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The deposition of PS-PVPH+ polymer micelles from a pH 1 aqueous 

solution onto Si wafers has been studied using a simple dip-coating technique.  It 

has been found that the rate of evaporation of the solvent and the rate of 

withdrawal have a considerable influence on the density and ordering of the 

adsorbed micelles.  The highest density and degree of ordering (as judged by the 

2D pair correlation function) is achieved when solvent evaporation dominates the 

deposition process, but a fairly homogeneous distribution of polymer micelles can 

be achieved over a distance of at least 3-4 mm by controlling the solvent 

evaporation rate and the rate of substrate withdrawal. We did not observe any 

significant effect of added KCl (up to 0.1 M) during the deposition process or 

soaking in 1 M KCl after deposition.  The attachment of these micelles is quite 
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robust as they cannot be washed off in pH 1 water (with or without KCl) without 

significant mechanical assistance. However we did find that the micelles are 

rather easily caused to dewet and partially aggregate under the influence of 65 °C 

water vapor. 

The concept of graphoepitaxy is applied to the deposition of cationic 

polymer micelles from the solution phase onto a Si/SiO2 surface with 100 nm 

deep ion-etched trenches of variable widths. It has been found that the micelle 

density is substantially higher and the ordering of the micelles is improved for 

micelles that adsorb in the 100 nm depressions in the width range of ca. 500 to 

5000 nm. We ascribe these effects to capillary forces that pull the aqueous 

solution into the canyons where the micelles can be trapped. While the ordering of 

the micelles can be substantial, they do not form a perfect hexagonal crystal.  If 

the surface is chemically modified by a Au coating or a layer of sodium 

poly(styrene sulfonate)) the micelle surface-interaction is strengthened and the 

degree of ordering is diminished.  These results demonstrate that a combination of 

graphoepitaxy and processing conditions (speed of substrate withdrawal, pH, 

evaporation of solvent) can be used to make fairly ordered polymer micelle arrays 

over a space of (at least) several mm. 



viii 

Table of Contents 

List of Schema ......................................................................................................xii 

List of Tables .......................................................................................................xiii  

List of Figures ..................................................................................................... xiv  

Chapter 1. Introduction ....................................................................................... 1  

 1.1. Background ............................................................................................ 1 

 1.2. Description of the research ..................................................................... 3 

 1.3. References ............................................................................................ 11  

Chapter 2. Deposition of Cationic Polymer Micelles on Planar SiO2 
Surface ........................................................................................................ 13  

 2.1. Introduction .......................................................................................... 13 

 2.2. Experimental ........................................................................................ 15 

 2.2.1. Material ................................................................................. 15 

 2.2.2. Surfaces Preparation .............................................................. 16 

 2.2.3. Deposition Process ................................................................ 17 

 2.2.4. Imaging .................................................................................. 20 

 2.2.2. Analysis of Images ................................................................ 20 

 2.3. Results .................................................................................................. 21 

 2.3.1. Some General Observations (Glass and Quartz Surfaces) ..... 24 

 2.3.2. Effect of Evaporation ............................................................ 28 

 2.3.3. Effect of Withdrawal Rate ..................................................... 33 



ix 

 2.3.4. Effect of Ionic Strength during Deposition ........................... 38 

 2.3.5. Effect of Post-deposition Treatment with 1 M KCl .............. 39 

 2.3.6. Effect of Post-deposition with Warm Water Vapor .............. 41 

 2.4. Discussion: Consideration of Polymer Micelle Deposition Process..... 45 

 2.4.1. The Dip-Coating Process and the Influence of the  
   Withdrawal Rate...................................................................... 45 

 2.4.2. Effect of Solvent Evaporation ............................................... 53 

 2.4.3. The Kinetics of Adsorption ................................................... 53 

 2.3.4. Capillary Forces Between Particles ....................................... 54 

 2.3.5. The Strength of the Micelle-Surface Interaction:  
                   The Random Sequential Adsorption Limit ............................ 55 

 2.5. Summary and Conclusion .................................................................... 56 

 2.6. References ............................................................................................ 58 

Chapter 3. Graphoepitaxy Control of the Deposition of Cationic Polymer 

Micelles on SiO2 Surface ........................................................................... 62  

 3.1. Introduction .......................................................................................... 62 

 3.2. Experimental Section ........................................................................... 64 

 3.2.1. Material ................................................................................. 64 

 3.2.2. Patterned Surface ................................................................... 65 

 3.2.3. Deposition Conditions ........................................................... 68 

 3.2.4. Imaging .................................................................................. 69 

 3.3. Results .................................................................................................. 70 

 3.3.1. Canyons and Mesas Wider than 500 nm ............................... 70 



x 

3.3.1.1. General Observations ................................................ 70 

3.3.1.2. Parallel Canyon Dewetting ........................................ 76 

3.3.1.3. Comparison of Perpendicular and Parallel Canyons 
........................................................................................ 81 

3.3.1.4. Effect of Surface Modification: Au and PSS-Na+ ..... 81 

 3.3.2. Results for Features Narrower than 500 nm ......................... 88 

 3.3.3. Concentration and Ionic Strength Effect ............................... 95 

 3.4. Discussion ............................................................................................. 95 

 3.4.1. The Proposed Scenario for the Polymer Micelle Deposition 
                   Process ................................................................................... 97 

3.4.1.1. General Comments .................................................... 97 

3.4.1.2. Capillary Effects in the Canyons ............................... 98 

3.4.1.3. Dewetting of Parallel Canyons ................................ 101 

 3.5. Summary and Conclusion .................................................................. 101 

 3.6. References .......................................................................................... 104  

Chapter 4. Effect of Solvent Evaporation on the Deposition of Cationic 

Polymer Micelles on SiO2 Surface ......................................................... 108  

 4.1. Introduction ........................................................................................ 108 

 4.2. Experimental Section ......................................................................... 110 

 4.2.1. Material ............................................................................... 110 

 4.2.2. Surfaces Preparation ............................................................ 110 

 4.2.3. Deposition Process ............................................................... 110 

 4.3. Result and Discussion ........................................................................ 113 



xi 

 4.3.1. Planar Si/SiO2 ...................................................................... 113 

4.3.1.1. General Observations .............................................. 113 

4.3.1.2. Effect of Solvent Evaporation on the Polymer 

Micelle Deposition Process ...................................... 121 

4.3.1.3. Proposed scenario for Polymer Micelle Deposition 

under the Influence of Solvent Evaporation and 

Substrate Withdrawal ............................................... 122 

 4.3.2. Patterned Si/SiO2: Graphoepitaxy Control .......................... 126 

4.3.2.1. Effect of Enhanced Drying and the Effect of 
Withdrawal Speed ....................................................... 126 

4.3.3. Dewetting Patterns under the Influence of Solvent 

Evaporation ......................................................................... 132 

 4.4. Summary and Conclusion .................................................................. 139 

 4.5. References .......................................................................................... 140  

Chapter 5. Conclusion and Suggestions for Further Research .................... 143  

 5.1. Conclusion .......................................................................................... 143 

 5.2. Further Research ................................................................................ 144 

 5.2.1. Size Dependence of the Deposition of the Polymer  
Micelles................................................................................ 145 

 5.2.2. Deposition of Reverse Micelles ........................................... 146 

 5.2.3. Deposition of Cylindrical Micelles ...................................... 147 

 5.2.4. Deposition of Cationic Polymer Micelles onto the Latex  
                   Template............................................................................... 148 

5.2.5. Deposition of Mixed Polymer Micelles ............................... 150 



xii 

5.2.6. Reversibility of Surface Micelles ......................................... 153 

5.2.7. Spherical Hollow Metal Template ....................................... 153 

 5.7. References .......................................................................................... 155  

Appendix   Pair Correlation Function Program ................................................. 156  

Bibliography ....................................................................................................... 159  

Vita  ...................................................................................................................  161  



xiii 

List of Schema  

Scheme 1.1. Schematic Diagram of Polymer Micelle Preparation ..................... 8 

Scheme 1.2. Schematic Diagram of PS-b-PVPH+ micelle in pH 1 aqueous 

solution ........................................................................................... 9 

Scheme 2.1. Entropic driving force for adsorption of macroion: release of  

small counterions........................................................................... 22 

Scheme 2.2. Schematic representation of the dip-coating process on a planar 

surface    ....................................................................................... 46 

Scheme 2.3. Particle is "trapped" between the moving substrate and the 

stationary meniscus surface .......................................................... 50  

Scheme 2.4. Energy imparted to the micelle by moving it a distance dh 

along the surface ........................................................................... 52  

Scheme 3.1. Tilted Withdrawal ........................................................................ 69 

Scheme 3.2. Two Orthogonal Capillary Forces in the Canyons ....................... 96  

Scheme 3.3. Wetting of the meniscus in the region of a canyon .................... 100  

 

 

 

 

 

 



xiv 

List of Tables  

Table 1.1. Structure and Physical Data of PS-b-PVPH+ .................................... 3 

Table 2.1. Effect of Ionic Strength ................................................................... 38  

Table 3.1. Relationship of the point of diminished particle density in a 

parallel canyon and the substrate tilt angle ..................................... 77  

Table 4.1. Time Dependent Water Contact Angle ......................................... 111 

Table 4.2. Density Comparison ...................................................................... 114  

Table 5.1. Defferent Degree of Polymerization of Commercially Available 

PS-b-PVP Copolymer .................................................................... 146 

 

 

 



xv 

List of Figures  

Figure 1.1. Illustration of the Patterned SiO2 Wafer .......................................... 10 

Figure 2.1. Slow Withdrawal System ................................................................ 19  

Figure 2.2. Typical PS-PVPH+ micelle adsorption onto a planar Si/SiO2 

surface and g(r)2D ............................................................................. 23 

Figure 2.3. Illustration of Deposition onto a Planar Quartz Surface with an 

Irregularly Shaped Fragment ........................................................... 25  

Figure 2.4. Illustration of Deposition onto a Planar Glass Surface with an 

Irregularly Shaped Fragment ........................................................... 26 

Figure 2.5. Micelle Penetration into an Adventitious Narrow Crack (in 

Glass) ............................................................................................... 27 

Figure 2.6. Dense band formation at the solvent front (Si wafer) ...................... 30  

Figure 2.7. g(r) and size distribution for high density region in Figure 3 .......... 31  

Figure 2.8. g(r) and size distribution for low density region in Figure 3 ........... 32  

Figure 2.9. Effect of Withdrawal Rate ............................................................34-7  

Figure 2.10. Post-deposition Treatment with 1 M KCl ........................................ 40  

Figure 2.11. Treatment with 65 °C Water Vapor ................................................. 42  

Figure 2.12. Aggregation of micelles after treatment with 65 °C water vapor .... 43  

Figure 2.13. Illustration of some of the dewetting phenomena observed after 

exposure of a sample to 65 °C water vapor...................................... 44  

