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of surfactants at the interface bolsters the above effects.  Colloidal particles have often been 

demonstrated to be effective at emulsion stabilization,41 and so-called Pickering emulsions can 

be stable indefinitely.  

The effectiveness of colloidal particles at preventing coalescence stems partly from their 

very high energy of adsorption, ∆𝐺𝑎𝑑𝑠.  The expression for adsorption energy of a spherical 

particle is given in Equation 1.3, where 𝛾𝑂𝑊 is the interfacial tension before adsorption of 

particles, 𝑟 is the particle radius, and 𝜃𝑂𝑊 is the contact angle of the particle at the oil-water 

interface measured into the water phase.42   

   (1.3) 

Even small particles are essentially irreversibly adsorbed; a 20 nm particle at a water-toluene 

interface possesses ∆𝐺𝑎𝑑𝑠  ≈  103𝑘𝐵𝑇.  Since particle removal from an interface is very unlikely, 

coalescence must occur via lateral rearrangement of particles on the interface.  However, as 

mentioned above, high density adsorption and Marangoni flow also render this mechanism 

unlikely, meaning that particles are very effective at suppressing coalescence.  

The low interfacial tension (𝛾𝑂𝑊) between many immiscible polymer pairs portends that 

particles are usually preferentially wetted by one phase and will either will not prefer to adsorb 

at the interface or will exhibit a distribution of localizations.7  Thus, achieving interfacial 

assembly requires precise control over surface-modifying chemical reactions to achieve the 

correct wettability for a given blend.43  Particles have often been used in the literature to 

compatibilize blends via interfacial adsorption, but most reports feature poorly defined 

dispersion and surface properties.7  
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1.4. Particle Dispersability in Polymeric Matrices 

Dispersion of individual particles, as opposed to aggregated structures, is advantageous 

for the efficient expression of properties imparted by the nanofiller, especially in systems where 

vigorous shear mixing is not practical. Concerning interfacial behavior, while individual particles 

and their aggregates may have the same wettability, larger clusters have lower diffusion rates 

and thus decreased ability to reach the interface.  Additionally, fewer adsorption events will 

occur since the effective number of particles is lower in an aggregated system, decreasing 

compatibilization efficiency.  Particles will disperse in a polymer matrix if they have adequate 

repulsive interparticle interactions and are wetted by the matrix.  To achieve repulsion in 

polymeric systems, particles are usually coated with polymer chains either through adsorption 

of free chains or some variety of grafting chemistry, forming a brush layer.  The free energy of 

mixing of homopolymer and brush chains has an important entropic component.  For wetting to 

be favored entropically, either the particle size must be lower than the radius of gyration, Rg, of 

matrix polymers44 (true only for very small nanoparticles, in general), or the brush polymers’ size 

must be no less than the matrix polymer size.45,46  If the brush polymers are appreciably smaller 

than those of the matrix, entropy gained due to mixing of brush and matrix is less than entropy 

lost by the matrix chains when penetrating the brush layer.  This discrepancy results in the brush 

being excluded from the matrix, leading to particle aggregation, as shown in Figure 1.2. This 

phenomenon is called autophobic dewetting.  Due to low entropy of mixing in polymers, the 

brush must be either miscible with or chemically identical to the matrix polymer so that 

dispersion is not enthalpically disfavored.   
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Figure 1.2.  Effect of brush molecular weight on dispersion of PS-grafted silica 
(14 nm diameter, 0.01 chains/nm2 graft density) in a 42 kg mol-1 PS 
homopolymer matrix.  Brush polymer molecular weight:  a) 25 kg mol-1 
(<MWmatrix),

  b) 51 kg mol-1  (≈MWmatrix), c) 158 kg mol-1 (>MWmatrix).  Adapted 
with permission from Ref 47. Copyright 2009 Nature Publishing Group. 

 
 

1.5. Research Goals 

In this work, we demonstrate two pathways for controlling nanoparticle location in 

polymer blends: the use of Janus particles in a ternary blend system engineered for high 

interfacial activity, and the use of temperature-responsive enthalpic interactions between the 

nanoparticles and the blend matrix to alter the particle location in a stimuli-responsive manner.  

When applicable, we also discuss the effect of the particle location on the morphology of the 

blend and it’s evolution during annealing. These two approaches solve limitations of and add 

functionality to existing blend compatibilization strategies.   

