work in this 

thesis. 

 
b Reprinted (adapted) with permission from AIChE J. 2018, 64, 8, 3177-3187. Copyright 2018 American Institute of 
Chemical Engineers. Copyright permission given in Appendix K. 
c Graduate Student and Assistant Professor, respectively, Department of Chemical and Biological Engineering, 
Colorado School of Mines. 
d Primary researcher and author. 
e Graduate advisor, Author for correspondence. 
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3.1 Introduction 

Graphene has been one of the most widely studied two-dimensional materials because of 

its superlative mechanical, optical, and electrical properties.15,119,168,192-194 A single sheet of 

pristine graphene is 0.34 nm thick15 and the potential to create atomically-thin functional films is 

an exciting prospect. Research has increased in recent years to find production methods of 

pristine graphene films for uses as transparent and conductive films, supercapacitors, chemical 

sensors, and other applications.119 One method for producing pristine graphene films is through 

chemical vapor deposition (CVD). High-quality, large-area monolayer graphene films can be 

produced by CVD,130,195 but operational costs limit this method for industrial-scale graphene film 

production. A promising route to industrial graphene film production is through particle 

assembly at fluid-fluid interfaces, as several groups have demonstrated with a fully automated 

technique.31,43 

The interparticle interactions leading to particle assembly and interfacial properties of 

graphene oxide (GO), a chemical derivative of graphene, have been thoroughly investigated at 

fluid-fluid interfaces.67,68,196,197 GO is a particularly interesting surface-active material for air-

water interfaces because of its two-dimensional nature and affinity for an air-water. The 

hydroxyl and epoxy functional groups attached to the hydrophobic graphene basal plane allow 

GO to readily spread at an air-water interface. Cote et al. discovered that GO could be transferred 

from an air-water interface to a solid substrate using the Langmuir-Blodgett (LB) deposition 

technique,67 Imperiali et al. were some of the first to characterize the mechanical properties of 

GO monolayers using interfacial rheology,68 and Harrison et al. showed how the interfacial 

mechanical properties of a GO monolayer are correlated with LB deposition structure.198 Each of 

these groups exploited the amphiphilic nature of GO at air-water interfaces to gain fundamental 

insights into the interactions between individual GO sheets and the resulting film. Although GO 

films have many potential applications, they are not ideal for electronic applications because the 

covalently-bound, sp3-hybridized functional groups severely decrease conductivity.199,200 

Electrical conductivity of GO films can be partially restored through chemical reduction 

methods, but reduced GO films still exhibit inferior conductivity, approximately two orders of 

magnitude less than pristine graphene.201-203 To utilize graphene’s superior properties in practical 

thin films formed by interfacial assembly methods, the dynamics of graphene film formation at 

fluid-fluid interfaces need to be better understood. 
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Woltornist et al. discovered that graphene at a heptane-water interface is 

thermodynamically favorable because graphene lowers the overall interfacial free-energy of the 

system.70 They observed the formation of one- to four-layer graphene films with conductivities 

on the order of 400 S/cm and transparencies as high as 95%.70 Their results showed that the 

heptane-water interface is promising for producing transparent, conductive graphene films. 

While the thermodynamics of the graphene-heptane-water system are well understood, the 

kinetics of sheet aggregation and stacking are not. The structure of graphene films at fluid-fluid 

interfaces, which depends on the kinetics associated with sheet stacking or unstacking and 

particle agglomeration, directly influences the conductivity, transparency, and other properties of 

films formed at these interfaces. Consequently, to engineer films with specific optical and 

electrical properties, it is necessary to understand how the interfacial structure, and thus the 

interfacial properties, can be manipulated with controlled variations in surface coverage or aging 

time. 

Langmuir troughs are excellent tools to study the thermodynamics and dynamics of 

particles at fluid-fluid interfaces. Surface coverages are manipulated in a Langmuir trough by 

compressing or expanding the barriers of the trough to either decrease or increase, respectively, 

the available interfacial area. Fahimi et al. utilized a Langmuir trough and the Langmuir-

Schaefer deposition method to study how surface coverage affected the optical and electrical 

properties of graphene films assembled at an air-water interface.159 They observed that 

compressing the film, or increasing particle density, promoted higher conductivity because a 

more percolated interfacial network of graphitic material allowed electrons to flow with less 

resistance. However, a dense network can also decrease optical transparency,70,159,204 a concern 

for applications where transparency is vital. Thus, one expects a competition between electrical 

conductivity and optical transparency, properties where surface coverage is a critical variable. 

Another significant result of Fahimi et al.’s work was in showing that pristine graphene particles 

form meta-stable films at an air-water interface without the stabilizing influence of charges or 

surface modifications. This indicates that the interface is arrested in a dynamically stabilized 

state and understanding this dynamic warrants further investigation.  

Common methods to actively probe the dynamics of interfaces in Langmuir troughs 

include oscillatory-barrier measurements198,205 and step-compression measurements.206,207 

Oscillatory-barrier measurements provide insight into the dilatational rheological properties of an 
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interface and step-compression measurements probe relaxation dynamics after subjecting the 

interface to a rapid dilatational deformation. Quiescent measurement techniques can be used to 

probe thermally-driven relaxation dynamics by allowing the interface to remain in a quiescent 

state and monitoring surface pressure changes as a function of time. Regardless of the 

experimental method used, it is important to understand the relevant forces in interfacial systems 

when performing and interpreting any dynamic measurement.208 Although there are many 

potentially relevant forces in a given interfacial system, e.g., electrostatic, capillary, van der 

Waals, etc., the lack of charges and simple chemistry of graphite and graphene reduce the 

discussion for our study to three: van der Waals, capillary, and thermal forces. 

The present work seeks to understand how the structure of graphitic carbon comprised of 

mono- and few-layer graphene as well as graphite particles at an air-water interface changes with 

both area density and time. The graphitic material used began as pristine graphene produced with 

a gas-phase synthesis method,209 but subsequent suspension in ethanol resulted in a mixture of 

mono- and few-layer graphene sheets and larger agglomerates, better characterized as graphite 

particles with thicknesses of up to 350 nm and lateral dimensions of up to >10 m. The 

heterogeneity of this starting material is representative of most suspensions of “graphene”, where 

preventing particle aggregation is particularly challenging. We demonstrate that graphitic 

interfaces exhibit a monotonically decreasing surface pressure between consecutive 

compression-expansion cycles, but demonstrate a “rebound” of hysteretic behavior when the 

interface is allowed to relax between consecutive compression-expansion experiments. We 

hypothesize that the dynamics of graphitic interfaces are dominated by a competition between 

agglomerates continuously forming via attractive capillary interactions, and Brownian motion 

(thermal energy) driving nanometer-thick particles to detach from agglomerates. Understanding 

the dynamics of interfacial material at an air-water interface can be insightful and complement 

similar studies performed at other fluid-fluid interfaces.210 We expect this work to guide future 

studies on the dynamics of graphene at heptane-water interfaces. The results of this work are also 

important for application purposes. A graphitic film formed during a liquid-phase, thin-film 

deposition process has a dynamic structure, such that time between spreading and deposition 

significantly impacts the final structure of the deposited film. Understanding that dynamic, or 

how the structure of a graphitic interface changes with time, is then critical in designing such a 

liquid-phase deposition process. 
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3.2 Materials and Methods 

3.2.1 Source Material 

 Graphene produced with a substrate-free, gas-phase synthesis method209 and suspended 

in ethanol at a mass concentration of 1 mg/L was purchased from Graphene Supermarket (New 

York, USA) and used as received. Prior to suspension in ethanol and transportation, the average 

flake thickness was 0.34 nm and the average lateral flake size was ~550 nm, with lateral flake 

sizes ranging from 150 – 3000 nm. The source material was further characterized upon reception 

by depositing from suspension on freshly cleaved mica and investigating with atomic force 

microscopy (AFM). Mono- and few-layer graphene sheets were present, as well as a range of 

sheet sizes with lateral dimensions from 10 nm to >10 m, and agglomerates of graphitic 

material with some particles having thicknesses up to 350 nm. Thickness and length distribution 

plots were generated using Asylum Research software (Oxford Instruments, United Kingdom) to 

quantitatively analyze the population of graphene and graphite particles present in the source 

material suspension used during the experiments. Figure 3.1 contains the number fraction of 

particles of a given thickness and lateral length found in our initial suspension. The analysis 

software provided by Asylum Research does not identify every particle when the image being 

analyzed contains particles of highly polydisperse thicknesses that span multiple length scales. 

This polydispersity results in the software providing statistical results that overestimate the 

average length and thickness of particles as the filters applied typically identify large, thick 

particles, but fail to identify smaller particles below a pixel threshold. Thus, the thickness 

distribution profiles are biased towards larger and thicker particles based on the limitations of the 

software used.  

 

 
Figure 3.1 AFM characterization of Graphene Supermarket solution. a) Number fraction of 
particles of a given average thickness and, b) number fraction of particles of a given average 
particle length. The inset image in (b) is the AFM image used to produce these plots. 
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3.2.2 Preparation of Interfaces 

 Graphene interfaces were prepared in a KSV Nima Ribbon Trough (Biolin Scientific, 

Sweden) with a compression ratio of 7:1 and interfacial dimensions of 67.7 ± 0.1 mm × 235.2 ± 

0.1 mm for a total interfacial area of 159.10 ± 0.05 cm2 with the barriers in the fully-open 

position. The trough, ribbon, and ribbon holders were cleaned using ACS reagent grade acetone 

and ethanol (Pharmco-Aaper, Connecticut, USA), followed by a rinse with ultra-pure water 

(resistivity of 18.2 MΩ∙cm). The subphase used was ultra-pure water with a resistivity of 18.2 

MΩ∙cm (pH 5.8). For measurements where subphase pH was varied, pH was measured prior to 

spreading of the interface and after compression-expansion measurements were complete with a 

Hanna Instruments pH probe (HI2002-01, Hanna Instruments, USA). Buffers of pH 4 were 

created by mixing 0.1 mol/L sodium acetate trihydrate (ACS grade, Fisher Scientific) with 0.1 

mol/L acetic acid (ACS grade, Macron Fine Chemicals) until pH 4 was achieved. Buffers of pH 

8 were created by dissolving 6.81 g of potassium phosphate (ACS Grade, Fisher Scientific) with 

470 mL of 0.1 mol/L sodium hydroxide (ACS Grade, Mallinckrodt Chemicals) and diluting to 

1 L in a 1 L volumetric flask with ultra-pure water, followed by stirring for 1 h. Buffers of pH 11 

were created by dissolving 2.10 g of sodium bicarbonate (Reagent Grade, Fisher Scientific) in 

227 mL of 0.1 mol/L sodium hydroxide and diluting to 1 L in a 1 L volumetric flask with ultra-

pure water, followed by stirring for 1 h. A platinum Wilhelmy plate (KN0001, KSV Nima, 

Sweden) with a perimeter of 39.44 mm was cleaned using the same acetone/ethanol/water 

method as above, followed by heat treatment with a butane torch. To confirm there was no 

contamination of the clean interface, the trough barriers were opened and closed three times with 

a maximum allowable surface pressure change of 0.20 mN/m during successive opening and 

closings of the barriers. A 5 mL gastight syringe (Hamilton Company, Model 1005, USA) was 

used to spread the sample suspension at the air-water interface in a dropwise manner at a rate of 

100 L per minute. The interface was spread in a specific pattern consisting of four rows, with 

five drops per row, each row spaced 1 cm apart on one side of the trough. After spreading, 1 min 

was allowed to pass for the solvent to evaporate and then the spreading pattern was performed on 

the opposite side of the trough. The spreading on alternating sides of the trough ensured uniform 

spreading of the interface. Volumes spread ranged between 1.2 mL and 2.9 mL. After the final 

drop was spread, the interface was allowed to sit for 2 h to ensure the ethanol solvent evaporated 

completely. To maintain a pristine environment for the interface, the trough was set up in an 
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enclosed environment box on an anti-vibration table (Accurion GmbH, halcyonics i4, Germany). 

To mitigate the effects of evaporation, the relative humidity of the environment box was 

maintained at 75 ± 5% using a cool-air humidifier (Crane Ultrasonic, model EE-5301, USA), 

measured by an Acurite Humidity Monitor (model 00619, Wisconsin, USA). 

3.2.3 Compression-Expansion Experiments 

 Plots of surface pressure as a function of surface coverage are generally referred to in the 

literature as “isotherms”, but in particulate systems at large surface coverages, deviatoric stresses 

will influence the measured surface pressure.29,183 The “isotherms” obtained for the interfaces 

studied here are non-thermodynamic due to the high area-density of particles achieved, and 

consequently are referred to as compression-expansion curves (or cycles) instead. Compression-

expansion cycles were performed at a compression rate of 6 mm/min, an expansion rate of 8 

mm/min, and for three complete compression-expansion cycles. The barriers were moved from a 

starting position of 0 mm (159.1 cm2) to a final barrier position of 100 mm (23 cm2). 

Compression-expansion curves containing full hysteresis loops are shown in Figure 3.2. 

 

 

Figure 3.2 Full compression-expansion curves obtained pre-relaxation demonstrating the 
hysteretic behavior upon expansion of the barriers. Solid lines represent the first, dashed lines 
represent the second, and dash-dot lines represent the third compression-expansion cycles, 
respectively. 
 

 Interfacial dynamics were further probed by performing compression-expansion cycles 

before and after predetermined periods of time during which the interface was kept in an 

unperturbed state. In these experiments, the interface was subjected to an initial set of three 
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compression-expansion cycles after being prepared as described above. The interface was then 

left undisturbed with the barriers in a fully open position for a period of “relaxation time”, either 

2.5, 5, or 15 h, after which the interface was subjected to three more compression-expansion 

cycles. The first set of three compression-expansion cycles are referred to as pre-relaxation 

curves, while the cycles obtained immediately after the relaxation period are referred to as post-

relaxation curves. 

 

 

Figure 3.3 a) Representative size of actual mica substrate (with side dimensions) next to a US 
penny, b) Schematic showing the setup for placing the mica substrate into the angled clip 
attached to the dipper holder, c) Schematic showing a side view of the experimental setup of the 
substrate angled at 30° and the relative positions of the Wilhelmy plate and mica substrate during 
a deposition. 
 

3.2.4 Langmuir-Blodgett Deposition 

A 25 × 25 mm sheet of V1 quality mica (Electron Microscopy Sciences, USA) was cut 

into a stair-step pattern using a CO2 laser cutter (Epilog Fusion M2 32 Laser, Colorado, USA). 

The steps had edges of 5 × 5 mm, as shown in Figure 3.3a. Each 5 × 5 mm step was reserved for 

a deposition at a particular surface pressure. The mica substrate was positioned at a 30o angle to 

the surface and drawn upwards through the interface following the technique used by Harrison et 

al.198 The deposition rate for an angled substrate relative to one at 90° can be written as 

r30° = r90° sin(30°). The deposition rate used was r30° = 0.25 mm/min, which resulted in a 

deposition time of 10 min for each 5 mm step. At the end of one deposition, the edge of the 

subsequent step would become flush with the interface, but still submerged, and ready for the 

next deposition. Thus, the modified mica substrates facilitated multiple depositions from the 
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same interface at different surface coverages without locally disturbing the surrounding interface 

with each deposition. Depositions were taken at three points of interest from the compression-

expansion curves during either the first compression of the pre-relaxation interface, or during the 

first compression of the post-relaxation interface: barriers fully open (~3 mN/m), at 10 mN/m, 

and at 13 mN/m. Characterization of the deposited interface was performed in the respective step 

areas for each surface pressure. With this method, the trough barriers were still able to travel the 

full 100 mm distance. 

3.2.5 Characterization 

After deposition, the interfacial structure was characterized using AFM, field-emission 

scanning electron microscopy (FESEM), energy dispersive X-ray (EDX) spectroscopy, and 

Raman spectroscopy. The AFM images were obtained in tapping mode using an Asylum 

Research MFP-3D-BIO Atomic Force Microscope (Oxford Instruments, United Kingdom). The 

cantilever used was a TAP150-AL-G-10 with a drive frequency of 161.943 kHz and force 

constant of 5 N/m (Ted Pella, California, USA). Samples were gold-coated using a Hummer IV 

Sputtering System (Technics, Virginia, USA) before FESEM imaging to mitigate excessive 

charge build-up and burning of samples. FESEM images were obtained using a JEOL JSM-

7000F field-emission scanning electron microscope (JEOL GmbH, Germany) using an SEI 

detector at an accelerating voltage of 5.0 or 15.0 kV. Chemical composition of graphene and 

graphite particles was analyzed during FESEM imaging using an EDAX Octane Pro SDD EDX 

spectroscope (EDAX, Ametek Materials Analysis Division, USA) at the same accelerating 

voltages used during FESEM analysis. Raman spectroscopy was performed using a WITec 

Alpha300 laser confocal/Raman microscope (WITec GmbH, Germany) with a 532-nm laser. 

Large-scale in situ interface visualization was achieved using a MicroBAM system, a 

Brewster angle microscopy (BAM) system from KSV Nima (Biolin Scientific, Sweden). The 

BAM images reveal in situ interfacial structure on the order of millimeters with a resolution of 

12 m. 

3.3 Results and Discussion 

3.3.1 Varying Initial Surface Coverages 

Compression-expansion measurements performed at several initial surface coverages Γ0 

revealed that as Γ0 increased, the maximum surface pressure Πmax increased as expected. Figure 

3.4a shows the compression curves from a series of compression-expansion cycles performed 



52 
 

using Γ0 values of 0.075 ± 0.003 mg/m2 (low Γ0), 0.113 ± 0.005 mg/m2 (medium Γ0), and 0.151 

± 0.006 mg/m2 (high Γ0). Figure 3.4a was obtained by shifting the compression curves along the 

x-axis such that the 1st compression curves for each Γ0 value overlapped one another. A single 

shift factor was used for all three curves associated with a particular Γ0. Shifting the curves in 

this way reveals how the magnitude of the hysteresis, or the amount that subsequent compression 

curves have shifted to the right (i.e., to higher Γ values at a given Π), increases with increasing 

Γmax and Πmax. The average shift in Γ from the 1st compression to the 2nd compression was 

calculated by selecting several Π values, calculating the difference between the corresponding Γ 

values at these Π values, and then averaging the resulting differences for each data set (Figure 

3.4b). The results here indicate that Γmax and Πmax are correlated with the magnitude of 

hysteresis; interfaces that reached higher Γmax and Πmax values displayed larger hysteresis 

between successive compression-expansion cycles than interfaces achieving lower values. 

 

 

Figure 3.4 a) Shifted compression curves that show three consecutive compression-expansion 
cycles for three different initial surface coverages measured: high initial surface coverage (red 
dashed line), medium initial surface coverage (green dotted line), and low initial surface 
coverage (blue dot dash line). Consecutive compression curves for each set of data are always to 
the right of the previous compression, indicating a decrease in surface pressure at a calculated 
surface coverage. Insets show the interfacial structure from BAM images at the surface pressures 
indicated by the arrows. Scale bars indicate 1000 µm. b) Plot showing the average global 
increase in surface coverage value between the 1st compression and 2nd compression at a specific 
surface pressure for each of the three initial surface coverage values.  
 

It is unlikely that the observed shift could be due to loss of material from the interface to 

the bulk for two reasons: graphene and graphite particles are of hydrophobic nature, and the 
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pinning energy of an average graphene sheet of ~550 nm in lateral dimension is on the order of 

105-107 kBT.68 These pinning energy values far exceed the available thermal energy that could 

drive desorption. Therefore, the decrease in Π observed on consecutive compressions is likely to 

occur from interfacial consolidation due to agglomeration or from stacking of mono- and few-

layer sheets. 

It is also apparent in Figure 3.4a that repeat compressions of the interface continue to 

shift to higher  even after the 2nd compression-expansion cycle. A shift to higher  between the 

1st and 2nd compression-expansion cycles in graphene oxide (GO) at an air-water interface has 

been observed in the literature,67,68 but in those studies future compression curves overlap. The 

explanation for this behavior in GO systems is that the first compression acts as a “densification” 

step that results in a stable structure of overlapped and agglomerated GO sheets.68 The 

stabilization in those systems is presumed to arise from the interaction of charged groups present 

on the GO sheets that resist further stacking and agglomeration upon future compressions. This 

is not expected to be the case for the present study since there should not be charged or 

stabilizing moieties attached to the graphitic material used. 

3.3.2 Capillary-Driven Interactions 

The BAM images shown in Figure 3.4a reveal in situ structural information at different 

surface densities. At low Γ and Π, there is a relatively uniform distribution of smaller 

agglomerates. This is surprising since the only stabilizing force between these uncharged 

graphitic particles that would otherwise readily agglomerate must be capillary in nature.  

Lateral capillary interactions can arise from two distinct deformations of the interface: 

gravitational weight, or through the wetting contact angle.36,42,72 The irregular shape of graphitic 

particles used in this study leads to undulating contact lines that give rise to capillary multipoles. 

Capillary multipoles can be attractive (similar meniscus shape) or repulsive (opposite meniscus 

shape) depending on orientation, analogous to electric charges,79,211 and can dynamically 

stabilize neighboring particles when the curvatures of the surrounding contact lines are unable to 

align.36,72 Capillary multipoles can be defined using m = 0, 1, 2, … where m = 0 are capillary 

charges, m = 1 are capillary dipoles, m = 2 are capillary quadrupoles, etc.79 Capillary charges 

(m = 0) are not expected for small particles and capillary dipoles (m = 1) are naturally unstable.36 

Therefore, capillary quadrupoles are the leading order multipoles to be considered for 

interparticle capillary interactions,36,42,84 although given the irregular shape of our graphitic 
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particles, higher-order multipoles are likely. Equation 3.1 gives an approximate form of the 

interparticle interaction potential, ΔW(L), for capillary quadrupole-quadrupole interactions for 

L ≫ 2rc:42,211 

ΔW(L) ≈ -12πσH2 cos(2φA + 2φB)
rc

4

L4 (3.1) 

where σ is the interfacial tension, H is the amplitude of the contact line undulation, φi is the 

orientation of the particle (i = A, B), rc is the average radius, and L is the distance between the 

centers of particles A and B. When two particles are perfectly oriented, cos(2φA + 2φB) = 1, the 

interaction potential is approximately ΔW(L) ≈ -12πσH2 rc
4

L4.
42 Obtaining a negative value from 

this equation indicates the interaction is attractive. It is important to note that the interaction 

potential depends strongly on the amplitude of undulation H which is governed by the thickness 

or height of the particle at the interface, and not the lateral size of the particle. In general, 

quadrupolar and higher-order multipole interactions are attractive at long length scales79,211 and 

can drive hysteresis via agglomeration. As Γ increases during the 1st compression cycle, the 

attractive capillary force between graphitic particles increases as L decreases. When Γmax is very 

large, L is very small and there is a higher probability that graphitic particles will agglomerate if 

they are able to orient correctly. This also helps explain why the magnitude of hysteresis between 

consecutive compression curves increases with increasing Γmax, as observed in Figure 3.4. 

While the BAM images in Figure 3.4a provide evidence that agglomeration is taking 

place over millimeter length scales due to capillary interactions, changes in structure below 12 

m in characteristic size are less than the resolution of the current BAM setup. Therefore, a 

multi-scale characterization approach is necessary to establish a better understanding of the 

evolution of the interfacial structure. Figure 3.5 shows a BAM image taken during a 

compression-expansion cycle alongside an AFM and FESEM image from interfacial depositions. 

The BAM image reveals a dispersion of large and small aggregates at the millimeter scale, the 

AFM image captures a distribution of micrometer-scale particles varying in height from 

nanometers to hundreds of nanometers in scale, and the FESEM image demonstrates the 

presence of nanometer-scale particles. Even after gold-coating the samples and running the 

electron beam at low accelerating voltages, FESEM rapidly burned few- and many-layer sheets. 

Thus, the thin graphene sheets observed in AFM images in Figure 3.5 and Figure 3.8 are not 
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resolved in Figure 3.5 and Figure 3.7. Comparison of the three images suggests that depositions 

capture critical elements of the interfacial structure including the surprising stability of graphitic 

material at an air-water interface, and emphasizes the importance of characterizing these 

interfacial systems across many length scales. 

 

 

Figure 3.5 Different microscopy methods used to characterize interfaces at different length 
scales. From left to right, BAM image at 11 mN/m, AFM image at 3 mN/m, FESEM image at 13 
mN/m. 
 

Figure 3.6 shows results from several experiments that suggest the stability of these 

interfaces is not due to electrostatic interactions due to oxidation of the graphitic source material 

after synthesis or exposure to the atmosphere. Figure 3.6a shows compression-expansion 

measurements performed using subphases of pH 4, pH 5.8, pH 8, and pH 11, which allowed for 

any potential functional groups attached to the graphitic material to protonate/deprotonate over a 

wide range of pH values. We would expect to see a difference between the compression curves 

at lower Γ values when varying the subphase pH. Functional groups that protonate (deprotonate) 

or lose (gain) charge would lead to electrostatic interactions that influence the compression-

expansion curves.186,212,213 There are no significant differences observed in our system between 

compression curves at low Γ values upon varying the subphase pH. It is only when Π exceeds 12 

mN/m that the curves deviate. These deviations are not surprising because at higher Π, BAM 

images and video from interfaces on subphases of pH 4, 5.8, and 8 all reveal the development of 

large agglomerates that pack together and form a solid-like interface. The development of this 

non-thermodynamic, solid-like interface corresponds with the onset of wavy lines in the 
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compression curves in Figure 3.4a at Π above ~12 mN/m. Particles become “frustrated” at these 

dense surface coverages and cannot rearrange spontaneously to satisfy the requirements for 

attractive higher-order capillary multipole interactions. Thus, the interface becomes arrested in a 

dynamically stabilized state. Cote and coworkers studied the pH dependence of GO sheets at air-

water interfaces and observed that at low pH, BAM images contained many aggregates of GO 

compared to a more uniform monolayer of GO at high pH.21 Our BAM videos do not align with 

these results; the interfacial structure of our graphitic interfaces display negligible differences 

across varying pH suggesting that our graphene and graphite source material did not oxidize nor 

acquire polarity from residual solvent. 

 

 

Figure 3.6 a) Pre-relaxation, 1st compression curves from experiments performed on subphases 
with pH 4 (red), pH 8 (blue), and pH 11 (green). Error bars represent one standard deviation 
from the average value from n = 3 measurements at each pH. The 2nd and 3rd compression curves 
at each subphase pH are omitted for clarity. B) EDX spectra of the graphitic material (black, 
solid line) and Au-coated mica substrate (red, dotted line). c) Raman spectrum obtained after 
depositing our graphitic material from the air-water interface onto a freshly cleaved mica 
substrate at Π = 14 mN/m. d) Detailed view of the G, D, and D’ peaks obtained on the same 
sample.  
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Additionally, EDX and Raman spectroscopy also provide support that the composition of 

our graphitic source material contains negligible oxidation. Qualitative comparison of our 

graphite/graphene EDX spectra, shown in Figure 3.6b, with EDX spectra of pristine, CVD-

grown graphene in the literature214 suggests that our material is highly carbonaceous. 

Comparison between our results, where the mica substrate is expected to give rise to an O peak, 

and those from Lee et al.214 reveal that the intensities of the C and O peaks have a similar C/O 

ratio of ~4, suggesting negligible oxidation of our graphitic source material. The O, Al, Si, and 

Au peaks found in the Au-coated mica substrate spectrum are hypothesized to appear in the 

graphitic spectrum due to penetration of the electron beam through the sample that strikes the 

underlying substrate and produces enough X-ray counts of the respective elements to allow for 

the detection of small background peaks. The Raman spectra of graphene and graphite are shown 

in Figure 3.6c,d. The characteristic peaks of graphene and graphite are the G (~1580 cm-1) and 

2D peaks (~2700 cm-1), while the D (~1350 cm-1) and D’ peaks (~1610 cm-1), or “defect” peaks 

in graphene and graphite samples are observed when a phonon scattering event occurs due to a 

defect in the graphitic structure.215 By comparing the intensity of the D peak to the D’ peak, 

ID ID’⁄ , our results suggest the graphitic material used contained defects that most closely 

resembled grain boundary defects in graphite (ID ID’⁄  ~ 3.5) and not sp3 defects induced by 

oxidation (ID ID’⁄  ~ 13) as the average ID ID’⁄  obtained for our samples was ~ 1.3.215 

3.3.3 Long-Time Relaxations 

Results shown in Figure 3.7 were obtained following the procedure in the methods 

section. In Figure 3.7a, the last three compression curves (blue, dotted lines), the post-relaxation 

curves, were obtained 2.5 h after completion of the first three pre-relaxation compression-

expansion cycles (red, dashed lines) on the same interface. Likewise, the data shown in Figure 

3.7c consists of two sets of compression curves obtained on a newly prepared interface, but the 

post-relaxation curves were obtained after 15 h of relaxation. The most noticeable difference 

between the respective sets of pre- and post-relaxation curves is that the Π values corresponding 

to the post-relaxation interfaces have decreased with time compared to those of the pre-

relaxation interfaces (Figure 3.7a,c). Surface pressure values decreasing with time is expected 

when particles consolidate at the interface, but what is unexpected is the complete “rebound” of 

hysteretic behavior over the 15 h relaxation period. After 15 h (Figure 3.7c) the magnitude of 
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hysteresis in the post-relaxation curves has evolved to be almost identical to the hysteresis in the 

pre-relaxation curves. A proposed mechanism for these observations is discussed in greater detail 

later. Similarly, after 2.5 h of relaxation (Figure 3.7a), there is a return of hysteretic behavior, but 

the magnitude of hysteresis for the post-relaxation curves is significantly less than that of the 

pre-relaxation curves. Although the magnitude of hysteresis between 2.5 h post-relaxation curves 

is less than that during pre-relaxation curves, the return of hysteretic behavior after any amount 

of relaxation time in an undisturbed state suggests the interface undergoes a reversible, 

thermally-driven rearrangement. 

 

 

Figure 3.7 Compression curves for graphene interfaces. a) Pre- and post-relaxation compression 
curves for a 2.5 h relaxation period, b) pre- and post-relaxation compression curves for a 15 h 
relaxation period. Pre-relaxation curves are plotted with red dashes, post-relaxation curves are 
plotted with blue dots. c,d) Contain the same data as in (a,b), respectively, but the post-relaxation 
curves have been shifted along both axes. The shift factors were obtained “by eye” to overlap the 
first compressions of the pre- and post-relaxation curve sets. The inset FESEM images (scale 
bars: 10 µm) were obtained from depositions at low Π (indicated by the black boxes).  
 

The rebound in hysteretic behavior is illustrated by shifting the post-relaxation 

compression curves, as is shown in Figure 3.7b,d. A single shift factor for both axes were chosen 
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for each post-relaxation curve set in order to best align the first compression curves of both the 

pre- and post-relaxation data sets. The results for 2.5 h (Figure 3.7b) show the overlap of the 

three curves is partial. After 15 h (Figure 3.7d) the overlap of the compression curves is 

complete. Overlap of shifted curves in this regard is significant in suggesting that there is a self-

similar interfacial structure at low Γ values between the interface just after spreading and a 

previously-compressed interface after sufficient relaxation. That structure includes aggregates of 

varying size surrounded by micrometer and sub-micrometer particles, including mono- and few-

layer graphene sheets. FESEM images of depositions taken pre- and post-relaxation are shown in 

Figure 3.7b,d and reveal some of that structure at the micrometer scale. In order for this rebound 

in hysteresis to occur, relatively small Brownian forces must overcome the tendency for 

agglomeration or consolidation of the interface due to capillary interactions, which is only 

realistic for particles of nanometer and tens-of-nanometer scale thickness. 

Stamou et al. found that for spherical particles with a radius of 0.5 m, an average 

undulation of the contact line of ~10% of the radius (i.e., H = 50 nm), and an interparticle 

distance twice that of the particle radius (L = 2rc), the capillary interaction potential was 

~104 kBT.42 This energy is much larger than what thermal energy, ~100 kBT can overcome for 

particles of this size to detach from one another. However, our system does not contain graphitic 

islands of spherical nature; a majority of the particles and agglomerates range in thickness from 1 

nm to ~150 nm and are of irregular shape (Figure 3.8a). Therefore, with an undulation of ~15 nm 

for two agglomerates of 150 nm in height at L = 2rc, the lateral capillary interaction energy is 

lowered to ~103 kBT. Figure 3.8a also reveals the presence of many-layer graphene particles of 

~10 nm in height and less surrounding large aggregates. For a particle of 10 nm thickness, a 

maximum contact line undulation of ~1 nm is reasonable when L = 2rc, and the interaction 

potential energy is ~40 kBT. For few-layer graphene sheets (~0.7 nm height, Figure 3.8b) with a 

maximum undulation of ~0.07 nm the interaction energy is ~10-2 kBT. These few-layer graphene 

sheets and smaller particles cannot be resolved with the BAM setup, but are an important part of 

the interfacial structure, as observed from AFM images, and are of small enough thickness that 

lateral capillary interactions and thermal energy can be of a similar order of magnitude. Further, 

the calculated interaction energy assumes ideal arrangement and does not account for higher-

order capillary multipoles at short interparticle distances.42 At short distances, multipoles can 

cause repulsive interactions if the poles cannot align to minimize angle-dependent terms.42 The 
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presence of these small sheets and particles supports the proposed mechanism underlying 

thermally-driven relaxation leading to the rebound in hysteretic behavior of the compression 

curves we observe in Figure 3.7: compression-expansion leads to increased agglomeration, while 

particles of thickness ~10 nm and less, including any mono- or few-layer graphene sheets 

(Figure 3.8b), can escape from capillary interactions with neighboring aggregates. These 

particles are then free to traverse the interface as they would after initial preparation of the 

interface and take on a structure resembling that of the initial pre-relaxation interface. 

 

 

Figure 3.8 a) AFM images taken from an interface deposited at 3 mN/m after a 15-hour 
relaxation time. b) AFM image (left) that reveals few- and mono-layer graphene sheets present at 
the interface at a surface pressure of 20 mN/m. A corresponding height trace (right) follows the 
red path indicated in image on the left. 
  

Figure 3.9 shows BAM images taken during three pre-relaxation compression cycles (top 

images) and three post-relaxation compression cycles (bottom images) when the barriers were in 

a completely open state. White areas in BAM images indicate where graphitic material is 

present, while dark areas are regions where interfacial material is not detected or particles are 

smaller than the resolution of the BAM system. It should be noted that aberration of the top and 

bottom of the BAM images and image fuzziness are artifacts of the microscopy technique and 
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experimental setup, respectively. The MicroBAM system produces a p-polarized laser beam 

incident at an angle of 53° to the aqueous interface. Thus, only the portion of the interface 

directly illuminated by the laser beam, i.e., the center of each image, will be observed in focus 

when reflected from the surface to the detector.184 Images were also taken during compression-

expansion measurements and appear fuzzy due to interfacial flows. While these factors 

admittedly affect image quality, interfacial structure clearly evolves during compression-

expansion measurements and BAM images and video sufficiently demonstrate these structural 

changes. 

 

 

Figure 3.9 BAM images taken during each of the three compression cycles for both the pre- and 
post-relaxation interfaces. White areas indicate graphitic material. All images were taken with 
the barriers in a fully open state. Scale bars are 1000 µm. 
  

 Images taken during the first compression cycle (far left, top and bottom images of 

Figure 3.9) of the pre- and post-relaxation compressions were similar in that smaller, more 

uniformly distributed agglomerates were observed before compression, and larger, more 

dispersed agglomerates were observed during and after expansions. Throughout the second and 

third compression-expansion cycles, a coarsening of the interface took place such that larger 
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aggregates formed and large voids between aggregates appeared. Particles and sheets that are 

brought into close contact during compression and agglomerate are held together with capillary 

and van der Waals interactions, but surface-tension gradients and interfacial shear stresses tend 

to fracture the largest aggregates upon expansion.88,216 The evolution of the graphitic interface 

throughout three complete compression and expansion cycles was observed with BAM video. 

Aggregates surrounded by voids form during the expansion stage, but the resolution of the BAM 

system is such that voids surrounding larger aggregates may well contain graphitic material 

below 12 m in lateral size. Evidence from AFM (Figure 3.5 and Figure 3.8) and FESEM 

(Figure 3.5 and Figure 3.7) performed on depositions suggests that the apparent “voids” in BAM 

images contain many particles less than 12 m in lateral size. 