Figure 3.1. Setup for Vapor Phase Reaction of Si surfaces with 3- amino-

propyltrimethoxysilane ................................................................... 67 



xvi 

Figure 3.2. A typical SEM image of a parallel mesa and canyon ..................... 73 

Figure 3.3. A parallel mesa and canyon and the micelle density as a function 

of distance to the wall ..................................................................... 74 

Figure 3.4. Illustration of the graphoepitaxy effect for a "parallel" canyon ...... 75  

Figure 3.5. Illustration of the dewetting observed in a parallel canyon ........78-80 

Figure 3.6. Micelles deposited on a Au surface ..............................................84-5  

Figure 3.7. Micelles deposited on a parallel PSS-Na+ surface ........................... 86  

Figure 3.8. Micelles deposited on a perpendicular PSS-Na+ surface ................ 87  

Figure 3.9. Complex aggregate of micelles on a  PSS-Na+ surface .................. 88  

Figure 3.10. Illustrating typical narrow mesas and canyon ..............................90-1  

Figure 3.11. Illustrating a "disordered single file" of micelles on a narrow 

mesa and partial filling of narrow canyon ....................................... 92  

Figure 3.12. Micelles adsorbed in a ca. 400 nm wide parallel canyon ................ 93  

Figure 3.13. Illustrating a "distorted triple or quadruple file" for a < 250 nm 

wide mesa ........................................................................................ 94 

Figure 4.1. Over Humidified Deposition ......................................................... 112  

Figure 4.2. Micelle deposition under enhanced drying conditions ...............115-8  

Figure 4.3. Micelle density as a function of the distance from the solvent 

front, comparing dried and humidified sample .............................. 119  

Figure 4.4. Typical micelle deposition pattern under humid conditions, 1200 

µm below the solvent front ............................................................ 120  

Figure 4.5. Illustration of the proposed scenario of micelle deposition under 

enhanced drying conditions ........................................................... 125 



xvii 

Figure 4.6. Micelle deposition in a parallel canyon under conditions of N2 

flow (enhanced drying) ..............................................................127-9 

Figure 4.7. Illustrating the diminished density in a  perpendicular canyon at a 

withdrawal rate of 2000 nm/s and enhanced drying ..................130-1 

Figure 4.8. Dewetting of the Planar Surface .................................................... 134  

Figure 4.9. Dewetting of the Parallel Canyon in the Patterned Surface ........135-8  

Figure 5.1. Carbon Nano-Tube on the Patterned Si/SiO2 Surface.................... 148  

Figure 5.2. Horizontal Flip of g(r)2D................................................................. 149 

Figure 5.3. Deposition from the Layered Micelle Solutions ............................ 151  

Figure 5.4. PSPAA micelles on PSPVPH+ ....................................................... 152 

Figure 5.5. Illustration of typical PSPVP+ micelle surface............................... 154 



1 

Chapter 1 

Introduction 

1.1. BACKGROUND 

In nanotechnology, "self-assembly" of soft materials (such as polymers) to 

produce ordered arrays at the solid-liquid interface has currently been of great 

interest because it is a most promising preparation of new and highly functional 

nanonomaterials.1-6 Those arrays can be used as templates for subsequent 

reactions, microelectronic device and biosensor.  

Closely related with this, modification of surfaces by polymers has been 

actively studied for many years, driven in part because of the ability of polymers 

to stabilize colloid particles in solutions or modify planar surfaces with respect to 

some property such as hydrophobicity or protein adsorption.  There has also been 

considerable intellectual impetus for this work and the theoretical study of 

polymers on surfaces has been an active area of research.  One of the most recent 

developments has been layer-by-layer deposition of oppositely charged 

polyelectrolytes to produce robust films, using simple solution-phase processing 

steps. 7-10 These LbL-polyelectrolyte films have been shown to have applications 

as molecular templates and have also been proposed as new materials for drug 

delivery and catalysis.  Another recent development in this area has been the use 

of polymer micelles to make arrays that are more or less ordered according to the 

particular method of preparation.  A high density and ordered array could provide 
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the basis for the manufacture of a high density information storage medium, either 

directly or as a process template.11  

Surface modification by adsorption of weakly charged latex particles or 

inorganic colloids has also been studied since the initial report by Iler et al., which 

demonstrated that highly ordered hexagonal close-packed 2D crystals could be 

formed by simply allowing the latex solution to dry slowly on a substrate.12 

Numerous studies has been performed on this subject itself fundamentally 

because colloidal array systems can be a paradigm for understanding the 

interfacial behavior of liquid and crystal and because they can be the basis and 

tools for constructing complex chemical and biological mechanism from nano-

particles or molecules.13-19 

Polymer micelles are usually prepared from diblock or triblock polymers 

and are composed of a relatively compact core and a more flexible and much less 

dense corona.20 A schematic diagram of general polymer micelle preparation is 

shown in scheme 1.1. A flexible corona can adjust itself to maximize favorable 

interactions with the surface while stabilizing the micelle against aggregation 

either in solution or after adsorption on the surface.  If a polymer micelle is in 

dynamic equilibrium with its component polymers, so called “unimers”, its 

aggregation number can change or it can totally dissociate upon adsorption.21 The 

polymer micelles used in this project are kinetically frozen, so they can be thought 

of as a kind of "hairy latex" particle with a polyelectrolyte corona. The adsorption 

of these particles on surfaces combines aspects of polyelectrolyte and latex 

particle surface modification. Moreover, it gains more interest if the basic micelle 
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properties, such as chemical hold and release and reversible formation and 

dissociation, are combined. 

1.2. DESCRIPTION OF THE PROJECT 

In this Dissertation research we have studied cationic polymer micelles, 

prepared by self-organization of polystyrene-blk-poly-(2-vinylpyridineH+) on 

SiO2 surfaces.22, 23 All studies are for micelles in aqueous solution at pH 1 and we 

will refer to the polymer as PS-b-PVPH+.   

 

Diblock Polymer Structure Degree of 
Polymerization Micelle Properties 

 

DP(PS) = 350 
  

DP(PVP) = 550 

MW = 13.4 x 106 

Nagg = 140 
Rcore = 12 nm 

Rcorona = 63.5 nm, 
(pH 1, no added KCl) 

 
micelles stable for pH < 5 

Table 1.1. The structure and physical data of PS-b-PVPH+ 

 

The diblock copolymer structure and data of PS-b-PVPH+ is summarized 

in Table 1. For the ionic strength corresponding to pH 1 the Debye screening 

length is ca. 1 nm so electrostatic interactions will be short range.  The polymer 

used has a degree of polymerization of the PS and PVP blocks of ca. 350 and 550 

respectively.  The molecular weight of the micelle is ca. 13.4 x 106, which yields 

an aggregation number (Nagg) of ca. 140.  The core diameter was determined by 

-(CH  -CH)2 m

NH+

-(CH  -CH) 2 n 

PS- blk -PVPH +
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SANS to be ca. 24 nm.24  The hydrodynamic diameter (measured by dynamic 

light scattering) is approximately 120 nm and the polydispersity based on the ratio 

of cumulants (µ2/µ12) is approximately 0.05 (Scheme 1.2).  

The purpose of this research is the formation of well-defined 2D arrays of 

polymer over large areas by simple dipping techniques. Such surfaces may be 

used directly as spatially resolved centers which contain photochromic materials 

or magnetic materials, or as templates for other processes. The length scale of 

surface micelles, given by the center-to-center distance, is found to be in the range 

of 40 - 120 nm.  These arrays are analogous to those formed by normal latex 

particles or spontaneous microphase separation in diblock polymer films.  The 

method of preparation is similar to layer-by-layer assembly of polyelectrolytes. 

This study has originally started from a basic scientific curiosity, which is 

whether we can control coverage of the surface and the degree of 2D ordering by 

controlling the interaction of the solvent with the corona (e.g. pH, ionic strength), 

the surface (e.g. the nature of the surface modification) and the micelle itself (e.g. 

the length of the corona block). However, we have found that there can exist 

significant differences in the observations according to the details of the 

deposition procedure itself. Surface features can also influence the degree of 

particle ordering. The interplay between surface adsorption energies and capillary 

forces, as it were, can play an important role in controlling the distribution of 

particle-particle separation. The interaction between adsorption energies and 

capillary forces depends on the speed of the substrate withdrawal, the speed of 

solvent evaporation, and also the topological patterns on the surface.  



5 

To achieve systematic control on the rate of insertion into or withdrawal 

from the solution and also to achieve extremely slow moving speed, the slow 

withdrawal technique has been developed by adapting a syringe pump. In the 

system, a metal rod with a Teflon substrate holder has been attached to a 

volume/distance calibrated syringe on the vertically mounted a syringe pump, and 

approximate 1.5 - 2.0 by 0.5 – 1.0 cm SiO2 substrates are placed at the holder. 

The solution and the substrate were contained in a sealed Plexiglas chamber. A 

typical withdrawal rate is in the range of 40 – 200 nm/sec. (see 2.2.3. Deposition 

Process) 

The rate of solvent evaporation, which depends on the humidity in our 

aqueous sample case, is important because the particle flux to the contact line as a 

part of the solvent flow can be induced by thermal gradients that arise from 

solvent evaporation.25 For the first stage of these experiments, the deposition 

process has been performed under conditions approaching 100 % relative 

humidity to such that the time dependent thinning of the solution layer on the 

substrate is controlled by the withdrawal rate rather than the solvent evaporation. 

For the next stage, the deposition has been carried out in which the rate of 

evaporation was deliberately increased by flowing dry N2 gas through the 

chamber, or conversely, adding a number of water pools to the chamber to over-

humidify the deposited micelles. 

A SiO2 surface with 100 nm deep ion-etched trenches (Figure1.1) were 

used to study the influence of surface topological patterns on subsequent 

patterning processes, the so called ‘graphoepitaxial effect’. The lithographic 
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pattern is composed of depressions that are uniformly 100 nm deep but with 

widths that vary from ca.110 nm to > 10 µm.  We will refer to the upper and 

lower surfaces as "mesas" and "canyons" respectively.  The ca. 2 mm length of 

these features is much larger than the width.  The pattern is made up of replica 

sets of lines and spaces rotated 90° to each other so we can compare canyons 

oriented with their long axis parallel or perpendicular to the direction of 

withdrawal. 

Microscopic imaging techniques have been developed as a major tool for 

surface science. Since micelles are chemical structures in the submicro- or nano-

scale (40 - 120 nm) which can be resolved by most of scanning microscopies in 

these days, scanning electron microscopy (SEM) and atomic force microscopy are 

used to get actual images of micelle surfaces. Morphological information 

including x-y coordinates of each micelle center, surface densities, and size 

distributions can be obtained from those images. The pair correlation functions of 

surface micelles were later produced by inputting x-y coordinates into a 

FORTRAN based program. 