 

  



11 
 

1.6. References 

 
1. Liu, F.; Gu, Y.; Shen, X.; Ferdous, S.; Wang, H.-W.; Russell, T.P. Characterization of the 

morphology of solution-processed bulk  heterojunction organic photovoltaics. Prog. in 
Polym. Sci. 2013, 38, 1990–2052. 

 

2. Huang, J.-C. Carbon Black Filled Conducting Polymers and Polymer Blends. Adv. Polym. Tech. 

2002, 21, 299–313.  

3. Manias, E. Nanocomposites: Stiffer by Design.  Nature Materials.  2007, 6, 9-11. 
 
4. Lalwani G.; Henslee, A.M.; Farshid B, Parmar, P.; Lin L.; Qin, Y.-X.; Kasper, F.-K.; Mikos, A.-G.; 

Sitharaman, B. Tungsten disulfide nanotubes reinforced biodegradable polymers for 
bone tissue engineering. Acta Biomater.  2013, 9, 8365–8373.  

5. Harrison, B.S.; Atala, A. Carbon nanotube applications for tissue engineering. 
Biomater. 2007, 28, 344-353.  

  

6. Aveyard, R.J.; Binks, B.P.; Clint, J.H.  Emulsions stabilised solely by colloidal particles. Adv. Coll. 
Int. Sci., 2003, 100, 503–546. 

 
7. Fenouillot, F.; Cassagnau, P.; Majeste, J.-C.  Uneven distribution of nanoparticles in immiscible 

fluids: Morphology development in polymer blends. Polymer. 2009, 50, 1333-1350. 
 
8. Ross S, Morrison ID. Colloidal systems and interfaces. Chapter IIA. New York: Wiley. 1998 
 
9. Bancroft, W.D. The Theory of Emulsification. J.Phys. Chem. 1915, 19, 275-309. 
 

10. Herzig, E. M.; White, K. A.; Schofield, A. B.; Poon, W. C. K.; Clegg, P. S. Bicontinuous 
emulsions stabilized solely by colloidal particles. Nat. Mater. 2007, 6, 966–971. 

 
11. Chung, H.; Ohno, K.; Fukuda, T.; Composto, R. J. Self-Regulated Structures in 

Nanocomposites by Directed Nanoparticle Assembly. Nano Lett. 2005, 5, 1878–1882. 
 

12. Chung, H.-J.; Kim, J.; Ohno, K.; Composto, R.J. Controlling the Location of Nanoparticles in 

Polymer Blends by Tuning the Length and End Group of Polymer Brushes. ACS Macro. 

Lett. 2012, 1, 252−256. 

13. Kwon, T.; Kim, T.; Ali, F. B.; Kang, D. J.; Yoo, M.; Bang, J.; Lee, W.; Kim, B. J. Size-Controlled 
Polymer-Coated Nanoparticles as Efficient Compatibilizers for Polymer Blends. 
Macromolecules. 2011, 44, 9852−9862. 

 
14. Vo, L.T.; Giannelis, E.P. Compatibilizing Poly(vinylidene fluoride)/Nylon-6 Blends with 

Nanoclay. Macromolecules. 2007, 40, 8271-8276. 

15. Bockstaller, M.R.; Mickiewicz, R.A.; Thomas, E.L. Block Copolymer Nanocomposites: 
Perspectives for Tailored Functional Materials. Adv. Mat. 2006, 17, 1331-1349. 



12 
 

 
 

16. Kao, J.; Thorkelsson, K.; Bai, P.; Rancatore, B.J.; Xu, T. Toward functional nanocomposites: 
taking the best of nanoparticles, polymers, and small molecules. Chem. Soc. Rev. 2013, 
42, 2654-2678. 

 
17. Kim, B. J.; Fredrickson, G. H.; Kramer, E. J. Effect of Polymer Ligand Molecular Weight on 

Polymer-Coated Nanoparticle Location in Block Copolymers. Macromolecules. 2008, 41, 
436–447. 

 
18. Park, S. C.; Kim, B. J.; Hawker, C. J.; Kramer, E. J.; Bang, J.; Ha, J. S. Controlled Ordering of 

Block Copolymer Thin Films by the Addition of Hydrophilic Nanoparticles. 
Macromolecules. 2007, 40, 8119–8124. 

 
19. Kim, B. J.; Fredrickson, G. H.; Hawker, C. J.; Kramer, E. J. Nanoparticle Surfactants as a Route 

to Bicontinuous Block Copolymer Morphologies. Langmuir. 2007, 23, 7804–7809. 
 