 

 

Figure 3.10 An illustration depicting the different states of a graphitic air-water interface during 
a single compression, expansion, and relaxation. Upon compression, the interface forms a 
compact network of graphitic material that partially agglomerates, and is partially stabilized with 
mismatches in capillary multipoles. On expansion, agglomerates remain, but material stabilized 
with multipoles can spread. During relaxation, particles with nanometer and tens-of-nanometer 
scale thicknesses are able to overcome capillary interactions due to thermal energy. The red 
arrows indicate the direction the respective small particles move to upon detachment from large 
agglomerates. Over time the interface then returns to a semi-uniformly spread interface 
comprised of large graphitic agglomerates and small graphitic particles. 

 

3.3.4 A Complete Mechanism 

The results presented support the hypothesis that continuous consolidation of the 

interface occurs through capillary interactions that lead to the formation of large agglomerates 

and manifests as a decrease in surface pressure, while particles of nanometer and tens-of-

nanometer scale thicknesses are able to detach from agglomerates during relaxation due to 
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thermal energy. An illustration that summarizes these mechanisms is shown in Figure 3.10. 

When the interface is initially spread, there are agglomerates as well as small graphitic particles 

that result in a surface pressure, Π1. Surface coverage changes rapidly during compression 

leading to strong particulate interactions at large Γ values. Although capillary multipoles can 

dynamically stabilize some of these interactions, this gives rise to consolidation of the interface 

and Π2 is much larger than Π1, as expected. The interface is then subjected to an expansion of 

the barriers followed by two more compression-expansion cycles. Subsequent compression 

curves shift towards lower  at corresponding  values, as evidenced in Figure 3.10 and Figure 

3.7, because of continuous interfacial material consolidation. Upon the final full expansion of the 

barriers, the surface pressure Π3 is less than Π1 because of the abundance of agglomerated 

material at the interface. During the relaxation period, consolidation continues, but thermal 

energy allows particles of nanometer and tens-of-nanometer scale thicknesses to overcome 

capillary interactions. Thus, Π4 is significantly less than Π1, but the re-distribution of smaller 

particles across the interface leads to a return of the original hysteretic behavior; over a time 

scale of 15 h, this leads to the nearly complete return of hysteretic behavior between successive 

post-relaxation compression curves. 

3.3.5 Consequences of Interfacial Structure 

The consolidation of the interface that gives rise to a decrease in  observed in 

consecutive compression curves is only partially a result of particle aggregation. Considering 

that mono- and few-layer graphene sheets are present at the interface, an additional possible 

consolidation mechanism is sheet stacking. At an interface where graphene is thermodynamically 

unstable as mono- or few-layer sheets, as is the case for an air-water interface, the expectation is 

that sheet stacking would be irreversible. Alternatively, at an interface where graphene is 

thermodynamically favorable as mono- or few-layer sheets, as is the case at a heptane-water 

interface, this stacking would be expected to be reversible in nature. The dynamics associated 

with such behavior have not been studied, but it has important consequences for films formed 

from such interfaces. Future work utilizing dynamic measurements in a Langmuir trough at oil-

water interfaces where mono- and few-layer graphene are thermodynamically favored will be 

useful in characterizing the dynamics associated with such sheet stacking. 

This work also shows that graphene sheets and graphitic particles are stable only 

dynamically at an air-water interface, with a structure that continuously changes due to 
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consolidation of the interface, and a competition between thermal and capillary forces. The 

results in Figure 3.4, Figure 3.5, Figure 3.7, and Figure 3.8 reveal this dynamic in terms of Π and 

interfacial structure over different length scales. One might exploit this dynamic involving 

capillary interactions and thermal forces by using it as a self-assembly process to create 

functional thin-films that can then be deposited from an air-water interface. In this way, large-

scale, continuous graphitic films containing mono- and few-layer graphene have the potential to 

be produced not only from thermodynamically favorable interfaces such as heptane-water, but 

also from air-water interfaces. 

3.4 Conclusions 

A graphitic suspension containing single- and few-layer graphene, as well as micrometer-

scale particles of graphite, was spread at an air-water interface. The interfacial dynamics were 

investigated with Langmuir trough experiments, and the film structure was visualized in situ and 

from depositions on mica substrates. Consolidation of the graphitic material either through 

agglomeration of particles or the stacking of graphene sheets occurs continuously and manifests 

as a decrease in surface-pressure, while particles of nanometer and tens-of-nanometer scale 

thickness are able to overcome these interactions due to thermal energy and restore the initial 

hysteretic behavior. The results highlight the importance of dynamics in graphitic films at an air-

water interface: between spreading and depositing of graphitic materials, the film is in a non-

thermodynamic state, with a structure that will evolve with both time and area density. These 

findings are relevant to unanswered questions about the dynamics of mono- and few-layer 

graphene sheet interactions at fluid-fluid interfaces, as well as to practical applications where 

functional films are produced via deposition methods. 
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CHAPTER 4 

INTERFERENCE PROVIDES CLARITY: DIRECT OBSERVATION OF 

2D MATERIALS AT FLUID-FLUID INTERFACES 

 

Modified from a paper published in ACS Nanof 

David M. Goggin,g,h Hanyu Zhang,i Elisa M. Miller,j and Joseph R. Samaniukg,k 

 

 The novel contribution of this work was the direct observation of monolayer 2D materials 

at fluid-fluid interfaces by using interference reflection microscopy (IRM), a form of optical 

microscopy previously developed for observing cell adhesion on solid substrates.188 Prior to this 

work, visualizing the dynamics of 2D materials at fluid-fluid interfaces was extremely 

challenging because of minimal optical contrast between particles and the interface using 

conventional brightfield optical microscopy, and Brewster angle microscopy has poor lateral 

resolution limited to only observing particles or aggregates with length scales of ~101 m. In this 

work, we showed that monolayer graphene and MoS2 particles could be visualized with >10% 

optical contrast in real time using IRM, which enabled the first quantitative spatiotemporal 

analysis of the dynamics and self-assembly of monolayer graphene (and MoS2) particles at an 

air-water interface. This work tackled one of the biggest hurdles preventing direct observation of 

the dynamics of monolayer 2D materials at fluid-fluid interfaces, i.e., high-contrast in situ 

visualization, and significantly increased the pace of experimental progress we could make in 

this area utilizing monolayer graphene particles. 

4.1 Introduction 

Monolayer two-dimensional (2D) materials such as graphene, molybdenum disulfide 

(MoS2), and hexagonal boron nitride (h-BN) exhibit distinct properties due to their atomic-scale 

thickness that are promising for many applications including (opto)electronics,129 
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h Primary researcher and author. 
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(photo)electrochemical catalysis,177,217 and quantum information processing.218 However, the 

ability to scale production of consistently sized 2D materials is a challenge to realizing mass 

production of devices containing such materials for these applications. Two potential methods 

for scalable production of 2D materials are chemical vapor deposition (CVD)129 and liquid-phase 

exfoliation.147 The seminal work of Cote et al.,67 which reported on the behavior of monolayer 

graphene oxide films at an air-water interface, and of Biswas and Drzal,162 which demonstrated 

the affinity of graphene particles for a chloroform-water interface, utilized liquid-phase 

exfoliated 2D materials, and spurred interest in the use of fluid-fluid interfaces to construct 

functional thin films of 2D materials.70,157,168,177,219,220 Fluid-fluid interfaces irreversibly trap 

particles in the interfacial plane,68 thus constraining the particles to a two-dimensional space 

where they interact laterally. In this way, fluid-fluid interfaces act as a low-cost and high-

throughput template31,43 to assemble 2D materials into thin-films that can subsequently be 

deposited onto solid substrates.221 As the dynamics of particle self-assembly govern film 

morphology, which in turn influences the functional properties (e.g., transparency, conductivity, 

etc.) of deposited films, it is essential to understand the relevant interactions present between 

particles to predict film structure and properties. 

Interactions between 2D materials at fluid-fluid interfaces can be studied through ex situ 

analysis of the morphology of deposited films of 2D materials using techniques such as atomic 

force microscopy (AFM) or scanning electron microscopy (SEM),67,90,168,177,220,222 in situ 

visualization methods such as Brewster angle microscopy (BAM)68,144,163,186 or X-ray 

techniques,223 or by probing particle-laden interfaces in a Langmuir trough.68,144,159,224 For 

example, high spatial resolution (~1 nm) techniques such as AFM and SEM have been used to 

study the transition from stacking of 2D materials to total film wrinkling as a function of 

subphase pH and surface compression for graphene oxide films.213 This transition is important to 

understand because a wrinkled film should exhibit different film properties than a non-wrinkled 

film.213 However, AFM and SEM rely on deposition of material onto a solid substrate, which 

alters film morphology168 and prohibits the study of key transition states involved in dynamic 

processes. Combinations of the above ex situ and in situ techniques have been used by us163 and 

others159 to study lateral interactions between graphene and graphite particles to find that these 

uncharged particles form metastable films at an air-water interface. We proposed that misaligned 

capillary multipoles could induce dynamic stabilization between agglomerated particles, and that 
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nanometer-thick graphene particles could spontaneously detach from aggregated structures due 

to a competition between weak attractive interactions and Brownian motion (i.e., thermal 

energy), which seeks to drive particles apart.163 Still, an exact mechanism and quantitative values 

of the forces that gave rise to the observed phenomena are unclear because of a lack of direct 

observation techniques available to study mono- and few-layer 2D particles at fluid-fluid 

interfaces. 

Interactions between colloidal microparticles at fluid-fluid interfaces can be quantified 

through direct observation of particle trajectories49 or interfacial morphology using a number-

density-based radial distribution function.19,225 Direct observation of such microparticles in the 

environment of interest is often accomplished using brightfield optical microscopy because of its 

sufficient spatial (~300 nm) and temporal (~1 ms) resolution. Optical microscopy also allows for 

visualization of particles at both air-water and oil-water interfaces, which makes it convenient to  

investigate the same system of particles at different fluid-fluid interfaces.226 However, the 

atomically-thin nature of 2D materials presents an obstacle toward using brightfield optical 

microscopy to achieve the same contrast as that obtained with ‘thick’ microparticles necessary to 

quantitatively describe the interactions and dynamics of 2D materials at fluid-fluid interfaces. 

In this manuscript, we report the use of an optical microscopy technique known as 

interference reflection microscopy (IRM)227,228 to visualize graphene, h-BN, and MoS2 particles 

at fluid-fluid interfaces with approximately 300 nm lateral spatial resolution and 10 ms temporal 

resolution. This interferometric technique has previously been exploited for visualizing graphene 

on solid, transparent substrates.190 The number of layers of a given 2D material at a fluid-fluid 

interface can be quantified by modeling the optics of the experimental system using a 

generalized transfer-matrix method.189 We use IRM images and videos acquired in real time to 

quantitatively analyze self-assembled film morphology, interactions, and dynamics of sub-

nanometer-thick 2D materials at an air-water interface. We find there is an attractive potential 

well on the order of 100 kBT for interacting monolayer MoS2 particles, and for interacting mono- 

and bilayer graphene particles. Understanding the nature of interactions between 2D materials at 

fluid-fluid interfaces and how such particles self-assemble is important for creating thin films 

from solution-processed suspensions of 2D materials with desired functional film 

properties.67,159,168,220 Additionally, we show IRM enables us to quantify the Brownian diffusivity 

of a 2D particle. We then relate the calculated diffusivity to the surrounding interfacial 
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rheological properties through a microrheological model for 2D particle probes. This work 

provides a great advance in the ability to directly observe and quantify the interactions and 

dynamics in these systems. 

4.2 Materials and Methods 

4.2.1 Materials 

Mono-, bi-, and trilayer CVD-grown graphene on Cu foil were purchased from 

Graphenea Inc. (Massachusetts, USA). Monolayer CVD-grown h-BN on Cu foil was purchased 

from Grolltex Inc. (California, USA). Received samples of graphene and h-BN had material 

grown on the backside of the Cu foil that was removed by 3 min of O2 plasma treatment (Harrick 

Plasma PDC-32-G, New York, USA). The growth procedure of CVD-grown monolayer MoS2 

particles was adapted and modified from a previous report.229 500 mg of sulfur pellets (Sigma-

Aldrich) were loaded at Zone 1 of a three-temperature-zone furnace, while the sapphire wafer 

(University Wafer) was placed at Zone 3. 2 mg of MoO3 powder (Sigma-Aldrich) was added into 

an insert tube at Zone 2. The insert tube was to supply 25 standard cubic centimeters per minute 

(sccm) of premixed Ar/O2 (4 vol.% O2) gas from the front end of the CVD setup and was flowed 

over the MoO3 powder into the main growth chamber. The O2 prevented the MoO3 precursor in 

the insert tube from being reduced during growth. 125 sccm of Ar was supplied to the main 

growth chamber to carry the sulfur vapor and balance the growth pressure at 1 Torr. Growth of 

monolayer MoS2 flakes was confirmed by confocal Raman spectroscopy (Figure 4.1a) and AFM. 

 

 

Figure 4.1 Raman spectra of a) monolayer MoS2, b) monolayer h-BN, and c) bilayer and trilayer 
graphene samples. In (a), the green curve represents for monolayer MoS2 on a sapphire substrate; 
the red curve shows the background sapphire peak. The MoS2 spectrum was acquired as 
described in Section 4.2.1, the h-BN spectrum was provided to us by the company (Grolltex, 
Inc., USA), and the graphene spectra were provided to us by the company (Graphenea, USA). 
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All aqueous subphases were prepared with ultra-pure water having a resistivity of 18.2 

M∙cm obtained from a PURELAB Ultra Analytical purification unit (ELGA LabWater, UK). A 

0.2 M solution of ammonium persulfate (APS, 98%, reagent grade, Sigma-Aldrich) was used to 

etch Cu foils. All glassware and other materials were cleaned using ACS reagent grade acetone 

and ethanol (Pharmco-Aaper), followed by a thorough rinse with ultra-pure water. Decane 

(anhydrous, >99%) was purchased from Sigma-Aldrich. 

4.2.2 Transfer From Growth Substrate to Air-Water Interface 

For all experiments involving graphene and h-BN, the transfer procedure was similar to 

wet transfer without a polymer protecting layer used by Li et al.190 A 5 mm × 5 mm square of 

graphene or h-BN on Cu foil was cut out of the parent sample. Backside CVD-grown material 

was then etched using O2 plasma treatment as described above, followed by etching of the Cu 

foil in ~15 mL of 0.2 M APS etching solution at 40 °C in a glass petri dish. A fluoroelastomer 

band (Viton®, McMaster-Carr, USA) with an inner diameter of 9 mm was placed on the surface 

of the heated APS solution, followed by placement of the Cu foil with the 2D material face-up 

within the inner area of the band. The fluoroelastomer band confined the location of the mono- 

and few-layer materials by minimizing drift and aided in subsequent transfer of materials to each 

aqueous interface after the Cu foil had been etched away.230 The Cu foil was allowed to etch for 

2 h. After the Cu foil was etched, the band and 2D material were transferred from the aqueous 

APS surface to the interface of a clean water bath to remove residual APS. Transfer was initiated 

by inserting a clean glass slide underneath the band and 2D material, followed by lifting the slide 

out of the air-APS interface at an angle (approximately 30°) once the band was attached to the 

glass slide. Transfer to the interface of the clean water bath was completed by placing the glass 

slide into the clean air-water interface at an angle (approximately 30°) until the band and 2D 

material slid onto the new interface. The band and 2D material were transferred to two more 

clean air-water interfaces using the same transfer protocol each time. Band and 2D material were 

allowed to sit for 10 min at each clean air-water interface to remove trace APS residue. The band 

and 2D material were finally transferred to a clean air-water interface within a custom sample 

chamber for imaging and other measurements using the same transfer protocol, but by manually 

sliding the band and 2D material onto the interface using clean tweezers. 

MoS2 was not grown directly on a Cu foil. Therefore, experiments with MoS2 required a 

different procedure than with graphene and h-BN. A transfer procedure from Xu et al.231 was 
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modified and adopted. A sample containing monolayer MoS2 particles on a sapphire substrate 

was spin-coated (1500 rpm, 750 rpm/s acceleration, 60 s total duration) with a film of 

polystyrene (PS, molecular weight: 192 kg/mol, Aldrich) dissolved in toluene (HPLC grade, 

Aldrich) at a concentration of 50 mg/mL. This resulted in a PS film of ~300 nm.232 The PS-

coated sample was then placed in a vacuum chamber for 4 h. The edges of the PS-coated sample 

were scribed with a scalpel to remove the top PS layer and expose the underlying sapphire 

substrate. This helped expedite the initiation of etching of the sapphire surface upon immersion 

of the PS-MoS2-sapphire sample in 30 mL of 2 M NaOH (ACS grade, Mallinckrodt Chemicals). 

After 24 h of etching the sapphire surface in 2 M NaOH at 50 °C, the PS film was delaminated at 

the interface of a clean water bath by slowly inserting the PS-MoS2-sapphire sample into the 

interface at an angle (approximately 30°). The PS-MoS2 film was allowed to sit at the air-water 

interface for 30 min and then transferred onto a cleaned piece of Cu foil (17.8 m thick, Part #: 

23159, OnlineMetals.com) by “scooping” the PS-MoS2 film from the air-water interface with the 

Cu foil. This resulted in MoS2 particles being in direct contact with the Cu foil. The PS-MoS2-Cu 

foil sample was then heated in an oven at 120 °C for 1 h, and then at 75 °C for 1 h. The sample 

was then placed in a vacuum chamber for 3 h to remove residual water between the PS film and 

Cu foil. Finally, the sample was heated at 120 °C for 30 min and subsequently submersed in 

toluene for 5 min to remove the PS protective film. Transfer of MoS2 particles from Cu foil to an 

air-water interface followed the procedure described above for graphene and h-BN. 

4.2.3 Decane-Water Interface Preparation 

 Experiments involving particles at a decane-water interface were performed directly after 

experiments at an air-water interface. Decane (3 to 4 mL) was slowly added to the already 

prepared air-2D material-water interface, taking care not to drop decane through the air-water 

interface. The particles were allowed 15 min to equilibrate at the new decane-water interface 

after the turbulent spreading process before images were acquired. While it is known that the 

order of addition of the upper fluid phase during preparation of a fluid-particle-fluid system can 

influence interfacial morphology,233 e.g., particles first, then oil, versus oil first, then particles, 

we do not expect the way in which we prepared the decane-water interfaces in this work to have 

significantly altered the optical properties of the system. 
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4.2.4 Optical Microscopy 

 Imaging was performed on a Nikon Eclipse Ti-U inverted, epifluorescence microscope. 

Brightfield images were acquired in white-light transmission mode while IRM images were 

acquired in epi-illumination mode with a solid-state white light fluorescent light source (SOLA 

SM Light Engine, Lumencor, Oregon, USA). Figure 4.2a presents a schematic of the optical path 

for IRM images. The fluorescent light source passed through a custom filter cube containing a 

532 nm/10 nm FWHM bandpass filter (FLH532-10, ThorLabs, USA) and a 50:50 beamsplitter 

(BSW10R, ThorLabs, USA). Unless specified, the microscope objective used was a Nikon CFI 

Apochromat NIR 40× water-immersion lens (NA = 0.80, working distance = 3.5 mm). All 

images were acquired at a total of 60× magnification by using the 1.5× intermediate 

magnification enhancement setting on the microscope. The field diaphragm was adjusted to 

reject incident light from entering at oblique angles,190 but we did not observe a difference in 

results regardless of the position of the field diaphragm. A Hamamatsu ORCA-Flash4.0 V3 

Digital CMOS camera (C13440-20CU) was used to acquire IRM images at 12- (MoS2) or 16-bit-

depth (h-BN and graphene) with 10 ms exposure time. 

 

 

Figure 4.2 Schematic of experimental system analyzed to obtain theoretical IRM contrast of 
different 2D materials versus a background fluid-fluid interface. a) Components of experimental 
setup and b) a schematic of the media order in our experimental system, the nomenclature used 
in deriving equation 4.1 (refractive index and thickness of the ith medium, ni and di, 
respectively), and how light transmits or reflects off different interfaces. 
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The bit depths of the IRM images of the different materials were chosen to minimize file 

size at an appropriate resolution. For the presented image of MoS2, the image was acquired with 

12-bit depth because it was a single frame taken from a long video that was acquired at 50 

frames per second and had an original size of 2044 × 2048 pixels. Images and videos acquired 

with 12-bit depth helped to minimize the file size of these videos while still providing a 

significant number of bits necessary to discern between multilayer regions. Images of MoS2 

acquired at 16-bit depth, and images of graphene acquired using 12-bit images, show no 

noticeable difference in the normalized intensity analysis in comparison to the images presented 

in this work (results not shown). The choice of bit depth becomes increasingly important when 

attempting to quantify the layer number of a material with minimal contrast between layers (such 

as h-BN) since larger bit depths contain more distinct grey levels.228 Image sizes were varied 

from 512 pixels × 512 pixels to 2044 pixels × 2048 pixels, resulting in images acquired at 100 

frames per second and 53 frames per second, respectively. 

We note that interfacial curvature is not accounted for within the optical theory (equation 

4.1) presented in this work. In practice, it was not always possible to achieve a perfectly flat 

interface across the entire sample because the air-water interface would occasionally become 

pinned at irregular locations on the surrounding fluoroelastomer band during sample and 

interface preparation. Thus, the curvature of the interface near the band would result in focal 

depth variations across a single field of view. However, the images shown in this work were 

acquired when the 2D materials were found near the center of the interface within the band 

where the interfacial curvature decreases to zero due to symmetry. Edge regions were avoided 

for this reason, and the only images analyzed were those where focal depth variations across the 

field of view were not observable. This means any curvature must be less than the axial 

resolution of the microscope, approximately 0.5 m. Across a 100 m field of view that amounts 

to <1% grade. In effect, any global curvature of the interface that was present was less than this 

and did not affect the contrast of imaged layers under IRM. However, we hypothesize that 

interfacial curvature would result in a reduction in the observed reflected light intensity similar to 

when light is reflected from a “rough” surface.189 Regarding local deformations near particles, 

we never observed interference patterns, which are indicative of said local deformations, 

emanating from the edge of the particles like those observed for ellipsoidal50 and cylindrical 

particles58 at fluid-fluid interfaces. 
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4.2.5 Image Analysis 

Images were acquired in NIS-Elements D imaging software (Nikon) and then exported 

as .TIFF files with no look-up-tables (LUTs) applied. Applying LUTs during image export led to 

a modification of the original pixel intensity values that manifested as erroneous normalized 

intensity results. Fiji Is Just ImageJ (FIJI, NIH) was then used to extract pixel intensity values 

from the exported IRM images. A 10-pixel-wide line was used for all line traces. Each “pixel” in 

the line trace was the average of the 10 pixels perpendicular to the direction the 10-pixel-wide 

line trace was drawn in ImageJ (NIH). The line trace profile values were then exported to a 

custom-written MATLAB code (R2019a, Appendix J) to calculate and compare experimental 

and theoretical normalized intensity values. Normalized intensity values I ̅= I I0⁄  were calculated 

for experimental traces by computing the average air-water interface (i.e., background) pixel 

intensity I0 in the specific line trace and then dividing the intensity I of each pixel in the line 

trace by I0. Variation in the average normalized pixel intensity value of the 10 pixels used to 

form the average normalized pixel intensity value at a given distance was calculated by 

performing the following: We first decreased the line width in ImageJ from 10-pixels wide to 1-

pixel wide and moved the line to the bottom row of pixels used in the original 10-pixel wide line 

scan. We then converted the original pixel intensity values of each 1-pixel wide line into the 

normalized pixel intensity values (as described above) and recorded the data. We repeated this 

process 10 times (i.e., for each 1-pixel wide line comprised within the original 10-pixel wide 

line). We then calculated the 95% confidence bounds (i.e., two standard deviations from the 

average) of the 10 normalized pixel intensity values at each distance. We then took an average of 

all the computed 95% confidence bounds for each set of 10-pixels perpendicular to its respective 

line scan and found the average 95% confidence bounds representing the variation in normalized 

pixel intensity at a given location in the line scan to be ± 0.025, or 2.8% on an average 

normalized intensity of 0.880. For reference, this would be represented as ~0.880 ± 0.025 in the 

experimental IRM normalized intensity values of monolayer graphene in Figure 4.5a. We note 

that unless explicitly stated, images have not been corrected for inhomogeneous background 

illumination nor been modified in any way. Thus, portions of full-frame IRM images generally 

have areas that appear lighter near the center of the image than near the edges (Figure 4.5a). 

Background correction can be performed,234 but caution must be taken to ensure the background 
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image and the image containing the region of interest are in the same focal plane, as IRM is 

sensitive to subtle focal plane differences.228  

For analysis of self-assembled morphology (Figure 4.14), FIJI was used to convert the 

original image into a binary image using the following steps: subtract background (12 pixel 

rolling ball radius, light background), convert the image to a mask (Process > Binary > Convert 

to Mask), analyze the particles (Analyze > Analyze Particles), obtain the bare outlines of all 

identified particles, manually fill all outlines with Flood Fill Tool, threshold image to obtain all 

black particles, apply the standard watershed function (Process > Binary > Watershed) to 

separate particles. The comments in parentheses after some processing steps indicate the order in 

which one can access the built-in functions in FIJI or the parameters used for a given processing 

step. The final processed image was analyzed using a custom-written MATLAB (R2019a) code 

that calculated the centroid position, maximum Feret diameter (i.e., longest distance from end-to-

end of particle), and area of each particle. The Feret diameter was used to determine the primary 

radius surrounding the particle of interest r1. Concentric circles were then drawn around each 

particle analyzed at a distance dr = 0.1 m apart to a final distance of rf = 20 m. Particles to be 

analyzed were chosen such that rf did not extend past the edge of the image frame, which 

resulted in 11 particles analyzed. The area occupied by particles within a given annular region 

was calculated using ϕ(r) = Aocc(r)
πri

2-πri−1
2 , and the bulk area occupied by particles was calculated using 

ϕ(rmax) = ϕbulk = Aocc(rmax)
πrmax

2 , where rmax = 26.52 m was the maximum radius of a circle that could 

occupy the image. Finally, the area-based radial distribution function was calculated using 

gAB(r) = ϕ(r)
ϕbulk

.90 The results in Figure 4.14c were calculated by setting up a theoretical system of 

100 monodisperse discs in a 2D hexagonal close packed lattice (inset, Figure 4.14c) and then 

running custom MATLAB (R2019a) scripts that calculated g(r) and gAB(r) for three particles 

chosen in the middle of the lattice. The results for g(r) and gAB(r) are the average value obtained 

from the three measurements. The three particles were chosen such that the final distance 

analyzed (rf = 6 m) did not extend past the edge of the image frame. The step size dr = 0.01 m 

was the same for both g(r) and gAB(r). 

Images obtained for mapping particle trajectories (Figure 4.15) and particle tracking 

analyses (Figure 4.17) were captured at 100 frames per second (512 pixels × 512 pixels, 10 ms 
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exposure) until particle contact (mapping trajectories) or for 104 frames (particle tracking) using 

the same setup described in Section 4.2.4. The particle tracking algorithm (MATLAB) used for 

mapping particle trajectories and particle tracking was originally developed by Crocker and 

Grier235 and was later modified by Samaniuk and Vermant236 to analyze particle tracks and 

calculate MSD values. The MSD was calculated using a time average over all frames. Particle 

drift was ruled out by tracking portions of the initial surrounding trilayer graphene sheet (Figure 

4.3) that the particles had fractured from. The large trilayer sheet was in contact with the edge of 

the fluoroelastomer band surrounding the sheet at the air-water interface, which prevented the 

sheet from drifting across the interface. This was quantitatively verified in Figure 4.3 as the 

MSD of the static “mother sheet” was approximately an order of magnitude lower than the 

dynamic, fractured particles, and the slope of the static sheet was nearly zero over 103 frames. 

The measured diffusivity was averaged over lag times from 10-2 s to 10-1 s, as these points had a 

minimum of 103 replicates at 10-1 s. The dynamic flake was tracked for 10,001 frames and the 

static flake was tracked for 2700 frames. 

 

 

Figure 4.3 Uncorrected mean-squared displacement (MSD) versus lag time τ for the dynamic 
flake (blue circles) tracked and analyzed in main text in comparison to the MSD of the static 
parent flake (red circles) demonstrating negligible drift over the time scale analyzed. 
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4.3 Results and Discussion 

4.3.1 Theoretical IRM Contrast for 2D Materials at Air-Water Interfaces 

The theoretical contrast between a background fluid-fluid interface and a 2D material 

comprised of m layers can be obtained by modeling light propagation within our system using a 

transfer-matrix approach commonly applied in thin-film optics.189 Our experimental system 

(Figure 4.2b) is comprised of five layers of media (water immersion, coverslip, water subphase, 

2D material, and upper fluid phase) of varying thickness d, and four interfaces (water immersion-

coverslip, coverslip-water subphase, water subphase-2D material, and 2D material-upper fluid 

phase) connecting each adjacent media. We first examined the coherence length, L = λ2/ni∆λ, of 

each medium, which can be used to determine how to model light propagation within each 

medium. The coherence length accounts for the central wavelength of incident light λ (532 nm), 

the refractive index ni of medium i, and the spectral bandwidth ∆λ (10 nm) of the incident light 

source.189 If L > d for a given medium, then the medium is considered coherent and can be 

modeled using the common transfer-matrix method approach.189,237,238 However, if L < d for a 

given medium, then the medium is considered incoherent and the transfer matrix representing the 

incoherent medium must be modified.189,239 Analysis of the coherence length of each medium in 

our system revealed that the coverslip and water subphase should be modeled as optically 

incoherent media because L < d for these media (cf., columns 4 and 5 of Table 4.1). Further, 

there are two incoherent media and one coherent medium placed between two semi-infinite 

media within our system. Thus, the present system was modeled using the generalized transfer-

matrix method because this method accounts for light propagation within a multilayer structure 

comprised of mixed incoherent and coherent media.189 This is in contrast to the work from 

Li et al.190 who modeled the IRM contrast of graphene on solid, transparent substrates using the 

common transfer-matrix method, which assumes all media in the system are coherent. 

Under the assumptions of normal light incidence, single wavelength illumination, and 

interfaces with zero surface roughness or interfacial curvature, we arrive at an expression 

(derivation in Appendix C) for the expected reflected light intensity I from the water subphase-

2D material or the water subphase-upper fluid phase interface 

I = (|ρ01|2 + A∙|ρ12|2 + A∙B∙ |T21
T11

|2 − |ρ01|2∙|ρ21|2∙ |T21
T11

|2

1 − |ρ10|2∙|ρ12|2 − |ρ21|2∙ |T21
T11

|2 − B∙|ρ10|2∙ |T21
T11

|2 ) ∙II (4.1) 
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where ρij = (ni − nj) (ni + nj)⁄  is the Fresnel reflection coefficient of the ij interface, 

τij = (2ni) (ni + nj)⁄  is the Fresnel transmission coefficient of the ij interface, A = |τ01τ10|2 −|ρ01ρ10|2
, B = |τ12τ21|2 − |ρ12ρ21|2

, T21 = ρ23eiϕ3 + ρ34e-iϕ3, T11 = eiϕ3 + ρ23ρ34e-iϕ3, 

ϕ3 = 2πn3d3m λ⁄ , and II is the incident light intensity. The phase change across the 2D material 

of interest ϕ3 considers the complex refractive index n3 of the 2D material, the monolayer 

thickness d3 of that material, m number of layers of the material, and the wavelength of incident 

light λ. The expected intensity of the mth layer of graphene, h-BN, MoS2, or the background 

interface (m = 0) can then be calculated using equation 4.1 and the constant values for each 

medium presented in Table 4.1. The expected contrast between the mth layer of 2D material and 

background fluid-fluid interface (Figure 4.4) is defined as Cm/bkgd = (Ibkgd − Im) Ibkgd⁄ ,240 and 

the contrast between consecutive layers of each 2D material (inset, Figure 4.4) is defined as 

Cm/(m−1) =  (Im−1 − Im) Im−1⁄ , where Ibkgd is the background fluid-fluid interface intensity, Im is 

the intensity in the presence of m layers of 2D material, and Im−1 is the intensity in the presence 

of m – 1 layers of 2D material. Positive contrast values indicate a particle appears dark on a light 

background and negative contrast values indicate a particle appears light on a dark background. 

 

Table 4.1 Properties of media used in theoretical analysis of reflected intensity.a 

Medium 
Number 

Medium Refractive Index 
Medium 

Thickness (m) 
Coherence 
Length (m) 

Coherent, 
Incoherent, 

or Semi-
Infinite (SI) 

0 
Water 

Immersion 
1.33 + 1 × 10-8i -- 21.3 × 10-6 SI 

1 Coverslip 1.52 + 1 × 10-8i (150–170) × 10-6 18.6 × 10-6 Incoherent 

2 
Water 

Subphase 
1.33 + 1 × 10-8i (1.0–1.5) × 10-3 21.3 × 10-6 Incoherent 

3 
Graphene190 

h-BN241 
MoS2

241 

2.65 – 1.27i 

1.59 – 0.22i 

5.19 – 1.12i 

m ∙ 0.34 × 10-9  
m ∙ 0.33 × 10-9 

m ∙ 0.62 × 10-9 

8.69 × 10-6 
17.5 × 10-6 
5.21 × 10-6 

Coherent 
Coherent 
Coherent 

4 
Air 

Decane 
1.00 + 1 × 10-8i 

1.41 + 1 × 10-8i 
>1 × 10-3 
>1 × 10-3 

28.3 × 10-6 
20.1 × 10-6 

SI 

a The values in the “Medium Number” column correspond to the subscript values shown in 
Figure 4.2b. The thickness of the 2D material medium can be found by multiplying the 
respective 2D material monolayer thickness by m number of layers of that material. 
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Figure 4.4 Theoretical IRM contrast of mth
 layer intensity versus background air-water interface 

intensity for graphene (black, left), h-BN (purple, middle), and MoS2 (green, right). Inset is 
theoretical IRM contrast between consecutive layers of graphene, h-BN, or MoS2, respectively. 
In both cases, positive values imply a particle appears dark on a light background and negative 
values imply a particle appears light on a dark background. 
 

The theoretical contrasts for monolayers of graphene, h-BN, and MoS2 at an air-water 

interface were calculated to be ~12%, ~1%, and ~15%, respectively (Figure 4.4), which are 

comparable to the contrasts predicted and observed for the same materials on optimized solid 

substrates (~10%,240 ~2.5%,242 and ~10-35%,243 for graphene, h-BN, and MoS2, respectively). 

The theoretical contrast between successive layers of graphene and MoS2 (inset, Figure 4.4) are 

also sufficiently large to allow one to discern between mono- and bilayer regions, bi- and trilayer 

regions, etc., for these materials. 

4.3.2 Comparing Theoretical with Experimental IRM Contrast for 2D Materials at Air-

Water Interfaces 

IRM enables experimental identification of discrete layers of graphene and MoS2 at an 

air-water interface. Figure 4.5a and Figure 4.6a are IRM images of CVD-grown graphene and 

MoS2 at an air-water interface, respectively, and demonstrate enhanced contrast over the same 

images captured using transmission brightfield microscopy, shown in Figure 4.5b and Figure 

4.6b, respectively. In Figure 4.5c, monolayer graphene exhibited the expected ~12% contrast 

against the background air-water interface using IRM (solid red line), whereas the same region 
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of monolayer graphene exhibited ~2% contrast using transmission brightfield microscopy (solid 

blue line). Similarly, Figure 4.6c shows monolayer MoS2 exhibited the expected ~15% contrast 

against an air-water interface using IRM (solid red line) while the same region resulted in ~7.5% 

contrast using brightfield microscopy (solid blue line). Additionally, mono- and bilayer graphene 

layers are distinguishable from one another at an air-water interface using IRM, with ~12% 

contrast observed between layers (Figure 4.5a,c). 

 

 

Figure 4.5 Images of CVD-grown bilayer graphene at an air-water interface using a) IRM and b) 
transmission brightfield microscopy. C) Intensity profile comparison between IRM (red trace 
in (a)), brightfield (blue trace in (b)), and theoretical IRM normalized intensity values (black 
dotted lines). In (c), the theoretical layer number is labeled above its respective trace and was 
calculated using equation 4.1. The dark spot present in (b) was a dust particle present within the 
optical path of the brightfield microscopy configuration. Scale bars in (a) and (b) are 10 m. 
 