In the chapter 2, a full description of the experimental methodology used 

in the deposition of PS-b-PVPH+ micelles on planar SiO2 surfaces and its results 

are given. The chapter describes in detail the deposition procedure including the 

surface preparation and the slow withdrawal technique. It also presents our image 

analysis procedure. We also discuss our general observations for planar glass and 

quartz surfaces including the effect of the withdrawal rate. The consideration of 

each factor playing a role in the deposition of polymer micelles onto surfaces 
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under the condition of our experiment is also provided with a theoretical analysis 

in the Result and Discussion sections. 

In the chapter 3, experimental observations concerning the deposition of 

PS-b-PVPH+ micelles from pH 1 aqueous solution onto a topologically patterned 

Si/SiO2 surfaces are provided. The results of the cases of trenches narrower and 

wider than 500 nm including dewetting process are discussed separately. Then, a 

proposed scenario for the micelle deposition process is provided. In this chapter 

we also present some results for a patterned Si/SiO2 surface that has been 

modified by either a layer of sodium poly(styrene sulfonate) (PSS-Na+) or 

sputtered Au. 

In the chapter 4, the effect of solvent evaporation on the deposition is 

presented. The results under enhanced drying conditions are compared with that 

of the over-humidifying case for both planar and patterned SiO2 surfaces. The 

effect of evaporation rate is discussed based on cited papers, and then a proposed 

scenario for the deposition process under our conditions is presented. 

Since there are numerous possible applications and adaptations of this 

research, the extensions based on the presented work are presented as a separate 

chapter. Selective subjects which are directly related to the presented work, such 

as micelle size dependence of the deposition, reversibility of surface micelles, 

deposition of cationic polymer micelles onto a latex template, deposition of 

reverse or shaped micelles, and deposition of mixed polymer micelles, is 

described in the chapter 5. 
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Scheme 1.1. Schematic Diagram of Polymer Micelle Preparation 

swollen core

inner corona

corona

corona

unimers (good solvent)

selective solvent

dialysis into water

core
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Scheme 1.2. Schematic Diagram of PS-b-PVPH+ micelle in pH 1 aqueous 

solution 

CORE

CORONA

R core = 12 nm

    Rh = 60 nm (pH dependent)
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Figure 1.1. Illustration of the Patterned SiO2 Wafer 
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Chapter 2 

Deposition of Cationic Polymer Micelles on Planar SiO2 Surface 

 

2.1. INTRODUCTION 

Modification of surfaces by polymers has been an active area of 

theoretical and experimental research for decades. One recent development in this 

area has been the use of polymer micelles to make arrays that are more or less 

ordered according to the particular method of preparation. A high density and 

ordered array could provide the basis for the manufacture of a high density 

information storage medium, either directly or as a process template.1 Polymer 

micelles are usually prepared from diblock polymers and are composed of a 

relatively compact core and a more flexible and much less dense corona.2  A 

flexible corona can adjust itself to maximize favorable interactions with the 

surface while stabilizing the micelle against aggregation either in solution or after 

adsorption on the surface.  If a polymer micelle is in dynamic equilibrium with its 

component polymers ("unimers") its aggregation number can change (or it can 

totally dissociate) upon adsorption.3 The polymer micelles described herein are 

"kinetically frozen", so our particles are analogous to hairy colloids.  Many other 

features of polymer micelle adsorption should be similar to ordinary colloids, in 

particular the important role of capillary forces that come into play as the solution 

containing the micelles thins.4,6   This effect is particularly important in the case 

of aqueous solutions because of the high surface tension of the air-water interface.  
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In most studies the thinning of the solvent layer is a consequence of the 

evaporation of the solvent.5,6  In the present study the substrate is withdrawn from 

a solution very slowly under conditions of 100% humidity, such that the thinning 

is primarily a consequence of the draining of the solution layer. 

Patterned surfaces can be prepared by the spontaneous self-organization of 

particles.  A well-known example is the formation of 2-D hexagonal close-packed 

colloid crystals.7  Möller et al. have presented a number of papers in which a 

similar self-ordering occurs for polymer micelles deposited on planar surfaces 

from solution.8  In a series of papers concerning surface micelles by Eisenberg 

and Lennox the TEM images presented indicated considerable ordering of the 

micelles, although this aspect was not emphasized in these papers.9  Formation of 

ordered polymer arrays by a room temperature solution process can have potential 

advantages if the polymer itself or materials dissolved into the polymer are 

thermally unstable.  Formation of domains from the melt can be a slow process in 

many cases although the kinetics can be greatly speeded up by swelling of the 

polymer by a gas10, solvent11 or supercritical fluid.12  There have been a number 

of reports of the formation of ordered arrays by simply allowing a solution of 

particles deposited on a surface to evaporate slowly.7 Capillary forces between the 

particles will tend to force them into a hexagonal close-packed array so long as 

the particles have sufficient surface mobility.6  If the particles are attracted too 

strongly to the surface  annealing into an ordered array is impossible and liquid-

like order is the best that can be hoped for (this is the so-called Random 

Sequential Adsorption (RSA) limit13). 
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In an earlier research in our group, we studied the deposition of the same 

cationic micelles discussed herein on a SiO2 surface that had first been modified 

by an amino silane and dipped into a pH 1 solution of Na+ polystyrene-sulfonate 

(PSS-Na+), following the now-familiar polyelectrolyte layer-by-layer surface 

modification procedure.15  The only other work concerning the adsorption of 

charged micelles on a surface that we are aware of is from the group of Briggs et 

al. 16 In this case AFM is used to monitor the time-dependence of the deposition 

of cationic micelles onto an anionic mica surface. This work is unique because the 

deposition is monitored in the presence of the aqueous solution (all other studies, 

including the one presented here, examine the array after removal from solution, 

as required by TEM or SEM techniques). These authors work at very low micelle 

concentrations such that arrays per se are not formed. 

In the present paper we present our experimental observations concerning 

the deposition of protonated polystyrene-blk-poly(2-vinylpyridine) (PS-b-PVPH+) 

micelles from pH 1 aqueous solution onto a planar silicon wafer (denoted 

Si/SiO2). 

 

2.2. EXPREIMENTAL 

2.2.1. Material 

The polystyrene-block-poly(2-vinylpyridine) micelles used in this study 

are the same as used previously in our group.14, 15  All studies are for micelles in 

aqueous solution at pH 1 and we will refer to the polymer as PS-b-PVPH+.  For 

the ionic strength corresponding to pH 1 the Debye screening length is ca. 1 nm 
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so electrostatic interactions will be short range.  The polymer used has a degree of 

polymerization of the PS and PVP blocks of ca. 350 and 550 respectively.  The 

molecular weight of the micelle is ca. 13.4 x 106, which yields an aggregation 

number (Nagg) of ca. 140.  The core diameter was determined by SANS to be ca. 

24 nm.17  The core is expected to be essentially pure glassy polystyrene, based on 

our method of micelle preparation.  The hydrodynamic diameter (measured by 

dynamic light scattering) is approximately 120 nm and the polydispersity based 

on the ratio of cumulants (µ2/µ12) is approximately 0.05.25  All studies reported 

here are for micelles in aqueous solution at pH 1 and the pyridine groups (at least 

on the corona periphery) will be protonated.  Thus we will refer to the polymer as 

PS-b-PVPH+.  For the ionic strength corresponding to pH 1 the Debye screening 

length is ca. 1 nm so electrostatic interactions will be short range. 

2.2.2. Surfaces Preparation 

All Si surfaces were used after extensive cleaning.   Approximate 1.5 - 2.0 

by 0.5 – 1.0 cm pieces of the Si wafer were cut from a larger wafer and were 

cleaned by soaking them for 15 minutes in “piranha solution” (250 mL of 

concentrated H2SO4 added slowly to 250 mL of 30% H2O2 chilled in an ice bath.  

Caution: heat liberated and final solution very reactive).  After the Si pieces were 

rinsed in distilled water for 5 minutes, they were soaked for 15 minutes in 10.0 wt 

% NaOH in methanol. The acid/base cleaned pieces were rinsed in distilled water 

again before they were heated in a surface annealing chamber. The temperature of 

the annealing chamber was controlled by Microprocessor-Based Temperature 

Controller (OMEGA Engineering, Inc., Stamford, CT) which was programmed to 
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increase the temperature to 500 °C for 3 hours, hold at 500 °C for 30 minutes, and 

then cool down to room temperature. The Si pieces were wrapped with Al foil 

before put in the chamber. 

The importance of the high temperature annealing process can be shown 

by the water contact angle measurement. The contact angle were measured with 

NRL Goniometer (Rame-hart, Inc.) with a lamp (6 V, 30 W) controlled by TGHM 

from OLYMPUS Optical Co., LTD. Deionized water droplets (maximum of 100 

µL) were used for the measurements at room temperature. A typical contact angle 

was 24.5 ± 2.6 ° with respect to water after the acid/base clean, but after the 

annealing process the readings were less than 7 ° and was uniform (± 1 °) over the 

whole surface of the substrate.  For pH 1 water the contact angle was 4.3 ± 0.6 ° 

(average of 6 locations). We also report a few experiments using glass or quartz 

substrates, which were cleaned in the same fashion as the Si wafer. 

2.2.3. Deposition Process 

The deposition of the micelles was accomplished by dipping the substrate 

into a room temperature pH 1 unstirred solution of the micelle with a 

concentration of 0.2 mg/mL. In pre-experiments we also used concentrations in 

the range 1.2 to 0.12 mg/mL but we did not find any significant effect of 

concentration.14 Based on the micelle molecular weight and the hydrodynamic 

radius this concentration range corresponds to a volume fraction of ca. 4.9 x 10-3.   

To have the systematic control on the rate of insertion into or withdrawal 

from the solution and also to achieve extremely slow moving speed, the slow 

withdrawal technique has been developed by adapting a syringe pump (Figure 
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2.1). In the system, a metal rod with a Teflon substrate holder has been attached to 

a volume/distance calibrated syringe on the vertically mounted a syringe pump, 

and Si wafer pieces are placed at the holder. The solution and the substrate were 

contained in a sealed Plexiglas chamber during the deposition process.  

In the present experiments we will study the effect of different exposure 

times and withdrawal rates. The SiO2 substrate was exposed to the micelle 

solution for a period of time (e.g. 10 minutes) and then withdrawn at the rate of 40 

- 20000 nm/sec (typically about 5 mm of substrate was exposed to the solution).  

            The solution was contained in a Plexiglas chamber under conditions 

approaching 100% relative humidity.  Under these conditions we believe that the 

main contribution to the time dependent thinning of the solution layer on the 

substrate is the withdrawal rate rather than evaporation of the solvent.  This is an 

important point because in many other experiments it is the flow of solvent 

induced by thermal gradients that arise from solvent evaporation that is 

responsible for the particle flux to the contact line.5, 6(c), 19  Our technique may 

minimize this effect but it does not eliminate it, as we will discuss in the Results 

section. Because our Si surfaces are highly hydrophilic the wetting solution rises 

above the bulk solution-air interface by approximately 2 mm, as estimated by eye. 