20. Chiu, J. J.; Kim, B. J.; Yi, G.-R.; Bang, J.; Kramer, E. J.; Pine, D. J. Distribution of Nanoparticles 

in Lamellar Domains of Block Copolymers. Macromolecules. 2007, 40, 3361–3365. 
 
21. Kim, B. J.; Bang, J.; Hawker, C. J.; Kramer, E. J. Effect of Areal Chain Density on the Location of 

Polymer-Modified Gold Nanoparticles in a Block Copolymer Template. Macromolecules 
2006, 39, 4108–4114. 

 
22. Kim, B. J.; Chiu, J. J.; Yi, G.-R.; Pine, D. J.; Kramer, E. J. Nanoparticle-Induced Phase Transitions 

in Diblock-Copolymer Films. Adv. Mater. 2005, 17, 2618–2622. 
 
23. Chiu, J. J.; Kim, B. J.; Kramer, E. J.; Pine, D. J. Control of Nanoparticle Location in Block 

Copolymers. J. Am. Chem. Soc. 2005, 127, 5036–5037. 

24. Gubbels, F.; Blacher, S.; Vanlathem, E.; Jérôme, R.; Deltour, R.; Brouers, F.; Teyssie. Ph. 
Design of Electrical Composites: Determining the Role of the Morphology on the 
Electrical Properties of Carbon Black Filled Polymer Blends.  Macromolecules. 1995, 28, 
1559-1566. 

25. Gubbels, F.; Jerome, R.; Teyssie, P.; Vanlathem, E.; Deltour, R.; Calderone, A.; Parente, V.; 
Bredas, J. L. Selective Localization of Carbon Black in Immiscible Polymer Blends: A 
Useful Tool To Design Electrical Conductive Composites. Macromolecules. 1994, 27, 
1972–1974. 

 
26. Feng J, Chan C-M, Li J-X. A method to control the dispersion of carbon black in an immiscible 

polymer blend. Polym. Eng. Sci. 2003, 42, 1058–1063. 
 

27. Listak, J.; Bockstaller, M.R. Stabilization of Grain Boundary Morphologies in Lamellar Block 
Copolymer/Nanoparticle Blends. Macromolecules. 2006, 39, 5820–5825. 

28. Kim, J.; Green, P.F. Directed Assembly of Nanoparticles in Block Copolymer 



13 
 

 
Thin Films: Role of Defects. Macromolecules. 2010, 43, 10452–10456. 

 

29. Bockstaller, M.R.; Lapetnikov, Y.; Margel, S.; Thomas, E.L.  Size-Selective Organization of 
Enthalpic Compatibilized Nanocrystals in Ternary Block Copolymer/Particle Mixtures. J. 
Am. Chem. Soc. 2003, 125, 5276-5277.  

30. Brown, H.R.; Russell, T.P. Entanglements at Polymer Surfaces and Interfaces. 

Macromolecules. 1996, 29, 798-800. 

31. Muller, M.; Binder, K.; Oed, W. Structural and Thermodynamic Properties of 

Interfaces between Coexisting Phases in Polymer Blends: A Monte Carlo Simulation. 
J. Chem. Soc. Faraday Trans. 1995, 91, 2369-2379. 

 

32. Gupta, S.; Zhang, Q.; Emrick, T.E.; Balazs, A.C.; Russell, T.P. Entropy-Driven Segregation Of 
Nanoparticles to Cracks in multilayered Composite Polymer Structures.  Nat. Mater.  
2006, 5, 229-233. 

 
33. Vignati E.; Piazza R.; Lockhart T.P. Pickering Emulsions: Interfacial Tension, Colloidal Layer 

Morphology, and Trapped-Particle Motion. Langmuir. 2003, 19, 6650–6656. 
 
34. Binks, B.P.  Particles as surfactants_similarities and differences. Curr. Op. in Coll. Int. Sci. 

2002, 7, 21-41. 
 
35. Hunter,T.N.; Pugh, R.J.; Franks, G.V.; Jameson, G.J.  The role of particles in stabilising foams 

and emulsions. Adv. Coll. Int. Sci. 2008, 137, 57–81. 
 