 

Figure 4.6 Self-assembled morphology of monolayer MoS2 particles at an air-water interface. a) 

IRM and b) transmission brightfield microscopy images of self-assembled MoS2 particles at an 

air-water interface, and c) intensity profile comparison between IRM (red trace in (a)), 

brightfield (blue trace in (b)), and theoretical IRM normalized intensity values (dotted lines). 

Scale bars in (a) and (b) are 10 m. 
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The ability to resolve wrinkles, defects, and other sub-micrometer features present on 2D 

materials at an air-water interface is significantly improved when using IRM compared with 

brightfield microscopy.190 For example, the roughness observed in the red line trace in Figure 

4.5c is likely a result of spontaneous m + 1 layer graphene growth that occurred during the CVD 

growth process in both the monolayer and bilayer graphene sections; hence, the experimental 

IRM normalized intensity drops to values corresponding to m = 2 layers on the monolayer 

graphene section and to values corresponding to m = 3 layers when traced on the bilayer 

graphene section. None of those features are discernable with brightfield imaging. 

 

 

Figure 4.7 Self-assembled morphology of MoS2 particles at an air-water interface. The IRM 
image in a) is the same as Figure 4.6a. b) Comparison between experimental (solid red line) and 
theoretical IRM normalized intensity values (dotted lines). The theoretical layer number is given 
to the right of its respective dotted line. Scale bar in (a) is 10 m. The experimental line trace 
was drawn with a 3-pixel wide line instead of a 10-pixel wide line like the plots in the main text 
because the size of the “bright” regions were smaller than the 10-pixel wide line. 
 

Likewise, sub-micrometer regions of multilayer MoS2 were observed in Figure 4.6a and 

Figure 4.7a. An inversion in contrast between m = 1 and m ≥ 2 layers was predicted by equation 

4.1 (Figure 4.4), which implies any regions of multilayer MoS2 will appear “brighter” in 

comparison to monolayer MoS2 and the background air-water interface (Figure 4.7). This is 

evident in Figure 4.6a and Figure 4.7a as one can observe several locations where there is a 

bright region within a dark monolayer MoS2 particle. These bright regions are likely nucleation 

sites that are necessary for CVD growth of MoS2 and other transition metal dichalcogenides, and 

are prone to multilayer growth.231 Thus, identification of partial multilayer regions makes IRM 

valuable for studying the dynamics of 2D particle overlap or stacking at fluid-fluid interfaces.70 
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Additionally, IRM could be valuable for quantifying layer number of 2D transition metal 

dichalcogenide particles on arbitrary transparent substrates, as the thickness of these materials is 

known to influence optoelectronic properties and catalytic activity.244,245 

 

  

Figure 4.8 IRM (a,c) and transmission brightfield microscopy (b,d) images of monolayer h-BN 
particles at an air-water (a,b) and a decane-water (c,d) interface. Scale bars in all images are 10 
m. Dashed black lines were drawn to indicate the edge of the particle of interest. Inset values 
indicate the approximate contrast between h-BN particle and background fluid-fluid interface. 
 

4.3.3 Visualization of a Large Band Gap 2D Material at Fluid-Fluid Interfaces 

Large band gap (>3.3 eV) 2D materials such as h-BN242 or some metal oxide 

nanosheets246 are difficult to identify using transmission brightfield microscopy because these 

materials absorb minimal visible light. However, IRM relies on the interference of reflected light 

to generate an image of a sample rather than the absorbance of incident light, which means IRM 

images of large band gap 2D materials will have greater optical contrast than transmission 

brightfield microscopy images. This is shown in Figure 4.8, where images of monolayer h-BN 

particles acquired using IRM and transmission brightfield microscopy at an air-water interface 
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and at a decane-water interface are compared. The contrast of monolayer h-BN with an air-water 

interface using IRM is small (Figure 4.8a, ~1.3%) and the contrast of monolayer h-BN with a 

decane-water interface is even less (Figure 4.8c, ~0.6%). While these contrast values are small, 

the corresponding transmission brightfield microscopy images of h-BN particles at an air-water 

(Figure 4.8b) and a decane-water (Figure 4.8d) interface had negligible optical contrast (<1%) 

and only large defects on the particles were visible. The low contrast and inhomogeneous 

background illumination prevented us from comparing theoretical and experimental IRM 

normalized intensity values of monolayer h-BN at these fluid-fluid interfaces. Nonetheless, we 

can identify and observe h-BN particles at fluid-fluid interfaces using IRM even with relatively 

small contrast between particle and background interface. 

 

 

Figure 4.9 Images of CVD-grown trilayer graphene at an air-water interface using a) IRM and b) 
transmission brightfield microscopy. c) Intensity profile comparison between experimental IRM 
(red trace in a)) and theoretical IRM normalized intensity values (black dotted lines). Arrows in 
(a) and (c) mark the location where the trilayer sheet folded onto itself. In (c), the theoretical 
layer number is labeled above its respective trace and was calculated using equation 4.1. Dotted 
red line in (c) indicates the theoretical IRM normalized intensity value for m = 6 layers. Scale 
bars in (a) and (b) are 10 m.  
 

4.3.4 Limitations of the Optical Model: m > 5 Layers 

Although experimental and theoretical IRM normalized intensity values agree well for 

m ≤ 3 layers (Figure 4.9a,c), it becomes difficult to determine the layer number for m > 5 layers. 

Figure 4.9 presents results obtained from a CVD-grown trilayer graphene sample at an air-water 

interface. The dark region marked by arrows in the middle of Figure 4.9a shows a portion of the 

original trilayer graphene sheet that folded over during interface preparation. Consequently, this 

region has m = 6 layers (Figure 4.9c, red dotted line). However, the experimental IRM 
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normalized intensity values do not agree with the theoretical IRM normalized intensity value for 

m = 6 layers at any point in this region. Increasing disagreement between experimental and 

theoretical IRM normalized intensity values with increasing layer number is not surprising given 

that the theory relies on normal light incidence and constant refractive indices, two assumptions 

that become less valid with increasing layer number. 

Normal light incidence was assumed in the derivation of equation 4.1. This assumption is 

questionable when using an objective with a non-zero numerical aperture (NA) since light is 

emitted from the outer edges of the objective lens at oblique angles. Additionally, as NA 

increases, light from the objective lens becomes incident on the sample at increasingly oblique 

angles, which results in increased deviation between experimental and theoretical IRM 

normalized intensity values. For example, the use of a large NA (>1) objective allowed us to 

visualize bilayer and trilayer graphene samples with greater lateral resolution, but there was 

significant deviation between the measured experimental IRM normalized intensity values and 

the theoretical IRM normalized intensity values predicted using equation 4.1 for bi- and trilayer 

graphene (Figure 4.10 and Figure 4.11). Furthermore, light emitted from the objective at any 

non-normal angle that is transmitted through and reflected from a 2D material should result in 

additional interference that increases with layer number and is not accounted for in equation 4.1. 

In the present work, we used a 40× objective with a NA of 0.80 to achieve acceptable lateral 

resolution while maintaining agreement between experimental and theoretical IRM normalized 

intensity values for m < 5 layers. A correction to the present theory that accounts for the finite 

NA of the objective used would result in a more robust theoretical framework and may extend 

the ability to fit experimental to theoretical IRM normalized intensity values for m > 5 layers247-

249 under the present conditions but is outside the scope of this work. 

The second assumption incorporated into the derivation of equation 4.1 was the use of a 

complex refractive index independent of layer number for each 2D material. There is wide 

variation in reported literature values for the complex refractive index of graphene at a given 

wavelength250 and it remains unclear how (or if) the refractive index of graphene varies with 

layer number. For example, two seminal reports fit their respective experimental contrast values 

to a Fresnel reflection model with reasonable accuracy using either the complex refractive index 

of bulk graphite240 or monolayer graphene.251 Thus, the “correct” complex refractive index value 

to use in all cases is unclear. In this work, we used the same complex refractive index value 
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(which falls closer to that of bulk graphite) as Li et al., who first used IRM to visualize graphene 

on transparent substrates, for sake of consistency.190 However, a more thorough understanding of 

the variation in refractive index as a function of layer number for graphene and other 2D 

materials would likely improve the accuracy of the theoretical model for m > 5 layers. 

 

 

Figure 4.10 Several images of a bilayer sheet of CVD-grown graphene at an air-water interface 
acquired using a 100× water-immersion objective with a high numerical aperture (NA = 1.1). 
The experimental normalized pixel intensity values compared to the theoretically predicted 
intensity values shown as insets in each image. 
 



85 
 

 

Figure 4.11 Several images of a trilayer sheet of CVD-grown graphene at an air-water interface 
acquired using a 100× water-immersion objective with a high numerical aperture (NA = 1.1). 
The experimental normalized pixel intensity values compared to the theoretically predicted 
intensity values shown as insets in each image. 
 

4.3.5 Limitations of the Optical Model: Decane-Water Interfaces 

Bright particles on a dark background are the expectation based on equation 4.1 when 

visualizing graphene and MoS2 at a decane-water interface using IRM (Figure 4.12), which is the 

inverse of the dark particle on a bright background expected and observed at an air-water 

interface. This inversion in contrast at a decane-water interface manifests from the upper fluid 
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phase, decane, having a refractive index greater than that of the water subphase. Experimental 

evidence supports our expectation, as Figure 4.13a,c present IRM images of light-colored 

graphene and MoS2 particles on a dark decane-water interface, respectively. However, the 

experimental and theoretical IRM normalized intensity values for trilayer graphene (Figure 

4.13b) and monolayer MoS2 (Figure 4.13d) at a decane-water interface do not agree. The 

experimental IRM normalized intensity value of trilayer graphene is approximately 2 times 

greater than the theoretical value (Figure 4.13b), while the experimental IRM normalized 

intensity value of monolayer MoS2 is approximately 0.85 times less than the theoretical value 

(Figure 4.13d). The reason for the disagreement between experimental and theoretical IRM 

normalized intensity values here is unknown. Although we can observe the dynamics of 2D 

materials at oil-water interfaces, the discord between experiment and IRM theory means one 

cannot currently expect to obtain accurate layer numbers at oil-water interfaces. 

 

 

Figure 4.12 Theoretical IRM contrast of the mth layer of graphene, MoS2, and h-BN at a decane-
water interface. Note the scale of the y-axis for each material is significantly different. 
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Figure 4.13 IRM images of a) CVD-grown trilayer graphene and c) CVD-grown monolayer 
MoS2 c) at a decane-water (D-W) interface. The theoretical IRM normalized intensity values 
(dotted black lines) do not agree with the experimental IRM normalized intensity values (solid 
red lines) for trilayer (m = 3) graphene (b) nor for monolayer (m = 1) MoS2 (d), as indicated by 
the black arrows in (b) and (d). Scale bars in (a) and (c) are 10 m. 
 

4.3.6 Quantifying Interparticle Interactions via Interfacial Morphology 

An area-based radial distribution function, gAB(r), can be used to quantify interactions 

between anisotropic and polydisperse 2D particles at fluid-fluid interfaces by analyzing in situ 

IRM images of interfacial morphology. Silverberg et al.90 previously used gAB(r) to analyze the 

relative strength of attraction between reduced graphene oxide (rGO) particles, but the analysis 

was performed on ex situ SEM images of morphology after rGO particles had been deposited 

onto a Si/SiO2 wafer from a fluid-fluid interface. Figure 4.14a provides a plot of gAB(r) acquired 

by analyzing the self-assembled MoS2 film morphology shown in the inset of Figure 4.14a. 

Values of gAB(r) > 1 imply attraction between particles, while values of gAB(r) < 1 imply 
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repulsion between particles. The large values of gAB(r) in Figure 4.14a therefore indicate 

attraction between particles.  

 

 

Figure 4.14 Quantitative analysis of the self-assembled structure of monolayer MoS2 particles at 
an air-water interface. a) Area-based radial distribution function gAB(r) calculated after image 
analysis on the inset image in (a), b) potential of mean force calculated from substituting the 
experimental gAB(r) values from (a) into equation 4.2, c) area-based and number-density based 
radial distribution function g(r) values calculated from inset image in (c), and d) potential of 
mean force calculated from substituting gAB(r) and g(r) values from (c) into equation 4.2. Light 
green bars in (a) and (b) represent one standard deviation from the average of 11 measurements. 
 

The potential of mean force, W(r), which accounts for pair and multi-body interactions 

between neighboring particles, can be related to gAB(r) through225 

W(r)
kBT

 = − ln[gAB(r)] (4.2) 

where kB is Boltzmann’s constant and T is temperature. The use of an area-based radial 

distribution function rather than the number-density-based radial distribution function g(r) is 

done because of the irregular shape of these particles. For systems of spherical particles it is 

common to relate g(r) to W(r) by substituting g(r) into equation 4.2 for gAB(r).225 The use of 

gAB(r) instead of g(r) should give rise to similar magnitudes of W(r) despite broader peaks in 
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gAB(r) compared with g(r). To illustrate this, g(r) and gAB(r) for a model 2D crystal of circular 

particles have been calculated and plotted in Figure 4.14c. The model crystal is shown in the 

inset. The resulting W(r) values calculated using g(r) and gAB(r) in equation 4.2 are shown in 

Figure 4.14d. The agreement between g(r) and gAB(r) for monodisperse and isotropic particles 

supports the use of equation 4.2 to calculate the values of W(r) presented in Figure 4.14b. Our 

system of MoS2 particles is polydisperse, therefore our reported W(r) values should be 

considered estimates. Nonetheless, these values represent the first potentials of mean force 

calculated from direct experimental observations of monolayer MoS2 particles at a fluid-fluid 

interface. 

In Figure 4.14b, the reported W(r) values denote attractive interactions on the order of 

100 kBT. Beyond 1 m from a particle edge, W(r) varied from approximately −8 kBT to −5 kBT at 

20 m from a particle edge. The potential of mean force was not analyzed at distances <1 m 

from the edge of a particle. However, we expect W(r) > 0 at these small distances because of the 

finite separation between individual MoS2 particles, as evident in the inset image of Figure 

4.14a, which indicates short-range repulsive interactions are present within this system. This is 

expected for MoS2 particles and attributed to electrostatic interactions given the charged nature 

of MoS2.157 

The circular domains of self-assembled MoS2 particles shown in the inset of Figure 4.14a 

were stable for the duration of observation (>2 h) and resemble domains observed in monolayers 

of some surfactant molecules, such as the lung surfactant dipalmitoylphosphatidylcholine 

(DPPC).252 Circular domains of DPPC are suspected to arise from a non-zero line tension that 

acts to minimize the length of the three-phase contact line between the two surrounding fluids 

and the solid molecular surfactant domain.252 Line tension effects are typically neglected for 

spherical colloidal particles with diameters >100 nm,39 but become increasingly important with 

decreasing particle size in systems of nanoparticles at fluid-fluid interfaces.38 The system here 

presents a peculiar circumstance where the 2D particles have colloidal lateral sizes, i.e., 

micrometer length scales, but thicknesses on the sub-nanometer length scale. Thus, it is unclear 

if 2D particles exhibit “microparticle-like” or “nanoparticle-like” behavior, or a combination of 

both. We hypothesize that 2D particle self-assembly at fluid-fluid interfaces is driven by 

interactions attributable to microparticle systems (i.e., capillary interactions, electrostatic 
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interactions, etc.) and nanoparticle systems (i.e., line tension effects,39 Casimir-like thermal 

fluctuations,65 entropy-driven interactions,179 etc.). 

 

 

Figure 4.15 Trajectories of the apparent center-to-center separation distance of two pairs of sub-
nanometer-thick graphene particles interacting at an air-water interface. Inset images in upper 
left depict the particles tracked in Trace 1 (blue circles) at the locations marked by a), b), and c). 
Scale bars in inset images are 1 m. Lower inset is a schematic of a fluctuating monolayer 
graphene particle at an air-water interface depicting the height of a contact line undulation H. 
 

4.3.7 Mapping 2D Particle Trajectories 

An approximate magnitude of the pair interaction potential between two interacting 

particles can be determined by tracking the separation distance between two particles as a 

function of time. Figure 4.15 presents the center-to-center separation distance as a function of the 

time to contact for two different pairs of interacting graphene particles.49 The time of apparent 

edge-to-edge contact was taken as the point when the two particles began to move together as a 

single rigid body. The graphene particles analyzed in Traces 1 and 2 of Figure 4.15 had fractured 

from a larger portion of a CVD-grown trilayer graphene sheet (upper right corner of inset images 

in Figure 4.15) and are <1 nm thick, inferred from IRM. In both traces, we observed significant 

fluctuation in the separation distance over time as each pair of particles approached one another 

due to Brownian motion. Particles in Trace 1 exhibited a stochastic but steady trajectory toward 

one another, while the particles in Trace 2 first increased their separation distance, then rapidly 
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approached one another, and finally exhibited a slow final approach to apparent contact. The 

stochastic nature of these trajectories implies the magnitude of attractive forces is of the same 

order of magnitude as thermal forces, supporting the findings of our previous work.163 

4.3.8 Capillary-Mediated Dynamics 

Attractive and repulsive capillary interactions of order 100 kBT can arise between sub-

nanometer-thick 2D materials that manifest in transient reconfiguration of interfaces comprised 

of such particles.163 Figure 4.16a presents a series of IRM images of several graphene particles at 

an air-water interface that separate and attach from one another over 12 s, providing an 

opportunity to analyze this dynamic process in the context of theory derived for capillary forces 

between spherical colloidal particles at fluid-fluid interfaces.84 

 

 

Figure 4.16 Real-time visualization of the dynamic reconfiguration of sub-nanometer-thick 
graphene particles at an air-water interface. a) Series of time-stamped images showing separation 
and attachment of different particles, b) theoretical capillary interaction potential for two 
particles interacting via capillary quadrupoles (mA = mB = 2) at different relative particle 
orientations, and c) theoretical capillary interaction potential for a particle modeled as a capillary 
hexapole (mA = 3) interacting with a particle modeled as a capillary octupole (mB = 4) at 
different relative particle orientations. Scale bars in (a) are 5 m. 
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Capillary forces between interfacially-bound colloidal particles arise because of 

distortions in a fluid-fluid interface induced by the presence of a particle in the interface.42 A 

pinned contact line at the surface of a rough particle can create contact line undulations that give 

rise to capillary multipoles (mk = 0, 1, 2, …; k is particle A or B).42 Capillary quadrupoles 

(mk = 2) are generally attractive (same interfacial deformation) at large particle separations, but 

can be attractive or repulsive at small separation distances depending on the relative orientation 

(φk) of the interacting particles.73 Higher-order capillary multipoles are important at small 

particle separations and determine the equilibrium separation distance between two particles 

depending on the alignment of multipolar deformations surrounding each interacting particle.89 

This orientational and spatial dependence of the capillary pair interaction potential Ucap(r) is 

demonstrated in equation 4.3, which is an approximation of the interaction potential between two 

spherical colloidal particles interacting via capillary multipoles of arbitrary order84 

Ucap(r) ≈ − πσG0Hm,AHm,B cos(mAφA − mBφB) RA
mARB

mB

r(mA + mB) (4.3) 

where  is interfacial tension (for an air-water interface σ = 72 mN/m), G0 is a constant, Hm,k is 

the amplitude of the contact line undulation for the capillary multipole of order m of particle A or 

B, and RA and RB are the radii of particle A and B, respectively. Maximum attraction occurs 

when multipolar deformations are perfectly aligned (mAφA = mBφB), whereas maximum 

repulsion occurs when multipolar deformations are perfectly misaligned (mAφA = − mBφB). 

Additionally, equation 4.3 shows the pair interaction potential between multipoles of larger total 

order mA + mB decays more rapidly as separation distance r increases.  

Theoretical interaction potentials for two 2D particles interacting via arbitrary multipoles 

at different multipolar alignments were calculated using the full analytical solution from Danov 

and Kralchevsky84 assuming particles with radii of 5 m had contact line undulations of 0.2 nm 

in amplitude (lower inset, Figure 4.15). These results are shown in Figure 4.16b,c. In Figure 

4.16b, the pair interaction potential for two interacting capillary quadrupoles (mA = mB = 2) at 

different angular orientations of particle B is shown, while in Figure 4.16c, the pair interaction 

potential for a capillary hexapole (mA = 3) interacting with a capillary octupole (mB = 4) at 

different angular orientations of particle B is shown. In Figure 4.16b,c, the angular orientation of 

particle A is fixed at φA = 0°. Perfect alignment of capillary multipoles results in a monotonically 
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attractive (i.e., Ucap(r) < 0) pair interaction potential of magnitude ~100 kBT at particle contact 

(Figure 4.16b,c solid green lines). Spherical particles with a similar radius of ~5 m generally 

have contact line undulations ≥10 nm and experience irreversible, long-range capillary attraction 

because of a deep attractive potential well of magnitude ≥103 kBT.42 However, sub-nanometer-

thick graphene particles were observed to move to small separation distances and then 

spontaneously disassociate from one another, as shown in the image sequence in Figure 4.16a. 

This can be explained by near-field capillary forces between interacting capillary multipoles. 

Small deviations from ideal multipole alignment manifest in non-monotonic pair interaction 

potentials that exhibit an energy minimum at a finite particle separation distance, as shown by 

the solid blue curves in Figure 4.16b,c. These small deviations become increasingly important 

for interactions between higher-order multipoles as a variation in relative orientation of <30° of a 

single particle could result in either a purely attractive or a purely repulsive interaction between 

particles (Figure 4.16c). Thus, it is plausible the rotational diffusivity of 2D particles could 

overcome capillary torque58 and spontaneously rotate interacting particles to random, non-ideal 

orientations. This could explain why some particles moved into close proximity when their 

relative orientation resulted in weak attraction (green and blue curves, Figure 4.16b,c) but were 

driven apart from one another when spontaneous rotation of one of the particles resulted in a 

relative orientation that induced short-range repulsion (purple and red curves, Figure 4.16b,c). 

4.3.9 2D Materials as Microrheological Probes 

The mean-squared displacement (MSD) of a particle adsorbed to a fluid-fluid interface 

can provide important information about the viscoelastic nature of the interface. Spherical 

particles have generally been used for microrheological investigations of such properties, but 2D 

particles can have twice the sensitivity of spherical probes of the same lateral size simply 

because of geometric factors.253 Figure 4.17 contains the MSD as a function of lag time τ that 

was obtained from tracking a single graphene particle at an air-water interface. Plots of MSD 

versus τ can be used to understand the rheological properties of a fluid medium by relating the 

Brownian diffusivity D of a probe particle to the rheological properties of the surrounding 

medium using the generalized Stokes-Einstein relation (GSER), provided the assumptions of the 

GSER are fulfilled.236,254 Independent of fluid properties, D can be calculated for a particle 

moving in two dimensions using the relation255 

MSD(τ) = 4Dτγ (4.4) 
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Using equation 4.4, we obtained a drift-corrected diffusivity of D = 0.35 ± 0.07 m2/s over the 

lag times from 10-2 to 10-1 for the tracked graphene particle (see Section 4.2.5). 

 

 

Figure 4.17 a) Drift-corrected mean-squared displacement (MSD) as a function of lag time for a 
single disc-like graphene particle for lag times up to 101 s, and b) a closer look at the MSD of the 
particle for short lag times. Inset in (a) is the complete particle trajectory and inset in (b) is an 
IRM image of the tracked particle. Solid lines indicate the slope of the MSD vs lag time data 
using the power-law exponent γ obtained by fitting the data from 100 to 101 s (a) and from 10-2 to 
10-1 s (b) to equation 4.4. Errors on power-law exponents are the 95% confidence bounds 
obtained from the MATLAB curve fitting tool. 
 

A particle diffusing in a purely Brownian manner should exhibit power-law behavior 

with γ = 1. For lag times ≤10-1 s, we obtained a power-law exponent of γ = 1.10 ± 0.07 (Figure 

4.17b) and for lag times 100 ≤ τ ≤ 101 s, the power-law exponent decreased to γ = 0.56 ± 0.03 

(Figure 4.17a). Errors are 95% confidence bounds on the fitted power-law exponents obtained 

from curve fitting. These results suggest that the analyzed graphene particle displayed Brownian-

like behavior at short lag times, but “caged” behavior (i.e., γ < 1) at long lag times.256 Rotational 

diffusion of the anisotropic particle could lead to error in the centroid determination during the 

particle tracking algorithm and may explain the greater than unity value obtained for the power-

law exponent at short lag times. The caged behavior at long lag times is expected as a 

consequence of the neighboring particles (inset image, Figure 4.17b) that restricted the tracked 

particle to an area of only ~60 m2 (inset image, Figure 4.17a).  

The ability to observe and quantify Brownian diffusivity of an atomically-thin, 

“cylindrical” particle at a fluid-fluid interface presents a unique opportunity to study a limiting 

case of a seminal microrheological model proposed by Saffman and Delbrück in 1975, which 

related the diffusivity of a thin, cylindrical membrane protein to the viscosity of the surrounding 
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membrane layer (i.e., surface viscosity ηs).
257 An assumption inherent to the original model was 

that the membrane layer had a viscosity much greater than either of the bulk fluids surrounding 

the membrane (ηbl ≪ ηs, where ηb is the bulk viscosity and l is the length scale over which the 

fluid velocity decays). Modifications to the Saffman and Delbrück model have since been made 

by Hughes, Pailthorpe, and White (HPW) that allow a cylindrical membrane protein 

(i.e., particle) of arbitrary lateral size to be embedded in a membrane of arbitrary viscosity 

surrounded by bulk fluids of arbitrary viscosities.258 Thus, we seek to use the HPW model to 

relate our measured graphene particle diffusivity to the apparent air-water surface viscosity of 

our system. 

Petrov and Schwille259,260 derived a closed-form approximation to the HPW model that 

relates D to ηs through 

D = 
kBT
4πηs

[ln (2
ε) − γ + 4ε

π − (ε2

2) ln (2
ε)][1 − (ε3

π) ln (2
ε)  + c1εb1/(1 + c2εb2)] (4.5) 

where ε = ηba/ηs, a is the probe (i.e., particle) radius, γ is Euler’s constant (0.5772), c1 = 0.73761, 

b1 = 2.74819, c2 = 0.52119, and b2 = 0.51465.260 Using the measured diffusivity of 

D = 0.35 ± 0.07 m2/s, the apparent surface viscosity of the air-water interface in our system was 

found to be ηs ≈ 1.4 × 10-9 Pa∙s∙m. Given the irregular shape of the particle, this value is 

considered to be of order-of-magnitude accuracy, but it is informative in that ηs ≈ 10-9 Pa∙s∙m is a 

value expected in either clean air-water interfaces or interfaces of very dilute surface active 

materials.236,261 Given the number of steps required to prepare these interfaces it seems likely that 

some surface active materials would have been introduced, but the small value of ηs is indicative 

of a relatively clean interface. Future work involving the synthesis of 2D particles with 

controlled size and shape180 may lead to the development of a new generation of more sensitive 

interfacial microrheology probes. 

4.4 Conclusions 

Sub-nanometer-thick, CVD-grown graphene, MoS2, and h-BN particles were directly 

observed at fluid-fluid interfaces using IRM. Discrete layer numbers could be identified from 

normalized IRM intensity values for graphene particles with fewer than five layers and 

monolayer MoS2 particles at an air-water interface. However, discrepancy between experimental 
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and theoretical IRM intensities arose for graphene particles with five or more layers and when 

visualizing graphene and MoS2 at a decane-water interface. These discrepancies are believed to 

result from the failure of assumptions associated with IRM theory, in particular the assumption 

of normal light incidence. Images of the self-assembled morphology of monolayer MoS2 

particles were analyzed using an area-based radial distribution function, which resulted in the 

calculation of an attractive potential well on the order of 100 kBT at a separation distance of 

approximately 1 m. Interactions between pairs of sub-nanometer-thick graphene particles were 

analyzed by tracking center-to-center separation as a function of time. The results support the 

hypothesis that there is a weak attractive potential well with a magnitude on the order of 100 kBT 

between sub-nanometer-thick 2D particles. Finally, the experimentally calculated translational 

diffusivity of a graphene particle was used to calculate an apparent surface viscosity of the air-

water interface in our system using a modification of the Hughes, Pailthorpe, and White 

microrheology model. This work demonstrates how IRM enables direct observation of 2D 

materials at fluid-fluid interfaces in real time while also allowing for local quantification of layer 

number, an advance that will increase the pace of experimental progress in understanding 2D 

material interactions and assembly at fluid-fluid interfaces. 
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CHAPTER 5 

TWO-DIMENSIONAL COLLOIDS: SIZE- AND SHAPE-CONTROLLED 

2D MATERIALS AT FLUID-FLUID INTERFACES 

 

Modified from a paper to be submitted to ACS Nano 

David M. Gogginl,m and Joseph R. Samaniukl,n 

 

 The work in this Chapter represents the culmination of ideas generated from our findings 

in Chapter 4 and Chapter 5 and addresses one of the significant limitations in the solution-phase 

2D material processing and 2D particle fabrication technology literature, which is that 

monodisperse, colloidal 2D materials with controlled physical parameters such as shape had yet 

to be realized until this work. We addressed this issue through the use of photolithography, 

which is common in most laboratories and also used as a means to generate other types of 

anisotropic colloidal particles,48,54,58,89,262 to fabricate size- and shape-controlled, monolayer 

graphene particles and subsequently transfer them to a fluid-fluid interface. We used IRM to 

directly visualize the dynamics and self-assembly of graphene particles at an air-water interface, 

and our results suggested these particles behave as “hard 2D colloids”, with shape influencing 

film structure at high particle densities and significant Brownian motion observed for particles 

up to 50 m in lateral size. Overall, this work established a methodology for fabricating thin 

films of a class of functional colloidal nanomaterials that can now be designed and manipulated 

to meet the desired specifications for a given study or application, and as a result we expect it 

will have significant impact on our understanding of fundamental 2D physics, such as 2D phase 

transitions, and also on our understanding of the important interparticle interactions that drive the 

self-assembly dynamics of films of 2D materials. 

5.1 Introduction 

 Advances in synthesis of 3D colloidal particles with exotic shapes263-265 and physical 

properties266,267 have enabled discovery of new phases not observed in atomic systems,265 and 
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simulations30,107 and quasi-2D studies111,268 suggest 2D colloidal systems have an even richer 

phase behavior. However, a system of strictly 2D (one-atom-thick) colloids has yet to be 

experimentally studied. Herein, we fabricate size- and shape-controlled monolayer graphene 

particles and study their dynamics and self-assembly in real-time at an air-water interface. 

Results suggest that shape entropy104 influences the assembled structures, and evidence suggests 

the stability of the structures manifests from the edge-to-edge van der Waals force between 2D 

particles. Additionally, we show graphene discs with diameters up to 50 m exhibit significant 

Brownian motion under optical microscopy due to their low mass. These particles open a new 

chapter in studying fundamental two-dimensional physics,101 thermally-activated 

phenomena,61,62,269 and provide a unique class of building blocks for functional next-generation 

devices.263   

5.2 Materials and Methods 

5.2.1 Materials 

 Monolayer graphene samples grown through chemical vapor deposition on Cu foils were 

purchased from Graphenea Inc. (San Sebastián, Spain). Polydimethylsiloxane (PDMS) base and 

curing agent (Dow SYLGARDTM 184 Silicone Encapsulant Kit, Ellsworth Adhesives, WI, USA) 

were mixed in a 7:1 base to curing agent ratio and degassed in a vacuum oven. Glass slides (Cat. 

No. 3011, Thermo Scientific, MA, USA) were cut into 25 mm × 25 mm squares and cleaned 

with acetone (ACS reagent), ethanol (ACS reagent), and ultra-pure water (18.2 M∙cm, 

PURELAB Ultra Analytical purification unit, ELGA LabWater, UK) prior to spreading a PDMS 

layer to cure. Positive tone photoresist (AZ 1512, EMD Performance Materials) and alkaline 

developer (AZ 300 MIF, EMD Performance Materials) were purchased from Integrated Micro 

Materials (Texas, USA). Ammonium persulfate (APS, ACS reagent grade, ≥98%) was purchased 

from Sigma-Aldrich and added to ultra-pure water for a solution concentration of 0.25 M APS. 

Acetone and ethanol (ACS reagent grade) were purchased from Pharmco-Aaper and used for 

cleaning purposes. 1-Methyl-2-pyrrolidone (NMP, biotech. grade, ≥99.7%) was purchased from 

Sigma-Aldrich and used for removing photoresist. 

5.2.2 Sample Preparation and Particle Fabrication 

 Substrates of PDMS on glass were prepared by gently spreading degassed PDMS onto 

each square glass slide and then curing the PDMS at 150 °C. Graphene was removed from the 

backside of all graphene samples prior to processing using reactive ion etching (RIE) with 
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parameters of 30 W power, 200 mTorr operating pressure, 40 sccm (standard cubic centimeters 

per minute) Ar gas, 10 sccm O2 gas, and 90 s total etching time. Pieces of the parent graphene on 

Cu (G@Cu) sample were cut into ~8.5 mm × 8.5 mm squares, placed in the center of a PDMS on 

glass substrate, and gently flattened using a clean glass slide. Photoresist was then added in 

excess to the G@Cu sample without overflow from the edge of the PDMS on glass substrate and 

then spin-coated using a three-step process: 1) 500 rotations per minute (RPM), 25 RPM/s 

acceleration, 40 s total time, 2) 1000 RPM, 50 RPM/s acceleration, 40 s total time, 3) 4000 RPM, 

200 RPM/s acceleration, 80 s total time. Excess photoresist was then removed with an acetone 

swab and samples were soft baked at 100 °C for 60 s. A chromium-on-glass photomask (<2 m 

critical dimension, Front Range Photomask, AZ, USA) was used to pattern samples with the 

desired features. Hard contact between the photoresist-covered sample and photomask was 

made, and exposure to UV light was accomplished with a SUSS MJB3 mask aligner (Karl Suss, 

Germany). Exposure dosages varied depending on the desired particle shape and size, with day-

to-day variances in equipment performance requiring a test run to confirm particle integrity. 

General exposure dosages of ~100 mJ/cm2 (5 m particles), ~125 mJ/cm2 (10 m particles), 

~125 mJ/cm2 (10 m particles), ~200 mJ/cm2 (25 m particles), and ~250 mJ/cm2 (50 m 

particles) were used as the starting point and iterated if particle integrity was subpar. Particles 

were slightly smaller than the features on the photomask because of some overexposure. 

Immediately after exposure, samples were developed in AZ 300 MIF for 45-60 s under mild 

agitation, rinsed with ultra-pure water, and dried with N2. 

Lithographically patterned samples were then subjected to another round of RIE (30 W, 

200 mTorr, 40 sccm Ar, 10 sccm O2, 90 s etch time) to remove graphene not covered by 

photoresist. Finally, the patterned regions of photoresist were removed from the G@Cu samples 

by soaking the samples in hot NMP (~80 °C) for 10 min, followed by a cleaning of the samples 

using acetone and ethanol baths (1 min each), and finally three different water baths (5 min 

each). Samples were then allowed to air dry before removing the backside Cu foil and 

transferring the size- and shape controlled graphene particles to an air-water interface following 

the procedure in our previous work.164 

5.2.3 Image Acquisition 

 Images were acquired using the same interference reflection microscopy setup used in 

our previous work.164 Images in Figure 5.2a-d,f, Figure 5.3a-d, Figure 5.4a, and Figure 5.6a were 
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acquired using a 40× objective (Nikon CFI Apochromat NIR, water-immersion, NA = 0.80), the 

inset image in Figure 5.3e and the image in Figure 5.4c and Figure 5.6b (same image) were 

acquired using a 10× objective (Nikon Plan Fluor, NA = 0.30), and the image in Figure 5.6c was 

acquired at a total magnification of 15× using the 10× objective with the 1.5× intermediate 

magnification enhancement setting on the microscope. Exposure time was adjusted accordingly 

to maximize image contrast and clarity. 

5.2.4 Raman Spectroscopy 

 The sample of 10 m discs shown in Figure 5.2f was deposited from an air-water 

interface onto a Si wafer with a 300 nm oxide layer (University Wafers, MA, USA) by scooping 

the sample out of the interface and allowing it to dry overnight. The Raman map in Figure 5.2g 

shows the intensity of the G peak (I(G)) at ~1,580 cm-1 and intensity of the D peak (I(D)) at 

~1,350 cm-1, represented by green and red hues, respectively. The map was acquired with a 

WITec Alpha 300R Confocal/Raman microscope (Germany). Image scan was set to a 50 m × 

50 m square with 166 pts/line, 166 lines/image, 33.2 s/line (trace), and 33.2 s/line (retrace). 