The contact angle of water with the planar surfaces after micelle 

deposition and complete drying (weeks or more) was rather high, on the order of 

70° (there was no significant difference between advancing and receding contact 

angles). Clearly the protonated pyridine moieties do not reside on the outer 

surface or perhaps the HCl has escaped the corona region upon long exposure to 
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the atmosphere.  For pH 1 water the contact angle was 66.7 ± 5.2 ° for advancing 

and 67.2 ± 4.8 ° for receding, so it seems that the pyridines are not available for 

protonation after complete drying of the surface. 

 

 

Figure 2.1. Slow Withdrawal System

N2 gas in Air out 

Attached to Vertically 
mounted syringe pump 
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2.2.4. Imaging 

SEM images were obtained with a LEO 1530 scanning electron 

microscope which has GEMINI field emission column with a thermal field 

emitter was used. The uncoated surface samples are placed on a copper clip 

holder. All images were obtained at low accelerating voltage with a short working 

distance (EHT = 1 kV, WD = 4 mm) to avoid destroying the organic structure on 

the surface and an in-lens annular detector was used for bright, clear surface-

specific image. The typical magnification of images was ca. 10+5. 

AFM imaging of micelle absorbed surfaces was performed under ambient 

condition on Dimension™ 3100 Atomic Force Microscope (Digital Instruments, 

CA) in tapping mode with silicon tip (40 N/m) and cantilever.  The height of the 

micelles was approximately 20 nm above the substrate.  We were not able to 

resolve any clear structure due to the corona, which we would expect to occupy 

some of the area around the core outside the area identified as the micelle 

"diameter" from SEM images.  

2.2.4. Analysis of Images 

After the SEM images have been enhanced with respect to contrast, the 

image files are input to a public domain program ImageJ (Ver 1.18, National 

Institutes of Health) to get the x, y coordinates of the centers, areas of all particles. 

A FORTRAN based program(see Appendix) is used to obtain the 2D pair 

distribution function g(r)2D, which counts the number of particles in distance R as 

increasing that by a given step and normalize it by the increment of area. The 

maximum distance Rmax determines not only the maximum separation to be 
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paired but also whether a given particle has to be considered by dropping all 

particles in the range of Rmax from edges of the image. 

 

 

2.3. RESULTS 

Although there is no obvious strong driving force for adsorption when a 

planar Si/SiO2 surface is dipped into PS-PVPH+ micelle solution, the exposure of 

a surface to a micelle solution yields a fairly uniform coverage of the surface by 

micelles (Figure 2.2). We assume that the driving force for adsorption of the 

polymer micelle "micro-ions" is the entropic gain of releasing a large number of 

protons from the SiO2 surface (Scheme 2.1). 

The average nearest neighbor separation (first peak in g(r)2D) will be 

governed by the degree of corona-corona overlap at the moment the micelles lose 

their mobility as the aqueous solution drains away.  The coverage and nearest 

neighbor distance on an untreated planar Si/SiO2 surface is very close to the 

solution dH value (ca. 120 nm). 
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Scheme 2.1. Entropic driving force for adsorption of macroion: release of  small 

counterions. 
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Figure 2.2. Typical PS-PVPH+ micelle adsorption onto a planar Si/SiO2 surface 

and g(r)2D. 
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2.3.1. Some General Observations (Glass and Quartz Surfaces) 

While most of our discussion will focus on Si waters, the PS-PVPH+ 

micelles adsorb strongly onto glass or quartz surfaces.  Sometimes there are small 

fragments of the glass or quartz that have found their way onto the surface before 

the deposition and the micelles can be found covering those surfaces as well as 

the planar surface (for an example with quartz see Figure 2.3, for glass see Figure 

2.4).  The micelles are able to penetrate into small adventitious cracks in these 

substrates, as illustrated in Figure 2.5.  This latter image was one of the reasons 

that we sought to carry out more systematic studies of graphoepitaxial effects.14, 

20 In all of these images we note that the spacing of the micelles is fairly regular, 

but with many voids and an appearance that is what one would expect of a fairly 

dense 2D gas.  Except in cracks or substrate edges the micelles tend to approach 

each other no closer than ca. 120 nm or so, which is approximately what one 

would expect from the hydrodynamic diameter. 
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Figure 2.3. Illustration of deposition onto a planar quartz surface with an 

irregularly shaped fragment. 
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Figure 2.4. Illustration of deposition onto a planar glass surface with an 

irregularly shaped fragment. 
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Figure 2.5. Micelle penetration into an adventitious narrow crack (in glass). 
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2.3.2. Effect of Evaporation 

Evaporative loss of solvent could lead to the formation of a colloidal 

crystal, as has been studied by many other groups for latexes or inorganic nano-

particles.7  Evaporative loss of solvent alone may contribute to the well-ordered 

arrays of polymer micelles as observed by Eisenberg, Lennox and co-workers 9 or 

Möller et al.8   In the former case quaternized polystyrene-blk-poly(vinylpyridine) 

dissolved in a non-selective solvent (CHCl3) was deposited on a water surface 

and the organic solvent allowed to evaporate.  In the latter case polystyrene-blk-

poly(2-vinylpyridine) dissolved in a selective solvent for polystyrene (toluene) 

was deposited onto mica or Si/SiO2 surfaces (there are pre-formed polymer 

micelles in this case).  In both procedures the relatively slow evaporation of the 

organic solvent could permit surface movement of the swollen micelles.  It has 

been demonstrated by Lin et al. that controlling the rate of evaporation plays a 

strong role in the ordering of particles on surfaces.21 

In our experimental protocol we make every effort to prevent evaporation 

of the water during our deposition.  Typically the substrate was left in the solution 

10 minutes before beginning the slow withdrawal, but this delay time could be 

sufficient to permit some evaporative loss of solvent.  We sometimes observed a 

dense band of micelles near the initial solution-air-substrate contact line (we will 

refer to this as the "deposition front").  An example is shown in Figure 2.5, in 

which a ca. 30 µm dense band of micelles is present near the deposition front.  

Not only is the particle density approximately two times higher than immediately 

below this band, but the pair correlation function is also more structured, much as 
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expected of a 2-D liquid or hexadic phase18 (clearly the array is not a perfect 

crystal).  Immediately below the high density region the particle density drops and 

the pair distribution function loses definition. For both regions the apparent 

particle diameter, which reflects the micelle core plus the collapsed corona, is 

essentially the same, 36.6 ±2.6 and 39.7 ±2.8 respectively (Figure 2.6 and Figure 

2.7).   
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Figure 2.6. Dense band formation at the solvent front (Si wafer). 
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Figure 2.7.  g(r) and size distribution for high density region in Figure 3. 

Diameter: 36.63 ± 2.63 nm
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Figure 2.8.  g(r) and size distribution for low density region in Figure 3.  

 

Diameter: 43.75 ± 3.86 nm
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2.3.3. Effect of Withdrawal Rate 

Our standard withdrawal rate for these experiments was chosen to be in 

the range 40 to 200 nm/s (total withdrawal time ca. 70 to 12 hours).  When we 

increased the withdrawal rate by a factor of 10 or 100 we found that the 

homogeneity of the coverage was significantly degraded (Figure 2.9(a)-(d)).  In 

this case the surface tends to be composed of groups of micelles separated by ca. 

100-150 nm and regions of dimension ca. 200-300 nm which are free of micelles.  

We presume that the closer association of the micelles is the result of 

intermicellar capillary forces that occur as the withdrawal is nearly complete.  The 

thickness of the layer of liquid drawn up during the dip-coating depends strongly 

on the withdrawal speed (see later discussion) and hence the number of micelles 

that are trapped in this layer increases with pulling speed.  However at our micelle 

concentrations our pulling speed would have to be increased by several orders of 

magnitude for this factor to be important.  We believe that for our experiments the 

withdrawal (along with adventitious evaporation) creates a circulating 

hydrodynamic flow of solvent near the contact line which enhances the transport 

of micelles into the contact line region and therefore provides a sufficient number 

of particles to account for the coverage density  we observe.  The negative effect 

of higher withdrawal rates could arise from either an inadequate reaction time (i.e. 

mass transport limited) or the stripping effect of the liquid flow during the 

deposition process but an order of magnitude estimate of these effects suggests 

that they are not important (see later discussion). 
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Figure 2.9(a) Effect of Withdrawal Rate: Withdrawal Rate = 40 nm/sec (2.0 mm 

from the deposition front) 
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Figure 2.9(b) Effect of Withdrawal Rate: Withdrawal Rate = 200 nm/sec (2.0 mm 

from the deposition front) 
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Figure 2.9(c) Effect of Withdrawal Rate: Withdrawal Rate = 2 µm/sec (2.0 mm 

from the deposition front) 
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Figure 2.9(d) Effect of Withdrawal Rate: Withdrawal Rate = 20 µm/sec (2.0 mm 

from the deposition front) 
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2.3.4. Effect of Ionic Strength during Deposition 

We also examined the effect of ionic strength on the deposition process for 

planar surfaces.  For added KCl of 0.01, 0.05 and 0.10 M we did not observe any 

significant effect ((see Table 2.1); note that at pH our background ionic strength is 

0.10 M).  If ion exchange with the surface is the most important mechanism for 

adsorption (see Scheme 2.1) then we assume that at sufficiently high ionic 

strength the adsorption process would be frustrated, although at high ionic 

strength we anticipate that our micelles would aggregate. 

 

 

[KCl] dH
a ρb dc (nm2) 

0.0 127.1 69.3 39.7 ± 2.8  

0.01 130.0 66.1 43.8 ± 3.9 

0.05 123.8 65.9 41.7 ± 3.4 

0.10 114.3 64.3 38.1 ± 2.3 

Table 2.1.  Effect of ionic strength strength  

               a. Hydrodynamic diameter (nm) measured by QELS 

               b. Number of micelles/(µm)2 

               c. Diameter of the micelle, based on the bright region of the SEM image 
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2.3.5. Effect of Post-deposition Treatment with 1 M KCl 

A substrate on which the micelles had previously be deposited and air 

dried was soaked in 1 M KCl (at pH 1 with HCl) for 6 hours and then extensively 

rinsed with pH 1 water to remove excess salt.  There was no loss of micelle 

density and in general the SEM contrast was slightly sharper than our usual 

sample (Figure 2.10; apparent diameter from SEM image is 32.6 ± 2.9 nm).  

Perhaps this is because the corona has become more dense from the additional 

electrostatic screening by KCl. 