36. Clark, S.; Fletcher, P.D.I.; Ye , X. Interdroplet Exchange Rates of Water-in-Oil and Oil-in-Water 

Microemulsion Droplets Stabilized by C12E5. Langmuir. 1990, 6, 1301-1309. 

37. Ivanov I.B.; Danov, K.D.; Kralchevsky, P.A.  Flocculation and coalescence of micron-size 
emulsion droplets. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
1999, 152, 161-182. 

 
38. Stocco, A.; Drenckhan, W.; Rio, E.; Langevin, D.; Binks, B.P.  Particle-stabilised foams: an 

interfacial study. Soft Matter, 2009, 5, 2215-2222. 
 
39. Dexter, A.F.; Malcolm, A.S.; Middelberg, A.P.J.  Reversible active switching of the mechanical 

properties of a peptide film at a fluid–fluid interface. Nat. Mater. 2006, 5, 502-506. 
 
40. Berg, J.  An Introduction to Interfaces and Colloids.  World Scientific.  2010. 
 
41. Pickering, S.U. Emulsions. J. Chem. Soc. 1907, 91, 2001-2021. 
 
42. Pieranski, P. Two-Dimensional Interfacial Colloidal Crystals. Physical Review Letters, 1980, 45, 

569-572. 
 



14 
 

 
43. Kwon, T.; Kim, T.; Ali, F. B.; Kang, D. J.; Yoo, M.; Bang, J.; Lee, W.; Kim, B. J. Size-Controlled 

Polymer-Coated Nanoparticles as Efficient Compatibilizers for Polymer Blends. 
Macromolecules. 2011, 44, 9852−9862. 

 
44.  Mackay, M.E.; Tuteja, A.; Duxbury, P.M.; Hawker, C.J.; Van Horn, B.; Guan, Z.; Chen, G.; 

Krishnan, R.S.  General Strategies for Nanoparticle Dispersion. Science. 2006, 311, 1740-
1743. 

 
45.  Sunday, D.; Ilavsky, J; Green, D.L.  A Phase Diagram for Polymer-Grafted Nanoparticles 

in Homopolymer Matrices. Macromolecules. 2012, 45, 4007−4011. 
 
46. Frischnecht, A.L.; Hore, M.J.A.; Ford, J.; Composto. R.J. Dispersion of Polymer-Grafted 

Nanorods in Homopolymer Films: Theory and Experiment. Macromolecules. 2013, 46, 
2856−2869. 

 
47. Akcora, P.; Liu, H.; Sanat K. Kumar, S.K.; Moll, J.; Li, Y.; Benicewicz, B.C.; Schadler, L.S.; 

Acehan, D.; Panagiotopoulos, A.Z.; Pryamitsyn, V.; Ganesan, V.; Ilavsky, J.; Thiyagarajan, 
P.; Colby, R.H.;  Douglas, J.F.  Anisotropic self-assembly of spherical polymer-grafted 
nanoparticles. Nature Materials, 2009, 8, 354-359. 



15 
 

CHAPTER 2 

SYNTHESIS OF JANUS PARTICLES SUITABLE FOR STABILIZATION OF POLYMERIC EMULSIONS 

 

2.1. Introduction 

 Our first goal in this dissertation was to use Janus particles to kinetically arrest the 

demixing of a polymer blend, specifically to produce a stable, bicontinuous morphology.  In this 

chapter, first we briefly review the Janus particle literature, focusing on their interfacial activity.  

Then, we discuss the results of our attempted synthesis of Janus particles meeting the 

requirements for the desired application.  Finally, we describe the synthesis, undertaken by 

collaborators, of the Janus particles used in subsequent work.  

 

2.1.1. Janus Particles 

Janus particles (JPs) are non-centrosymmetric colloids in which two different 

chemistries are distinctly separated on the surface,1 as shown schematically in Figure 2.1.  This 

broken symmetry enables the combination of traits of both molecular (small-molecule, block 

copolymer) and particulate surfactants, thereby realizing self-assembly behaviors and physical 

properties not present in either.  First proposed by de Gennes in the late-1980s2 and realized 

 
Figure 2.1. Schematic representation of a Janus particle, where  

hemispheres A and B represent regions with different 
surface chemistries. 
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by Casagrande et al. in 1988,3 Janus particles became a topic of intense interest in the soft 

materials community in the mid-2000s.  