5.2.5 Particle Tracking 

 Images obtained for particle tracking measurements (Figure 5.3e,f) were acquired at 

68.11 frames per second (1024 pixels × 1024 pixels, 10 ms exposure) for 10,001 frames. Particle 

tracks were analyzed using the MATLAB algorithm originally developed by Crocker and 

Grier235 and later modified by Samaniuk and Vermant236 to calculate relative MSD as a function 

of lag time for particles at fluid-fluid interfaces. Relative MSD calculates the relative 

displacements between pairs of particles and effectively eliminates particle drift, which would 

result in greater than expected displacements, from the data.236 The reported relative MSD values 

were acquired from the six particles (14 particle pairs) shown in Figure 5.3e,f and represent the 

ensemble time average.  

5.2.6 Self-Assembled Structure Analysis 

 A custom MATLAB script (R2020a, Appendix J) was written to analyze the morphology 

in Figure 5.4a,c. Images were imported and centroids were identified using the ‘imfindcircles’ 

built-in MATLAB function. Six of the identified centroids were then manually selected for each 

image that resided in the center of the image. The radial distribution function was calculated for 

each image by finding the number density of centroids within a given annular area a certain 

distance from the particle of interest and comparing that to the bulk number density. Annular 
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regions were incremented by a distance dr = R/10 m to a final annular region having a radius of 

10R. Here, R is the radius of the 10 m or 50 m particle, respectively. This normalization 

enabled direct comparison between particles of different size. The 2D FFT images were 

calculated using the built-in MATLAB functions ‘fft2’ and ‘fftshift’. 

An extension of the custom MATLAB script (R2020a, Appendix J) was written to 

analyze the morphologies in Figure 5.6a-c. Images were first imported into FIJI (Fiji Is Just 

ImageJ, NIH) and processed as follows: subtract background (200 pixel or 500 pixel rolling ball 

radius, Figure 5.6a and Figure 5.6b,c, respectively), enhance contrast (0.3%), adjust 

brightness/contrast (auto). Centroids were identified using the ‘imfindcircles’ built-in MATLAB 

function for Figure 5.6b and manually identified for Figure 5.6a,c. The global bond order 

parameters 3, 4, and 6 were calculated using the relation  

Ψn = 1
N

|∑ 1
nj

∑ exp(inθjk)nj

k=1

N

j =1

| (5.1) 

where N is the total number of particles, nj is the number of nearest neighbors for particle j, 

n = 3, 4, or 6, and jk is the angle made between particle j and its nearest neighbor k with respect 

to an arbitrary axis. For 3 and 4, the three or four closest neighbors to each particle were used 

for nj, respectively, and for 6, nj was calculated using a Voronoi tessellation.30
 The Voronoi 

diagram was generated using the built-in MATLAB function ‘voronoin’. 

5.3 Results and Discussion 

5.3.1 Particle Fabrication and Transfer 

 Size- and shape-controlled monolayer graphene particles were patterned using the 

process shown schematically in Figure 5.1a. A film of monolayer molybdenum disulfide (MoS2) 

was also patterned using a similar procedure to demonstrate the applicability to other 2D 

materials (Appendix E). A layer of polydimethylsiloxane (PDMS) was first drop-cast on 

~625 mm2 glass slides to hold samples of monolayer graphene grown on Cu foil in place (Figure 

5.1a,i) during photoresist spin-coating (Figure 5.1a,ii). Use of PDMS instead of conventional 

adhesives to hold the Cu foil during processing prevented undesirable polymeric residues from 

an adhesive that could later contaminate the fluid-fluid interface. Photoresist-coated samples 

were then aligned under a chromium photomask, exposed to UV light, and developed in an 

alkaline developer solution (Figure 5.1a,iii). A positive photoresist resulted in removal of 
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photoresist from the UV-exposed regions in alkaline developer after exposure. Exposed graphene 

was removed via reactive ion etching in a mixture of Ar and O2 plasma (Figure 5.1a,iv). We note 

the chemistry of the plasma could be used to induce functionalization of the particle edges or 

surface,215 but was not studied here. Remaining photoresist was then removed to reveal size- and 

shape-controlled monolayer graphene particles on the original Cu foil (Figure 5.1a,v). Particles 

were released from the Cu foil and transferred to a fluid-fluid interface following a protocol 

similar to our previous work164 (Figure 5.1b). Briefly, a patterned graphene on Cu foil sample 

was placed within a confining band on the surface of a 0.25 M ammonium persulfate (APS) 

etching solution (Figure 5.1b,i). After the Cu foil was etched, the band and particles were 

transferred to three water baths to remove residual APS (Figure 5.1b,ii), and then to an air-water 

interface in a custom sample chamber270 (Figure 5.1b,iii) for observation with an inverted optical 

microscope operating in IRM mode.164 

  

 

Figure 5.1 Schematic of particle fabrication process and transfer to an air-water interface. a) i. 
Prepare sample for photolithography, ii. Spin-coat photoresist onto sample, iii. Exposure and 
development of photoresist, iv. Remove exposed graphene through reactive ion etching, v. 
Remove photoresist with NMP. Inset images are optical images of samples after processing at 
stage (iv) and after stage (v). Scale bars in inset images are 50 m. b) i. Place patterned sample 
within a Viton band on the surface of 0.25 M ammonium persulfate (APS) etching solution, ii. 
Clean the sample three times in fresh water baths after Cu is etched away, iii. Place sample in 
sample container for imaging with interference reflection microscopy.  
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5.3.2 Particles at an Air-Water Interface 

Monolayer graphene discs, hexagons, triangles, and squares (25 m lateral dimension) 

were observed as individual particles and also found to form a variety of structures once at an 

air-water interface (Figure 5.2a-d). Assembled structures remained intact with no particle 

detachment for the duration of observation, which implies the magnitude of the attractive force 

between particles is significant at length scales less than the resolution of optical microscopy 

(<300 nm). Given the simplistic chemistry of graphene and the apparent intimate contact 

between particles, the dominant force at this length scale is likely van der Waals. The van der 

Waals force between two circular graphene discs Fdiscs was derived using a 2D Derjaguin 

approximation33 and is given by (Appendix D) 

Fdiscs =
−15AHh2√( R1R2

R1 + R2
)

256√2D7 2⁄ (5.2) 

where AH ~ 1×10-19 J is the Hamaker constant,271 h the thickness of a graphene monolayer 

(0.34 nm), Ri the radius of particle i, and D the edge-to-edge separation between particles. We 

assumed R1 ≈ R2 ≫ D and the particles could only interact in 2D (i.e., edge-to-edge). The blue 

curve in Figure 5.2e shows the results of equation 5.2 assuming R1 = R2 = 12.5 m and the red 

curve shows the van der Waals force between two spheres Fspheres,33 assuming the same values of 

AH, R1, and R2. Three results are immediately noticeable: Fdiscs decays more rapidly with 

separation than Fspheres, Fdiscs ≪ Fspheres at all separations, and Fdiscs is extremely short-ranged 

before its magnitude is of the same order as thermal forces Fthermal. These results are reasonable 

considering van der Waals forces are calculated by summing the energies of all atoms in one 

particle with all atoms in the other, and there are significantly fewer atoms interacting at a given 

separation distance in disc-like particles than spherical particles. Additionally, a Bond number 

analysis of the system (Appendix E), a dimensionless parameter describing the ratio of 

gravitational to capillary forces,34 yields a value of ~10-11 suggesting attractive long-range 

capillary interactions induced by monopolar deformations of the interface are negligible. Thus, 

the lack of long-range and only very short-range attractive forces makes our 2D particles an 

excellent experimental “hard disc” system30. 
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Figure 5.2 Shape-controlled particles at an air-water interface. IRM images acquired in real time 
of 25 m a) discs, b) hexagons, c) triangles, and d) squares assembled at an air-water interface. 
e) Van der Waals force between two discs with radii R1 and R2 interacting edge-to-edge as a 
function of the edge-to-edge separation, D (blue curve), the van der Waals force between two 
spheres33 of the same R1 and R2 (red curve), and the range of thermal forces of the solvent 
molecules (dashed green line and faded green region). f) IRM image of 10 m discs assembled at 
an air-water interface before deposition to a solid substrate. g) Raman map of the same assembly 
of 10 m discs in (f) after deposition from the air-water interface onto a Si wafer with 300 nm 
oxide layer. h) Individual Raman spectra corresponding to the locations labeled in (f,g): i. 
Monolayer graphene, ii. Multi-layer graphene, iii. Monolayer graphene with a defect, iv. 
Residual photoresist located at the edge of a particle, v. Spectrum of residual photoresist.  
 

Particles imaged at an air-water interface were also deposited onto a solid substrate for 

further characterization. It is significant that the interfacial structure observed at the air-water 

interface remained intact after deposition and drying despite the large forces that act on particles 

during evaporative processes. This observation indicates that the particles are likely in intimate 

contact as the magnitude of the attractive van der Waals forces in the self-assembled structures is 

sufficient (Figure 5.2e) to allow their transfer from an air-water interface to a solid substrate. 
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Maintaining such structure during transfer is not always possible, and there is long-standing 

debate over the effect deposition has on the original interfacial structure present in various 

systems, e.g., surfactant, particle, polymer, at fluid-fluid interfaces.168 The undamaged deposited 

structures enabled us to obtain a Raman map of the particles and to compare those results with 

the corresponding IRM image to understand what the various features observed under IRM, i.e., 

dark spots and dark lines, are composed of. This analysis is shown in Figure 5.2f-h, and indicates 

that the particles observed using IRM were monolayers (Figure 5.2h,i),164 with various 

multilayer regions (Figure 5.2h,ii),164,190 line defects (Figure 5.2h,iii),272 and remnants of residual 

photoresist (Figure 5.2h,iv and Figure 5.2h,v). Understanding where regions of pristine, 

monolayer graphene versus defectual/multilayer graphene exist, especially near edges of 

particles, will enable future work investigating how various edge defects may be used as 

“sticky/patchy” regions to direct particle-particle interactions.37,273 

The size of particles could also be varied (Figure 5.3a-d). Large polygons (Figure 5.3d) 

and disc-shaped particles with diameters from 5 – 50 m (Figure 5.3a,b) displayed good shape 

integrity, but small polygons had rounded edges (Figure 5.3c). The lateral sizes of particles 

produced in this work are governed by the minimum feature size on our glass photomask (5 m) 

and small variations in photoresist thickness across the sample due to the surface roughness of 

the Cu substrate. Polygons had a lower limit of 10 m in lateral dimension because variations in 

photoresist thickness required a slight overexposure of the sample to ensure regions of thicker 

resist were completely exposed, and overexposure lead to corner rounding. Thus, only discs 

could be produced down to a 5 m diameter with the current setup. Electron beam lithography 

could be used in future work to decrease the size of particles while maintaining the integrity of 

the desired particle shape. We foresee systematic variations in particle size from <100 to ~101 m 

could be used to help understand the self-alignment of nucleated single crystals at different 

stages of the CVD growth process of 2D materials on liquid catalysts.133 
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Figure 5.3 Size-controlled particles. IRM images of a) 5 m diameter discs, b) 50 m diameter 
discs, c) 10 m hexagons, and d) 50 m hexagons at an air-water interface. e) Ensemble and 
time averaged relative mean-squared displacement (MSDRel) as a function of lag time  for a set 
of six, 50 m discs. Solid line shows a slope of 1 between lag times of 10 and 20 s, indicative of 
diffusive behavior. Inset image shows an IRM image of the six particles tracked; scale bar is 100 
m. f) Individual tracks of particles i-vi in (e). Each point depicts the center point of each 
particle at the corresponding lag time, given by the color scale at the right side of (f). 
 

Notably, we could resolve diffusive behavior in particles as large as 50 m in diameter 

(Figure 5.3e,f). The relative mean-squared displacement (MSDRel) as a function of lag time  for 

a set of 50 m discs was calculated using particle tracking algorithms235 (Figure 5.3e) to extract 

the drift-corrected translational diffusivity DT = 0.024 ± 0.012 m2/s using236 MSDRel = 8DT, 

where  = 0.98 ± 0.19. The reported errors are one standard deviation from the average of the DT 

and  values measured between lag times 10 s ≤  ≤ 20 s for the 14 independent MSDRel curves 

obtained from the 14 pairs of particles tracked. At   < 1 s the slope of the MSDRel curve is ~0 

because the motion of the particles cannot be resolved with the low numerical aperture objective 

used here (10×, NA = 0.30), but there are measurable displacements of the particles at  > 10 s 

with this magnification. This is significant because the DT for our 50 m diameter discs is of the 

same order of magnitude as DT previously measured for silica spheres with a ~10× smaller 

diameter (4 m).274 This can be understood from the 2D dimensionality, where the mass of the 



107 
 

graphene particles increases with the square of radius, while for spheroidal particles the mass 

increases with the cube of radius. Thus, the total mass of a 50 m diameter graphene disc could 

fit in a 1.08 m diameter graphene “sphere” (Appendix E). Hence, monolayer 2D particles with 

diameters ≥10 m, a convenient size for optical microscopy techniques, could be used to study 

thermally-activated processes such as entropic ordering.104  

5.3.3 Analysis of Self-Assembled Structures 

The ability to make monodisperse samples enables application of conventional image 

analysis techniques that will help us understand how 2D particle size and shape influence the 

forces that drive interfacial self-assembly. IRM images of monolayer graphene discs with 10 m 

diameter (Figure 5.4a) and 50 m diameter (Figure 5.4c) were analyzed using the radial 

distribution function (RDF, g(r/Dp), Figure 5.4b,d), where r is the center-to-center separation 

between particles of diameter Dp, and the 2D fast Fourier transform (FFT, inset Figure 5.4b,d). 

The radial distribution function is a measure of the relative particle density of a system at a 

certain separation distance from a reference particle,275 with a value of g(r/Dp) > 1 (< 1) implying 

an excess (deficiency) of particles at a given separation distance, and the 2D FFT depicts the 

extent of order and orientational symmetry of a system by converting patterns within the image 

into the frequency domain.275 Sharp, significant peaks were observed in the RDF for the 10 m 

discs at dimensionless separation distances of ~1.2, ~2.3, and ~3.3 indicating that order extended 

to ~3 particle diameters from a reference particle (Figure 5.4b). Results from the 2D FFT image 

acquired from the assembly of 10 m discs qualitatively agreed with the extent of order observed 

in the RDF, as there were ~3 hexagonal features present in the image (inset, Figure 5.4b); the 

hexagonal features imply hexagonal order within the assembly. In contrast, there was only one 

significant peak observed in the RDF for the 50 m discs at a separation distance of ~1.2 (Figure 

5.4d), and the 2D FFT image acquired for the 50 m discs displayed minimal structural 

symmetry. The difference in structural order as a function of graphene disc size can be 

understood by the relative Brownian motion of particles of each size. 
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Figure 5.4 Analysis of self-assembled structures for different particle sizes. a,c) IRM images of 
10 m (a) and 50 m (c) monolayer graphene discs at an air-water interface. Scale bars are 
50 m. b,d) Radial distribution function as a function of dimensionless center-to-center 
separation distance calculated for the images in (a,c), respectively. Inset images in (b,d) are the 
2D FFT images of the IRM images in (a,c), respectively.  

 

Small particles undergo increased Brownian motion relative to large particles (Figure 

5.5), which allows small particles to explore more energy states in a system before becoming 

irreversibly attached to a neighboring particle. This ability to explore more energy states due to 

the increased Brownian motion gives smaller particles an entropic benefit to forming films with 

more ordered structures (i.e., “colloidal crystals”), whereas large particles may form more 

fractal-like structures due to lesser Brownian motion and greater interparticle forces. As 

functional properties of graphene films (i.e., conductivity, transparency) are intimately linked 

with the film morphology,159,219 it is apparent that graphene films with tailored structures and 

properties could be fabricated by simply varying the lateral size of the particles used. 
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Figure 5.5 Schematic of the effect particle size has on the Brownian motion and long-range 
structural order in systems of graphene discs.  
 

In addition to Brownian motion yielding entropic benefits to the formation of films with 

greater structural order for 2D particles with no edges (e.g., discs), further structural order can be 

achieved via directional shape entropy-driven forces for 2D particles with edges (e.g., triangles, 

squares, etc.). IRM images of monolayer graphene triangles (25 m), discs (50 m), and squares 

(25 m) at an air-water interface (Figure 5.6a-c) were analyzed using global bond order 

parameters n (n = 3, 4, 6, Section 5.2.6) to determine the formation of ordered phases with n-

fold angular order (Figure 5.6d).30 A value of n = 1 implies perfect n-atic order. At their 

respective area fraction , triangles displayed triatic order (3 > 4,6), discs displayed hexatic 

order (6 > 4), and squares displayed quadratic order (4 > 6). These results align with 

observations from simulations on hard 2D discs and polygons.30,107 Given the magnitude of long-

range, enthalpic interactions between 2D particles are ≤100 kBT,164 and assuming our particles 

behave as hard 2D particles, the shape-induced order in these systems is likely of entropic 

origin.104,107 Further evidence for shape entropy-induced104 order can be seen when comparing 

6 values for triangles and discs. The presence of edges on triangular particles enables greater 

directional entropic forces, which manifests in greater order and a larger 6 for triangles than the 

discs, even at lower triangle area fractions.107 We note the size of the discs and triangles are 

different, and the reduced Brownian motion of 50 m discs could also contribute to the lower 6 

value. We also note our analysis neglects the effect of corner roundedness, which has been 
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shown to induce distinct phases.30 However, our results offer initial insight into the shape-

regulated phase behavior of a truly 2D colloidal system, which has previously been limited to 

simulation studies and pseudo-2D experiments. Future work aimed at studying transient 

phenomena at specific area fractions270 will further illuminate the forces that drive the dynamics 

in these 2D colloidal systems, and enable us to build more complete phase diagrams as a 

function of particle shape, size, and other particle characteristics, and compare to previous 

simulations of 2D particles.30,107  

 

 

Figure 5.6 Analysis of self-assembled structures for different particle shapes. IRM image of a) 25 
m triangle, b) 50 m discs, and c) 25 m squares at an air-water interface. Scale bars represent 
50 m. d) Quantification of the three-fold (, blue (triangles only)), four-fold (, red), and six-
fold (, green) global bond order parameters as a function of the area fraction for each particle 
shape. Triangle, disc, and square markers correspond to the respective shape in (a-c). Inset image 
in (d) shows the ideal order (n = 1) for the nearest neighbors for each global bond order 
parameter. 
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5.4 Conclusions 

We have demonstrated a photolithography-based technique that enables fabrication of a 

system of one-atom-thick, 2D colloids: monolayer, size- and shape-controlled graphene particles 

at an air-water interface. Although not explicitly demonstrated here, these particles can be 

studied at liquid-liquid interfaces by simply adding a liquid upper phase.164 A relation for the van 

der Waals force between two graphene discs interacting edge-to-edge was derived to explain the 

stability of the observed interfacial structures with evidence given by our ability to examine the 

same interfacial region before and after deposition from an air-water interface. A key aspect of 

our 2D colloids was the significant Brownian motion observed in particles with dimensions up to 

50 m. A lack of long-range forces coupled with extremely short-ranged van der Waals forces 

between particles enabled us to analyze our particles under the context of hard discs and 

polygons. Results suggest that particle shape influenced self-assembled structure via directional 

entropic forces.104 Future efforts should focus on increasing shape fidelity through lithographic 

means such as optical direct-write photolithography or electron beam lithography to improve 

monodispersity in particle parameters. The significant advance of this work is the experimental 

realization of a truly 2D colloidal system:265 a fluid-fluid interface acts as the 2D “fluid” 

dispersing our colloids that have single-atom thickness, lateral dimensions large enough to be 

seen using optical microscopy yet still undergo significant Brownian diffusion, and physical 

parameters that can be easily manipulated: size, shape, chemistry, and thickness. This work 

stands apart from previous experimental studies on pseudo-2D systems that relied on depletion to 

dampen z-direction translation of thin colloids269 or ligand-functionalized nanoplatelets (lateral 

dimensions ~100 – 101 nm, thicknesses ~101 nm) at fluid-fluid interfaces.179 The tunability and 

functional properties of these new building blocks provide a new means to experimentally study 

a plethora of fundamental physical processes and encourages future efforts aimed at rationally 

designing the assembly of these particles for novel applications.263 
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CHAPTER 6 

STACKING OF MONOLAYER GRAPHENE PARTICLES AT A 

WATER-VAPOR INTERFACE 

 

Modified from a paper published in The Journal of Physical Chemistry Co 

David M. Goggin,p,q Ronghua Bei,p,r Ryther Anderson,p,s Diego A. Gómez-Gualdrón,p,t  

and Joseph R. Samaniukp,u 

 

 This project was unique for the Samaniuk Lab because it was the first time our lab used 

molecular dynamics (MD) simulations to complement our experimental findings. Motivation for 

this work arose from discrepancies between experimental observations and MD simulations of 

monolayer graphene particles at fluid-fluid interfaces, where stacking was observed in 

simulations but rarely in experiments. However, the (sub-)nanometer length scales associated 

with the stacking process have prevented this phenomenon from being explored in depth until 

now. The novel contribution of this work was the successful modeling of the dynamics and 

thermodynamics involved in the stacking process of monolayer graphene particles at an air-water 

interface by using a combination of MD simulations and direct experimental observations of 

shape-controlled graphene particles, with the experimental observations made possible through 

the work in Chapter 4 and Chapter 5 of this thesis. In this work, we show that our model 

accurately predicts the steep preference monolayer graphene particles have for adopting the face-

to-face (stacked) orientation over the edge-to-edge (lateral) configuration, but the surface energy 

penalty preventing interfacial deformation, which is a function of the particle thickness and 

lateral size, inhibits instantaneous particle stacking. This work highlights the importance of 

linking nanoscale dynamics to physical particle parameters and microscale structure, with the 
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structure having practical implications on functional properties and performance of novel thin-

film technologies, emulsions, and foams.  

6.1 Introduction 

 Liquid-phase exfoliated two-dimensional (2D) materials, such as graphene, are a class of 

platelet-like particles that have colloidal-scale lateral dimensions but atomic-scale thicknesses.147 

The molecularly-thick nature of 2D materials leads to thickness-dependent properties such that a 

desired property can be tuned by varying the number of stacked layers, up to the bulk phase 

property limit.115 Fluid-fluid interfaces can therefore be exploited to confine and laterally 

assemble 2D materials into thin films with uniform thickness, which is critical to achieving the 

desired properties in thin-film applications such as optoelectronics70,162 and photoelectrochemical 

catalysis.177 Additionally, 2D materials have found uses as “particle surfactants” because of their 

ability to irreversibly adsorb, stabilize, and impart functionality (e.g., thermal/electrical 

conductivity, photoacoustic properties, etc.) to the fluid-fluid interfaces ubiquitous in emulsions 

and foams.276,277 Thus, it is imperative to understand the (thermo)dynamics of 2D materials at 

fluid-fluid interfaces given the breadth of disciplines in which these systems find applications.  

 A dynamic unique to 2D materials at fluid interfaces is particle stacking. Molecular 

dynamics (MD) simulations indicate that laterally aggregated, monolayer graphene particles can 

stack on top of one another without the assistance of mechanical compression,70,278 wherein one 

of the particles is able to detach from the fluid-fluid interface and “slide” over the neighboring 

particle. This stacking dynamic present between 2D materials has never been observed for 

spherical colloidal (spheroidal) particles at fluid interfaces, which have only been observed to 

detach, buckle, or form bilayer films at fluid interfaces upon over-compression of the film,279 and 

can be reasoned by examining the length scales involved in the two systems. 

 The schematic in Figure 6.1a shows top-down and side views of a spheroidal particle and 

a hexagonal monolayer graphene particle. In the plane of a fluid-fluid interface (top view), the 

spheroidal and graphene particles have comparable characteristic length scales Lc. This explains 

why 2D materials are irreversibly pinned to fluid interfaces like spheroidal particles.67,68 

However, the characteristic length scales of a spheroidal and monolayer graphene particle are 

vastly different in the direction normal to the plane of the interface (side view). Spheroidal 

particles are isotropic and maintain a characteristic length scale (~103 nm) that is much greater 

than the thickness of a fluid-fluid interface (~10-1 – 100 nm),24,280 while monolayer graphene 
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particles have a thickness (~10-1 nm) that is commensurate with the length scales of out-of-plane 

thermal motions of a fluid-fluid interface (i.e., capillary waves).281 This results in graphene 

particles being more sensitive to thermal fluctuations of a fluid-fluid interface64 than spheroidal 

particles, and small variations in the position of graphene particles normal to the interface could 

induce neighboring graphene particles to overlap and stack due to attractive, face-to-face van der 

Waals forces,282 as observed in MD simulations.70,278 Yet, there is an apparent discord between 

simulations and experiments, as experimental evidence has demonstrated laterally aggregated 

and only partially overlapped monolayer graphene particles even after compression to high 

particle densities.67,168,224 

 

 

Figure 6.1 a) Schematic of top view and side view of a spheroidal particle (left) and monolayer 
graphene particle (right) demonstrating the difference in characteristic length scales Lc in-plane 
with (top) and normal to (side) a fluid-fluid interface. b) Schematic representation of the free-
energy diagram that laterally aggregated monolayer graphene particles in energy state E1 must 
follow to stack and find the minimum energy state of the system E2. c) Schematic showing the 
interfacial free-energy associated with various interfaces used in the calculation of equation 6.1. 
 

 A thermodynamic argument, shown schematically in Figure 6.1b further highlights the 

discrepancies observed between experiments and simulations. By calculating the interfacial free-

energy associated with the initial laterally aggregated state E1 and the final stacked particle 

configuration E2, the change in interfacial free-energy E associated with stacking two graphene 

particles can be given by 

 = ( +  −  − )  () 
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where 12 is the fluid-fluid interfacial tension, 
 is the surface energy between two graphene 

particles,  is the surface energy between particle  and the upper fluid,  is the surface 

energy between particle  and the lower fluid, and A is the contact area between two entities, 

e.g., graphene-upper fluid phase, graphene-lower fluid phase, etc. (Figure 6.1c). We have 

assumed the two interacting graphene particles are the same size. Using  ≈ 50 mJ m-2 (oil-

water interface),  ≈ 40 mJ m-2 (graphene-oil),278  ≈ 80 mJ m-2 (graphene-water),278 

 ≈ 0 mJ m-2 (graphene-graphene), and A = 1×10-14 m, we observe E ≈ -105 kBT. The same 

negative order of magnitude of E is obtained for graphene at an air-water interface. We have 

assumed  ≈ 0 mJ m-2 because this value is used for approximate calculations, and two 

graphene monolayers should have a negligibly small interfacial free-energy between them. This 

large and negative change in free-energy suggests stacking of monolayer graphene particles 

should be highly favorable at fluid-fluid interfaces, and that stacking is most likely an 

irreversible process. However, we know stacking is not instantaneous because it is possible to 

experimentally observe films containing unstacked monolayer particles in apparent lateral 

contact after deposition from a fluid interface, and stacking is not observed during direct 

observation of the particles at fluid-fluid interfaces.164 This analysis implies there must be a 

significant energy barrier preventing instantaneous particle stacking. 

 In this work, we use MD simulations to understand the dynamics and thermodynamics of 

monolayer graphene-monolayer graphene stacking at a water-vapor interface. We use non-biased 

simulations to analyze the time required for laterally aggregated particles to stack as a function 

of the contact edge length between particles and the interfacial area deformed. We find a single 

exponential function can describe each relation. Additionally, we use the adaptive biasing force 

(ABF) algorithm283-285 to extract potential of mean force (PMF) diagrams, which enables us to 

elucidate the physical origin of the energy barrier preventing particle stacking. Biased 

simulations indicate the energy barrier to particle stacking is related to the surface energy penalty 

associated with deforming a fluid-fluid interface by a given interfacial area, which increases as 

the contact edge length between particles increases. Furthermore, biased simulations demonstrate 

our thermodynamic model proposed in equation 6.1 can predict the free-energy change of the 

system associated with two graphene particles transitioning from the laterally aggregated to the 

vertically stacked state. Finally, we present experimental images of laterally aggregated, 

monolayer graphene particles at an air-water interface that help explain why stacking of 
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monolayer graphene particles at fluid-fluid interfaces is not likely to be observed on 

experimental timescales. This work addresses discrepancies previously observed between 

simulations and experiments and provides a detailed analysis of fundamental dynamics and 

thermodynamics of monolayer graphene particles at fluid-fluid interfaces. The key findings of i) 

the contact edge length between adjacent particles governing stacking dynamics, and ii) the 

development of an empirical model to predict the conditions under which particle stacking may 

occur are expected to have tremendous impact on the design and implementation of exfoliated 

2D materials for use at fluid-fluid interfaces depending on the desired end application.  

6.2 Materials and Methods 

6.2.1 Simulation Details 

 The initial configurations of graphene particles in the simulations were generated using 

PACKMOL.286 Simulations were performed with graphene particles modeled as hexagons 

(Figure 6.2a) and rectangles (Figure 6.2b). Particles were separated by 20 Å from edge-to-edge 

and 15 Å from the edge of each particle to the boundaries of the simulation cell (Figure 6.2b). 

The graphene particles were initially fixed while the energy of the water molecules was 

minimized. The graphene particles were then released and allowed to fluctuate and explore the 

surface at constant volume and constant temperature, 298 K (NVT conditions). The equations of 

motion were integrated with a time step ts = 1 fs in all cases. A Nosé-Hoover thermostat was 

used with the temperature damping parameter set to 100ts. The length of time simulations were 

allowed to run before termination depended on the timing of the expected event. For example, in 

simulations where stacking was concerned, the simulations were terminated shortly after 

stacking was observed. For the simulations where graphene particles were only allowed to 

translate in the x-direction, the y-momentum and angular momentum of each graphene particle 

were set to zero. This forced the graphene particles to interact with a predetermined lateral 

configuration when the particles arrived at close contact. Molecular dynamics simulations 

reported in this study were performed using LAMMPS (large-scale atomic/molecular massively 

parallel simulator),287 an open-source molecular dynamics program from Sandia National 

Laboratories. Simulation trajectories were visualized using VMD (visual molecular dynamics, 

version 1.9.3) with a time step between output frames of 0.001 ns (1000ts) for the edge-to-corner 

(Figure 6.2a) simulations and 0.05 ns (50000ts) for all other simulations. 
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6.2.2 Models for Pure Components 

 The various graphene particles were modeled with the AIREBO force field.288 All three 

terms of the AIREBO force field (REBO, Lennard-Jones (LJ), and torsional) were turned on, 

with the cutoff of long-ranged interactions set to 8.5 Å. The graphene particles were terminated 

with edge hydrogen atoms. Water molecules were modeled using the SPC/E force field with a LJ 

interaction cutoff of 9 Å and long-range electrostatic interactions.289 The PPPM long-range 

electrostatic solver was used with an accuracy of 10-4. The surface tension of the water-vapor 

interface was calculated to be 56.1 ± 21.2 mN m-1 using the thermodynamic method without tail 

correction, introduced by Ismail et al.26 In agreement with previous studies,290,291 the simulated 

surface tension of the water-vapor interface modeled with the SPC/E force field was shown to 

underestimate the experimental surface tension of water (~72 mN m-1) at room temperature. 

6.2.3 Model for the Water-Graphene Interactions 

 Water and graphene particles interacted through LJ pair potentials with parameters CO 

(kJ mol-1) = 0.392, CO (Å) = 3.19, CH (kJ mol-1) = 0, and CH (Å) = 0.292 These interactions 

were truncated at 12.5 Å.292  

6.2.4 Potential of Mean Force Calculations 

 The adaptive biasing force method in the LAMMPS collective variable (Colvars) module 

was used in the simulations where PMF plots were calculated.284,293 The ABF method output the 

PMF on the y-axis and the distance between the centers of the two graphene particles on the 

x-axis. The applied force was scaled using a factor between 0 and 1 before at least 200 samples 

had been collected in each distance bin to avoid nonequilibrium effects due to potential 

fluctuations of the force exerted during the process of two graphene particles coming into 

contact. Once at least 200 samples were collected the scaling factor was set to 1. The Jacobian 

term was excluded for the distance-based variable in this study. 

6.3 Results and Discussion 

6.3.1 Unbiased Simulations: Time to Stack After Contact 

 Initial simulations were performed that allowed two identical, hexagonal graphene 

particles to freely rotate and translate across a water-vapor interface. Two particle sizes were 

chosen for these initial simulations, with particle parameters given in Table H.1. These systems 

were referred to as “small” particle simulations and “large” particle simulations, respectively. 

The preliminary hypothesis was that the large particle simulations would require a longer time to 
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stack once laterally aggregated than the small particle simulations because of the increase in both 

edge length and particle area. The rationale for this hypothesis was that an increase in either edge 

length or particle area should require greater energies to displace a larger particle from a fluid-

fluid interface. However, we observed that two large hexagonal particles would stack in 

approximately the same amount of time as two small hexagonal particles after lateral contact, 

which suggested particle area was unlikely to be the parameter driving particle stacking. Further 

examination of the orientation of the small and large particles immediately before stacking 

demonstrated that rapid stacking would occur if the interacting particles rotated from the initial 

edge-to-edge alignment and adopted a corner-to-edge orientation as shown in the sequential 

images in Figure 6.2c. To understand these results, we performed simulations using the large 

particles described above, but rotated one of the particles by 30° so the initial configuration was 

set to a corner-to-edge orientation (Figure 6.2a). The angular rotation of both hexagonal particles 

was fixed, and particles were only allowed to translate in the x-direction. This forced particles to 

interact with a specific contact edge length L (shown in Figure 6.2b), which in the corner-to-edge 

configuration was a carbon-carbon double bond with L ≈ 0.14 nm (i.e., the length of the corner). 

Over an average of 15 simulations, the time required for particles to stack once laterally 

aggregated in the corner-to-edge configuration was 0.017 ± 0.021 ns (Figure 6.2d). The error 

reported is one standard deviation from the average. These preliminary results indicated the 

contact edge length of two interacting graphene particles determined the time required for 

particle stacking, and not the absolute edge length nor the total particle area. 

 Further simulations were performed between two identical, rectangular particles to test 

the new hypothesis that contact edge length governed the time scale for particle stacking (Figure 

6.2b). Particles again were not allowed to rotate nor translate in the y-direction. Rectangular 

particles were chosen instead of hexagonal particles because we were interested only in varying 

the contact edge length, and rectangular particles allowed for a smaller simulation cell and 

greater computational efficiency. The shape of the particles did not influence the results (Figure 

H.1). We observed an exponential relation between the time required for stacking to occur and 

the contact edge length L, and the interfacial area deformed, AD = LH, (Figure 6.2d) where H is 

the thickness of a graphene monolayer (H = 0.34 nm, Figure 6.2e).240 The thickness of the 

particles was held constant across all simulations. We note the calculated time to stack only 

accounted for the elapsed time between the first frame where two particles were observed in 
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lateral contact and the first frame where particle overlap was observed. All results were analyzed 

with respect to the interfacial area deformed because of the physical origin of the energy penalty 

associated with deforming a planar fluid-fluid interface. 

 

 

Figure 6.2 a) Initial configuration of graphene particles simulated as hexagons and b) as 
rectangles in simulations that forced particles to only interact in the x-direction (y-momentum 
and angular momentum were fixed) with a desired contact edge length L. c) Time lapse of two 
hexagonal graphene particles that were allowed free translation and rotation. d) Time required to 
stack after lateral aggregation as a function of the contact edge length (lower x-axis) and the 
corresponding interfacial area deformed, AD = LH (upper x-axis), where L and H are defined in 
(e) below. Red hexagon represents the average value acquired from corner-to-edge simulations 
and blue squares represent the average values obtained from edge-to-edge simulations. Error bars 
represent one standard deviation from the average. Black dashed line is an exponential fit for the 
time to stack as a function of the interfacial area deformed data. e) Three different views of two 
particles at the moment stacking was initiated.  
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 An increase in the surface area of a fluid-fluid interface is energetically unfavorable.34 

Thus, an increase in the contact edge length L of two laterally aggregated graphene particles 

should result in an increase in the total water-vapor interfacial area that must be deformed in 

order for the two particles to stack. This interfacial deformation manifests as a surface energy 

penalty ES that scales linearly with AD as ES ∝ 12AD, where 12 is the water-vapor surface tension 

given in mN m-1 or mJ m-2. Additionally, the Boltzmann distribution suggests the probability pi 

of finding a system in a given energy state relative to the probability pj of finding the same 

system in a different energy state is described by the relation 

pi
pj

 = exp [−(Ei – Ej)
kBT

] (6.2) 

where Ek is the energy of the system in state i or j.33 If we assume Ei is the energy of the system 

when the two particles are in edge-to-edge contact (i.e., the reference energy state), and let Ej be 

the energy of the system when one of the particles deforms the interface (i.e., the surface energy 

penalty, Ej = Es = 12AD), we find larger differences between Ei and Ej result in a lower 

probability of finding the system in the higher energy state. This result is reasonable as it is less 

probable for the spontaneous deformation of a large area of water-vapor interface than for the 

spontaneous deformation of a small area of water-vapor interface. Thus, the exponential 

relationship observed between the time required for particles to stack and the interfacial area 

deformed (dashed black line, Figure 6.2d) agrees well with this simple Boltzmann distribution 

analysis. The exponential fit of the data (R2 = 0.994) resulted in a relation of 

tstack = 0.015exp(2.63AD). 