As discussed above, we have proposed that the attachment of these 

micelles to Si/SiO2 is essentially the result of an "ion-exchange" reaction with the 

surface SiOH groups. If so, one would expect that at sufficiently high salt 

concentration that the micelles would be displaced. Evidently 1 M is not high 

enough for this to occur. According to our proposed mechanism it is also 

reasonable to expect that post-treatment with KCl would help anneal the micelle 

array into a more perfect 2D crystal, as the KCl would serve to weaken the 

micelle-substrate attraction and thereby enhance the particle mobility.  However 

the g(r) function of the surface after this treatment is not changed in any 

significant way. 



40 

 

Figure 2.10. Post-deposition Treatment with 1 M KCl 
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2.3.6. Effect of Post-deposition with Warm Water Vapor 

In an attempt to achieve more perfect ordering, the planar substrate was 

suspended a few centimeters above the surface of warm water for 2-3 hours and 

the temperature of the substrate estimated from a thermocouple suspended at the 

same height. The idea was that the warm condensing vapor might impart some 

additional mobility to the micelles, while maintaining capillary forces between 

them (it is also the case that the water vapor would wash away excess HCl, so 

these micelles should be bathed in essentially neutral water after the first few 

minutes). At a substrate temperature of ca. 35 °C no change was observed in the 

micelle array, but at 65 °C large "circular" regions of low density formed (Figure 

2.11), presumably as the result of dewetting. Inside the higher density regions 

considerable aggregation of the micelles can be observed (Figure 2.12(a)).  

Evidently the warm condensing vapor did have the effect of improving the 

micelle mobility, but without the desired effect of improved ordering.  The 

coalescence of the micelles could arise from the loss of charge in the corona as 

well as a lowered Tg for the polystyrene core, from confinement effects.  There 

are some interesting areas where there is a very rapid transition from a high to low 

micelle density, which we assume is also due to dewetting (Figure 2.12(b)). 
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Figure 2.11. Treatment with 65 °C Water Vapor 
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Figure 2.12.  Aggregation of micelles after treatment with 65 °C water vapor 
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Figure 2.13. Illustration of some of the dewetting phenomena observed after 

exposure of a sample to 65 °C water vapor. 

 

2µm
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2.4. DISCUSSION : CONSIDERATION OF THE POLYMER MICELLE DEPOSITION 

PROCESS 

Clearly the following will play a role in the deposition of polymer micelles 

onto surfaces under the condition of our experiment: a) The nature of the dip-

coating process itself; b) The effect of solvent evaporation; c) Adsorption kinetics 

of the micelles; d) capillary forces between the micelle particles; e) The strength 

of particle-surface interaction. Each of these will be discussed in the following 

sections. 

2.4.1. The Dip-Coating Process and the Influence of the Withdrawal Rate 

Dip-coating is a technologically important process and the analysis of the 

governing hydrodynamics goes back to the 1940's work of Landau and Levich.23  

In the following we paraphrase the results and notation given in the book by 

Probstein.24 We do not take into account the influence of the micelles on the 

hydrodynamics and therefore our discussion is not quantitative and only serves to 

illustrate some of the issues.  As will be obvious from the following, it is certainly 

the case that the presence of the micelles must have a profound effect on the 

behavior of the liquid-substrate-air contact line. 

The schematic representation of the dip-coating process on a planar 

surface as discussed in the Landau-Levich model is given in Scheme 2.2 (see ref. 

24).  In the lubrication film region the liquid film achieves a constant thickness, 

δF (evaporation is ignored in this treatment). The expected value of δF is 

considerably smaller than the micelle size, as we will see below.  
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Scheme 2.2.  Schematic representation of the dip-coating process on a planar 

surface (Landau-Levich model). 
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The height of the capillary rise of the liquid on the planar substrate is essentially 

the same as for a stationary substrate.  Taking the contact angle to be small, h is 

given by 25 

  h = ((2σ/ρg))1/2 = (2)1/2∆c                                            (1) 

where ρ is the solution density, σ is the surface tension and the gravitational 

constant g is 9.807 m/s2.  ∆c is the capillary constant as defined by Probstein.  For 

H2O at 273 K σ= 72.9 x 10-3 N/m and ρ = 103 kg/m3 and ∆c is calculated to be 

2.73 mm. While we have not precisely measured the capillary rise on the 

substrate, it certainly is on the order of several mm, as judged by eye. 

The final thickness of the lubrication film is given by 

  δF = 0.946∆cCa2/3                                                        (2) 

where Ca is the capillary number: 

  Ca = µU/σ                                                                    (3) 

µ is the solution viscosity and U is the speed at which the substrate is withdrawn 

from the solution.  The viscosity of water at 300 K is 0.823 x 10-3 sPa and for a 

withdrawal speed of 100 nm/s we obtain δF ≈ 3 nm, much thinner than the 

hydrodynamic diameter of our micelles in bulk solution. Certainly in the 

lubrication region the solvent profile will be determined by the capillary forces 

between the particles rather that the limiting film thickness. Our pulling 

conditions are in sharp contrast to those employed by Meiners et al.11 and Möller 

et al.8 Their typical micelle concentration is ca. 20 times larger than ours, but 

more importantly their pulling speed is ca. 105 faster (ca. 5 mm/s) which, 

ignoring differences in the two liquids, yields δF on the order of 2 x 103 larger 
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than our conditions (i.e. there is a proportionality to U2/3 in eq (2)). In this case 

transport of the micelles to the surface is not an issue as they are carried up by the 

lubrication layer with subsequent solvent evaporation.  Thus unlike our findings, 

there exists an optimal range of pulling speed to produce micelle ordering.26 We 

assume that our pulling conditions can produce reasonable micelle densities and 

ordering because our solvent strongly wets the substrate and the attraction of our 

micelles to the surface is much stronger than for the case of a PS corona on mica, 

using toluene as a solvent.11, 26 

Based on the "no slip" assumption (i.e. the velocity of the solution 

immediately next to the substrate moves with the same velocity as the substrate) 

and no stress forces on the film surface, the following equation for the solution 

velocity in the x-direction at a point x, y is obtained from the Navier-Stokes 

equation: 

  u(x)y = U + 
σ
µ  

d3δ(x)
dx3     [ -y2

2δ(x)2  + 
y

δ(x) ]δ(x)2         (4) 

δ(x) is the thickness of the meniscus at the height x and that this equation is not 

valid for the lubrication film region (where δ(x) = δF is a constant and u(x)y = U).  

At the meniscus surface 

 u(x)y = δ(x) = U + 
σ
µ  

d3δ(x)
dx3   δ(x)2/2                                (5) 

Conservation of mass requires that the velocity of the liquid decreases with y, so 

d3δ(x)/dx3 < 0 is required. The velocity profile of liquid trapped in a meniscus can 

be calculated as following. 

 The shape of the meniscus is given by31 
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For x ≈ h (i.e. near the top of the static meniscus region) 

  
d3δ(x)

dx3    ≈ - 4/h2 = - 2ρg/σ                                                       (8) 

Substituting into eq (5) yields 

  u(x)y≈δ(x) = U - 
ρg
µ    δ(x)2                                                       (9) 

From eq. (9) that the value of δ(x) such that u(x)x≈δ(x) = 0 is 

  δ(x)0 = [µU
ρg ]1/2                                                     (10) 

For U = 100 nm/s and the constants appropriate to water, δ(x)0 = 92 nm.  

Therefore the meniscus surface becomes static at a thickness that is on the order 

of the hydrodynamic diameter of our micelles.  In this picture the micelle can be 

thought of as "trapped" between the moving substrate and the stationary meniscus 

surface (see Scheme 2.3). The change of the sign of u(x) near this region could 

also set up a circulation of micelles near the substrate that helps keep the local 

micelle concentration high. At large values of U the stagnation point will occur at 

values of δ(x)0 that are large compared to the particle hydrodynamic diameter (dh) 

and hence would have little effect of the adsorption process. Likewise if δ(x)0 is 

small compared to dh for the particle we would not expect any dependence of the 

particle density on U and the deposition would be equivalent to one driven 

entirely by solvent evaporation. 
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= ux(y)

x

y

δ(x)

 

Scheme 2.3. Particle is "trapped" between the moving substrate and the 

stationary meniscus surface.
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The solvent velocity U near the substrate can give rise to a viscous drag 

exerted on an adsorbed particle.  If a particle is adsorbed on the surface, then the 

Stokes law viscous drag is 

  f = 3πµdhU = 
kT
D    U (11) 

where D is the diffusion constant of the particle as given by the Stokes-Einstein 

expression. The energy imparted to the micelle by moving it a distance dh along 

the surface would be (see Scheme 2.4) 

  ∆E = f dh = 
kT
D    dh U (12) 

For a particle with dh ≈ 100 nm and a diffusion constant in water of 5 x 

10-8 cm2/s 

  ∆E = (2 x 10-5 s/nm) kTU (13) 

Therefore U ≈ 5 x 104 nm/s would be required to impart kT of energy to the 

adsorbed particle. Thus we conclude that at our typical withdrawal speeds 

adsorption energies should completely overwhelm the tendency of the viscous 

drag to displace particles (a withdrawal rate of 2 x 103 nm/s was enough to 

degrade the density and ordering, see the Results section)). 



52 

U

fvis

∆Evis = kTdhU/D

 

Scheme 2.4. Energy imparted to the micelle by moving it a distance dh along the 

surface. 
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2.4.2. Effect of Solvent Evaporation 

Much of the work on the self-ordering of colloids has emphasized the role 

of solvent evaporation and highly ordered colloid crystals can be produced by 

simply allowing a solution to evaporate slowly while in contact with a 

substrate.7,19 In the present experiment, the deposition process was carried out in 

a sealed Plexiglas chamber under conditions approaching 100 % relative 

humidity. While Our technique may minimize evaporation but it does not 

eliminate it, as seen in the Result section. Therefore, the effect of evaporation is 

studied separately in chapter 4, in which the results under enhanced drying 

conditions are compared with that of the over-humidifying case for both planar 

and patterned SiO2 surfaces. The effect of evaporation rate is discussed in detail 

based on cited papers, and then a proposed scenario for the deposition process 

under our conditions is presented in that chapter. 

2.4.3. The Kinetics of Adsorption 

In their study of the adsorption of latex particles on surfaces Johnson and 

Lenhoff 27 used the following rate expression to describe the rate of increase of 

the surface concentration: 

  cs(t) = 2 cb [Dt
π  ]1/2                                                      (14) 

where cb is the number density of particles in the solution phase and cs(t) is the 

surface number density. Obviously this equation can hold only at the earlier 

stages of adsorption. Typically we use a micelle concentration of ca. cb ≈ 9 x 1012 

micelles/cm3. The highest surface density we observe is ca. 1.3 x 1010 

micelles/cm2 and D ≈ 5 x 10-8 cm2/s. Inserting this value for cs in eq. (14) yields 
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a saturation time of ca. 40 s. Therefore, unless the sticking coefficient of our 

particles is very low, the surface should be saturated much more quickly than the 

time it is actually in contact with the bulk solution. In any case we have not 

observed any difference in coverage for samples that were allowed to remain in 

contact with the solution for hours before withdrawal was initiated,28 so we do not 

believe that the kinetics of micelle encounters with the surface limits the density 

of adsorption in our experiment.  