Janus particles have been investigated for their utility in a variety of applications and 

physical phenomena.  Their asymmetry affords the opportunity to induce gradients in 

temperature4 or concentration5  across the particle, leading to enhanced diffusion rates with 

some directionality.  Janus particles that catalytically consume a fuel (noble-metal 

decomposition of hydrogen peroxide, for example) can be strongly propelled by the momentum 

accompanying detachment of resultant gas bubbles that nucleate on the particle surface.6,7  

Additionally, Janus particles’ inherent asymmetry can lead to rich self-assembly behavior.  

Notably, Granick and coworkers have created two-dimensional lattice structures by controlling 

the repulsive and attractive interactions between different regions of “triblock” (three-region) 

Janus particles prepared by evaporating two gold patches at controlled angles onto micron-scale 

silica particles, followed by functionalizing with an aliphatic thiol.8-10  Müller and coworkers have 

demonstrated a wide array of self-assembled structures on a much smaller size scale using 

purely organic particles.11,12 By altering the sizes of each Janus region and mixing together 

different types of JPs, they can produce assemblies ranging from linear strings of particles to 

kinked chains and lattice-like networks. 

The characteristics of Janus particles most important to this work are those concerning 

interfacial activity.  Binks and Fletcher published a detailed report discussing the effects of the 

amphiphilic nature of JPs on their interfacial behavior compared to that of homogeneous 

particles,13 finding that the interfacial adsorption energy of a JP is up to three times greater than 

that of a homogeneous particle of the same size and average wettability, depending on the 

difference in wettability of the two Janus regions. The probability of thermally activated 

desorption, which can be expressed as 𝑝 ~ 
∆𝐺𝑎𝑑𝑠

𝑘𝐵𝑇⁄ , where ∆𝐺𝑎𝑑𝑠 is the adsorption energy, 
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is therefore decreased by a factor of 20 for JPs.1 Additionally, when the two Janus regions have 

different areas, Janus particles can retain their interfacial activity at wettabilities approaching 0° 

(or 180°) due to pinning of the contact line on the dividing line between regions, unlike 

homogeneous particles, whose interfacial adsorption energy becomes very small for extreme 

wettabilities.  

Janus particles are generally considered to be more “interfacially active” – more likely to 

adsorb at an interface – than homogeneous particles, but why this is true is rarely discussed. 

Particles adsorb to an A-B interface if Equation 2.1 holds,14 where 𝛾𝐴𝐵  represents interfacial 

tension of A and B phases, and 𝛾𝑃𝐴 and 𝛾𝑃𝐵 represent the interfacial tensions between the 

particle and A and B phases.   

  (2.1) 

JPs offer the opportunity to tailor the surface chemistry of each region on the particle, and, thus, 

minimize the interfacial tension with A and B phases. In this case,  𝛾𝑃𝐴 and 𝛾𝑃𝐵 in Equation 2.1 

become very close to zero, meaning that interfacial adsorption is favored even if the original 

surface tension, 𝛾𝐴𝐵, is very small, as is true in many polymer blends.15 

 

2.1.2. Requirements for Application 

The impetus for developing Janus particles was to create a colloid that can stabilize 

bicontinuous morphologies in a polymer blend, which can evolve during spinodal 

decomposition, either temperature-induced or solvent-induced, as well as during melt-

mixing.16,17 While materials with bicontinuous structures have great utility, this morphology is 

not in thermodynamic equilibrium in polymer blends; bicontinuous domains will coalesce and 

coarsen when possible because the interfacial area between two immiscible fluids can be 

reduced by redistribution of material into spheres of increasing size.18,19 Once formed, 
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coarsening of the morphology must be kinetically arrested in a nonequilibrium state. 

Mechanisms for such kinetic arrest include colloidal jamming20 and vitrification, both of which 

can be aided by the suppression of coalescence provided by interfacially adsorbed particles.  

Reports of the so-called “bijel”, or bicontinuous jammed emulsion gel,21-23 have inspired 

research into kinetically arrested bicontinuous structures. To produce a bijel, a partially miscible 

mixture of two liquids containing neutrally wetting, well dispersed colloidal particles is 

quenched into the spinodal regime, forming a bicontinuous morphology. The particles are 

interfacially active, and adsorb to the interface. As the bicontinuous structure coarsens, the 

interfacial area decreases; eventually, the interfacial area equals the cross-sectional area of the 

adsorbed particles, whereupon the particles mechanically jam, forming a solid network of 

particles that kinetically arrests the structure growth and prevents further coarsening for 

months. Domain size can be controlled by varying particle loading. Rheologically, the structure 

displays significant elasticity, as well as the ability to self-heal its bicontinuity in response to a 

strain. Bijels have been created using water-2,6-lutidine (LCST)22 and ethanediol-nitromethane 