6.3.2 Biased Simulations: Potential of Mean Force Diagrams 

 The adaptive biasing force (ABF) algorithm283,284 is a powerful computational tool that 

can extract the free-energy landscape of various physical systems studied using molecular 

dynamics simulations.285 A key feature of the ABF method is its ability to flatten peaks and 

valleys in the free-energy profile of the system of interest and allow the system to explore energy 

states that are kinetically hindered in unbiased MD simulations.285 This feature allowed us to 

perform ABF simulations of particles with larger edge lengths than in non-ABF (i.e., unbiased) 

MD simulations. Figure 6.3a presents the potential of mean force as a function of the center-to-

center distance between two identical, rectangular graphene particles that were not allowed to 

rotate, nor translate in the y-direction. The parametric variable in Figure 6.3a is the contact edge 
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length of the two interacting graphene particles. Two observations are immediately noticeable as 

the contact edge length L of the two graphene particles increases (moving from the bottom to the 

top curve): we observed a larger change in free-energy E from the laterally aggregated state 

(Eii) to the stacked state (Eiv) as L increased, and we observed an increase in the size of the 

energy barrier, EB, with increasing L.  
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Figure 6.3 a) PMF as a function of the center-to-center separation of two interacting graphene 
particles. L increases from the bottom to top curves. Inset images depict the relative 
configuration of particles at various energy states Ej (j = i, ii, etc.) in the PMF curve: i) initial 
separation, ii) lateral aggregation, iii) initial overlap, iv) completely stacked. EB represents the 
free-energy barrier particles must overcome to stack. E represents the change in free-energy of 
the system due to stacking. B) E as a function of the particle surface area. Inset image shows 
the particle surface area reported, which is calculated only on one side of the particle. Green 
squares represent the average values obtained from PMF plots and the dashed blue line 
represents the values predicted by equation 6.1. Error bars represent one standard deviation from 
the average values obtained from PMF plots, and the shaded blue region represents one standard 
deviation from the average −E values predicted using equation 6.1 and the error in the 
simulated water-vapor surface tension 12 = 56.1 ± 21.2 mN m-1. C) EB calculated from PMF 
plots (red squares) as a function of AD (lower x-axis) and L (upper x-axis). Error bars represent 
one standard deviation from the average. The dashed red line is a linear fit to the data with 
respect to the interfacial area deformed. The blue dotted line represents the average energy 
barrier predicted by equation 6.3. The shaded blue region is estimated error from the barrier 
predicted by equation 6.3 and was calculated from the standard deviation in the simulated water-
vapor surface tension  =  ±  mN m-1. 
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 Figure 6.3b shows the change in free-energy associated with the transition from the 

laterally aggregated state to the vertically stacked state as a function of the graphene particle 

surface area. The change in free-energy was calculated as the energy difference between the 

local energy minimum at ~37 Å, when the particles are laterally aggregated, Eii in Figure 6.3a, 

and the global energy minimum at ~3.4 Å, when the particles are stacked in the preferred 

graphite interlayer spacing distance, Eiv in Figure 6.3a. The particle surface area was calculated 

by neglecting the thickness of graphene and by only calculating the area of one face of a pseudo-

rectangular graphene particle, shown as the inset image in Figure 6.3b and enlarged in Figure 

H.2. Each particle was assumed to have a surface area of Apart = Arect + 2∙Atrap comprised of a 

rectangular section of area Arect = LW1, where W1 is the width of the particle including the 

hydrogen (H)-terminated edges, and two trapezoidal sections of area Atrap = Htrap∙(W1 + W2)/2, 

where Htrap is the height of the trapezoidal area including the H-terminated edges and W2 is the 

width of the small segment parallel to W1. The red squares are the values of E acquired from 

the ABF simulations and error bars represent one standard deviation from the average, where the 

average was taken over at least N = 15 simulations for each data point. The dashed blue line 

represents the theoretical E values calculated using equation 6.1 with values of 

12 = 56.1 mN m-1 (simulated water-vapor interfacial tension), 2 ≈ 115 mJ m-2 (graphene-water 

vapor),294 1 ≈ 80 mJ m-2 (graphene-water),278,294 and  ≈ 0 mJ m-2 (graphene-graphene), and 

the contact area A = Apart. The blue shaded region represents estimated error from the theoretical 

E values predicted by equation 6.1 and was calculated from the standard deviation in the 

simulated water-vapor surface tension 12 = 56.1 ± 21.2 mN m-1. We note the statistical error 

generally increases with increasing particle size, which we hypothesize is due to less efficient or 

incomplete sampling for larger systems.285 This situation could be remedied by allowing the 

larger systems to run for a longer amount of time. However, the nice agreement between the E 

values obtained from ABF simulations and those from our proposed thermodynamic relation 

(equation 6.1) suggest the ABF simulations capture the most important free-energy changes 

corresponding to the system transitioning from the laterally aggregated to the vertically stacked 

energy state, and an increase in the time the larger systems are allowed to run should improve the 

accuracy while maintaining the same trends as above.  

 Figure 6.3c plots the average free-energy barrier calculated from the ABF simulations 

(red squares) as a function of the water-vapor interfacial area deformed for stacking to occur. 
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The energy barrier was calculated as the free-energy difference between the free-energy of the 

peak at ~34 Å (when the particles have just begun to overlap, Eiii in Figure 6.3a) and the free-

energy of the valley at ~37 Å (when the particles are laterally aggregated, Eii in Figure 6.3a). We 

observed the results could be fit (R2 = 0.954) with a linear relation of EB,ABF = 16.30AD, shown as 

the dashed red line in Figure 6.3c. These results agree with our findings in Figure 6.2d; particles 

that must deform a larger interfacial area before stacking can occur must overcome a larger free-

energy barrier and therefore require a longer time to stack. Thus, we argue the free-energy 

barrier EB that needs to be overcome for monolayer graphene particles to transition from a 

laterally aggregated to a vertically stacked state at a water-vapor interface is governed by the 

surface energy penalty ES associated with deforming the interface, which is given by 

EB = ES = 12AD (6.3) 

Notably, equation 6.3 should also apply to other fluid-fluid interfaces (e.g., oil-water) if the 

interfacial tension 12 is known. The blue dotted line in Figure 6.3c plots equation 6.3 using the 

surface tension calculated from our system (12 = 56.1 ± 21.2 mN m-1). The blue shaded region 

surrounding the broken line represents one standard deviation from the average theoretical 

energy barrier due to the uncertainty in the calculated surface tension. The ABF-generated free-

energy barriers are slightly larger than the values predicted by equation 6.3 at larger values of 

AD. This could arise from the neglected contribution of the mechanical energy required to bend 

the graphene particle and not just deform the interface.70,295 Again, it is notable the error bars on 

the ABF-generated data increase with increasing contact edge length, and thus overall particle 

size. As the ABF algorithm only adds a biasing force along the reaction coordinate, in this case 

the center-to-center particle separation distance, there is no guarantee the transition state will 

look the same for every free-energy barrier crossing. Thus, the increased deviation in the ABF-

generated free-energy barriers with increasing system size could arise from more transition states 

being observed. While increased sampling could reduce error and increase accuracy, the 

agreement between the ABF-generated and theoretically predicted free-energy barriers suggest 

the main contribution to the free-energy barrier preventing laterally aggregated monolayer 

graphene particles from stacking comes from the energy penalty required to deform the water-

vapor interface, which is a key result from these biased simulations that was previously 

unknown. 

 We note that all simulations that experienced the initial particle overlap transition state 
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always resulted in the completely stacked orientation and never remained fixed in the partially 

overlapped state. Sinclair et al. noted that force fields used to model graphene-graphene 

interactions using only Lennard-Jones nonbonded interactions, such as the AIREBO force field 

employed in our work, underestimate the friction between adjacent graphene layers296 and could 

explain why we always observed complete overlap in our MD simulations. We expect the 

potential of mean force plots would have more local energy barriers preventing further particle 

translation after the two graphene particles had overlapped (i.e., center-to-center distances from 

~34 Å to ~3.4 Å in Figure 6.3a) if the GraFF force field employed by Sinclair et al.296 was used 

instead of the AIREBO force field because of the additional friction that arises when attempting 

to displace stacked graphene particles from their preferred stacked orientation, which is 

accounted for in the GraFF force field. However, we do not expect the choice of force field used 

to model graphene-graphene interactions to affect our results as the E values presented are state 

functions, and the free-energy barrier inhibiting particle stacking is dependent only on the 

interfacial tension, lateral contact length between particles, and particle thickness. 

6.3.3 Experimental Observations 

 Figure 6.4 shows an assembly of 25 m monolayer graphene squares that had self-

assembled at an air-water interface using an optical microscopy technique known as interference 

reflection microscopy.164,190 This technique provides enhanced contrast over conventional 

brightfield optical microscopy and enables identification of the number of graphene layers in a 

given region of the interface in real time,164 which can be used to determine when two 

neighboring monolayer graphene particles have either overlapped or stacked. The assembly in 

Figure 6.4 was observed to remain laterally aggregated without stacking over a timescale of 

60 min. The red, boxed region in Figure 6.4 depicts a location in the assembly where two 

particles have laterally aggregated. The contact lengths of aggregated particles within the entire 

image range from ~102 to ~104 nm. These contact lengths correspond to a range of free-energy 

barriers preventing particle stacking of ~102 to ~104 kBT (obtained from the linear fit in Figure 

6.3c), which correspond to timescales required for these particles to stack being ≥1028 s, or 

≥1020 y, obtained from the exponential fit in Figure 6.2d. As expected from these results, it is not 

surprising that we do not observe stacking of these monolayer graphene particles after only 60 

min. For reference, particles with a contact edge length of 37.1 nm could theoretically be 

observed to overlap and stack within a 60 min timescale. In practicality, this implies nanoscale 
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defects could be engineered into particle edges to create regions of favorable stacking sites that 

would lead to directed assembly of mono- and bilayer graphene films with firm connections 

between particles at stacking sites. This makes liquid-phase, in situ electron microscopy studies 

of our system an interesting route of future work to probe these potential stacking events with 

enhanced spatial resolution.225 

 

 

Figure 6.4 Experimental IRM image of monolayer graphene particles (25 m squares) assembled 
at an air-water interface. Red boxed region (enlarged in upper right) demonstrates a region where 
two particles have laterally aggregated and the green boxed region (enlarged in lower right) 
demonstrates a region where two particles have partially overlapped, indicated by the darker 
contrast in the center of the region.  
 

 The green, boxed region in Figure 6.4 demonstrates a situation in which two particles 

have overlapped but did not transition into the completely stacked orientation during 

observation. Particles had become overlapped prior to initial imaging, which could have been 

induced by mechanical agitation during sample preparation or nanometer-scale defects along the 

edges of the interacting particles that encouraged particle overlap. Incomplete stacking of the 

particles could manifest from out-of-plane defects on either interacting particle67 or sliding 

friction between overlapped particles.296,297 Any out-of-plane defects such as oxidized functional 

groups or multilayer regions (seen as the dark regions within the particles in Figure 6.4)164 can be 

envisioned as physical “roadblocks” that would prevent particles from continuing towards 

complete overlap. Additionally, the sliding friction between parallel graphene particles depends 

upon the relative orientation of stacked graphene layers with an energy barrier of ~10-3 – 10-2 kBT 
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atom-1 required to rotate stacked particles out of the minimum energy state.297 Thus, it is feasible 

the particles observed in Figure 6.4, with one particle containing ~104 C atoms along its 

interacting edge, could cease lateral translation if the two interacting particles adopted the most 

energetically favorable stacking configuration shortly after overlap.296,297 

 Our evidence presented from MD simulations and experimental results demonstrates the 

delicate interplay between variables affecting the stacking of monolayer graphene particles at a 

planar fluid-fluid interface. It is clear both the size and shape of the interacting particles 

determines the thermodynamics and dynamics of particle stacking once the particles are in lateral 

contact, but only because contact edge length is the determining factor. An interesting 

consequence of this is that the shape and size of two interacting particles may be identical but 

nanometer-scale edge defects could promote stacking when the particles adopt a certain 

orientation (e.g., the case when hexagonal particles adopt an edge-to-edge vs corner-to-edge 

orientation). Thus, it is important to note that the rotational and translational diffusivities of 

graphene particles, which are expected to decrease as particle size is increased,257 should also be 

considered in future work as the timescales associated with particles diffusing across an interface 

and aligning in a given lateral orientation are important in determining the overall timescales 

associated with a stacking event. Finally, additional work aimed at expanding these results to 

curved fluid-fluid interfaces would be illuminating in understanding how parameters such as 

particle size, shape, and radius of curvature of the interface affect particle stacking at curved 

interfaces to engineer functional emulsions with the desired stability. 

6.4 Conclusions 

 Molecular dynamics simulations were employed to understand the dynamics and 

thermodynamics of the stacking of monolayer graphene particles at a water-vapor interface. The 

time required for particles to stack was found to increase exponentially as a function of the 

contact edge length between interacting particles and interfacial area deformed. These results 

align with the Boltzmann distribution, which describes the probability of an event occurring at a 

given energy state. Biased simulations were performed using the adaptive biasing force 

algorithm to obtain potential of mean force landscapes of the system in question. The PMF 

diagrams yielded two main results: the thermodynamic analysis presented in equation 6.1 

accurately captures the change in free-energy of the system E as two graphene particles 

transition from the laterally aggregated to vertically stacked state, and the free-energy barrier EB 
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preventing instantaneous particle stacking is a manifestation of the surface energy penalty 

associated with deforming a fluid-fluid interface by a given area. We observed an increase in the 

magnitude of E as the surface area of the two particles increased, and an increase in EB with an 

increase in contact edge length and interfacial area deformed. Finally, we presented experimental 

images of self-assembled, monolayer graphene particles at an air-water interface. The self-

assembled structure was stable for >60 min and no particles were observed to stack, consistent 

with the empirical relation in Figure 6.2d. The difference in length scales associated with 

experimental observations versus computational simulations explained the discrepancies 

previously observed regarding stacking of graphene particles in simulations, but minimal 

stacking observed during experiments. This work provides the fundamental basis for 

understanding a unique dynamic of 2D materials at fluid-fluid interfaces, stacking. In particular, 

the nanoscale edge characteristics of interacting particles are critical in preventing or 

encouraging stacking behavior. Thus, one could envision a route towards directed assembly of 

2D particles with known contact and overlap points by patterning nanoscale features into the 

edges of each particle using electron beam lithography298 and subsequently placing these 

particles at a fluid-fluid interface. We expect our work to have a broad impact on the practical 

implementation of 2D materials at fluid-fluid interfaces as the new knowledge from this work 

will enable the engineering of 2D material films with a desired thickness at a specific location 

within the film, which is of wide interest to those interested in creating functional 2D material-

based thin-films, emulsions, and foams.  
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CHAPTER 7 

FUTURE WORK 

 

The most critical advancements in our understanding of the dynamics of 2D materials at 

fluid-fluid interfaces beyond this thesis will be made using the size- and shape-controlled 

graphene particles fabricated and discussed in Chapter 5 because of the ability to isolate specific 

particle or system parameters with significantly more control than ever before. Thus, the sections 

of this chapter highlight segments of future work using “designer” 2D materials at fluid-fluid 

interfaces. This chapter by no means encompasses all future work made possible by this thesis; 

rather, these sections represent the work I have identified as most intriguing from a fundamental 

or practical viewpoint and could be studied using the tools and techniques currently available.  

7.1 Microrheology Using Graphene Discs 

Disc-like microrheological probes offer ~2× greater sensitivity than a spherical probe of 

the same radius because of the lesser surface area exposed to the surrounding lower and upper 

fluid phases.253 This can be understood by analyzing the Boussinesq number, which compares 

the drag experienced by a probe particle due to the interface to the drag experienced by the 

particle due to the surrounding bulk fluid phases:253 

Bo = 
ηsPc

ηbAc
(7.1) 

Here, Pc and Ac are the perimeter and area of the particle in contact with the interface and 

surrounding fluids, respectively, and s and b are the surface and bulk viscosities, respectively. 

High-aspect ratio probes, such as graphene discs, maximize the ratio of Pc/Ac and thus the 

sensitivity to interfacial rheological properties. Additionally, the lower mass of a disc-like 

graphene particle in comparison to a spherical particle of the same radius will result in larger 

MSDs that are easier to quantify via optical microscopy particle tracking.  

Preliminary work in this area is shown in Figure 7.1. Monolayer graphene discs (10 m 

diameter) were first transferred to an air-water interface using the procedure outlined in 

Chapter 5. In the IRM image in Figure 7.1a, the large dark circles are graphene discs, and the 

small dark dots are SiO2 particles, while in the false-color fluorescence image, domains of a 

fluorescent dye, Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE), 
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appear as bright regions, and dark regions indicate regions of dipalmitoylphosphatidylcholine 

(DPPC), graphene, or SiO2 particles. The overlay image shows the IRM image over the 

fluorescence image and demonstrates where graphene discs are located at the interface in 

reference to the TR-DHPE domains and DPPC liquid state. An aggregate of graphene discs is 

outlined in red in the three different images in Figure 7.1a as a reference point. Note that the 

images do not align perfectly as the Brownian motion of the discs and domains resulted in 

translation and rotation  of certain features during the time it took to switch between IRM and 

Texas Red filter cubes.  

 

 

Figure 7.1 a) Images of graphene discs (10 m diameter), SiO2 particles (1 m diameter), and 
DPPC/TR-DHPE (0.5 mg/m2) at an air-water interface. b) MSD of graphene discs at surface 
coverages of 0 mg/m2 (red circles) and 0.5 mg/m2 (green circles). Scale bars in (a) are 50 m.  
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 There are two significant observations for this system. The first is that the surfactants 

(DPPC and TR-DHPE) fill the entire image and are homogeneously dispersed across the 

interface, which is expected for an interface of DPPC at 0.5 mg/m2. A second observation is that 

the fluorescent TR-DHPE domains are not observed to reside “within” (i.e., on top of nor 

beneath) the graphene discs but instead tend to aggregate around the edge of graphene discs (see 

middle of fluorescence image). This is significant because it gives insight into how graphene 

discs interact with the surrounding surfactant molecules, which could influence the results of the 

apparent surface viscosity. We performed a preliminary measurement of the apparent surface 

viscosity using the MSD tracks of the graphene discs for a “clean” interface of only graphene 

discs and SiO2 spheres (surface coverage of DPPC = 0 mg/m2) and for an interface with DPPC at 

a surface coverage of 0.5 mg/m2 (Figure 7.1b). We observed the apparent surface viscosity to 

increase, i.e., MSD decrease, from ~10-10 Pa∙s∙m for a clean interface (limit of the system), to 

~5×10-9 Pa∙s∙m for the interface with DPPC coverage of 0.5 mg/m2, which agrees with values 

from the literature.236 Thus, future work aimed at obtaining the surface viscosity at increasing 

surface coverage values would be useful to compare the sensitivity of graphene discs to 

conventional microrheological probe particles. Additionally, MD simulations will be significant 

to help understand how the graphene particles sit when embedded in a matrix of lung surfactant 

molecules, which is relevant for understanding the nanotoxicity effect graphene may have on 

altering breathing efficacy if fine powders of graphene are inhaled. 

7.2 Other Capillary Forces Between 2D Particles  

 As discussed in Chapter 2, capillary forces can drive long-range attraction and also 

dictate short-range separation between particles. For disc-like 2D materials, it is unlikely that 

capillary forces between individual discs influence agglomeration because capillary monopoles 

due to gravitational deformations of the interface are unlikely (Bond number ~ 10-11, Chapter 5), 

and the “smoothness” of the perimeter of a monolayer, disc-like graphene particle likely does not 

induce unfavorable pinning of the contact line as is commonly observed for 3D spherical 

particles. However, this analysis only accounts for two-body interactions and neglects the 

collective effects of multi-body capillary interactions. Multi-body capillary interactions299 can be 

envisioned as an emergent phenomenon, similar to entropic phenomena, and manifest only after 

individual particles have formed aggregated structures. Yet, these types of interactions have been 

overlooked in the literature. A key feature of this phenomenon is that while the two-body 
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capillary attraction may be weak between individual pairs of particles, the collective many-body 

capillary attraction can be sufficiently strong and long-ranged such that other aggregates and 

individual particles can be attracted to a central aggregated structure.299 We have preliminary 

evidence suggesting that multi-body capillary attraction may be the force driving 50 m diameter 

graphene discs to agglomerate over a timescale of ~100 – 101 h (Figure 7.2). While the system 

had small fragments of residual graphene at the interface and some particles had been oxidized 

(graphene discs lighter in color), it is clear that significant aggregation occurred around a central 

large aggregate after ~24 h. Thus, future work aimed at investigating the many-body-induced 

capillary attraction between 2D particles will demonstrate the significance of accounting for 

many-body forces in the self-assembly dynamics of not only 2D particles but also other colloidal 

particles that form films at fluid-fluid interfaces. Additionally, if multi-body interactions are 

found to occur in systems of disc-like 2D materials at fluid-fluid interfaces, it could have broad 

multidisciplinary impact as the system could be used to study “cosmology in a Petri dish”,299 

with the discs acting as planetary objects and residual graphene bits representing asteroids or 

other space debris. 

 

 

Figure 7.2 Interference reflection microscopy images of 50 m diameter graphene discs at an air-
water interface at t ~ 0 h and at t ~ 24 h.  
 

 A key reason why anisotropic particles can produce unique morphologies at fluid-fluid 

interfaces is because of capillary forces. The size- and shape-controlled particles fabricated in 
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Chapter 5 present an opportunity to investigate if anisotropies introduced to 2D particles such as 

particle shape, edge thickness, or edge defects could induce static capillary deformations in the 

interface that are not expected for 2D discs. Recalling from Chapter 2, the shape of anisotropic 

particles forces the contact line to pin to a particle in a manner that is energetically unfavorable 

and induces static deformations in a fluid-fluid interface. For 2D particles, regions of different 

thickness along the particle edge, defects such as vacancies and grain boundaries, or particle 

corners could also pin the contact line in an unfavorable manner. While the magnitude of 

deformations due to 2D particle anisotropies are expected to be small, they could be significant 

enough to induce long-range, orientationally-dependent forces between two, 2D particles, which 

could lead to unique interfacial structures. The evidence of deformations in the interface induced 

by 2D particle anisotropies (i.e., shape, edge thickness, edge defects) could be examined by 

AFM images of gel-trapped samples300 or by using techniques similar to Kathleen Stebe’s group 

at Pennsylvania State University to create fluid-fluid interfaces with regions of specific curvature 

gradients.262 Particles creating self-deformations in the interface via particle anisotropies are 

expected to migrate toward regions of greater curvature, as seen in previous literature,262 while 

unpublished work suggests that particles that do not create self-deformations in the interface are 

expected to migrate toward regions of lesser curvature.301,302 

7.3 Depletion Forces Between 2D Materials 

 Depletion forces occur in systems of binary, minimally-interacting particles, as discussed 

in Chapter 2, and arise due to an increase in the osmotic pressure of the system that occurs when 

two neighboring large particles get close enough that a small particle, the depletants, cannot fit 

between the large particles. The difference in depletant concentration inside and outside the two 

large particles induces the depletion force that causes the large particles to agglomerate. This 

phenomenon is entropic in nature because large particle agglomeration increases the area 

available to the small depletants, and thus, increases the total entropy of the system. In 3D, the 

depletion force has been thoroughly studied, but is difficult to investigate in 2D. For an overview 

of the difficulties associated with 2D studies of depletion, please refer to Section 2.3.4.1. 

 A key theoretical study of the 2D depletion force between binary mixtures of hard 

squares and hard discs found that hard squares could undergo a fluid-solid transition when the 

ratio of the side lengths, R = ds/dl, for the small and large particles, respectively, was ~0.1 and 

the total coverage fraction of particles at the interface  ~ 0.5 (Figure 7.3a,b), whereas hard discs 
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were predicted to undergo a similar fluid-solid transition when the ratio of their radii was 

rs/rl ~ 0.01 and total coverage fraction was  ~ 0.6.101 Buhot and Krauth were able to generate a 

simulated phase diagram for hard squares as a function of the total coverage fraction of particles 

at the interface (Figure 7.3c) and by tuning the ratio of the size of the square particles in their 

simulations, R = ds/dl.101 Their phase diagram could be used as a guide for experiments using 

square graphene particles. Binary mixtures of graphene squares could be fabricated using 

electron beam lithography on the same original graphene film and then transferred to an air-

water interface as discussed in Chapter 4 and Chapter 5. Electron beam lithography would enable 

particles to be made at the sub-100 m length scale such that ratios between small and large 

particles of at least R = ds/dl = 0.1 could be achieved with “large” squares (10 m) that would 

still undergo significant Brownian motion and “small” squares (1 m) would still be visible via 

IRM.  

 

 

Figure 7.3 a) Disordered and b) ordered structures of a binary mixture of hard squares with 
R = 0.1 at different total particle coverage fractions.101 c) Phase diagram for a mixture of hard 
squares with respect to the total particle coverage fraction  and ratio of particle sizes R.101 
Reprinted Figures 1, 2, and 3 with permission from Buhot, A., Krauth, W., Physical Review E, 
59, 2939, 1999. Copyright 1999 by the American Physical Society. Copyright agreement given 
in Appendix K.  
 

Use of a binary mixture of graphene squares as the “large” and “small” particles as a first 

attempt at understanding depletion in 2D is beneficial for several reasons. First, the depletant 

graphene particles could be made larger than the resolution of optical microscopy (~300 nm) 

such that phase transitions could be readily observed. The expected 2D depletion force between 

square particles also does not depend on the size of the depletant particle (Appendix I). Second, 
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our analysis from Chapter 5 suggests monolayer graphene particles act as hard particles at the 

interface so there will be minimal interactions between the large particles and the depletants. 

Finally, the atomically-thin nature of both large and depletant particles keeps the system as two-

dimensional as possible. Surfactants and polymers are typically used as depletants in 3D studies, 

but in 2D, these particles do not lie perfectly flat at the interface and could induce distinctly out-

of-plane interactions. However, use of soluble surfactants and polymers could be very intriguing 

as a means of reconfigurable assembly303 of 2D materials into ordered/disordered structures by 

varying the surface concentration of depletant at the interface through use of a subphase 

exchange cell.304 

7.4 Phase Diagrams of Shape-Controlled 2D Particles 

 Phase diagrams can be used to predict conditions when phase transitions such as 

condensation (evaporation) or freezing (melting) may occur, and the phase space for colloidal 

particles has been shown to increase in complexity by varying particle shape105 or by varying the 

strength of interparticle interactions.268 Our system of shape-controlled 2D particles at fluid-fluid 

interfaces presents a unique opportunity to experimentally investigate the phase behavior of two-

dimensional systems that have previously been studied only through theoretical30,107 and quasi-

2D means.111,268  

 In practice, our miniature Langmuir trough270 could be used to slowly vary the particle 

area coverage while simultaneously measuring local and global order parameters to determine 

orientational and positional order in the system.107 Transitions through different phases yield an 

increase in both local and global orientational order, which can be visualized through plots such 

as the one shown in Figure 7.4a. Given that our 2D particles appear to behave as hard particles, 

one could measure the desired order parameters for a range of particles with n edges (e.g., n = 3 

is a triangle) and compare the results to the phase diagram found by Glotzer et al. using 

simulations on hard polygons (Figure 7.4b).107 Results that deviate from those predicted by 

Glotzer et al.107 could manifest for several reasons: corner rounding,30 enthalpic forces,105,112 or 

impurities in the system. Generation of phase diagrams that could be used to predict the order of 

a system of 2D materials based on particle shape and area coverage could find practical use in 

the rational design of Langmuir-Blodgett films of exfoliated 2D materials to fabricate films with 

a desired morphology for a specific application.  
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Figure 7.4 a) Map of local 6-fold orientational order at different particle area coverages.107 b) 
Theoretically predicted phase diagram for 2D particles with varying numbers of edges (e.g., 
pentagon is n = 5, etc.) as a function of particle area coverage.107 The arrow in (b) represents the 
location of the solid structure in (a) within the phase diagram. Figure was adapted from 
Anderson, J.A., Antonaglia, J., Millan, J.A., Engel, M., Glotzer, S.C., Shape and Symmetry 
Determine Two-Dimensional Melting Transitions of Hard Regular Polygons, Physical Review 
X, 7, 021001, 2017, DOI: https://doi.org/10.1103/PhysRevX.7.021001, under the terms of the 
Creative Commons Attribution 4.0 International license.  
 

7.5 Other Forces Driving 2D Particle Agglomeration 

 In this thesis, we have identified that capillary, thermal, van der Waals, and entropic 

forces contribute to the dynamics of 2D materials at fluid-fluid interfaces, but it is possible other 

forces generally reserved for describing nanoscale particle dynamics could drive particle 

agglomeration such as capillary wave (i.e., Casimir-like) forces or line tension.  

 For the case of colloidal particles at a fluid-fluid interface, the interface is generally 

assumed to be perfectly smooth when at rest because any thermally-excited fluctuations in the 

interface are much smaller than the size of the particle. However, nanoscale particles at a fluid-
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fluid interface are more susceptible to thermal excitations of the interface, i.e., capillary waves, 

because the length scale of the particles is nearing that of the length scale of the interfacial 

roughness induced by capillary waves (~10-1 nm).281 The presence of rigid particles at a 

fluctuating interface can disrupt the manner in which thermally-excited capillary waves 

propagate across the interface and can lead to a force acting on the particles,61,63,65 similar to the 

Casimir force predicted by Hendrik Casimir in 1949.305 Casimir predicted that two uncharged 

and conducting plates in a vacuum could still experience an attractive force due to quantum 

fluctuations of the surrounding electromagnetic field. 

The magnitude and distance over which the Casimir-like, capillary-wave-induced force 

can act on two particles is dependent on the boundary conditions employed in the partition 

function to solve for the capillary wave force.61,63 In the derivation by Lehle et al. in 2006,61 

particles are assumed to be either spherical or disc-like and are electroneutral, and their results 

suggested that the capillary wave force is the dominant mechanism for particle aggregation 

between very thin discs61 (i.e., monolayer 2D particles). Tracking the trajectories of pairs of 

graphene discs could be used to obtain the scaling and magnitude of the force(s) acting on the 

particles, which could help us understand how the fluid-fluid interface becomes pinned to 

monolayer 2D particles at a fluid-fluid interface as different boundary conditions yield force-

distance profiles with distinct scaling.61 Alternatively, the force between particles could be 

measured using the cantilevered capillary force apparatus,306 a technique akin to AFM, to obtain 

a direct measurement of the force-distance curve that dictates 2D particle dynamics. Results 

obtained from either technique could result in the first experimental realization of capillary-

wave-induced aggregation of 2D materials at fluid-fluid interfaces. 

 Finally, line tension could also be a force driving 2D particle agglomeration at fluid-fluid 

interfaces. As a brief reminder, line tension arises due to the excess free energy present at the 

three-phase contact line between the particle and the two surrounding fluid phases, has units of 

energy per unit length, and always seeks to minimize the three-phase contact line by forming 

circular domains.307 Surfactant molecules are commonly observed to form circular domains 

(Figure 7.1),60 and it is interesting to note that we have also observed circular domains of both 

monolayer MoS2 and oxidized monolayer graphene particles at an air-water interface (Figure 

7.5). 

 



138 
 

 

Figure 7.5 Circular domains of oxidized monolayer graphene (left) and monolayer MoS2 
particles (right) at an air-water interface.  
 

Domain size is generally considered to be governed by a balance of electrostatic dipolar 

repulsions, which seek to minimize the size of the domains, and line tension, which seeks to 

increase the size of the domains.60 Line tension favors the formation of a single, large domain of 

particles because this minimizes the total length of the three-phase contact line, and thus the 

energy of the system, in comparison to many smaller domains. Given the magnitude of line 

tension for systems at an air-water interface are generally considered to be of order 100 – 102 

pN,38,60 the driving force for particle aggregation is small but comparable to that of thermal 

forces. Imperiali et al.’s observation that aggregation of graphene oxide particles could have 

been driven by line tension,68 and our preliminary results in Figure 7.5 that demonstrate circular 

domain formation occurred in two types of 2D materials with different chemistries suggest that 

future work should investigate the influence of line tension as a long-range attractive force 

between 2D materials at fluid-fluid interfaces. Harnessing the effect of line tension could be used 

to create periodic arrays of 2D material domains with different sizes dependent on particle 

properties for uses in photonics or other optoelectronic applications. Additionally, size- and 

shape-controlled 2D materials that have a surface charge, such as MoS2 or GO, could be used as 

“model surfactants” to help improve our understanding of the effects of line tension and dipole 

density on the domain morphology of surfactant monolayers60,307 because of the ability to resolve 

individual 2D particles within a single domain.  
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CHAPTER 8 

CONCLUSIONS 

 

 The self-assembly dynamics of graphene particles at fluid-fluid interfaces were found to 

be governed by a balance of capillary, van der Waals, thermal, and entropic forces, each of 

which manifests from particle thickness, lateral size, shape, or particle area fraction (i.e., surface 

density). The competition of these forces ultimately dictated the morphology of the resulting 

interfacial films.  

In Chapter 3, we demonstrated that agglomerates of graphene and graphite particles were 

observed when particles were assembled at high particle surface coverages. However, if the 

system were allowed to relax at low particle surface coverages, competing dynamics were 

identified as a function of particle lateral size and thickness: thin graphene particles (<1 nm) 

could detach from agglomerates because of thermal forces overcoming weak attractive capillary 

forces, whereas large (>100 m lateral dimension) and thick (>1 nm) graphene and graphite 

particles underwent monotonic consolidation because of strong attractive capillary forces. These 

competing dynamics resulted in a “self-similar” interface before and after compression if the 

film were given sufficient time to relax. 

The thermally-governed dynamics of thin (<1 nm) graphene particles we indirectly 

identified (Chapter 3) were then directly visualized and confirmed using interference reflection 

microscopy (Chapter 4). Real-time images of irregularly shaped, monolayer graphene particles 

(~100 m lateral dimensions) demonstrated a balance of weak attractive capillary forces at large 

interparticle separation distances with weak repulsive capillary and thermal forces at small 

interparticle separation distances. Over time, particles could attach and detach, and if the correct 

alignment between particles was achieved (i.e., capillary multipole alignment), strong attractive 

van der Waals forces led to irreversible aggregation at extremely small interparticle separation 

distances. 

Fabrication of size- and shape-controlled monolayer graphene particles (Chapter 5) 

enabled isolation of the influence of particle shape on the self-assembly dynamics of 2D particles 

at fluid-fluid interfaces. We observed that monodisperse 2D particles with lateral dimensions 

>101 m behaved as “hard 2D colloids” because of a lack of strong long-range attractive forces 
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and only very short-ranged attractive van der Waals forces. As such, particle size was observed 

to influence the crystalline-like order of self-assembled films due to enhanced Brownian motion 

of smaller particles, and an emergent entropic force was observed at large particle area fractions 

( > 0.50) that led to particle alignment with global three-fold, four-fold, and six-fold order for 

films of triangular, square, and hexagonal particles, respectively. 