2.4.4. Capillary Forces Between Particles 

The capillary forces that exist between particles immersed in films of 

solvent whose thickness is on the order of the particle diameter can impart an 

energy that is many times kT for particle sizes on the order of our micelles, 

according to the theory of this effect for impenetrable spheres.6 While our 

micelles are certainly not simple impenetrable spheres, the general effect of 

capillary forces to bring particles closer together must be operative.  Because the 

polymer micelle corona is compressible, the strength of the capillary forces can 

determine the average micelle center-to-center distance.  For polymer micelles the 

observed center-to-center distance must represent the balance of capillary forces 

and corona compression at the moment when the micelle surface mobility drops 

to zero.  This latter is a function of the micelle-surface interaction energy and the 

thickness profile of the meniscus.  The latter depends on the withdrawal velocity 

and the rate of solvent evaporation. Thus is seems reasonably that by a 

combination of surface chemistry (vis-a-vis the corona) and "processing 

conditions" the micelle density may be controlled. 
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2.4.5. The Strength of the Micelle-Surface Interaction: The Random 

Sequential Adsorption Limit 

In a classical paper by Adamczyk et al. simulations of particle adsorption 

on a surface were carried out considering the "excluded area" of particles that are 

already present on a surface.13 If a particle sticks to the site of the initial 

adsorption then subsequently adsorbed particles may have short range order as 

dictated by packing but there will not be any long range ordering.  In the Random 

Sequential Adsorption (RSA) limit the pair correlation function will tend to be 

liquid-like (similar to what we see on planar surfaces).  In order to achieve a more 

ordered array of particles there must remain some particle mobility to anneal out 

the imperfections in the distribution which further minimizes the chemical 

potential of the particles.  This effect is nicely illustrated in the simulations of 

Bonnecaze et al.29 Obviously as the water film becomes very thin compared to the 

micelle hydrodynamic diameter the surface mobility will fall to zero. Increasing 

the corona-surface interaction energy will also tend to diminish the micelle 

surface mobility, which presumably requires the simultaneous breaking of 

multiple corona-surface contacts with a concomitantly high activation energy.  In 

this work we attempted to weaken the attraction of the PS-PVPH+ micelles for the 

surface by increasing the ionic strength up to 0.1 M in KCl during deposition or 

treating the surface with 1 M KCl after the deposition.  Neither of these 

treatments had a strong effect on the density or ordering of the micelles.  In our 

earlier work15 or new work to be published separately,30 we have found that 
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modifying the Si/SiO2 surface in such a way as to strongly interact with the PS-

PVPH+ micelles greatly diminishes the degree of 2D ordering. 

 

2.5. SUMMARY AND CONCLUSION 

The deposition of PS-PVPH+ polymer micelles from a pH 1 aqueous 

solution onto Si wafers has been studied using a simple dip-coating technique.  

Except near the original solution-substrate-air contact line (the "solvent front") 

these polymer micelles are always deposited as a monolayer with very little 

micelle aggregation.  It has been found that the rate of evaporation of the solvent 

and the rate of withdrawal have a considerable influence on the density and 

ordering of the adsorbed micelles.  The highest density and degree of ordering (as 

judged by the 2D pair correlation function) is achieved when solvent evaporation 

dominates the deposition process, but a fairly homogeneous distribution of 

polymer micelles can be achieved over a distance of at least 3-4 mm by 

controlling the rate of substrate withdrawal. It seems reasonable to suppose that 

by using a dip-coating technique with careful control of solvent evaporation one 

could achieve considerable control of the spacing and ordering of polymer 

micelles (as well as other types of nanoparticles). Polymer micelles have the 

unique feature of a soft corona which can be compressed and which can be 

expected to change its stiffness in response to solvent or other environmental 

features (pH, ionic strength, temperature). 

We have suggested that a kind of ion-exchange mechanism is responsible 

for the attraction of these micelles to Si/SiO2 surfaces,14 but in the present work 
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we did not observe any significant effect of added KCl (up to 0.1 M during the 

deposition, 1 M after deposition).  The entropic gain for a macroion to adsorb 

onto a surface (with displacement of small ions) should be a strong function of 

ionic strength which suggests that the relevant mechanism may lie elsewhere 

(perhaps an acid-base interaction between Si-OH groups and unprotonated 

pyridines). Whatever the mechanism, the attachment of these micelles is quite 

robust as they cannot be washed off in pH 1 water (with or without KCl) without 

significant mechanical assistance. However we did find that the micelles are 

rather easily caused to dewet and partially aggregate under the influence of 65 °C 

water vapor. 

 



58 

2.6. REFERENCES 

1. Cheng, J. Y.; Ross, C. A.; Chan V. Z-H.; Thomas, E. L.; Lammertink, R. G. 

H.; Vancso, G. J.  Adv. Mater. 2001, 13, 1174-78. 

2. Webber,  S. E. J. Phys. Chem. B 1998,102, 2618-2626.  

3. Bijsterbosch, H. D.; Cohen Stuart, M. A.; Fleer, G. J. Macromolecules 1998, 

31, 9281-94.  

4. Kralchevsky, P. A.; Denkov, N. D.  Curr. Opinion Colloid & Interface Sci. 

2001, 6, 383-401. 

5. Maillard, M.; Motte, L.; Ngo, A. T.; Pileni, M. P. J. Phys. Chem. B. 2000, 

104, 11871-11877. 

6. a) Kralchevsky, P. A.; Nagayama, K. Langmuir 1994, 10, 23-36; b) Dimitrov, 

A. S.; Dushkin, C. D.; Yoshimura, H.; Nagayama, K. Langmuir, 1994, 10, 

432-440; c) Denkov, N. D.; Velev, O. D.; Kralchevsky, P. A.; Ivanov, I. B.; 

Yoshimura, H.; Nagayama, K.  Langmuir 1992, 8, 3183-3190. 

7. a) Jiang, P; Bertone, J.F.; Hwang, K. S.; Colvin, V. L. Chem. Mater. 1999, 11, 

2132-2140; b) Velikov, K. P.; Durst, F.; Velev, O. D. Langmuir 1998, 14, 

1148-1155 ; c) Hanarp, P.; Sutherland, D. S.; Gold, J.; Kasemo, B. Colloids 

Surfaces A: Physiochem. Eng. Aspects. 2003, 214, 23-36. 

8. a) Spatz, J. P.; Mössmer, S.; Hartmann, C.; Möller, M.; Herzog, T.; Krieger, 

M.; Boyen, H-G.; Ziemann, P.; Kabius, B. Langmuir 2000, 16, 407-415; b) 

Spatz, J. P.;  Herzog, T.; Mössmer, S.; M.; Ziemann, P.; Möller, M. Adv.  

Mater. 1999, 11, 149-153. 



59 

9. a) Cox; J. K.; Eisenberg, A.; Lennox, R. B. Curr. Opinion Colloid Interface 

Science 1999, 4, 52-59; b) Zhu, J.; Lennox, R. B.; Eisenberg, A. J. Phys. 

Chem. 1992, 96, 4727-4730; c)  Zhu, J.; Lennox, R. B.; Eisenberg, A. 

Macromolecules 1992, 25, 6556-6562. 

10. a) Berens, A. R.; Huvard, G. S.; Korsmeyer, R. W.; Junig, F. W. J. Appl. 

Polym. Sci. 1992, 46, 231; b) Condo, P. D.; Johnston, K. P. J. Polym Sci, Part 

B: Polym. Phys. 1994, 32, 523-533. 

11. Meiners, J. C.; Quintel-Ritzi, A.; Mlynek,J.; Elbs, H.; Krausch, G. 

Macromolecules 1997, 30, 4945-4951.  

12. RamachandraRao, V. S.; Gupta, R. R.; Russell, T. P.; Watkins, J. J. 

Macromolecules 2001, 34, 7923-7925. 

13. a) Adamczyk, Z.; Weronski, P; Musial, E. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 2002, 208 , 29–40; b) Adamczyk, 

A.; Zembala, M.; Siwek, B.; Warszynski, P. J. Colloid Interface Sci. 1990, 

140, 123. 

14. Hahn, J ; Webber, S. E. Langmuir 2003, 19, 3098-3102. 

15. Talingting, R. M.; Ma, Y.; Simmons, C.; Webber, S. E. Langmuir 2000,16, 

862-865. 

16. Webber, G. B.; Wanless, E. J.; Armes, S. P.; Baines, F. L.; Biggs, S.  

Langmuir 2001, 17, 5551-61. 

17. Plestil, J.; Kriz, J.; Tuzar, Z. ; Procházka, K.; Melnichenko, Y. B.;  Wignall, 

G. D.; Talingting, M. R.; Munk, P.; Webber, S. E. Macromol. Chem. Phys. 

2001, 202, 553-563. 



60 

18. See, for example, Berne, B.J.; Pecora, R. Dynamic Light Scattering: with 

applications to chemistry, biology, and physics, Wiley-Interscience: New 

York, 1976.  µ1 is the first cumulant average diffusion constant (= q<D>) and 

µ2 is the second (µ2 = q2(<D2> - <D>2)), where q is the scattering vector. 

19. Sun, Y.; Walker, G. C. J. Phys. Chem. B 2002, 106, 2217-2223. 

20. J. Hahn and S. E. Webber, manuscript submitted for publication. 

21. Lin, X. M.; Jaeger, H. M.; Sorensen, C. M.; Klabunde, K. J. J. Phys. Chem. B 

2001, 105, 3353-3357. 

22. a) Kosterlitz; J. M.; Thouless, D. J.; J. Phys. C 1973, 6, 1181 b) Halperin, B. 

I.; Nelson, D. R. Phys. Rev. Lett. 1978, 41, 121; c) Young, A. P. Phys. Rev. B 

1979, 19, 1855; d) Bond Orientation Order in Condensed Matter Systems; 

Strandburg, K. J., Ed.; Springer-Verlag: New York, 1992. 

23. Landau, L.; Levich, B. Acta Physichim. URSS 1942, 17, 42. 

24. Probstein, R. F. "Physicochemical Hydrodynamics", 2nd Edition. John Wiley 

& Sons, New York, 1994. 

25. A. W. Adamson, "Physical Chemistry of Surfaces", 5th Edition,Wiley-

Interscience, New York, 1990.  See equation II-28, p. 27.  Taking into account 

the contact angle, the right hand side of this equation would have to be 

multiplied by (1 - sinθc)1/2.  In Adamson the capillary constant is denoted a 

and the factor of (2)1/2 is considered to be part of the capillary constant (see 

p. 12).  