(UCST)23 liquid mixtures. In both cases, neutral wetting of the particles (i.e. 90° contact angle) 

was crucial to the formation of the bicontinuous structure; although the authors do not discuss 

quantitatively how nearly neutral the contact angle must be, very slight differences in the 

amount of atmospherically adsorbed water on the particle powder used in water/2,6-lutidine 

samples had a tremendous effect on the resulting morphology.22  

Given the constraints on forming a kinetically stabilized bicontinuous interface in a 

polymer blend with low surface tension, we propose that the Janus particles must possess three 

traits to be effective stabilizers for a polymeric emulsion with a bicontinuous morphology 

originating from spinodal decomposition. These requirements guided the methods of Janus 

particle synthesis we explored.  The requirements are as follows: 
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- Dispersability in the polymer matrix 
- 90° Janus balance (the Janus hemispheres have equal area)  
- At least 10 mg scale for nanoparticles, 50 mg for micro- or sub-microparticles 
 

Following is a discussion of each of the three “requirements”.  In order to maintain 

dispersability in a fluid, particles require a mechanism by which they can repel each other; in a 

polymeric matrix, typically high molecular weight ligands (either grafted or adsorbed to the 

surface) with sufficient grafting density are required. The free energy of mixing of homopolymer 

and brush chains has an important entropic component. For wetting to be favored entropically, 

either the particle size must be lower than the radius of gyration, Rg, of matrix polymers24 

(generally true only for very small nanoparticles), or the size of the brush polymers must be no 

less than the matrix polymer size.25,26 If the brush polymers are appreciably smaller than those 

of the matrix, entropy gained due to mixing of brush and matrix is less than entropy lost by the 

matrix chains when penetrating the brush layer. This discrepancy results in the brush being 

excluded from the matrix, leading to particle aggregation; this phenomenon is called autophobic 

dewetting. Due to low entropy of mixing in polymers, the brush generally must be either 

miscible with or chemically identical to the matrix polymer so that dispersion is not disfavored 

due to enthalpic concerns. 

Dispersion of individual particles as opposed to aggregated structures is advantageous 

prior to adsorption to the interface, especially in systems where vigorous shear mixing is not 

practical. While aggregates and individual particles may have the same wettability, larger 

clusters or aggregates have slower diffusion rates and thus decreased ability to reach the 

interface. Additionally, fewer adsorption events will occur because the effective number of 

particles is lower in an aggregated system, decreasing compatibilization efficiency. Particles will 

disperse in a polymer matrix if they have adequate repulsive interparticle interactions and are 

wetted by the matrix.  
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Second, the particles should exhibit neutral wetting, i.e. attain a 90° contact angle at the 

interface, in order to not impart curvature on the coarsening domains. As described above, this 

idea is a major tenet of the bijel literature.  Binks and Fletcher13 showed that the contact angle 

of a JP at an interface is determined by two factors: the wettability of the JP with each blend 

phase and the relative surface area covered by each of the two surface chemistries (the “Janus 

balance”). These four parameters as visualized schematically in Figure 2.2: the contact angle of 

the JP at an interface, 𝛽, the Janus balance, 𝛼, and the contact angles of both the apolar, 𝜃𝑎𝑝, 

and polar, 𝜃𝑝, regions of the JP, i.e. the contact angle adopted if the surface chemistry of each 

region were that of a homogeneously functionalized particle.  It was shown that 𝛽 depends on 

𝜃𝑎𝑝, 𝜃𝑝, and the relation between 𝛼, 𝜃𝑎𝑝, and 𝜃𝑝 in the manner described in Equations 2.2:27 

      (2.2) 

The contact angles  𝜃𝑎𝑝 and  𝜃𝑝 are described by the Young equation, Equations 2.3: 

  (2.3) 

Thus, there are three ways to achieve a 90° contact angle using Janus particles.  If the 

Janus balance is unequal (𝛼 ≠ 90°), then the majority region (either polar or apolar) must be 

wetted at the interface with a 90° contact angle; however, such a situation defeats the purpose 

of creating asymmetry in the particle at all, since if one can achieve neutral wetting for one 

 