 Finally, while we focused on the lateral self-assembly dynamics in Chapters 3, 4, and 5, 

we investigated the stacking dynamics of monolayer graphene particles at an air-water interface 

in Chapter 6. The thermodynamics and dynamics of the stacking process were modeled, and we 

found the thermodynamic preference for particle stacking depended on the surface area of the 

particle(s) in contact with the interface, and the dynamics of stacking were governed by the 

interparticle contact length. Specifically, we identified the energy barrier preventing particle 

stacking was a physical manifestation of the surface energy penalty associated with deforming a 

fluid-fluid interface by a given area commensurate with the interparticle contact length.  

 In summary, the findings from this dissertation provide a deep analysis of key parameters 

governing the morphology of graphene particle films at a fluid-fluid interface. Understanding 

how these parameters manifest in a particular film morphology is the first step to fabricating thin 

films of 2D materials with morphologies engineered for next-generation applications.  
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APPENDIX A 

DYNAMICS OF MOS2 PARTICLES AT AN AIR-WATER INTERFACE 

 

For the work presented in this section, suspensions of few- and many-layer MoS2 

particles were created in chloroform at various concentrations using liquid-phase 

exfoliation.136,155 The desired mass of material was suspended in 30 mL of the desired solvent 

and placed in a bath ultrasonicator for 60 minutes to exfoliate the bulk material into few- and 

many-layer MoS2 particles. A suspension of MoS2 in chloroform and acetonitrile was attempted 

because of the volatility of both solvents, but large aggregates settled out of suspension after 

~24 h. This suspension was only used for one compression-expansion measurement and then 

discarded because large aggregates could be seen by the naked eye after the suspension was 

spread at the air-water interface; this data is not shown. All compression-expansion 

measurements were performed using an ultra-pure water subphase in a KSV Nima ribbon trough 

and the surface pressure was measured with a platinum Wilhelmy plate. Compressions were 

performed at 6 mm/min and expansions were performed at 8 mm/min. The initial surface 

coverage Γ0 of MoS2 was varied to observe how this affected the compression curves and 

interfacial structure, and to compare results against the graphene/graphite suspension used in 

Chapter 3.  

 Figure A.1 shows three sets of compression curves that were obtained by performing 

three consecutive compression-expansion cycles on independently prepared interfaces. The same 

sample of MoS2 suspended in chloroform at a concentration of 0.06 mg/mL was used for each 

data set.  An immediate observation is the large hysteresis observed between the 1st and 2nd, and 

2nd and 3rd compression curves. A similar analysis was performed as in Figure 3.4b, where the 

average shift in Γ from the 1st compression to the 2nd compression was calculated by selecting 

several Π values, calculating the difference between the corresponding Γ values at these Π 

values, and then averaging the resulting differences for each data set. These average magnitude 

of shift in Γ values were then scaled by the maximum Γ attained to make the values 

dimensionless in order to compare the results to those attained for graphene and graphite in 

Figure 3.4b. The dimensionless average magnitude of shift in Γ at a specific Π is 0.20 ± 0.01 for 

multi-layer MoS2, which is significantly greater than the value of 0.042 ± 0.003 obtained for 
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graphene and graphite (inset of Figure A.1). These results are not surprising given that MoS2 

reached apparent surface coverage values >100× that of graphene and graphite, and hysteresis is 

expected to increase as Γmax increases. However, it is surprising that Πmax values of the 1st 

compression curves for the two systems are approximately the same (~20 mN/m) given the large 

difference in Γmax. This suggests that the dynamics leading to changes in Π are different for 

graphene/graphite and MoS2. 

 

 

Figure A.1 Three replicate compression-expansion measurements of MoS2 particles at an air-
water interface. Inset shows shift in surface coverage at a specific surface pressure between the 
1st and 2nd compression curves for MoS2, and is compared to the maximum shift observed for 
graphene/graphite interfaces previously shown in 3.4b.   
 

 A Volmer equation of state (EoS) analysis was performed to obtain a preliminary 

understanding of the relative magnitude of the interactions governing the dynamics of MoS2 

particles at an air-water interface in comparison to the dynamics of graphene/graphite particles at 

an air-water interface. The Volmer EoS can be used to describe the thermodynamic behavior of 

particles confined to two-dimensions that are in a “gas” or “liquid-expanded” state (typically ≤10 mN/m) in a similar manner as the van der Waals (VDW) EoS can be used to describe three-



162 
 

dimensional gases. Just as the VDW EoS takes into account the size and interaction of 

molecules, the Volmer EoS for particles in 2D does exactly the same:166 

Π(A) = 
-kBT (ω

A)
ω0 (1 - ω

A)  - Πcoh (A.1) 

Within the Volmer EoS, there are three parameters, ω, ω0, and Πcoh, that are used to fit 

experimental results of surface pressure-trough area (Π – A) curves. Each of these parameters has 

a physical significance. For our work, ω is defined as the total interfacial area of the interface 

taken up by graphitic material, ω0 is the molecular area of one of the bulk phase molecules, and 

Πcoh accounts for all interparticle interactions. A positive Πcoh value means the interactions are 

generally attractive, leading to a decrease in the observed Π. For example, positive Πcoh values 

have been previously observed in systems of rough nanoparticles interacting through attractive 

capillary interactions.82 With this information in mind, the Volmer equation of state was fit to the 

first compression curves of data obtained for the MoS2 particles shown in Figure A.1 and for the 

first compression curve of the graphene/graphite particles at an air-water interface shown in 

Figure 3.4a (high initial surface coverage data). The fittings for both sets of data are shown in 

Figure A.2.68 The same value of ω0 = 0.2 nm2 was used in both fittings, while ω and Πcoh were 

allowed to vary. Values of ω and Πcoh that achieved the best fit for each data set are shown in the 

inset in Figure A.2. The value of ω was found to be approximately the same for both systems, 

which indicated that there was approximately the same apparent surface coverage of particles in 

both systems. However, the value of Πcoh was an order of magnitude greater for MoS2 particles 

than for graphene/graphite particles (12 mN/m vs 1 mN/m), and indicates that there is an 

apparently greater attraction between MoS2 particles than graphene/graphite particles at an air-

water interface. Notably, our value of Πcoh = 12 mN/m was of opposite sign but similar order of 

magnitude as that obtained from Alan Dalton’s group for their system of MoS2 at an air-water 

interface (Πcoh ≈ -20 mN/m),165 and the reason for this discrepancy is currently not understood. 

The origin of this attraction between MoS2 particles in our system has not been investigated 

further because this study was preliminary. However, potential mechanisms for the attraction 

could be due to electrocapillary deformations in the interface113 due to the charged nature of 

MoS2 particles, the magnitude of line tension could be greater for MoS2 at an air-water interface 

than for graphene/graphite particles, or could arise from conventional capillary interactions due 



163 
 

to a difference in the lateral size and or/thickness of the particles used in each system. 

Regardless, a future study that investigates these potential aggregation routes would be of great 

fundamental and practical interest.   

 

 

Figure A.2 Compression curves of MoS2 particles (green circles) and graphene/graphite particles 
(black circles) at an air-water interface fit using equation A.1. 
 

To further probe the dynamics of this few- and many-layer MoS2 system, pre- and post-

relaxation measurements were performed in a similar manner as those for graphene and graphite. 

MoS2 was spread at a freshly prepared air-water interface and subjected to five consecutive 

compression-expansion cycles (Figure A.3a, green curves). The interface was then left 

unperturbed with the barriers completely open for 12.5 h and subjected to three more 

compression-expansion cycles (Figure A.3a, blue curves). During successive pre-relaxation 

compression-expansion cycles, MoS2 particles were pushed together to form percolated networks 

before an appreciable increase in the surface pressure was detected (inset BAM images, Figure 

A.3a) and were then further compressed to high surface coverages. Under the hypothesis that the 

majority of MoS2 flakes used here were thin in comparison to the graphitic suspension used in 

Chapter 3, it is possible vertical stacking of sheets can occur to relieve stresses due to 

compression of the interface in addition to lateral aggregation of the interface. Large hysteresis 

was observed between consecutive compression-expansion cycles as a result of each consecutive 

compression pushing more flakes either into intimate lateral contact or stacked on top of one 
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another. The continuous consolidation of the interface between consecutive compression curves, 

was interesting because we expected successive curves to overlap after an initial consolidation of 

the interface due to electrostatic repulsions stabilizing further aggregation, as observed by other 

groups working with MoS2
144,176 and graphene oxide,68 or due to repulsive capillary multipoles 

preventing large agglomerates from further aggregation, as seen in Chapter 3.163 A secondary 

explanation for the results could be adhesion of MoS2 particles to the barriers of the trough or the 

Wilhelmy plate, but there was little qualitative evidence of this after inspecting the trough, 

barriers, and Wilhelmy plate by eye after measurements were completed. These results again 

point to a different dynamic of MoS2 particles at an air-water interface than that observed for 

graphitic particles.  

 

 

Figure A.3 a) Pre- (green circles) and 12.5 h post-relaxation (blue circles) compression curves of 
MoS2 particles at an air-water interface. Inset images are BAM images of the interface during the 
first, pre-relaxation compression of an interface at the corresponding locations marked A, B, and 
C. Scale bars represent 1000 m. b) Close-up image of initial region of surface pressure of the 
last pre-relaxation compression curve (green) and the first 12.5 h post-relaxation compression 
curve (blue).  
 

Finally, it is immediately apparent that there was nearly zero rebound in hysteretic 

behavior in the post-relaxation compression curves (Figure A.3a) after letting the MoS2-laden 

interface relax for 12.5 h, which is significantly different from that observed with graphene and 

graphite as shown in Figure 3.7, and the 12.5 h post-relaxation curves for MoS2 particles in 

Figure A.3b start from nearly the same surface pressure as the pre-relaxation curves 

( ~ .35 mN/m), whereas the graphene and graphite data show large differences in the starting 
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surface pressure after 15 h of relaxation ( ~ 2.5 mN/m). This behavior can be explained by 

irreversible lateral aggregation or vertical stacking of MoS2 particles and electrostatic repulsion 

between aggregated domains. As observed in Figure 4.6a, domains of MoS2 particles could 

remain stable for hours once assembled and individual particles were not observed to detach and 

separate from the agglomerated domains, which was likely due to line tension keeping the 

structure intact. Thus, there was minimal restructuring of the MoS2 particle interface during the 

12.5 h relaxation period to give rise to a “self-similar” interfacial morphology capable of 

exhibiting the same magnitude of hysteresis observed in the pre-relaxation compression curves. 

This is in contrast to the restructuring of graphene/graphite interfaces shown in Figure 3.7b,d 

over 15 h. Additionally, domains of monolayer MoS2 particles investigated in Chapter 4 were 

never observed to coalesce, likely due to electrostatic dipolar repulsion between neighboring 

domains, and is what we hypothesize to have occurred in the work presented here. The 

electrostatic interactions between MoS2 particles and agglomerates stabilized the interface 

against agglomeration over time, which lead to the negligible decrease in initial surface pressure 

over 12.5 h (Figure A.3b). Again, this dynamic was in contrast to the continuous agglomeration 

observed in graphitic systems shown in Figure 3.7 over times of as small as 2.5 h.  

In summary, the dynamics of MoS2 particles at an air-water interface appear to be 

governed by a balance of strong, attractive forces (electrocapillary, line tension, capillary) and 

electrostatic repulsions. Particle stacking is also possible at high particle surface coverages. 

Particle surface charge adds an additional degree of complexity to this system in comparison to 

graphene and graphite particles at an air-water interface and needs to be accounted for in future 

work in systems of polar 2D materials at fluid-fluid interfaces.  
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APPENDIX B 

GRAPHITIC PARTICLES AT OIL-WATER INTERFACES 

 

A brief section of preliminary work has been performed on understanding how the 

dynamics of graphene and graphite particles differ at an air-water versus an oil-water interface. 

The same suspension of graphitic particles that was used in Chapter 3 was also used in these 

preliminary measurements. Figure B.1 displays preliminary data comparing a set of compression 

curves of graphene and graphite spread at an air-water interface (red curves) versus at a heptane-

water interface (black curves) at the same Γ0. It is instantly apparent that the hysteretic behavior 

of graphitic interfaces at these two interfaces is significantly different. Compression curves of 

graphene and graphite at a heptane-water interface (black curves) display minimal hysteresis 

between consecutive compressions implying that the interface is able to relax back to its initial 

state during the time it takes for one expansion to happen (~13 min). This is much faster than 

that observed with the material at an air-water interface (>10 h, Figure 3.7). The exact 

mechanism for this observation is not fully understood but is expected to find its roots in 

capillary interactions.  

 

 

Figure B.1 Compression curves of graphene and graphite particles at an air-water (red curves) 
and heptane-water (black curves) interface. Data from air-water interface is same as in Figure 
3.4a for high initial surface coverage.  
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 The slopes for the two data sets in Figure B.1 are significantly different, which can be 

related to the interactions between particles. Following Figure A.2, a Volmer EoS analysis was 

performed to obtain a preliminary understanding of the relative magnitude of lateral interactions 

for graphitic material at an air-water and heptane-water interface. The Volmer EoS was fit to the 

first compression curves of data obtained at a heptane-water (H-W) interface and an air-water 

(A-W) interface, and the results are displayed in Figure B.2.68 The same value of ω0 = 0.091 nm2 

was used in both fittings, while ω and Πcoh were allowed to vary. Final values that achieved the 

best fit for the A-W and H-W data sets can be seen in the inset of Figure B.2. The value of Πcoh 

obtained for the graphitic material at an air-water interface is more than one order of magnitude 

greater than that obtained from fitting the Volmer EoS to data obtained at a heptane-water 

interface. This implies there is a stronger attraction between graphitic material at an air-water 

interface and is consistent with what is expected because of the larger surface tension of the air-

water interface leading to stronger capillary interactions. A lower Πcoh for the fitted H-W data is 

also consistent with the observations discussed above, as weaker capillary interactions at a 

heptane-water interface could help reduce hysteresis during compression-expansion 

measurements because of less interfacial consolidation. The dynamics could also be influenced 

by “lubrication” of heptane molecules that could become trapped between graphene and graphite 

particles and promote detachment of aggregated particles. 

 

 

Figure B.2 Volmer EoS analysis of first compression curves in Figure B.1 for graphitic particles 
at a heptane-water interface (red squares) and at an air-water interface (black triangles). Inset 
gives parameters that provided best fit to the data.  
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 Preliminary work has also been performed that investigated the claims of spontaneous 

exfoliation of graphite into graphene particles when graphite particles are present at the interface 

between two immiscible fluids.70,308 The hypothesis of spontaneous exfoliation at a fluid-fluid 

interface manifested from the thermodynamic argument that the free-energy of the heptane-water 

interface is lowered when the interface is populated with particles (E1 to E2 in Figure B.3a).70 

However, we identified in Chapter 6 that it is thermodynamically favorable for graphene 

particles to stack into multilayers at a fluid-fluid interface, shown again in Figure B.3a, and that 

there is a steep energy barrier preventing particle exfoliation, which is opposite of what has been 

proposed in previous reports in the literature.70,276,308,309 Thus, there is a discrepancy between our 

results and those seen previously by other groups.  

 To investigate the extent of potential spontaneous exfoliation of graphite into graphene 

particles, we placed bulk graphite (Asbury Carbons Grade 3061) at a quiescent heptane-water 

interface and observed a single region for 60 min using IRM (Figure B.3b). Note that you can 

see individual flakes of graphene on top of the large graphite particles. We did not observe 

concrete evidence of significant graphene exfoliation from bulk graphite particles as the region 

of interest did not appear to become any more concentrated with graphene particles. While this 

does not mean exfoliation cannot occur spontaneously, the mechanism by which particles are 

exfoliated at a heptane-water (or other fluid-fluid interface) likely comes from the mechanical 

energy imparted to the system through ultrasonication70 or mechanical agitation,308 and the 

kinetics of graphene exfoliation at a quiescent fluid-fluid interface are significantly slower than 

these previous reports.70,308 
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Figure B.3 a) Schematic of free-energy diagram of graphene particles at a fluid-fluid interface. b) 
Time lapse IRM images of graphite particles at a heptane-water interface. 
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APPENDIX C 

DERIVATION OF OPTICAL THEORY FOR IRM CONTRAST 

Reproduced from Supporting Information of ACS Nano Manuscriptv 

 

The generalized transfer matrix method was used to derive equation 4.1 in the main 

text.189,238 Figure C.1 depicts the interfaces and layers used to model light propagation through 

our system. Incident light enters the system through the water immersion layer at a wavelength  

= 532 nm. Subscript indices represent light propagating from medium i to medium j. 

 

 

Figure C.1 Schematic of the layers and interfaces between media used to derive equation 4.1. 
 

We first define the transfer matrices for the  and  interfaces, which are modeled as adjoining 

incoherent layers using notation from Equation 22 in Harbecke, 1986,238 and can be thought of as 

modified intensity matrices:189 

 
v Reprinted (adapted) with permission from Goggin, D.M., Zhang, H., Miller, E.M., Samaniuk, J.R., Interference 
Provides Clarity: Direct Observation of 2D Materials at Fluid-Fluid Interfaces, ACS Nano, 2020, 14, 1, 777-790. 
Copyright 2020 American Chemical Society. 



171 
 

Tα = 
1|τ01|2 ( 1 -|ρ10|2|ρ01|2 |τ01τ10|2 - |ρ01ρ10|2) (C.1) 

 

Tβ = 
1|τ12|2 ( 1 -|ρ21|2|ρ12|2 |τ12τ21|2 - |ρ12ρ21|2) (C.2) 

Interfaces  and  are modeled assuming coherent light propagation through these interfaces:237 

Tγ = 
1

τ23
( 1 ρ23

ρ23 1 ) (C.3) 

 

Tδ = 
1

τ34
( 1 ρ34

ρ34 1 ) (C.4) 

where ρij = ni - nj

ni + nj
 is the Fresnel reflection coefficient of the ij-interface, τij = 2ni

ni + nj
 is the Fresnel 

transmission coefficient of the ij-interface, and nk is the refractive index of the kth layer. The first 

task is to calculate the system transfer matrix that is composed only of the interfaces surrounding 

the coherent layer TTM
γ/δ  (i.e., the water-2D material interface , 2D material layer, 2D-material 

upper fluid interface ).189 This can be done by multiplying the transfer matrices of interfaces  

and  by the propagation matrix P3 through the 2D material: 

TTM
γ δ⁄ = TγP3Tδ

 = 1
τ23

( 1 ρ23
ρ23 1 ) (eiϕ3 0

0 e-iϕ3
) 1

τ34
( 1 ρ34

ρ34 1 ) 

= 1
τ23τ34

(eiϕ3 + ρ23ρ34e-iϕ3 ρ34eiϕ3 + ρ23e-iϕ3

ρ23eiϕ3 + ρ34e-iϕ3 ρ23ρ34eiϕ3 + e-iϕ3
)  = 

1
τ23τ34

(T11 T12
T21 T22

) (C.5) 

where ϕ3 = 2πn3d3m
λ

, and n3 is the complex refractive index of the 2D material and d3m is the 

thickness of m layers of the material multiplied by its monolayer thickness d3. Using equations 

C.3-C.8 and equation 11 from Katsidis and Siapkas,189 we can convert TTM
γ δ⁄  into a modified 

intensity matrix Tγ δ⁄ : 

Tγ δ⁄  = 
1|tγδ|2 ( 1 -|rδγ|2|rγδ|2 |tγδtδγ|2 - |rγδrδγ|2) (C.6) 
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and 

r = rγδ = 
T21

T11
(C.7) 

r' = rδγ = - T12

T11
(C.8) 

t = tγδ = 1
T11

(C.9) 

The modified intensity matrix for the system T0 4⁄  can now be calculated by multiplying all the 

modified intensity matrices (equation C.1, equation C.2, and equation C.6 with the modified 

propagation matrices of medium 1, P1 and medium 2, P2:189 

T0 4⁄ = TαP1TβP2Tγ δ⁄
 

= 1|τ01|2 ( 1 -|ρ10|2|ρ01|2 |τ01τ10|2 - |ρ01ρ10|2)(|eiϕ1|2 0

0 |e-iϕ1|2)
∙ 1|τ12|2 ( 1 -|ρ21|2|ρ12|2 |τ12τ21|2 - |ρ12ρ21|2)(|eiϕ2|2 0

0 |e-iϕ2|2)
∙ 1|tγδ|2 ( 1 -|rδγ|2|rγδ|2 |tγδtδγ|2 - |rγδrδγ|2) 

(C.10) 

Here, ϕi = 2πkidi
λ

 where i = 1 or 2, and ki is the imaginary portion of the refractive index for 

medium i. Given that the imaginary portion of the refractive index for both water310 and 

borosilicate glass (SCHOTT D263) are of order ~10-8 

(refractiveindex.info/?shelf=glass&book=SCHOTT-BK&page=BK7G18) at 532 nm, equation 

C.10 can be simplified: 
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T0 4⁄ = 1|τ01|2 ( 1 -|ρ10|2|ρ01|2 |τ01τ10|2 - |ρ01ρ10|2) 1|τ12|2 ( 1 -|ρ21|2|ρ12|2 |τ12τ21|2 - |ρ12ρ21|2) ∙
1|tγδ|2 ( 1 -|rδγ|2|rγδ|2 |tγδtδγ|2 - |rγδrδγ|2) 

= 1|τ01|2|τ12|2|tγδ|2 ∙ ( 1 - |ρ10|2|ρ12|2 - |r|2|ρ21|2 - B∙|r|2|ρ10|2 -|r'|2 + |r'|2|ρ10|2|ρ12|2 - C∙|ρ21|2 - B∙C∙|ρ10|2|ρ01|2 + A∙|ρ12|2 - |r|2|ρ01|2|ρ21|2 + A∙B∙|r|2 -|r'|2|ρ01|2 - A∙|r'|2|ρ12|2 - C∙|ρ01|2|ρ21|2 + A∙B∙C
) 

= 1|τ01|2|τ12|2|tγδ|2 (T11
0/4 T21

0/4

T21
0/4 T22

0/4) 

(C.11) 

 

We know the reflectance of the system R is given by:189 

R = T21
0 4⁄

T11
0 4⁄  = |ρ01|2 + A∙|ρ12|2 - |r|2|ρ01|2|ρ21|2 + A∙B∙|r|2

1 - |ρ10|2|ρ12|2 - |r|2|ρ21|2 - B∙|r|2|ρ10|2 (C.12) 

Through algebra, we finally arrive at equation 4.1 in the main text representing the expected reflected light intensity I of IRM images: 

I = [  
 |ρ01|2 + A∙|ρ12|2 + A∙B∙ |T21

T11
|2  - |ρ01|2∙|ρ21|2∙ |T21

T11
|2

1 - |ρ10|2∙|ρ12|2 - |ρ21|2∙ |T21
T11

|2  - B∙|ρ10|2∙ |T21
T11

|2 ]  
 

∙II (C.13)
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APPENDIX D 

DERIVATION OF 2D VAN DER WAALS FORCE 

Reproduced from Supplementary Information of ACS Nano manuscript 

 

Let us begin by assuming the radii of particles 1 and 2 (R1 and R2) are much greater than 

the edge-to-edge separation distance D, the particles are large enough that the atomic interactions 

are a continuum (rather than discrete atomic interactions), and van der Waals interactions are 

dominant. We can then determine the interaction of one atom of carbon at location z = 0 with a 

large plane of graphene having the edge nearest the carbon atom at z = D. The number of carbon 

atoms within a square area be given by 2r(dxdz), which are a distance r = (z2 + x2)1/2 from the 

lone carbon atom. The interaction energy W(D) can then be determined as follows: 

W(D) = -2ρC ∫ dz
∞

z=D

∫ dx
rn

∞

x=0

 

= -2ρC ∫ dz
∞

z=D

∫ dx(z2 + x2)n 2⁄∞

x=0

(D.1) 

where n = 6 for van der Waals interactions and C is the van der Waals coefficient. Substitution 

and evaluating the integrals leads to  

W(D) = 
-3πρC
32D4 (D.2) 

Equation D.2 gives the interaction energy for a single atom interacting with all other carbon 

atoms in a line. From this, we can then calculate the interaction energy between two planes 

oriented in an edge-to-edge manner, per unit length, with the near edges of the two planes being 

located at z = 0 and z = D, respectively. The number of carbon atoms in an infinitesimally thin 

strip is given by 2rldz. The interaction energy per unit length W(D)line can then be calculated by 

evaluating the integral in equation D.3 

W(D)line = ∫ -3πρ2C
32z4

∞

z=D

∙2ldz (D.3) 

Evaluating the integral and dividing equation D.3 by 2l gives the interaction energy per unit 

length between two lines,  
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W(D)line = 
-πρ2C
32D3 (D.4) 

The force between two flat lines per unit length is intimately related as 

F(D)line = 
-d[W(D)line]

dD
 = 

-3πρ2C
32D4 (D.5) 

Using a modification of the Derjaguin approximation33, one can then calculate the van der Waals 

force between two discs F(D)disc. We assume the half-chord x1 ≅ x2 = x, and from the chord 

theorem we know x2 ≈ 2R1z1 ≅ 2R2z2. We can see that Z = z1 + z2 + D = 
x2

2R1
 + x2

2R2
 + D = 

x2

2
( 1

R1
 + 

1
R2

)  + D, and thus, dZ = xdx ( 1
R1

 + 1
R2

) and dZ = dD. Using these relations, the van der 

Waals force between two discs aligned in an edge-to-edge manner is then given by the integral 

F(D)disc = ∫ 2dxF(Z)line

∞

Z=D

 

= 2 ∫ ( R1R2

R1 + R2
) dZ

x
F(Z)line

∞

Z=D

(D.6) 

From the relations between Z and D above, we know x = [2(z - D) ( R1R2
R1 + R2

)]1 2⁄
. Substituting the 

relation for x into equation D.6 gives 

F(D)disc = 2 ( R1R2

R1 + R2
) ∫ dZ[2(z - D) ( R1R2

R1 + R2
)]1 2⁄∞

Z=D

F(Z)line

= 2√2
( R1R2

R1 + R2
)1

2⁄ ∫ dZ(Z - D)1 2⁄∞

Z=D

F(Z)line (D.7)

 

Substituting equation D.5 in equation D.7 gives  

F(D)disc = -3πρ2C
16√2

( R1R2

R1 + R2
)1 2⁄ ∫ dZ

Z4(Z - D)1 2⁄
∞

Z=D

 = α ∫ dZ
Z4(Z - D)1 2⁄

∞

Z=D

(D.8) 

Where  = 
-3πρ2C
16√2

( R1R2
R1 + R2

)1 2⁄
. Evaluating this integral gives  

F(D)disc = α [  
  5 tan-1 (√Z - D√D

)
8D7 2⁄  + 

√Z - D(8D2 + 10DZ + 15Z2)
24D3Z3 ]  

  
Z=D

∞ (D.9) 
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Evaluating the limits of integration gives us  

F(D)disc = 
-15π2ρ2C

256√2D7 2⁄ ( R1R2

R1 + R2
)1

2⁄ (D.10) 

We know the Hamaker constant AH = 22C, but  in AH is in terms of volume density while  in 

equation D.10 is in terms of area density. Thus, we need to relate AH to the 2D nature of our 

problem. We can do this by examining the unit cell of graphene, under the assumption that the 

unit cell takes on a hexagonal shape. We know the area of a regular hexagon is A = 3√3
2

l2, where 

l is the length of one of the sides of the hexagon (i.e., a C=C bond). We also know the volume of 

a hexagonal prism is V = A∙h, where h is the interlayer spacing (i.e., thickness) of graphene 

(0.34 nm). The area density is given by 2D = 1/A, while the volume density is given by 

3D = 1/V = 1/(A∙h). Thus, 2D = 3D∙h. Substituting this back into the  in equation D.10 gives us 

22C = 2(3D∙h )2C = AH∙h2, and we then see equation D.11 aligns with equation 5.2 in the 

main text to give us the van der Waals force between two, 2D discs interacting in an edge-to-

edge manner 

Fdiscs = −15AHh2√( R1R2
R1 + R2

)
256√2D7 2⁄ (D.11) 
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APPENDIX E 

FURTHER DETAILS REGARDING RESULTS IN CHAPTER 5 

Reproduced from Supplementary Information of ACS Nano manuscript 

 

E.1 Patterning of Monolayer MoS2 by Photolithography 

2D materials with a chemistry different from graphene could also be patterned into 

particles with the desired shape and size (Figure E.1). A similar photolithographic process was 

followed for patterning a film of monolayer MoS2 (received from the Chemistry and 

Nanoscience Center at the National Renewable Energy Laboratory (NREL), grown in a similar 

manner as in Ref 164) into triangular particles. The particles were patterned directly on the 

sapphire wafer without the need for a PDMS/glass substrate, and backside MoS2 was not 

removed prior to patterning. Photoresist was added in excess to the sample without overflow 

from the edge of the sapphire wafer and then spin-coated using the same three-step process 

outlined in section 5.2.2. Resist that had adhered to the bottom of the wafer during spin coating 

was removed with an acetone swab and then soft baked at 100 °C for 60 s. A transparency mask 

(CAD/Art Services, Inc., OR, USA) was used to pattern the triangle features shown in Figure 

E.1. Hard contact between the mask and sample was made, and the sample was subjected to an 

exposure dose of 150 mJ/cm2. The sample was developed in AZ 300 MIF for 60 s, rinsed in 

ultrapure water, and then dried with nitrogen. Exposed MoS2 was removed using the same RIE 

parameters as in the main text (30 W, 200 mTorr, 40 sccm Ar, 10 sccm O2, 90 s etch time). 

Photoresist was removed in hot NMP, and cleaned with acetone, ethanol, and ultra-pure water. 

An attempt was made to transfer the sample from the sapphire wafer to a Cu foil in order to get 

the particles to a fluid-fluid interface, as done previously in Ref 164, but was unsuccessful due to 

incomplete etching of the sapphire wafer surface to release the MoS2 particles. However, this is a 

minor issue that can be easily corrected for in future attempts. The main result is that the 

lithographic process is transferrable across different types of 2D materials, which can ultimately 

be used to tune chemistry-based interactions. This is expected to influence self-assembly 

behavior significantly, as preliminarily observed in our previous work.164 
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Figure E.1 Patterning of monolayer MoS2 by photolithography. IRM images of monolayer MoS2 
before processing (as received), after photolithography (triangles are regions of photoresist, 
bright background is monolayer MoS2), and after removing excess MoS2 and removing the 
photoresist (bright triangles are monolayer MoS2 on dark sapphire substrate). Scale bars are 100 
m. 
 

E.2 Bond Number Analysis of Graphene Particles at an Air-Water Interface 

The Bond number is a dimensionless parameter that characterizes the ratio of gravitational forces 

to capillary or surface stress forces and is given by34 

Bo = 
∆ρgLc

2

γ
(E.1) 

where  is the difference in density between the particle (particle = 2.26 kg/m3) and lower fluid 

phase (i.e., water, particle = 0.997 kg/m3), g is the gravitational acceleration constant, Lc is a 

characteristic dimension of the particle (i.e., diameter), and  is the surface tension of the fluid-

fluid interface. As the Bond number was developed for spherical droplets or bubbles, we need to 

use equation E.2 in the section below to obtain a value for Lc for our disc-like particles by 

relating the mass found in one of our graphene discs with radius r to that found in a graphene 

“sphere” with a radius of rsphere. Using a value of r = 12.5 m for our graphene particles analyzed 

in Fig. 2a, we find the radius of a graphene sphere with the same mass as that in a 25 m 

diameter disc is rsphere = 342 nm = dsphere/2. By substituting the diameter of the hypothetical 

graphene sphere dsphere into Lc in equation E.1, along with the values for graphite density and 

water given above, and  = 72 mN/m for an air-water interface, we find that the Bond number of 

a 25 m diameter monolayer graphene disc is ~8×10-11 ≪ 1. This implies there are negligible 
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energetically unfavorable deformations (i.e., monopoles) induced in the air-water interface due to 

the mass of the graphene particles.  

E.3 Comparison of Mass of Graphene Disc to Graphene “Sphere” 

 If we assume a graphene disc can be modeled as an atomically-thin cylinder with radius 

rcyl, then we can relate the mass within a monolayer graphene disc to a graphene “sphere” of 

similar mass that has a radius rsphere. The mass in a graphene disc is given by mdisc = (rcyl
2 h), 

where h is the thickness of a graphene monolayer, and the mass in a sphere is given by 

msphere = (
4
3
rsphere

3 ). If we let mdisc = msphere and solve for rsphere, we find the radius of the 

corresponding “sphere” of graphene that has the same mass as a graphene disc with radius rcyl 

rsphere = √3
4 rcyl

2 h
3 (E.2) 

Using rcyl = 25 m and h = 0.34 nm, we find the total mass of a 50 m diameter monolayer 

graphene disc could fit inside a 1.08 m diameter graphene “sphere”. 
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APPENDIX F 

PARTICLE FABRICATION PARAMETER MATRICES 

 
Table F.1 Parameter matrix for optimizing photolithography process. 
Date 
(all in 
2020) 

Particle Size, 
Shape 

Spin Recipe Soft Bake 
Temp (°C) 

Soft 
Bake 
Time 

(s) 

Exposure 
Dose 

(mJ/cm2) 

Contact 
with 
Mask 

PEB 
Temp 
(°C) 

PEB 
Time 

(s) 

Develop 
Time (s) 

Particle Result 

 

 

          

5/3 25 hex DMG15121 100 90 202 
 

-- -- 45 Good 
 

25 tri DMG15121 100 90 197 
 

-- -- 45 Good 
 

25 disc DMG15121 100 90 202 
 

-- -- 45 Good 
           

5/11 25 square DMG15121 100 90 197 
 

-- -- 45 Good 
 

25 hex DMG15121 100 90 202 
 

-- -- 45 ½ Good 
 

25 tri DMG15121 100 90 200 
 

-- -- 45 Limited Good 
 

25 disc DMG15121 100 90 198 
 

-- -- 45 Great  
           

 
5 disc DMG15121 100 90 125 

 
-- -- 45 Good 

 
10 disc DMG15121 100 90 150 

 
-- -- 45 Good 

 
50 disc DMG15121 100 90 251 

 
-- -- 45 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

5/31 50 hex 1 EE DMG15121 100 90 250 Hard, 

until int. 

fringes 

gone 

-- -- 45 Good 

 
50 disc 2 EE DMG15121 100 90 201 Hard, 

until int. 

fringes 

gone 

-- -- 45 Good 

 
25 disc 2 EE DMG15121 100 90 198 Hard, 

int. 

fringes 

½ across 

-- -- 45 Good 

       
-- -- 

  

6/11 50 hex 1 EE DMG15121 100 90 276 Contact, 

no 

resistanc

e 

-- -- 45 Under in mid, 

good on edges 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex 1 EE DMG15121 100 90 276 Contact, 

some 

resistanc

e 

-- -- 45 Ok 

 
50 disc 2 EE DMG15121 100 90 201 Contact, 

no 

resistanc

e 

-- -- 45 Ok 

 
25 Disc 2 EE DMG15121 100 90 200 Contact, 

resistanc

e 

-- -- 45 Good ½ 

       
-- -- 

  

6/14 50 hex DMG15121 100 90 100 No 

contact 

-- -- 60+15+

15 (90 

total) 

Ok, a lot of 

resist removed 

immediately 
 

50 hex DMG15121 100 90 102 Barely 

contact 

-- -- 60 Ok particles 

underdeveloped 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 101 Contact, 

significa

nt 

resistanc

e 

-- -- 60 Mid 

183oronoi183

183ed, better 

than ones above 

 
50 hex DMG15121 100 90 75 Contact, 

significa

nt 

resistanc

e 

-- -- 60+30+

60 (150 

total) 

Awesome, but 

not sure if dose-

to-clear 

 
50 hex DMG15121 100 90 101 Contact, 

significa

nt 

resistanc

e 

-- -- 60 Awesome, but 

not sure if dose-

to-clear 

 
50 hex DMG15121 100 90 126 Contact, 

no int., 

-- -- 60 Great, very 

sharp hex, looks 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

felt 

resistanc

e 

like most resist 

removed 

 
50 hex DMG15121 100 90 149 Contact, 

no int., 

felt 

resistanc

e 

-- -- 60 Great, very 

sharp hex, looks 

like most resist 

removed 

       
-- -- 

  

6/20 50 hex DMG15121 100 90 252 No 

contact, 

no int.  