26. Thesis of Ch. Hartmann, Chapter 4 (private communication).  At a micelle 

concentration of 5 mg/mL good ordering ("regime II") was found for pulling 



61 

speeds in the range of  ca. 6 - 22 mm/s. At higher speeds multilayers are 

produced and at lower speeds low density disordered arrays are observed. 

27. Johnson, C. A.; Lenhoff, A. M.. J. Coll. Int. Sci. B 1996, 179, 587-599. 

28. An exception to this statement is in the solvent front region, due to solution 

evaporation, as discussed in the main text. 

29. a) Gray, J. J.; Bonnecaze, R. T. J. Chem. Phys. 2001, 114, 1366-1381.; b) 

Gray, J. J.; Klein, D. H.; Korgel, B. A. Bonnecaze, R. T. Langmuir 2001, 17, 

2317-2328. 

30. J. Hahn and S. E. Webber, manuscript submitted for publication. 

31. See ref. 25, p. 36, just following eq. II-31. Note that the coordinate convention 

used by Adamson is different than in ref. 24.  In Adamson y, x and a 

correspond to x, δ and (2)1/2∆c in Probstein. Our expression corresponds to 

zero contact angle of the wetting liquid on the substrate (i.e. in ref. 25, this 

corresponds to h/a = 1) 

 

 

 

 

 

 

 

 

 



62 

Chapter 3 

Graphoepitaxy Control of the Deposition of Cationic Polymer 

Micelles on SiO2 Surface 

3.1. INTRODUCTION 

The preparation of patterned surfaces has been an extremely active area of 

research for the past few years, stimulated in part by the "bottom up" approach to 

nanotechnology.  There are many approaches to this problem including micro-

contact printing1 and imprinting.2  In the former case a patterned chemical 

modification is transferred to a surface and in the latter a topological pattern is 

created, analogous to the "top-down" approach of photolithography and ion-

etching that has been used so extensively in the electronics industry.  A 

topological pattern can influence subsequent patterning processes and it is this 

graphoepitaxial effect that we discussed in an earlier paper3 and will be further 

discussed herein. Segalman et al. have demonstrated that the degree of ordering of 

polymer micelles formed from the melt can be controlled by the topological 

features of the substrate.4  Massey et al. have exploited topological control of the 

deposition of cylindrical micelles on a surface although ordered arrays per se 

were not formed.5  

Formation of ordered polymer arrays by a room temperature solution 

process can have potential advantages if the polymer itself or materials dissolved 

into the polymer are thermally unstable.  There have been a number of reports of 

the formation of ordered arrays by simply allowing a solution of particles 
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deposited on a surface to evaporate slowly.6  Capillary forces between the 

particles will tend to force them into a hexagonal close-packed array so long as 

the particles have sufficient surface mobility.7  If the particles are attracted too 

strongly to the surface then annealing them into an ordered array is impossible 

and a liquid-like order is the best that can be hoped for (this is the so-called 

Random Sequential Adsorption (RSA) limit8). 

Our observation of graphoepitaxial control of the deposition of cationic 

polymer micelles most closely resembles the reports of Deckman et al. 9 and Sun 

and Walker10, in which a relief image was shown to control the deposition of latex 

particles. Deckman et.al. have applied the concept of graphoepitaxy to the 

ordering of charged polymer spheres ("polyballs"). In this case a grating etched 

into Si was shown to enhance the long-range order of a monolayer or sub-

monolayer array relative to a simple planar surface and the solution was thinned 

by spin-casting. In the work by Sun and Walker a grooved silicon surface was 

prepared and it was shown that 914 nm anionic latex particles were preferentially 

deposited in the grooves as the solution evaporated. For a sufficiently wide 

groove there appeared to be rather good hexagonal order, although the authors did 

not study this aspect of the deposition in detail. One major difference between 

latex particles and star-like polymer micelles is that the latter contains a highly 

expanded and flexible corona with a high density of functional groups that 

interact with the surface. One may hope that by controlling the corona/surface 

interaction, the inter-particle capillary forces and solvent removal during 
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deposition that the center-to-center distances (i.e. the particle density) and 

ordering can be independently controlled with the same polymer micelle system. 

In the present paper we present our experimental observations concerning 

the deposition of protonated polystyrene-blk-poly(2-vinylpyridine) (PS-b-PVPH+) 

micelles from pH 1 aqueous solution onto a topologically patterned silicon wafer 

(denoted Si/SiO2). We will also present some results for a patterned Si/SiO2 

surface that has been modified by either a layer of sodium poly(styrene sulfonate) 

(PSS-Na+)11 or sputtered Au. 

 

3.2. EXPREIMENTAL 

3.2.1. Material 

The polystyrene-block-poly(2-vinylpyridine) micelles used in this study 

are the same as used previously.3,11,12 All studies are for micelles in aqueous 

solution at pH 1 and we will refer to the polymer as PS-b-PVPH+. For the ionic 

strength corresponding to pH 1 the Debye screening length is ca. 1 nm so 

electrostatic interactions will be short range. The polymer used has a degree of 

polymerization of the PS and PVP blocks of ca. 350 and 550 respectively.  The 

molecular weight of the micelle is ca. 13.4 x 106, which yields an aggregation 

number (Nagg) of ca. 140.  The core diameter was determined by SANS to be ca. 

24 nm.13 The hydrodynamic diameter (measured by dynamic light scattering) is 

approximately 120 nm and the polydispersity based on the ratio of cumulants 

(µ2/µ12) is approximately 0.05. 
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3.2.2. Patterned Surface 

The lithographic pattern is composed of depressions that are uniformly 

100 nm deep but with widths that vary from ca.110 nm to > 10 µm (see Figure 

1.1).  We will refer to the upper and lower surfaces as "mesas" and "canyons" 

respectively.  The ca. 2 mm length of these features is much larger than the width.  

The pattern is made up of replica sets of lines and spaces rotated 90° to each other 

so we can compare canyons oriented with their long axis parallel or perpendicular 

to the direction of withdrawal ("parallel" or "perpendicular" canyons 

respectively).  We assume that our cleaning procedure yields chemically identical 

surfaces exposed for the mesas and canyons. 

The patterned Si surfaces were used after cleaning as follows:  

Approximate 1.5 - 2.0 by 0.5 - 1.0 cm pieces of the patterned Si wafer were 

removed and were cleaned by soaking them for 15 minutes in “piranha solution” 

(250 mL of concentrated H2SO4 added slowly to 250 mL of 30% H2O2 chilled in 

an ice bath.  Caution: heat liberated and final solution very reactive).  After the Si 

pieces were rinsed in distilled water for 5 minutes, they were soaked for 15 

minutes in 10.0 wt % NaOH in methanol. The acid/base cleaned pieces were 

rinsed in distilled water again and dried before they were heated in a surface 

annealing chamber (the maximum temperature = 500 °C, see 2.2.2. Surface 

Preparation). The contact angle was less than 7° with respect to water and was 

uniform (± 1 °) over the whole surface of the substrate. Because our Si surfaces 

are hydrophilic the wetting solution rises above the bulk solution-air interface by 

approximately 2 mm, as estimated by eye. 
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Au surfaces were prepared on cleaned Si substrates by a Cressinton 

Sputter Coater 208 HR (Ted Fella, Inc.) with 40 mA setting until the thickness 

reached 100 nm. The smoothness of the Au surface was verified by its SEM 

image. 

Poly(styrene sulfonate) (PSS-Na+) surfaces were prepared as follows: A 

vapor phase reaction was performed to coat the Si surface with 3- 

aminopropyltrimethoxysilane (APMS) (see the illustration in Figure 3.1).  5.0 mL 

of APMS (97 %, Aldrich) was added to 150.0 mL of dried toluene and heated 

under a very slow N2 flow to 97 °C.  The cleaned and annealed Si wafer pieces 

were placed for 12 hours above the solution(ca. 7 cm from the meniscus: at this 

position the vapor temperature was about 45 °C and the vapor condensation on 

the surfaces can be avoided). After the surfaces were washed with toluene, they 

were rinsed with pure ethanol and then water. The amino-activated Si substrates 

were dipped into 0.1 M HCl for 5 minutes before they were dipped into a 0.1 wt 

% aqueous solution of poly(styrene sulfonic acid) sodium salt (Mw = 70,000, 

Polysciences, Inc.) and slowly withdrawn at the rate of 200 nm/sec (see 3.2.3. 

Deposition Conditions for this methodology). 
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Figure 3.1. Setup for Vapor Phase Reaction of Si surfaces with 3- 

aminopropyltrimethoxysilane. 

N2 in gas out

ca. 7 cm
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3.2.3. Deposition Conditions 

The deposition of the micelles was accomplished by dipping the substrate 

into a room temperature pH 1 unstirred solution of the micelle. The usual 

concentration was 0.2 mg/mL but we also carried out experiments in the range 1.2 

to 0.12 mg/mL. Based on the micelle molecular weight and the hydrodynamic 

radius this concentration range corresponds to a volume fraction from ca. 4.9 x 

10-2 to 4.9 x 10-3. The Slow Withdrawal Technique (see 2.2.3. Deposition 

Process for detail) was used for the purpose of a controlled rate of insertion into 

or withdrawal from the solution. In the present experiments we will study the 

effect of different exposure times and withdrawal rates. The SiO2 substrate was 

exposed to the micelle solution for a period of time (e.g. 10 minutes) and then 

withdrawn at the rate of 40 - 20000 nm/sec (typically about 5 mm of substrate 

was exposed to the solution). 

The solution was contained in a Plexiglas chamber under conditions 

approaching 100% relative humidity.  Under these conditions we believe that the 

main contribution to the time dependent thinning of the solution layer on the 

substrate is the withdrawal rate rather than evaporation of the solvent.  This is an 

important point because in many other experiments it is the flow of solvent 

induced by thermal gradients that arise from solvent evaporation that is 

responsible for the particle flux to the contact line.7(c), 10, 14  Our technique may 

minimize evaporation but it does not eliminate it.  
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In some of our experiments with patterned 

surfaces we tilted the substrate away from the 

vertical by ±θtilt, where a positive angle means 

that the patterned surface faced up and the 

substrate was tilted away from perpendicular to 

the water surface and a negative angle means that 

the patterned surface was down. 

 

3.2.4. Imaging 

SEM images were obtained with a LEO 1530 scanning electron 

microscope which has GEMINI field emission column with a thermal field 

emitter. The uncoated surface samples are placed on a copper clip holder. All 

images were obtained at low accelerating voltage with a short working distance 

(EHT = 1 kV, WD = 4 mm) to avoid destroying the organic structure on the 

surface and an in-lens annular detector was used for a surface-specific image. The 

typical magnification of images was ca. 10+5. We often analyze images by 

obtaining the 2-D pair-correlation function.3  The x-y coordinates of the micelles 

in a representative region of the image are obtained and then the number of pairs 

at a given separation is directly counted using a simple FORTRAN based 

program. For the results presented here the maximum separation that is 

considered is less than 500 nm as all distinct structure in g(r)2D has been lost by 

300 nm in the best ordered samples. 