-- -- -- Overexposed 

 
50 hex DMG15121 100 90 200 Contact 

w/ 

PDMS 

not 

resist 

-- -- -- Slight 

overexposed 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

       
-- -- 

  

6/22 50 hex DMG15121 100 90 151 Slight 

resistanc

e 

-- -- 90 Good 

 
50 hex DMG15121 100 90 201 Slight 

resistanc

e 

-- -- 90 Good 

 
50 hex DMG15121 100 90 250 Slight 

resistanc

e 

-- -- 90 Good 

 
50 hex DMG15121 100 90 298 Slight 

resistanc

e 

-- -- 90 Some 

overexposed, 

others good 
       

-- -- 
  

7/8 50 hex DMG15121 100 90 229 Contact 

(light) 

-- -- 90 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 254 Contact, 

saw int. 

fringes 

at edges 

-- -- 90 Good 

 
50 hex DMG15121 100 90 253 Contact, 

maybe a 

bit softer 

-- -- 90 Not good 

 
50 hex DMG15121 100 90 274 Contact, 

maybe a 

bit 

harder 

-- -- 90 Good 

       
-- -- 

  

7/10 50 hex DMG15121 100 90 249 Contact, 

but not 

with 

resist 

-- -- 90 -- 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 250 Contact, 

saw 

resist 

touch, 

moved 

until 

resistanc

e 

-- -- 90 Good 

 
50 hex DMG15121 100 90 300 Contact, 

saw 

resist 

touch, 

moved 

until 

resistanc

e 

-- -- 90 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 246 HARD 

Contact, 

not with 

resist 

-- -- 90 Not good 

       
-- -- 

  

7/11 50 hex DMG15121 100 90 350 Hard 

contact, 

not with 

resist 

-- -- 90 Ok 

 
50 hex DMG15121 100 90 401 Hard 

contact, 

resist 

touched 

(some of 

it) 

-- -- 90 Better 

 
50 hex DMG15121 100 90 461 Hard, 

some of 

-- -- 90 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

resist 

touch 
 

50 hex DMG15121 100 90 496 Hard, 

corners 

of resist 

touch 

-- -- 90 Good 

       
-- -- 

  

7/12 50 hex DMG15121 100 90 705 Contact 

with 

resist 

-- -- 90 Good 

 
50 hex DMG15121 100 90 801 Contact 

with 

resist 

-- -- 90 Good 

 
50 hex DMG15121 100 90 1210 Contact 

with 

resist 

-- -- 90 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 1991 Contact 

with 

resist 

-- -- 90 Good 

 
50 hex DMG15121 100 90 988 Soft 

contact, 

not with 

resist 

-- -- 90 Not Good 

 
50 hex DMG15121 100 90 2151 Contact 

with 

resist, 

minor 

resistanc

e 

-- -- 90 Good 

       
-- -- 

  

7/15 50 hex DMG1505 100 60 202 Hard, w/ 

20x, felt 

-- -- 60 Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

resistanc

e 
 

50 hex DMG1505 100 60 301 Same -- -- 60 Good 
 

50 hex DMG1505 100 60 506 Same -- -- 60 Good 
           

7/21 50 hex DMG15121 100 60 506 Hard w/ 

20x 

110 120 90 Good, but 

maybe 

underdeveloped 
 

50 hex DMG15121 100 60 1020 Same 110 120 90 Good, but 

maybe 

underdeveloped 
 

50 hex DMG15121 100 60 1020 Same 110 240 90 Good, but 

maybe 

underdeveloped 
 

50 hex DMG15121 100 60 1028 Soft, 

resist 

not in 

110 240 90 Not Good, 

overexposed 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

focus 

with 

hexagon

s 
           

 
50 hex DMG15121 100 60 256 Hard 

with 20x 

110 240 90 Good, ‘ring’ in 

center, maybe 

fully exposed? 
 

50 hex DMG15121 100 60 256 Hard 

with 20x 

110 120 90 Good 

           

8/4 50 hex DMG15121 100 60 296 Hard 

with 20x 

110 180 90 OK particles, 

maybe too long 

of bake in 

middle 
 

50 hex DMG15121 100 60 294 Hard 

with 20x 

110 90 90 Ok 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

*** 

Recle

aned 

the 

backs

ide of 

these 

4 

sampl

es 

with 

RIE 

for 90 

s 

50 hex DMG15121 100 60 151 No 

contact 

110 90 60 Not good 

 
50 hex DMG15121 100 60 196 Very 

slight 

contact 

110 90 90 Ok 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

           

8/6 50 hex DMG15121 100 90 506 Hard 

contact 

w 20x, 

felt 

resistanc

e & 

stopped 

110 90 90 Ok particles 

(might be 

overexposed) 

*** 

Si 

wafer 

          

           

8/7 50 hex DMG15121 100 90 500 Hard w 

20x, felt 

resistanc

e & 

stopped 

-- -- 5 min Ok, some 

overexposed but 

contact wasn’t 

greatest 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15121 100 90 517 Same, 

but went 

up 2 

more 

turns 

-- -- 10 min Better, some 

over exposed 

 
50 hex DMG15121 100 90 250 Same as 

2 

-- -- 10 min Better again 

 
50 hex DMG15121 100 90 251 Same as 

2 

-- -- 10 min Ok, some 

overexposed  
           

8/12 50 hex DMG15122 100 90 251 Hard w 

20x, felt 

resistanc

e, went 

up 2x 

more 

110 30 20 min Over 

developed, 

almost no 

particles left 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

 
50 hex DMG15122 100 90 253 Same 110 30 10 min Some left, but 

not great; 

maybe 

overdeveloped 
 

50 hex DMG15122 100 90 253 Same, 

but 5x 

more 

110 30 5 min Good 

 
50 hex DMG15122 100 90 253 Same, 

but 2x 

more 

110 30 7.5 min Good 

 
50 hex DMG15122 100 90 255 Same 

but 4x 

more 

110 30 5 min Great 

 
50 hex DMG15122 100 90 254 Same 

but 5x 

more 

110 30 5 min Good 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

8/19 50 hex DMG15122 100 90 249 Hard @ 

20x, 5x 

more 

after 

resistanc

e 

110 30 5 min Great 

*** 

Notic

ed 

that 

exten

ded 

backs

ide 

RIE 

event

ually 

50 hex DMG15122 100 90 249 Same as 

above 

110 30 5 min Great 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

spills 

over 

to 

front 

side 

and 

cause

s 

defect

s to 

front 

of 

sampl

e! 
 

50 hex DMG15122 100 90 247 Same as 

above, 

sample 

110 30 5 min Great 
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Table F.1 Continued. 

Date 

(all in 

2020) 

Particle Size, 

Shape 

Spin Recipe Soft Bake 

Temp (°C) 

Soft 

Bake 

Time 

(s) 

Exposure 

Dose 

(mJ/cm2) 

Contact 

with 

Mask 

PEB 

Temp 

(°C) 

PEB 

Time 

(s) 

Develop 

Time (s) 

Particle Result 

started 

to ‘slide’ 

after 

going up 

after 

resistanc

e felt 

 

 

 

 
Table F.2 Parameter matrix for optimizing reactive ion etching process. 

Date  # Samp. In Chamber Power 
(W) 

Pressure 
(mTorr) 

% 
Ar 

% 
O2 

Etch 
Time (s) 

Result, Notes 

5/3/2020 3 31 200 12 4 90 Ok, crumpled particles though 
 

3 31 200 12 4 90 Ok, crumpled particles, good region though 
 

3 31 200 12 4 90 Ok, crumpled particles, good region though 
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5/11/2020 3 30 200 12 4 90 Good particles but stuck in either resist or 

residual graphene – based on IRM images, 

looks like resist 
 

3 30 200 12 4 90 Ok, not great but not stuck in resist 
 

3 30 200 12 4 90 -- 
 

3 30 200 12 4 90 Ok, not great but not stuck in resist 
        

 

 

 

 

 

Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

 
3 30 200 12 4 90 Good 

 
3 30 200 12 4 90 Good 

 
3 30 200 12 4 90 Good, some fragments but overall good 

        

5/31/2020 3 30 200 12 4 90 Not good, most still stuck in graphene 
 

3 30 200 12 4 90 -- 
 

3 30 200 12 4 90 -- 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

        

6/11/2020 2 30 200 12 4 90 Not good 
 

2 30 200 12 4 90 Not good 
 

2 30 200 12 4 90 -- 
 

2 30 200 12 4 90 -- 
        

6/14/2020 
       

        

        

        

 
3 30 200 12 4 90 Not good, still a lot stuck in graphene, many 

fragments 
 

3 30 200 12 4 90 Not good, still a lot stuck in graphene, many 

fragments 
 

3 30 200 12 4 90 Not good, still a lot stuck in graphene, many 

fragments 
        

6/20/2020 
       

        

        

6/22/2020 
       



202 
 

Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

        

 
1 31 200 12 4 90 Not good, still had residual graphene 

 
1 49 500 13 80 60 Raman indicates ‘messy’ graphene as indicated 

by no 2D peak, but broad D/G peaks 
        

7/8/2020 1 50 300 15 21 180 Maybe color change @45-60 s 
 

1 50 300 15 21 120 
 

        

 
1 50 300 15 21 90 Color change from light blue to purple over 1st 

10-15 s, Raman shows residue still 
        

7/10/2020 
       

 
1 49 300 15 21 90 Raman showed residual carbon (G and D peaks, 

broad) that decreased as laser was fixed on 

them 
 

1 
      

        

        

7/11/2020 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

 
1 49 300 15 21 90 Raman showed residual carbon (G and D peaks, 

broad) that decreased as laser was fixed on 

them 
        

 
1 49 300 15 21 90 Raman showed residual carbon (G and D peaks, 

broad) that decreased as laser was fixed on 

them 
        

7/12/2020 1 49 300 15 21 90 Raman showed residual carbon (G and D peaks, 

broad) that decreased as laser was fixed on 

them 
 

1 49 300 15 21 90 Raman showed residual carbon (G and D peaks, 

broad) that decreased as laser was fixed on 

them 
        

        

        

 
2 49 303 15 21 90 

 

        

7/15/2020 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

        

 
1 49 300 15 21 90 Broad G & D peaks in Raman → Need to 

develop longer 
        

7/21/2020 
      

Still have resist even before RIE 
       

Still have resist even before RIE 
       

Still have resist even before RIE 
       

Still have resist even before RIE 
        

       
Still have resist even before RIE 

       
Still have resist even before RIE 

        

8/4/2020 
       

        

*** 

Recleaned 

the 

backside 

of these 4 

samples 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

with RIE 

for 90 s 
        

        

8/6/2020 
      

Raman showed no residual resist in interstitials 

on the Si wafer! 

*** Si 

wafer 

       

        

8/7/2020 
      

Raman still a lot of resist in interstitials 
 

1 49 300 15 21 90 Raman says resist ~ removed; still stuck in 

some residual graphene, a lot of fractured 

pieces 
       

Raman suggests most resist removed but not 

around edges 
        

        

8/12/2020 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

 
1 49 300 15 21 300 Before RIE: Appears to be developed all 

through from Raman; After RIE: Maybe still 

residual graphene; A-W: Yes, still a sea of 

residual graphene, but also appears as if didn’t 

fully remove backside??? 
 

1 99 300 0 40 60 x2 

(120 

total) 

No removal during first 60 s of RIE, but after 

2nd round it looked like all was removed. Tried 

to clean backside with RIE to remove residual 

from backside but d’dn't see particles at 

interface. Might have etched front on accident 

as well 
 

1 99 300 0 40 60 x2 

(120 

total) 

No removal during first 60 s of RIE, but after 

2nd round it looked like all was removed. Tried 

to clean backside with RIE to remove residual 

from backside but d’dn't see particles at 

interface. Might have etched front on accident 

as well 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

8/19/2020 1 99 300 0 40 120 Raman after RIE: sample has ~ some residual 

resist but OK; A-W: Got rid of backside! Still 

had a lot of excess fragments in the sample 

though, which could be fragments from larger 

sheets or just not getting etched 

*** 

Noticed 

that 

extended 

backside 

RIE 

eventually 

spills over 

to front 

side and 

causes 

defects to 

front of 

sample! 

1 31 200 12 4 300 Raman after RIE: looks like it should be 

completely etched! And shapes did not change 

during etch! A-W: Still had a lot of fragments 

at the interface though… try ‘o 'c’ok' sample 

under O2 for extended period of time next 
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Table F.2 Continued. 

Date # Samp. In Chamber Power 

(W) 

Pressure 

(mTorr) 

% 

Ar 

% 

O2 

Etch 

Time (s) 

Result, Notes 

 
1 99 300 0 40 600 Raman after RIE: Hexagons were removed 

from basically entire sample even before NMP 

strip…But still had some broad D&G peaks 

present. A-W: Worse than above- looks like I 

d’dn't remove any graphene as there were large 

islands (>1 mm2) present at interface, and 

many of them. 
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APPENDIX G 

DERIVATION OF THERMODYNAMIC RELATION FOR STACKING 

Reproduced from the Supporting Information of The Journal of Physical Chemistry C 

manuscriptw 

 

 Assume that two monolayer graphene particles,  and  have adopted a laterally 

aggregated state while situated at the interface between a lower fluid (fluid 1) and an upper fluid 

(fluid 2, Figure G.1). The interfacial free-energy associated with this initial laterally aggregated 

state E1 is given by  

E1 = γα1Aα1 + γα2Aα2 + γβ1Aβ1 + γβ2Aβ2 (G.1) 

where ijAij is the surface energy associated with the interface between phase i and phase j, given 

by the product of the surface tension ij and surface area Aij of the respective two-phase interface. 

Note the sign of each surface energy is positive because the presence of an interface between two 

phases is energetically unfavorable. We can now examine the interfacial free-energy associated 

with the vertically stacked state E2 of the particles in reference to the initial laterally aggregated 

state 

E2 = γα1Aα1 + γαβAαβ + γβ2Aβ2 + γ12A12 (G.2) 

and see the emergence of a term associated with the free-energy of the graphene-graphene 

interface, A, and of a term associated with the fluid-fluid interface, 12A12. By taking the 

difference in free-energies E = E2 – E1, and assuming that the surface area A of each interface 

(i.e., particle surface area) is the same, we arrive at the thermodynamic relation describing the 

energetics of monolayer graphene particles stacking at a fluid-fluid interface 

∆E = (γαβ + γ12 - γα2 - γβ1) A (G.3) 

If the sum of the surface tensions of the graphene-fluid 2 and graphene-fluid 1 interfaces are 

greater than the sum of the surface tensions of the graphene-graphene and fluid 1-fluid 2 

interfaces, then the change in free-energy E < 0 and will be energetically favorable.  

 

 
w Reproduced with permission of co-authors. Permission given in Appendix K.  
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Figure G.1 a) Schematic of energy states for the laterally aggregated state (E1) and vertically 
stacked state (E2). b) Schematic showing surface energies corresponding to relevant interfaces in 
the system.  
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APPENDIX H 

FURTHER DETAILS REGARDING RESULTS IN CHAPTER 6 

Reproduced from the Supporting Information of The Journal of Physical Chemistry C 

manuscript 

  
Table H.1 Parameters of particles and simulation details. 

System # Sims: 
Unbiased 

# Sims: 
ABF 

Lx 
(Å) 

Ly 
(Å) 

Lz 
(Å) 

Edge 
Length 
(nm)a) 

Particle 
Surface 

Area 
(nm2) 

# Carbon 
Atoms/Particle 

# Water 
Molecules 

# Total 
Atoms 

           

Small 
Hexagonsb) 

>1 -- 124 77 90 1.97 10.1 384 9298 29190 

Large 
Hexagonsb) 

>1 -- 202 202 90 3.94 40.3 1536 40116 123612 

Large 
Hexagonsc) 

15 -- 196 105 100 1.97d) 40.3 1536 20336 64272 

8e) 15 16 121 51 90 1.97 8.96 324 6017 18795 

16e) 15 18 121 76 90 3.94 15.8 580 9025 28363 

24e) 15 17 121 95 90 5.90 22.7 836 11311 35765 

32e) -- 15 121 115 90 7.87 29.5 1092 13718 43530 

a) Edge length is defined as the preliminary orientation of the two nearest edges of the 
particles, which had a zigzag edge, and is the width of a benzene ring multiplied by the 
number of benzene rings in that edge; b) Preliminary simulations that were referred to in 
Figure 6.2c in main text where the particles were unconstrained (i.e., free rotation and 
translation). Small hexagons had 8 benzene rings along edge and large hexagons had 16 
hexagons along edge; c) System where large hexagon particles (16 benzene rings along edge) 
were oriented in corner-to-edge configuration and not allowed to rotate nor translate in the y-
direction. Corresponds to setup in Figure 6.2a in main text; d) Absolute edge length of 1.97 
nm but had a specific contact edge length of 0.14 nm, the width of a C=C bond; e) 
Rectangular particles, corresponding to setup in Figure 6.2b of the main text, with the 
number given referring to the number of benzene rings along the interacting edge. 
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Figure H.1 Red hexagon shows the average time to stack as a function of the contact edge length 
and interfacial area deformed when performing the simulation with two identical hexagons, and 
the blue squares show the average time to stack for the same independent variables as above, and 
are the values reported in the main text in Figure 6.2d. Error bars represent one standard 
deviation from the average. 
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Figure H.2 As explained in the main text, the surface area of each particle was calculated by 
neglecting the thickness of graphene and by calculating the area of only one face of a rectangular 
graphene particle. The above schematic shows how the particle surface area was calculated using 
the “16 benzene” particle, which has 16 benzene rings along its long edge L, as an example. Each 
particle was assumed to have a surface area of Apart = Arect + 2∙Atrap composed of a rectangular 
section of area Arect = LW1, where W1 ≈ 3.49 nm is the width of each particle including the 
hydrogen (H)-terminated edges, and two trapezoidal sections of area Atrap = H∙(W1 + W2)/2 ≈ 
1.05 nm2, where H ≈ 0.356 nm is the height of the trapezoidal area including the H-terminated 
edges and W2 ≈ 2.41 nm is the width of the small segment parallel to W1. The widths W1 and W2 
were held constant for each particle as these distances were greater than the cutoff distance for 
long range Lennard-Jones interactions between carbon atoms (0.85 nm) of interacting particles 
and helped decrease the size of the simulation cell for the larger particle sizes used. 
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Figure H.3 ABF-generated potential of mean force (PMF) plots also shown in Figure 6.3a of the 
main text. Each curve is labeled and corresponds to the region from 30 Å to 40 Å center-to-
center separation, denoted by vertical dotted lines. Each region is plotted separately and in 
greater detail in Figure H.4. 
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Figure H.4 Individual plots of the free-energy barrier for each PMF curve shown in Figure 6.3a 
of the main text and Figure H.3 above. The free-energy barrier was calculated by taking the 
difference between the energy values at the local minimum of each curve at ~37 Å and the local 
maximum of each curve at ~34 Å. 
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APPENDIX I 

DERIVATION OF 2D DEPLETION FORCE 

 

 In 3D, the depletion force Fdep,3D exerted on a large particle with radius R by a depletant 

particle with radius /2 (Figure I.1a) is given by the product of the osmotic pressure, 

Posmotic = n0∙kBT, and the area over which the osmotic pressure acts, A: 

Fdep,3D = n0kBTA (I.1) 

Here, n0 is the depletant number density per unit volume, kB is Boltzmann’s constant, and T is 

temperature. In 2D, the osmotic pressure becomes the surface pressure,  =  ∙kBT, which has 

units of force per unit length, and the depletant number density per unit volume becomes the 

depletant number density per unit area, . Thus, the depletion force in 2D, Fdep,2D, is the product 

of the surface pressure and the length over which the surface pressure acts. For 2D discs, we can 

solve for this force by integrating the surface pressure over the length, dl = (R + /2)d, which 

the surface pressure acts on: 

Fdep,2D = -2 ∫ Πdl

θ0

0

= -2 ∫ ΓkBT (R + 
σ
2) cos θ dθ

θ0

0

 

= -2ΓkBT (R + σ2)∫ cos θ dθ

θ0

0

 

= -2ΓkBT (R + 
σ
2) sin θ0 (I.2) 

We can solve for sin θ0 in terms of the center-to-center separation distance r using the relations 

shown in Figure I.1b to arrive at an expression for the depletion force between two, 2D discs 

given in equation I.3, valid for separation distances of 2R ≤ r < 2(R + /2): 

Fdep,2D,discs = -2ΓkBT√(R + 
σ
2)2  - (r

2)2 (I.3) 

The situation for 2D squares becomes even simpler because of the geometry 

(Figure I.1c). For this derivation, we will assume that squares are perfectly aligned in an edge-to-

edge configuration, which will give maximum force possible. We can again integrate the surface 
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pressure over the length which the surface pressure acts, in this case, l, the side length of a 

square, to find the depletion force between two, 2D squares: 

Fdep,2D,squares = - ∫ Πdl
l

0

 = - ∫ ΓkBTdl 
l

0

= -ΓkBTl (I.4) 

This result is valid for l ≤ r < (l + ) and implies that the force is not dependent on the center-to-

center separation. In other words, once the squares are closer to one another than the diameter  

of one of the depletant molecules the depletion force acts as a step function. Additionally, we can 

see that the size of the depletant molecule does not affect the magnitude of the force. Rather, 

only the depletant concentration and side length of the 2D square.  

 

 

Figure I.1 a) Schematic for modeling depletion between two, 2D discs, b) Close up of right side 
of (a), and c) Schematic for modeling depletion between two, 2D squares.  
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APPENDIX J 

MATLAB CODES FOR VARIOUS IMAGE ANALYSIS  

 

J.1 Calculating Normalized Intensity Values from IRM Images 

The following script can be used for creating normalized intensity figures similar to that 

in Chapter 4, Figure 4.45c, for example: 

%%% Refractive indices for different mediums 

n_0 = 1.52;     % Coverslip, from Li 2016 

n_1 = 1.33;     % Water or subphase 

n_3 = 1.0;      % Air or superphase 

n_2 = 2.65 - 1.27i;  % Graphene, from Li 2016 

% n_2 = 1.8;            % h-BN, from Wikipedia 

% n_2 = 5.2376;         % MoS2, from 

%https://refractiveindex.info/?shelf=main&book=MoS2&page=Beal 

  

%%% Fresnel coefficients for reflection 

r_01 = (n_0 - n_1)/(n_0 + n_1);         % Glass-water interface 

r_12 = (n_1 - n_2)/(n_1 + n_2);         % Water-graphene interface 

r_23 = (n_2 - n_3)/(n_2 + n_3);         % Graphene-superphase interface 

  

%%% Other constants to use 

lambda = 532;   % nm, incident wavelength of light 

d_1 = 1.5e6;    % nm, thickness of water layer (1e6 nm is 1 mm) 

m = 4;          % number of graphene layers 

d_2 = 0.34;    % nm, thickness of 1 graphene layer 

phi_1 = 2 * pi * n_1 * d_1 / lambda;    % Constant for water layer propagation matrix 

phi_2 = 2 * pi * n_2 * d_2 / lambda;    % Constant for graphene layer propagation matrix 

  

%%% Intensity of reflected light (theoretical) 

Incident_Intensity = 1; % W/m^2 
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%%% Create matrix to get ratios for different values of m (layers) giving rise to I/I_0  

A = zeros(2, m); 

for ii = 0:m 

    M_11(ii+1) = exp(1i .* phi_2 .* ii) .* (exp(1i .* phi_1) + r_01 .* r_12 .* exp(-1i .* phi_1)) + 

r_23 .* exp(-1i * phi_2 .* ii) .* (r_12 .* exp(1i .* phi_1) + r_01 .* exp(-1i .* phi_1)); 

    M_21(ii+1) = exp(1i * phi_2 .* ii) .* (r_01 .* exp(1i .* phi_1) + r_12 .* exp(-1i .* phi_1)) + 

r_23 .* exp(-1i .* phi_2 .* ii) * (exp(-1i .* phi_1) + r_01 .* r_12 .* exp(1i .* phi_1)); 

    reflection_coefficient(ii+1) = M_21(ii+1) ./ M_11(ii+1); 

    R(ii+1) = abs(reflection_coefficient(ii+1)).^2; 

    I(ii+1) = R(ii+1) .* Incident_Intensity; 

     

    %%% Intensity of interface without graphene 

    Intensity_Interface = abs(M_21(1) / M_11(1))^2 * Incident_Intensity; 

     

    Ratio(ii+1) = I(ii+1) ./ Intensity_Interface; 

     

    A(:, ii+1) = [ii  Ratio(ii+1)]; 

    B = A';     % Matrix with intensity ratio of intensity/incident intensity as a fraction (col 2) for 

%each layer number (col 1) 

end 

  

for jj = 1:m 

    Contrast(jj) = (I(jj) - I(jj+1)) ./ ((I(jj) + I(jj+1)) ./ 2); 

    C(:, jj) = [jj Contrast(jj)]; 

    D = C';     % Matrix with contrast as a fraction (col 2) between subsequent layers (col 1) 

end 

  

%%% ------------------------------------------------------------------- %%% 

  

%%% Input the values for the line plot of intensity profile into 'values' 
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%%% that comes from ImageJ for given line scan 

  

values(:,1) = values(:,1).*0.0639;  % Convert pixels to micrometers (100x objective) 

% values(:,1) = values(:,1).*0.0426;  % To convert pixels to micrometers (150x objective) 

  

%%% Get the average background intensity manually by picking the points 

%%% in the plot values that are near 1 (in terms of distance (pixels) from 

%%% ImageJ profile plot 

%%% e.g. If there are two places in trace where bare interface is exposed, use:  

avg_bkgd_intensity = (mean(values(1:100,2)) + mean(values(1550:end,2)))/2; % where 

%values(a:b,2) are all values in the second column up until row b 

%%% Otherwise use: 

% avg_bkgd_intensity = mean(values(800:end,2)); 

  

%%% Divide all intensity values by the average background intensity to get  

%%% I/I_0 

values(:,2) = values(:,2) ./ avg_bkgd_intensity; 

  

%%% Plot line trace from IRM image versus expected intensity based on 

%%% theory 

figure3 = figure('Color',[1 1 1]); 

plot(values(:,1),values(:,2), 'r-')     % Normalized IRM intensity values 

hold 

plot(values(:,1),B(1,2)*ones(size(values(:,1))), 'k--') % Theoretical values 

plot(values(:,1),B(2,2)*ones(size(values(:,1))), 'b.-') 

plot(values(:,1),B(3,2)*ones(size(values(:,1))), 'b.-') 

plot(values(:,1),B(4,2)*ones(size(values(:,1))), 'b.-') 

  

%%% ------------------------------------------------------------------- %%% 

  

%%% Plot Results 
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%%% Create figure 

figure2 = figure('Color',[1 1 1]); 

%%% Create axes 

axes2 = axes('Parent',figure2); 

hold(axes2,'on'); 

plot(D(:,1),D(:,2),'MarkerFaceColor','r',... 

    'MarkerEdgeColor','r',... 

    'MarkerSize',10,... 

    'Marker','v',... 

    'LineStyle','none'); 

  

%%% Create xlabel 

xlabel('Layer Number'); 

  

%%% Create ylabel 

ylabel('Contrast vs. m - 1'); 

  

%%% Set the remaining axes properties 

box(axes2,'on'); 

set(axes2,'FontName','Cambria','FontSize',20,'FontWeight','bold','XColor',... 

    [0 0 0],'XTick',[0 1 2 3 4],'XTickLabel',{'0','1','2','3','4'},'YColor',... 

    [0 0 0],'YTick',[0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7],... 

    'YTickLabel',... 

    {'0', '0.05', '0.1', '0.15', '0.2', '0.25', '0.3', '0.35', '0.4', '0.45', '0.5', '0.55', '0.6', '0.65', '0.7'},... 

    'ZColor',[0 0 0]); 

  

%%% ------------------------------------------------------------------- %%% 

  

%%% Plot Results for intensity 

%%% Create figure 

figure1 = figure('Color',[1 1 1]); 
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%%% Create axes 

axes1 = axes('Parent',figure1); 

hold(axes1,'on'); 

plot(B(:,1),B(:,2),'MarkerFaceColor','r',... 

    'MarkerEdgeColor','r',... 

    'MarkerSize',10,... 

    'Marker','v',... 

    'LineStyle','none'); 

  

%%% Create xlabel 

xlabel('Layer Number'); 

  

%%% Create ylabel 

ylabel('I / I_0'); 

  

%%% Set the remaining axes properties 

box(axes1,'on'); 

set(axes1,'FontName','Cambria','FontSize',20,'FontWeight','bold','XColor',... 

    [0 0 0],'XTick',[0 1 2 3 4],'XTickLabel',{'0','1','2','3','4'},'YColor',... 

    [0 0 0],'YTick',[0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1],... 

    'YTickLabel',... 

    {'0.5','0.55','0.6','0.65','0.7','0.75','0.8','0.85','0.9','0.95','1'},... 

    'ZColor',[0 0 0]); 

J.2 Analysis of Self-Assembled Particle Structure 

 This script can be used to find the radial distribution function, create a Voronoi diagram, 

find the local and global orientational bond order parameters, 2D FFT, and the fractal dimension 

of an image of particles assembled in 2D: 

clear 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%% Import image & identify particles %%  

  

%%% All necessary variables that will be used 

% Location to save FFT image 

% % directory = 'C:\Users\Owner\Colorado School of Mines\Joseph Samaniuk - 

Research\Graduate Research\David Goggin\Manuscripts\Shape-Controlled 2D Materials'; 

% % fileName = 'FFT_04202020.png';          % Name of file (and file type) you want to save 

FFT image as 

% % location = strcat(directory,fileName);  % Concatenates directory and fileName into one 

string object for use in FFT section  

  

um_pix = 0.655;       % [=] microns/pixel; Change this depending on objective used 

                        % As of 4/15/2020: 10x: 0.655; 15x: 0.423; 20x: 0.318; 30x: 0.212; 

                        % 40x: 0.1589; 60x: 0.10606; 100x: 0.0639; 150x: 0.0424 

radius = 25;            % [=] microns; Approximate radius of discs used 

dr = radius/10;                 % [=] microns; Value to increment the change in radius dr. Smaller dr 

values = longer time to run code but finer resolution. 

end_R = radius*10;              % [=] microns; End radius value of largest circle to be drawn. 

Should be smaller than the diameter of the center to circle to not induce errors in calculations.  

x1 = 150;                % [=] microns; First x value (left-most) to use to limit calculation of g(r) to 

certain centroids confined within [x1-x2 and y1-y2] 

x2 = 160;               % [=] microns; Second x value (right-most) to use to limit calculation of g(r) 

to certain centroids within [x1-x2 and y1-y2] 

y1 = 175;                % [=] microns; First y value (left-most) to use to limit calculation of g(r) to 

certain centroids within [x1-x2 and y1-y2] 

y2 = 185;               % [=] microns; Second y value (right-most) to use to limit calculation of g(r) 

to certain centroids within [x1-x2 and y1-y2] 

img = imread('C:\Users\Owner\Colorado School of Mines\Joseph Samaniuk - Research\Graduate 

Research\David Goggin\Graphene\Shape-Controlled Graphene\50 um Discs\05-12-2020_A-
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W\Discs_10x_15-5!_cropped_NoScaleBar.jpg'); % NEEDS TO HAVE CONTRAST 

ADJUSTED IN IMAGEJ!!! Gets the image from the file 

         

%%% Test images. Set parameters in 'um_pix' to 0.1589 (40x); radius: 5; 'imfindcircles' to radius 

+/- 1, 0.92 sensitivity and 0.06 edge threshold 

% img = imread('C:\Users\Owner\Colorado School of Mines\Joseph Samaniuk - 

Research\Graduate Research\David Goggin\Graphene\Shape-Controlled Graphene\10 um 

Discs\11-20-2019 A-W O2 Etched\Discs_12_edited.tif'); % NEEDS TO BE CONVERTED TO 

8 BIT IN IMAGEJ!!! Gets the image from the file 

% img = imread('C:\Users\Owner\Colorado School of Mines\Joseph Samaniuk - 

Research\Graduate Research\David Goggin\Graphene\Shape-Controlled Graphene\10 um 

Discs\11-20-2019 A-W Ar Etched\Discs_7!_edited_8bit.tif'); % NEEDS TO BE CONVERTED 

TO 8 BIT IN IMAGEJ!!! Gets the image from the file   

        % Set parameters in 'um_pix' to 0.10606; radius: 11; 'imfindcircles' to radius +/- 2, 0.97, 

0.04 

% img = imread('C:\Users\Owner\Colorado School of Mines\Joseph Samaniuk - 

Research\Graduate Research\David Goggin\Graphene\Shape-Controlled Graphene\20 um 

Squares\12-15-2019 Ar Etch A-W\Squares28_60x_edited.tif'); % NEEDS TO BE 

CONVERTED TO 8 BIT IN IMAGEJ!!! Gets the image from the file   

  

%%% Opens up the image that will be processed and analyzed from 'img' and 

%%% obtains the size of the image in terms of pixel width, height 

figure 

img = imadjust(img);   % Adjusts contrast to see the .tif image. Don't need for .jpg images 

[rows, columns, numOfColorChannels] = size(img);       % Gets size of the image that will be 

used later to draw ROIs 

[columnsInImage, rowsInImage] = meshgrid(1:columns, 1:rows);    % Puts 'columns' into a 

matrix 'columnsInImage' where each row is copy of 'columns'; puts 'rows' into a matrix 

'rowsInImage' where each column is copy of 'rows'  

diameterFrame_x = columns(1,1);                                 % [=] pixels; Gets what 'diameter' of 

frame will be used if the x-direction length is smallest dimension 
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diameterFrame_y = rows(1,1);                                    % [=] pixels; Gets what 'diameter' of frame 

will be used if the y-direction length is smallest dimension 

if diameterFrame_x >= diameterFrame_y                           % Determines the limiting dimension 

of frame size to correctly draw circle for 'bulk coverage fraction' area 

    diameterFrame = diameterFrame_y;                            % If y-dimension is limiting, use this as 

diameter 

else 

    diameterFrame = diameterFrame_x;                            % If x-dimension is limiting, use this as 

diameter 

end 

imshow(img)     % Display the image 

hold on 

  

%%% Find the discs and return their centroids and radii. Then plot them on top of original image 

%%% *** USE THIS TO SEE IF CODE IS WORKING CORRECTLY BEFORE 

PROCEEDING *** %%% 

%%%%%%%% FOR HELP GO TO: https://www.mathworks.com/help/images/detect-and-

measure-circular-objects-in-an-image.html 

[centroids,radii] = imfindcircles(img,[round((radius-2)/um_pix) 

round((radius+2)/um_pix)],'ObjectPolarity','dark',... 

    'Sensitivity',0.955,'Method','twostage','EdgeThreshold',0);   % 1: image, 2: [range radius], 3: 

dark vs bright particles, 4: increase sens. value, more circles found, 5: twostage method (check 

matlab), 6: lower value = smaller gradient at edges detected 

centroids_um = [centroids(:,1).*um_pix centroids(:,2).*um_pix];     % Convert property values 

from pixels into micrometers; 1st col: x-coordinate, 2nd col: y-coordinate; both are now in units 

of um rather than pixels 

hh = viscircles(centroids,radii,'LineWidth',1);           % Visualize circles found on top of original 

image 

ind = find(centroids(:,1));                 % Identifies particles (based on indices) to put into system to 

analyze 

ind_str = num2str(ind);                     % Converts indices into a string vector 
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plot(centroids(:,1),centroids(:,2),'r.')    % Show the identified centroid positions as red dots 

text(centroids(:,1),centroids(:,2),ind_str,'Color',[0 0 0.5]);   % Plots indice next to centroid on 

image of interest 

  

%%% This then gets all of the indices of those points within specified bounds and plots them 

% Select_L = find(x1<centroids_um(:,1) & centroids_um(:,1)<x2 & y1<centroids_um(:,2) & 

centroids_um(:,2)<y2); % Define the coordinates you want to stay between (x1 to x2, and y1 to 

y2) in microns 

% Select_L = [41 33 137 4 15 1 3 6 46 34 17 25 57 123 107 103 69 91 111 42 26 38 79 99 125 

106 48 10 56 29 22 23 61 105 2 14 9 125]'; 

Select_L = [61 22 105 9 23 2]'; 

L = length(Select_L);                           % Get length of selected centroid positions array 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%% 

%-------------------------------------------------------------------------% 

%% Calculate Voronoi Diagram %%  

  

figure;                                 % Make new figure for Voronoi diagram 

imshow(img)                             % Show the original image being analyzed 

hold on 

[vert,cells] = voronoin(centroids);     % 'vert': Voronoi vertices, each row has coordinates of 2D 

point in the Voronoi diagram. First row has Inf values; 'cells': indices, returned as a cell array. 

Each element of 'cells' contains the row indices of the Voronoi vertices 'vert' that make up a 

Voronoi cell 

  

%%% Initialize the count of number of cells with given number of neighbors 

count_3 = 0;    count_4 = 0;    count_5 = 0;    count_6 = 0;    count_7 = 0;    count_8 = 0;    

count_else = 0; 

ind_3 = zeros(length(cells),1); 

ind_4 = zeros(length(cells),1); 
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ind_5 = zeros(length(cells),1); 

ind_6 = zeros(length(cells),1); 

ind_7 = zeros(length(cells),1); 

ind_8 = zeros(length(cells),1); 

  

for kk = 1:length(cells)                                                % Loop through all Voronoi cells identified 

    if length(cells{kk}) == 3                                           % If Voronoi cell has 3 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'m','FaceAlpha',0.5);  % Fill the cell 

            count_3 = count_3 + 1;                                          % Count the number of cells with 3 

edges 

            findInd_3 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_3_str = num2str(findInd_3); 

%             plot(centroids(findInd_3,1),centroids(findInd_3,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_3,1),centroids(findInd_3,2),ind_3_str,'Color','w');   % 

Plots indice next to centroid on image of interest 

            ind_3(kk,1) = findInd_3; 

             

            %%% Get area of Voronoi cell 

            area_3_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_3_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 

        else 

            count_3 = count_3; 

        end 
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    elseif length(cells{kk}) == 4                                       % If Voronoi cell has 4 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'r','FaceAlpha',0.5);  % Fill the cell 

            count_4 = count_4 + 1;                                          % Count the number of cells with 4 

edges 

            findInd_4 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_4_str = num2str(findInd_4); 

%             plot(centroids(findInd_4,1),centroids(findInd_4,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_4,1),centroids(findInd_4,2),ind_4_str,'Color','w');   % 

Plots indice next to centroid on image of interest 

            ind_4(kk,1) = findInd_4; 

             

            %%% Get area of Voronoi cell 

            area_4_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_4_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 

        else 

            count_4 = count_4; 

        end 

         

    elseif length(cells{kk}) == 5                                       % If Voronoi cell has 5 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'b','FaceAlpha',0.5);  % Fill the cell 

            count_5 = count_5 + 1;                                          % Count number of cells with 5 edges 
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            findInd_5 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_5_str = num2str(findInd_5); 

%             plot(centroids(findInd_5,1),centroids(findInd_5,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_5,1),centroids(findInd_5,2),ind_5_str,'Color','w');   % 

Plots indice next to centroid on image of interest 

            ind_5(kk,1) = findInd_5; 

         

            %%% Get area of Voronoi cell 

            area_5_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_5_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 

        else 

            count_5 = count_5; 

        end 

         

    elseif length(cells{kk}) == 6                                       % If Voronoi cell has 6 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'g','FaceAlpha',0.5);  % Fill cell 

            count_6 = count_6 + 1;                                          % Count number of cells with 6 edges        

            findInd_6 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_6_str = num2str(findInd_6); 

%             plot(centroids(findInd_6,1),centroids(findInd_6,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_6,1),centroids(findInd_6,2),ind_6_str,'Color','w');   % 

Plots indice next to centroid on image of interest 
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            ind_6(kk,1) = findInd_6; 

         

            %%% Get area of Voronoi cell 

            area_6_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_6_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 

        else 

            count_6 = count_6; 

        end 

         

    elseif length(cells{kk}) == 7                                       % If Voronoi cell has 7 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'y','FaceAlpha',0.5);  % Fill cell 

            count_7 = count_7 + 1;                                          % Count number of cells with 7 edges 

            findInd_7 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_7_str = num2str(findInd_7); 

%             plot(centroids(findInd_7,1),centroids(findInd_7,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_7,1),centroids(findInd_7,2),ind_7_str,'Color','w');   % 

Plots indice next to centroid on image of interest 

            ind_7(kk,1) = findInd_7; 

         

            %%% Get area of Voronoi cell 

            area_7_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_7_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 
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        else 

            count_7 = count_7; 

        end 

         

    elseif length(cells{kk}) == 8                                       % If Voronoi cell has 8 edges 

        index = cells{kk}; 

        inIndex = ismember(1,index); 

        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'c','FaceAlpha',0.5);  % Fill cell 

            count_8 = count_8 + 1;                                          % Count number of cells with 8 edges 

            findInd_8 = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

%             ind_8_str = num2str(findInd_8); 

%             plot(centroids(findInd_8,1),centroids(findInd_8,2),'r.')    % Show the identified 

centroid positions as red dots 

%             txt = text(centroids(findInd_8,1),centroids(findInd_8,2),ind_8_str,'Color','w');   % 

Plots indice next to centroid on image of interest 

            ind_8(kk,1) = findInd_8; 

         

            %%% Get area of Voronoi cell 

            area_8_1(kk) = kk;                                                           % Stores cell number in 1st 

column to recall for determining area of cells with specific number of nearest neighbors 

            area_8_2(kk) = polyarea(vert(cells{kk},1),vert(cells{kk},2)).*(um_pix^2)';   % Stores 

area of polygon in 2nd column [=] um^2 

        else 

            count_8 = count_8; 

        end 

         

    else                                                                % All other cases 

        index = cells{kk}; 

        inIndex = ismember(1,index); 
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        if inIndex == 0 

            fill(vert(cells{kk},1),vert(cells{kk},2),'w','FaceAlpha',0.5);  % Fill cell 

            count_else = count_else + 1;                                    % Count number of cells with all 

other # of edges 

            findInd_else = find(inpolygon(centroids(:,1), centroids(:,2), vert(cells{kk},1), 

vert(cells{kk},2))); 

            ind_else(kk,1) = findInd_else; 

        else 

            count_else = count_else; 

        end 

         

    end 

%     delete(txt) 

  

end     % End for loop 

  

%%% Remove zero entries from matrices that have indices of particles analyzed of given # of 

voronoi edges 

%%% These matrices contain the indices corresponding to the centroids identified in by 

'imfindcircles'!!! 

ind_3 = nonzeros(ind_3); 

ind_4 = nonzeros(ind_4); 

ind_5 = nonzeros(ind_5); 

ind_6 = nonzeros(ind_6); 

ind_7 = nonzeros(ind_7); 

ind_8 = nonzeros(ind_8); 

% ind_else = nonzeros(ind_else); 

% area_3_1 = nonzeros(area_3_1);  area_3_2 = nonzeros(area_3_2); 

area_4_1 = nonzeros(area_4_1);  area_4_2 = nonzeros(area_4_2); 

area_5_1 = nonzeros(area_5_1);  area_5_2 = nonzeros(area_5_2); 

area_6_1 = nonzeros(area_6_1);  area_6_2 = nonzeros(area_6_2); 
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area_7_1 = nonzeros(area_7_1);  area_7_2 = nonzeros(area_7_2); 

area_8_1 = nonzeros(area_8_1);  area_8_2 = nonzeros(area_8_2); 

  

%%% Construct matrices of cell indices (1st col) and corresponding cell area (2nd col) for each 

# of nearest neighbors 

%%% Also get the average area for each cell type ***NEED TO SEE WHY SOME CELLS 

HAVE MUCH LARGER AREA!!*** 

% area_3 = [area_3_1, area_3_2];  avg_area_3 = mean(area_3(:,2)); % [=] um^2 

area_4 = [area_4_1, area_4_2];  avg_area_4 = mean(area_4(:,2)); % [=] um^2 

area_5 = [area_5_1, area_5_2];  avg_area_5 = mean(area_5(:,2)); % [=] um^2 

area_6 = [area_6_1, area_6_2];  avg_area_6 = mean(area_6(:,2)); % [=] um^2 

area_7 = [area_7_1, area_7_2];  avg_area_7 = mean(area_7(:,2)); % [=] um^2 

area_8 = [area_8_1, area_8_2];  avg_area_8 = mean(area_8(:,2)); % [=] um^2 

  

%%% Build matrix consisting of the values for each edge length 

count_all = [3, 4, 5, 6, 7, 8, 9; count_3, count_4, count_5, count_6, count_7, count_8, 

count_else]';   % [Edge# Count] 

count_all(:,2) = count_all(:,2)./(sum(count_all(:,2))); 

color = [[217/255 89/255 217/255]; [183/255 55/255 55/255]; [77/255 77/255 205/255]; 

[108/255 236/255 108/255]; [217/255 217/255 89/255]; [66/255 194/255 194/255]; [1 1 1]]; 

  

figure_bar = figure('Color',[1 1 1]);                                                       % Create bar plot 

axes_bar = axes('Parent',figure_bar); 

hold(axes_bar,'on'); 

% bplo = bar(count_all(:,1),count_all(:,2)); 

xlabel('# of Nearest Neighbors','FontName','Arial','FontSize',14); 

ylabel('Fraction','FontName','Arial','FontSize',14); 

box(axes_bar,'on'); 

set(axes_bar,'FontName','Arial','FontSize',14,'LineWidth',2,... 

    'XColor',[0 0 0],'XTick',[3 4 5 6 7 8 9],'XTickLabel',{'3','4','5','6','7','8','Other'},'YColor',[0 0 

0],... 
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    'YMinorTick','on','PlotBoxAspectRatio',[1.62 1 1]); 

for jj1 = 1:size(count_all,1) 

    bplo = bar(count_all(jj1,1),count_all(jj1,2)); 

    set(bplo,'FaceColor',color(jj1,:),'LineWidth',1.5); 

end 

%-------------------------------------------------------------------------% 

%% Calculate 4- and 6-fold bond orientational parameter %% 

  

%%% Look at Thapar 2015, "Entropic self-assembly...", Soft Matter for help 

  

all_particle_edges = zeros(length(cells),8); 

for jjj = 1:length(cells) 

    row_cell = cells{jjj}; 

    if length(cells{jjj}) < 8 

        row_cell = [row_cell zeros(1, size(all_particle_edges,2) - size(row_cell,2))]; 

        all_particle_edges(jjj,:) = vertcat(row_cell); 

    else 

        all_particle_edges(jjj,:) = vertcat(row_cell); 

    end 

end 

  

IDc = cell(length(cells),1);                        % Create cell array 

  

%%% Begin for loop over all centroid positions 

for i1 = 1:length(cells) 

    particle = ind(i1,1);                           % Gets index of particles based on 'centroids' determined 

by 'imfindcircle' 

    numNearNeighbors = size(cells{particle},2);     % Finds the number of nearest neighbors for 

given particle based on the cell array 'cells' 

    particle_edges = cells{particle};               % Gets 'vert' indices corresponding to the edges of 

the cell surrounding 'particle' 
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    Ni = length(cells{i1}); 

    IDci = cell(Ni,1); 

     

    for j1 = 1:Ni 

        val = particle_edges(1,j1); 

        [IDX_row, IDX_col] = find(all_particle_edges(:,:) == val); 

        IDci{j1} = IDX_row; 

    end 

     

    IDc{i1} = IDci; 

     

    for i2 = 1:length(IDc{i1}) 

        IDc_col = IDc{i1}{i2,1}; 

        if length(IDc_col) > 3          % Checks if particle has 'Inf' boundary 

            IDc_store(:,i2) = [0;0;0];    % Sets 'Inf' boundary matrix to zeros  

        else 

            IDc_store(:,i2) = IDc_col;  % Else proceeds as normal 

        end 

    end 

     

    IDc_mat = unique(reshape(IDc_store,size(IDc_store,1)*size(IDc_store,2),1)); % Gets rid of 

redundant numbers and puts all into a 1 column matrix 

     

    %%% Checks to see if the particle is at edge of image and has a boundary of 'Inf' 

    if ismember(0,IDc_mat) == 1     % If the particle being analyzed does have a '0' (set in 'for' 

loop above), then this was particle near edge and the code does not analyze this particle 

        avg_theta6(i1,1) = 0; 

        psi6(i1,1) = 0; 

        psi4(i1,1) = 0; 

        clear IDc_store 

        clear IDc_mat 
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    else                            % If particle is not at edge, then analyze particle 

         

         

        %%% This small for loop is for finding 4 nearest neighbors for 4-fold bond order parameter 

        for jj2 = 1:length(IDc_mat) % Loop over the total # of centroid indices in IDc_mat (one of 

these is the particle of interest indice!!!) 

            A = [centroids(particle,1) - centroids(IDc_mat(jj2),1)];     % Gets distance in x between 

two points 

            B = [centroids(particle,2) - centroids(IDc_mat(jj2),2)];     % Gets distance in y between 

two points 

            dist(jj2,1) = sqrt(A^2 + B^2);      % Computes distance between the two points & puts in 

first column of dist 

            dist(jj2,2) = IDc_mat(jj2);         % Gives the corresponding index of the centroid 

        end 

        dist = sortrows(dist);      % Sort in ascending order based on column 1 (the distances away 

from particle of interest) 

        dist(1,:) = [];             % Remove the row corresponding to the particle of interest (this is 

where dist = 0 because of sorting by ascending order) 

        closest4 = dist(1:4,:);     % Keep the first four rows to show four closest centroids to particle 

of interest 

        cent_particles_4 = [centroids(closest4(:,2),1), centroids(closest4(:,2),2)];    % This gets the 

centroid positions of the 4 nearest neighbors 

        for jj3 = 1:size(cent_particles_4,1) 

            AAB = [(centroids(particle,1)+10)-(centroids(particle,1)),(centroids(particle,2))-

(centroids(particle,2))];  % Draw straight line from center of 'particle' to arbitrary point on 

horizontal line on same y as 'particle' 

            BBC = [(cent_particles_4(jj3,1))-(centroids(particle,1)),(cent_particles_4(jj3,2))-

(centroids(particle,2))]; 

            AAB_mag = sqrt((AAB(1,1))^2+(AAB(1,2))^2); 

            BBC_mag = sqrt((BBC(1,1))^2+(BBC(1,2))^2); 
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%             theta(i3,1) = rad2deg(acos(dot(AB,BC)/(AB_mag * BC_mag))); 

            theta4(jj3,1) = acos(dot(AAB,BBC)/(AAB_mag * BBC_mag)); 

            inner4(jj3,1) = exp(1i * 4 * theta4(jj3,1)); 

        end 

        psi4(i1,1) = sum(inner4(:,1))/4; 

         

         

         

        %%% This corresponds to having indices of centroids for 6-fold bond order parameter 

        IDc_mat = IDc_mat(IDc_mat ~= particle);                            % Now have indices of the 

centroids of the nearest neighbors surrounding 'particle' of interest 

        cent_particles_6 = [centroids(IDc_mat,1),centroids(IDc_mat,2)];    % Get centroid positions 

of the nearest neighbors for 6-fold bond order parameter analysis 

        for i3 = 1:size(cent_particles_6,1) 

            AB = [(centroids(particle,1)+10)-(centroids(particle,1)),(centroids(particle,2))-

(centroids(particle,2))];  % Draw straight line from center of 'particle' to arbitrary point on 

horizontal line on same y as 'particle' 

            BC = [(cent_particles_6(i3,1))-(centroids(particle,1)),(cent_particles_6(i3,2))-

(centroids(particle,2))]; 

            AB_mag = sqrt((AB(1,1))^2+(AB(1,2))^2); 

            BC_mag = sqrt((BC(1,1))^2+(BC(1,2))^2); 

%             theta(i3,1) = rad2deg(acos(dot(AB,BC)/(AB_mag * BC_mag))); 

            theta6(i3,1) = acos(dot(AB,BC)/(AB_mag * BC_mag)); 

            inner6(i3,1) = exp(1i * 6 * theta6(i3,1)); 

        end 

     

    avg_theta6(i1,1) = sum(theta6(:,1))/numNearNeighbors; 

    psi6(i1,1) = sum(inner6(:,1))/numNearNeighbors; 

     

    clear IDc_store 

    clear IDc_mat 
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    clear dist 

    clear closest4 

    end 

end 

  

figure                                           

imshow(img)                                     

figure_theta = figure('Color',[1 1 1]); 

% c = linspace(0,range(avg_theta),length(avg_theta)); 

colormap jet 

scatter(centroids(:,1),-centroids(:,2),280,avg_theta6,'filled') 

caxis([0 pi]) 

colorbar('eastoutside','AxisLocation','out') 

  

% % % avg_theta_mod = avg_theta(avg_theta ~= 0);                  % Remove all zeroes from 

matrix 

% % % theta_global = sqrt(sum(avg_theta_mod)/length(avg_theta_mod));    % Gets the six fold 

global bond orientational order parameter 

  

psi4_mod = psi4(psi4 ~= 0); 

psi4_global = abs(sum(psi4_mod)/length(psi4_mod)); 

  

psi6_mod = psi6(psi6 ~= 0); 

psi6_global = abs(sum(psi6_mod)/length(psi6_mod)); 

  

%-------------------------------------------------------------------------% 

%% Calculate RDF %% 

  

figure                                          % Create new figure to show selected centroid positions 

imshow(img)                                     % Show inverted image (white particles, black bkgd) 

hold on 
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ind_L_str = num2str(Select_L);                              % Converts indices into a string vector 

plot(centroids(Select_L,1),centroids(Select_L,2),'r.')      % Show the identified centroid positions 

as red dots 

text(centroids(Select_L,1),centroids(Select_L,2),ind_L_str, 'Color','w');   % Plots indice next to 

centroid on image of interest 

plot(columns(1,1)/2, rows(1,1)/2,'g+')                      % Plots center of image 

  

%%% Create a circle that will be used to define the area in which to calculate the bulk coverage 

fraction 

%%%%%% FOR HELP GO TO: https://www.mathworks.com/matlabcentral/answers/322542-

points-lying-inside-a-polygon-and-a-circle 

pos_circle = [(columns(1,1)/2)-diameterFrame/2, (rows(1,1)/2)-diameterFrame/2, 

diameterFrame, diameterFrame];   % [x-pos, y-pos, width, height] 

rectangle('Position',pos_circle,'Curvature',[1 1]);                     % Plots the circle corresponding to 

'total area of image' 

all_centroids = sum((centroids(:,1)-columns(1,1)/2).^2 + (centroids(:,2)-rows(1,1)/2).^2 <= 

(diameterFrame/2)^2); 

% plot(centroids(all_centroids,1),centroids(all_centroids,2),'gx')      % Used to verify code 

running correctly on 04/16/2020. 

                                                                        % Shows the identified centroid positions as green 

crosses 

bulkCovFrac = (all_centroids)/(pi*(diameterFrame/2)^2);         % Calculate the bulk number 

density/coverage fraction of particle centroids over total analyzed area 

  

%%% Preallocate matrices that will be used in for loops below   

n_all = zeros(end_R/dr,L);      % Create matrix to store all n column vectors 

N = zeros(end_R/dr-1, L);       % Create matrix to store all N column vectors 

select_Centroids = zeros(L,2); 

  

%%% Begin for loop over selected centroid positions 

for i = 1:L 



240 
 

    %%% Using Select_L(i) gives the value in the ith row of Select_L that 

    %%% then gets chosen from list of centroid positions. I manually checked 

    %%% that this gave appropriate values on 3-11-2019. 

    select_Centroids(i,:) = [centroids(Select_L(i),1) centroids(Select_L(i),2)];  % Define the 

centroid positions to test 

     

    for j = 1:end_R/dr     % For loop over set number of microns, incrementing by dr microns 

        radius_particle(j,1) = radii(Select_L(i)) + (j-1) .* (dr/um_pix);  % Calculates radii in lengths 

of pixels       

    end 

     

    for ii = 2:end_R/dr 

         

        %%% Create the annular regions to search for centroids within 

        pos_circle_1 = [(select_Centroids(i,1))-radius_particle(ii-1,1), (select_Centroids(i,2))-

radius_particle(ii-1,1), 2*radius_particle(ii-1,1), 2*radius_particle(ii-1,1)];   % Inner circle of 

annulus; [x-pos, y-pos, width, height] 

        pos_circle_2 = [(select_Centroids(i,1))-radius_particle(ii,1), (select_Centroids(i,2))-

radius_particle(ii,1), 2*radius_particle(ii,1), 2*radius_particle(ii,1)];       % Outer circle of 

annulus; [x-pos, y-pos, width, height] 

        c1 = rectangle('Position',pos_circle_1,'Curvature',[1 1]);   % Plots the inner circle of annulus 

        c2 = rectangle('Position',pos_circle_2,'Curvature',[1 1]);   % Plots the outer circle of annulus 

         

        %%% Calculate the number of centroids within the annular region 

        centroids_within_annulus(ii-1,i) = sum(((centroids(:,1)-select_Centroids(i,1)).^2 + 

(centroids(:,2)-select_Centroids(i,2)).^2 >= (radius_particle(ii-1,1))^2) & ((centroids(:,1)-

select_Centroids(i,1)).^2 + (centroids(:,2)-select_Centroids(i,2)).^2 <= 

(radius_particle(ii,1))^2)); 

        N(ii-1,i) = ((centroids_within_annulus(ii-1,i))) ./ (pi .* radius_particle(ii,1).^2 - 

pi.*radius_particle(ii-1,1).^2);   % Calculates the number of particles in annulus being analyzed  

        g_r(ii-1,i) = N(ii-1,i) ./ bulkCovFrac; 
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        %%% Store number of centroids within a certain radial region (taken as outer circle of 

annulus) for fractal dimension analysis 

        num_particles_rad(ii-1,1) = radius_particle(ii,1);  % Stores radial region analyzed  

        num_particles_rad(ii-1,2) = sum(((centroids(:,1)-select_Centroids(i,1)).^2 + (centroids(:,2)-

select_Centroids(i,2)).^2 <= (radius_particle(ii,1))^2));  % Stores # of particles within the radial 

region analyzed 

         

         

        %%% Delete the circles drawn in each loop 

        delete(c1) 

        delete(c2) 

         

        %%% Draw the final radius examined for each particle on the final loop 

        if ii < end_R/dr 

            circ3 = drawcircle('Center',[select_Centroids(i,1), 

select_Centroids(i,2)],'Radius',radius_particle(ii,1),'FaceAlpha',0,'LineWidth',0.5,'Color','r','Visib

le','off'); 

        else 

            circ3 = drawcircle('Center',[select_Centroids(i,1), 

select_Centroids(i,2)],'Radius',radius_particle(ii,1),'FaceAlpha',0,'LineWidth',0.5,'Color','r','Visib

le','on','InteractionsAllowed','none');    

        end                

    end 

     

    %%% Calculate power law fit to data for particle of interest 

    [fun, gof_info] = fit(num_particles_rad(:,1),num_particles_rad(:,2),'b.*x.^m');     % Uses 'fit' 

function to fit the data obtained with a parameter D_f of N = r^(D_f), where N is col 2 and r is 

col 1 of 'num_particles_rad' 

    D_f(i,1) = fun.m;       % Extract the power-law exponent fit to the data for particle i 

    ci = confint(fun);      % Get 95% confidence interval values from fit 
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    D_f(i,2) = ci(1,2);     % Store lower confidence interval value for particle i 

    D_f(i,3) = ci(2,2);     % Store upper confidence interval value for particle i 

     

end     % End for loop 

  

%%% Calculate the radial distribution function and potential of mean force 

g_r_avg = mean(g_r,2);              % Column vector containing the mean of each row of g_r in a 

new row 

g_r_std = std(g_r,0,2);             % Column vector containing stddev of each row of g_r in a new 

row 

w_kT = -log(g_r);                   % Calculate the approximate pair interaction function, scaled by 

kT (thermal energy) 

w_kT_avg = mean(w_kT,2); 

w_kT_std = std(w_kT,0,2); 

xdata = (1:end_R/dr-1)./radius;     % Non-dimensionalizes center-to-center separation distance 

by particle diameter 

  

%%% Plot RDF vs dimensionless center-to-center separation 

figure1 = figure('Color',[1 1 1]); 

axes1 = axes('Parent',figure1); 

hold(axes1,'on'); 

plot(xdata*dr, g_r_avg,'Marker','none',... 

    'MarkerEdgeColor',[0 0 0.5],... 

    'MarkerSize',6,'LineWidth',1.5,'LineStyle','-','Color',[0 0 0.5]) 

xlabel('r/D (-)'); 

ylabel('g(r/D)'); 

xlim(axes1, [0 end_R/radius]); 

ylim(axes1, 'auto'); 

box(axes1,'on'); 

% Set the remaining axes properties 

set(axes1,'FontName','Arial','FontSize',14,... 
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    'LineWidth',2,'XMinorTick','on','YMinorTick','on','PlotBoxAspectRatio',[1.62 1 1]); 

% plot(xdata*dr, 1*ones(size(xdata.*dr)),':k','LineWidth',6); 

  

%%% Plot RDF vs dimensionless center-to-center separation WITH ERRORBARS 

figure2 = figure('Color',[1 1 1]); 

axes2 = axes('Parent',figure1); 

hold(axes2,'on'); 

errorbar(xdata*dr, g_r_avg, g_r_std,'Marker','none',... 

    'MarkerEdgeColor',[0 0 0.5],... 

    'MarkerSize',6,'LineWidth',1.5,'LineStyle','-','Color',[0 0 0.5]) 

xlabel('r/D (-)'); 

ylabel('g(r/D)'); 

xlim(axes2, [0 end_R/radius]); 

ylim(axes2, 'auto'); 

box(axes2,'on'); 

% Set the remaining axes properties 

set(axes2,'FontName','Arial','FontSize',14,... 

    'LineWidth',2,'XMinorTick','on','YMinorTick','on','PlotBoxAspectRatio',[1.62 1 1]); 

% plot(xdata*dr, 1*ones(size(xdata.*dr)),':k','LineWidth',6); 

  

%%% Plot RDF vs dimensionless center-to-center separation 

figure = figure('Color',[1 1 1]); 

axes3 = axes('Parent',figure1); 

hold(axes3,'on'); 

plot(xdata*dr, w_kT_avg,'Marker','none',... 

    'MarkerEdgeColor',[0 0 0.5],... 

    'MarkerSize',6,'LineWidth',1.5,'LineStyle','-','Color',[0 0 0.5]) 

xlabel('r/D (-)'); 

ylabel('g(r/D)'); 

xlim(axes3, [0 end_R/radius]); 

ylim(axes3, 'auto'); 
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box(axes3,'on'); 

% Set the remaining axes properties 

set(axes3,'FontName','Arial','FontSize',14,... 

    'LineWidth',2,'XMinorTick','on','YMinorTick','on','PlotBoxAspectRatio',[1.62 1 1]); 

% plot(xdata*dr, 1*ones(size(xdata.*dr)),':k','LineWidth',6); 

  

% % % % % Create figure 

% % % % figure2 = figure('Color',[1 1 1]); 

% % % % % Create axes 

% % % % axes2 = axes('Parent',figure2); 

% % % % hold(axes2,'on'); 

% % % % plot(xdata*dr, w_kT_avg) 

% % % % % Create xlabel 

% % % % xlabel('Distance From Edge of Particle (\mum)'); 

% % % % % Create ylabel 

% % % % ylabel('\DeltaW/k_BT'); 

% % % % % Uncomment the following line to preserve the X-limits of the axes 

% % % % xlim(axes2,[0 end_R]); 

% % % % ylim(axes2, 'auto'); 

% % % % box(axes2,'on'); 

% % % % % Set the remaining axes properties 

% % % % set(axes2,'FontName','Arial','FontSize',20,'FontWeight','bold',... 

% % % %     'LineWidth',2,'XMinorTick','on','YMinorTick','on'); 

% % % % % plot(xdata*dr, 0*ones(size(xdata.*dr)),':k','LineWidth',6); 

  

  

%-------------------------------------------------------------------------% 

%% FFT  

figure 

imshow(img) 

F = fft2(img); 
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F = fftshift(F); 

F = log(1+abs(F)); 

figure 

imshow(F,[]) 

colormap(jet); 

  

%%% If want to check inverted image 

% InvF = ifftshift(F); 

% InvF = ifft2(InvF); 

% figure 

% imshow(InvF,[]) 

  

%-------------------------------------------------------------------------% 

%% Fractal Dimension 

  

D_f_stats(1,1) = mean(D_f(1,:)) 

D_f_stats(1,2) = std(D_f(1,:)) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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APPENDIX K 

USE OF COPYRIGHTED MATERIAL AGREEMENTS 

 

 The following pages contain pictures of the appropriate copyright agreements and lead 

author approval emails (if necessary) obtained for the reproduction of the images reproduced in 

this thesis that were parts of previously published work, and for the reproduction of my 

previously published work in Chapter 3, Chapter 4, and Chapter 6. Co-author approval emails 

are also presented for the reproduction of Chapter 4 and Chapter 6, as these Chapters contained 

co-authors not present on my thesis committee.  
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Figure K.1 Copyright permission and approval from lead author for re-use of images used in 
Figure 2.6a,b. Reprinted Figure 1a,b with permission from Loudet, J.C., Alsayed, A.M., Zhang, 
J., Yodh, A.G., Physical Review Letters, 94, 018301, 2005. Copyright 2005 by the American 
Physical Society. DOI: https://doi.org/10.1103/PhysRevLett.94.018301. 
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Figure K.2 Copyright permission for re-use of images used in Figure 2.6c,d (1 of 4). 
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Figure K.3 Copyright permission for re-use of images used in Figure 2.6c,d (2 of 4). 
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Figure K.4 Copyright permission for re-use of images used in Figure 2.6c,d (3 of 4). 
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Figure K.5 Copyright permission for re-use of images used in Figure 2.6c,d (4 of 4). Republished 
with permission of the Royal Society of Chemistry, from Soft Matter, Capillarity-induced 
directed self-assembly of patchy hexagram particles at the air-water interface, Kang, S.-M., Choi, 
C.-H., Kim, J., Yeom, S.-J., Lee, D., Park, B.J., Lee, C.-S., 12, 2016; permission conveyed 
through Copyright Clearance Center, Inc.  
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Figure K.6 Copyright permission for re-use of images used in Figure 2.6e. Reprinted (adapted) 
from Anjali, T.G., Basavaraj, M.G., Shape-Induced Deformation, Capillary Bridging, and Self-
Assembly of Cuboids at the Fluid-Fluid Interface, Langmuir, 33, 3, 2017, 791-801. Copyright 
2017 American Chemical Society. 
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Figure K.7 Copyright permission for re-use of images used in Figure 2.6f (1 of 4). 
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Figure K.8 Copyright permission for re-use of images used in Figure 2.6f (2 of 4). 
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Figure K.9 Copyright permission for re-use of images used in Figure 2.6f (3 of 4). 
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Figure K.10 Copyright permission for re-use of images used in Figure 2.6f (4 of 4). Republished 
with permission of the Royal Society of Chemistry, from Soft Matter, Capillary-driven binding 
of thin triangular prisms at fluid interfaces, Ferrar, J.A., Bedi, D.S., Zhou, S., Zhu, P., Mao, X., 
Solomon, M.J., 14, 2018; permission conveyed through Copyright Clearance Center, Inc.  
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Figure K.11 Copyright permission for re-use of images used in Figure 2.6g (1 of 4). 
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Figure K.12 Copyright permission for re-use of images used in Figure 2.6g (2 of 4). 
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Figure K.13 Copyright permission for re-use of images used in Figure 2.6g (3 of 4). 
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Figure K.14 Copyright permission for re-use of images used in Figure 2.6g (4 of 4). Republished 
with permission of the Royal Society of Chemistry, from Soft Matter, Capillary bond between 
rod-like particles and the micromechanics of particle-laden interfaces, Botto, L., Yao, L., 
Leheny, R.L., Stebe, K.J., 8, 2012; permission conveyed through Copyright Clearance Center, 
Inc.  
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Figure K.15 Copyright permission for re-use of images used in Figure 2.8. Reprinted from 
Advances in Colloid and Interface Science, 154, Danov, K.D., Kralchevsky, P.A., Capillary 
forces between particles at a liquid interface: General theoretical approach and interactions 
between capillary multipoles, 91-103, Copyright 2010, with permission from Elsevier. 
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Figure K.16 Copyright permission for re-use of images used in Figure 2.9 (1 of 4). 
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Figure K.17 Copyright permission for re-use of images used in Figure 2.9 (2 of 4). 
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Figure K.18 Copyright permission for re-use of images used in Figure 2.9 (3 of 4). 
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Figure K.19 Copyright permission for re-use of images used in Figure 2.9 (4 of 4). Republished 
with permission of the Royal Society of Chemistry, from Soft Matter, Near field capillary 
repulsion, Yao, L., Botto, L., Cavallaro, M., Bleier, B.J., Garbin, V., Stebe, K.J., 9, 2013; 
permission conveyed through Copyright Clearance Center, Inc.  
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Figure K.20 Copyright permission for re-use of images used in Figure 2.16. Reprinted (adapted) 
from Cote, L.J., Kim, F., Huang, J., Langmuir-Blodgett Assembly of Graphite Oxide Single 
Layers, Journal of the American Chemical Society, 131, 3, 2009, 1043-1049. Copyright 2009 
American Chemical Society. 
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Figure K.21 Copyright permission for re-use of images used in Figure 2.17a. Reprinted (adapted) 
from Zhu, Y., Peng, L., Zhu, W., Akinwande, D., Yu, G., Layer-by-Layer Assembly of Two-
Dimensional Colloidal Cu2Se Nanoplates and Their Layer-Dependent Conductivity, Chemistry 
of Materials, 28, 12, 2016, 4307-4314. Copyright 2016 American Chemical Society. 
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Figure K.22 Copyright permission for re-use of images used in Figure 2.17b. Adapted by 
permission from Springer Nature Customer Service Centre GmbH: Nature Publishing Group, 
Nature Chemistry, Competition of shape and interaction patchiness for self-assembling 
nanoplates, Ye, X., Chen, J., Engel, M., Millan, J.A., Li, W., Qi, L., Xing, G., Collins, J.E., 
Kagan, C.R., Li, J., Glotzer, S.C., Murray, C.B., Copyright 2013.  



269 
 

 

Figure K.23: Copyright permission for re-use of images used in Figure 2.17c. Reprinted 
(adapted) with permission from Zeng, M., Wang, L., Liu, J., Zhang, T., Xue, H., Xiao, Y., Qin, 
Z., Fu, L., Self-Assembly of Graphene Single Crystals with Uniform Size and Orientation: The 
First 2D Super-Ordered Structure, Journal of the American Chemical Society, 138, 25, 2016, 
7812-7815. Copyright 2016 American Chemical Society. 
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Figure K.24 Copyright permission for re-use of images used in Figure 2.17d. From Lee, J.S., 
Choi, S.H., Yun, S.J., Kim, Y.I., Boandoh, S., Park, J.-H., Shin, B.G., Ko, H., Lee, S.H., Kim, 
Y.-M., Lee, Y.H. Kim, K.K., Kim, S.M., Wafer-scale single-crystal hexagonal boron nitride film 
via self-collimated grain formation, Science, 362, 2018, 817-821. Reprinted with permission 
from AAAS.  
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Figure K.25 Copyright permission for re-use of paper published in AIChE Journal in Chapter 3. 
Copyright 2018 American Institute of Chemical Engineers AIChE J, 64: 3177-3187, 2018.  
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Figure K.26 Copyright permission and co-author approval for re-use of paper published in ACS 
Nano in Chapter 4. Reprinted (adapted) with permission from Goggin, D.M., Zhang, H., Miller, 
E.M., Samaniuk, J.R., Interference Provides Clarity: Direct Observation of 2D Materials at 
Fluid-Fluid Interfaces, ACS Nano, 2020, 14, 1, 777-790. Copyright 2020 American Chemical 
Society.  
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Figure K.27 Copyright permission and co-author approval for re-use of manuscript published in 
The Journal of Physical Chemistry C in Chapter 6. Reprinted (adapted) with permission from 
Goggin, D.M., Bei, R., Anderson, R., Gómez-Gualdrón, D.A., Samaniuk, J.R., Stacking of 
Monolayer Graphene Particles at a Water-Vapor Interface, The Journal of Physical Chemistry C, 
2021, DOI: https://doi.org/10.1021/acs.jpcc.0c11447. Copyright 2021 American Chemical 
Society. 
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Figure K.28 Copyright permission and approval from lead author for re-use of images used in 
Figure 7.3. Reprinted Figures 1, 2, and 3 with permission from Buhot, A., Krauth, W., Physical 
Review E, 59, 2939, 1999. Copyright 1999 by the American Physical Society. 
DOI: https://doi.org/10.1103/PhysRevE.59.2939. 