 

Scheme 3.1. Tilted Withdrawal

+θ 
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3.3. RESULTS 

As part of our on-going study of the adsorption of polymer micelles on 

surfaces we have deposited PS-PVPH+ micelles on modified and unmodified 

planar Si/SiO2 surfaces.  In our earlier report we discussed the deposition of the 

same PS-PVPH+ micelles discussed herein on a SiO2 surface that had first been 

modified by electrostatically adsorbed Na+ polystyrene-sulfonate (PSS-Na+).11  

The cationic polymer micelles covered the surface uniformly after only a few 

minutes exposure to the aqueous solution.  In this system there is a strong driving 

force for adsorption because of the release of a large number of surface bound 

Na+ ions upon adsorption of the PS-PVPH+ "macroion" (an analogous process is 

proposed for the present case - see Scheme 2.1).  Because the pair correlation 

function for the array was typical of a 2-D liquid, we interpreted our results in the 

context of the Random Sequential Adsorption (RSA) model.8(b) Exposure of a 

planar Si/SiO2 surface to a PS-PVPH+ solution yields a fairly uniform coverage 

of the surface by micelles (images not shown) and a g(r)2D function that is similar 

to the PSS-Na+ study and for the mesas discussed next.  We assume that the 

driving force for adsorption of the polymer micelle "micro-ions" is the entropic 

gain of releasing a large number of protons from the SiO2 surface (Scheme 2.1). 

3.3.1. Canyons and Mesas Wider than 500 nm 

3.3.1.1. General Observations 

When the lithographically patterned substrate is exposed to the PS-PVPH+ 

solution under identical conditions there is a remarkable difference in the particle 

density for the mesas and canyons (see Figure 3.2). Note that the diameter of the 
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particles, based on the light colored circles in the images, is on the order of 40 

nm15, much smaller than the 120 nm hydrodynamic diameter (dH) and larger than 

the 24 nm core diameter. Presumably this "apparent diameter" reflects the 

collapsed, dry corona. The average nearest neighbor separation (first peak in 

g2D(r)) will be governed by the degree of corona-corona overlap at the moment 

the micelles lose their mobility as the aqueous solution drains away. The coverage 

and nearest neighbor distance on the mesas is essentially identical to what is 

observed for an untreated planar Si/SiO2 surface and the latter is very close to the 

solution dH value. 

For canyons with widths in the range 500-5000 nm the coverage is much 

more dense and the g(r)2D for micelles in the middle of the canyon is 

considerably sharper than found on either a planar surface or the mesas.  

Evidently the coronas of neighboring micelles are strongly overlapping or have 

been compressed by nearly a factor of two (i.e. the first g(r)2D peak is at ca. 60 

nm).  Along the walls of the canyons there is a disordered high density of micelles 

that extends approximately 100 nm from the wall.  While not so evident from 

Figure 3.2, micelles can be clearly seen on the sidewalls of the canyons in other 

images not presented here.  Obviously for a sufficiently wide canyon the adsorbed 

micelle distribution must approach that of a simple planar surface. This effect is 

illustrated in Figure 3.3, where the micelle density and the degree of ordering 

decreases as the distance from the wall increases.  The higher density persists to 

about 5 µm while the ordering (as judged by eye) is diminished at a separation of 

about 2 µm. 
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Another fundamental observation is contained in Figure 3.4 for a 

perpendicular canyon with width ca. 1 µm.  In this particular image the mesa is 

relatively narrow (ca. 400 nm) but still the particle density is similar to a simple 

planar surface.  There is a piling up of micelles within 100 - 150 nm of the canyon 

walls and in other images micelles can be seen on the canyon walls themselves.  

The g(r) function shows a fairly distinct structure but the statistics are not so good 

because of the relatively small number of particles considered.  We never observe 

multilayers except at the very bottom of the substrate where a large droplet of 

solution may adhere as the substrate is pulled free of the micelle solution. 

 

 



73 

 

Figure 3.2.  A typical SEM image of a parallel mesa and canyon, illustrating the 

higher density of micelle adsorption in the latter (approximately 46 and 205 

micelles/µm2 respectively). Also shown is a comparison of the 2-D pair 

correlation function (g(r)2D) for micelles adsorbed on a mesa and in a canyon 

(first peak in g(r)2D at ca. 120 and 60 nm respectively). 
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Figure 3.3.  A parallel mesa and canyon and the micelle density as a function of 

distance to the wall.  The width of the canyon exceeds 10 µm and the enhanced 

ordering and density decays with the distance to the wall. 

0

50

100

150

200

0.0 2.0 4.0 6.0 8.0 10.0

Density Change with Distance from the Wall Boundary 

D
en

si
ty

 (/
µm

2 ) 

Distance (µm) 



75 

 

Figure 3.4.  Illustration of the graphoepitaxy effect for a "parallel" canyon 

(density = 162.3 µm-2 and g(r)2D of the representative region indicated is given). 
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3.3.1.2. Parallel Canyon Dewetting 

It is possible to cover large areas of canyons of suitable width with a high 

density of partially ordered micelles.  In Figure 3.5 we present typical images of a 

parallel canyon that is ca. 7.3 µm wide by approximately 2 mm long.  At the very 

top of this canyon the micelles have covered the surfaces uniformly including the 

top wall, which is perpendicular to the air-solution-substrate contact line. Note 

that for this wider canyon the density of micelles and the position of the maxima 

in the g(r) function is distinctly different from Figure 3.4. Obviously if the canyon 

become sufficiently wide that ordering and density must become identical to a 

planar surface. This suggests that there is an optimal canyon width that 

encourages ordering of the adsorbed micelles. 

This high density of coverage is maintained until about 20 µm from the 

bottom of the canyon.  Then over a space of ca. 2 µm the density drops to a value 

similar to the mesas with a complete loss of ordering. In order to try to understand 

the role of a wetting/dewetting phenomenon we carried out the same depositions 

with the substrate tilted at 30° or 45°  from normal and with the patterned surfaces 

up (denoted as + 30° or + 45°) or down (denoted as - 30° or - 45°).  The point at 

which the density of particles diminished varied systematically with the tilt angle, 

as indicated in Table 3.1.  We do not observe any effect of the tilt angle on 

micelle depositions in perpendicular canyons, consistent with our dewetting 

hypothesis.  We note that Im et al. observe an analogous effect of tilt angle on the 

deposition of a colloidal crystal composed of PS latex particles on glass 

substrates.16 



77 

 

θtilt d (µm)a 

+45° 2 

+30° 8 

0° 20 

-30° 300 

-45° 500 

Table 3.1. Relationship of the point of diminished particle density in a parallel 

canyon and the substrate tilt angle 

 a. d is the distance from the bottom of a canyon at which the particle 

density diminishes. 
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Figure 3.5.  Illustration of the dewetting observed in a parallel canyon. (a) The 

micelle density near the top of the canyon (density = 322.6 µm-2). 
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Figure 3.5.  Illustration of the dewetting observed in a parallel canyon. (b) The 

change in micelle density near the point of dewetting, approximately 20 µm from 

the bottom of the canyon.
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Figure 3.5.  Illustration of the dewetting observed in a parallel canyon. (c) The 

micelle density near the bottom of the canyon (density = 35.2 µm-2). 

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

0 50 100 150 200 250 300 350 400 450

r (nm)

g<
r>



81 

3.3.1.3. Comparison of Perpendicular and Parallel Canyons 

While the general observation that canyons have a higher density of 

micelle coverage compared to mesas is the same for both parallel and 

perpendicular canyons, there are some differences.  For example, for an analogous 

perpendicular canyon the ca. 7 µm dimension is now in the direction of the 

capillary rise and is therefore much smaller than the capillary length of ca. 2.7 

mm.17  As mentioned above, we do not observe any dewetting phenomena or 

effect of θtilt.  We will argue later that this suggests that the meniscus "connects" 

the perpendicular canyons with the bulk solutions for a sufficiently long time 

during the deposition that the surface becomes saturated. 

There is another important effect of canyon orientation.  For sufficiently 

wide parallel canyon the density of micelles will diminish as a function of 

distance from the wall (see Figure 3.3).  Obviously any capillary forces between 

the solvent and/or micelles and the walls only depends on the nearest wall for the 

case of widely separated walls.  For perpendicular canyons in this size range the 

two walls that are parallel to the withdrawal direction are separated by more than 

2 mm while the other two walls are located approximately 7 µm apart.  Evidently 

it is irrelevant whether the closest walls are parallel or perpendicular to the 

direction of withdrawal.  This is reasonable considering how weak gravitational 

forces are. 

3.3.1.4. Effect of Surface Modification: Au and PSS-Na+ 

The fact that the micelles contained in canyons are relatively well-ordered 

suggests that they must possess some degree of mobility on the surface.  
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According to the Random Sequential Adsorption (RSA) model, if particles are 

irreversibly adsorbed then there can only be very localized order because of 

excluded volume effects, yielding a pair correlation function that is liquid-like.8  

That is what we observed in our earlier paper in which these cationic micelles 

were adsorbed onto a polyanion (PSS-Na+)-modified surface.11 We have 

previously observed that our micelles adsorb strongly to Au surfaces18 and it is 

reasonable to think that the interaction between protonated or unprotonated 

pyridine groups and Au would be favorable. Therefore to check the effect of 

surface adsorption strength we studied surfaces modified by Au deposition (ca. 20 

nm thickness) and PSS-Na+ (see Experimental).  All deposition conditions were 

typical (0.2 mg/mL of PS-PVPH+, 40 nm/s withdrawal speed). 

As can be seen in the case of the Au surface (Figure 3.6) there remains the 

density difference between the canyons and mesas, but there is no ordering in the 

canyons at all.  We also observe a lower density of micelles in the lower section 

of a parallel standard canyon, presumably because of dewetting, as discussed 

above. 

The results for the PSS-Na+ are instructive but more complex.  In this case 

there is a distinct difference between parallel and perpendicular canyons.  For 

parallel  canyons the density of micelles in the canyons is higher than mesas but 

much less ordered than for bare Si/SiO2 (Figure 3.7).  These images look 

essentially identical to the Au surfaces (Figure 3.6).  On the other hand for 

perpendicular canyons there is little or no difference between the canyon and 

mesa densities and the density is lower than for parallel canyons (Figure 3.8).  
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The distance between the particles is approximately equal to the hydrodynamic 

radius, implying that the corona is spread out on the surface (this is similar to our 

earlier observation on a planar surface11). 

The most noticeable new feature in these images is the presence of 

aggregates of micelles that are presumably "glued together" by the PSS-Na+ 

chains (Figure 3.9 provides a close-up image of one such aggregate). These 

aggregates were not observed in our earlier surface work11 but are probably 

analogous to the kinds of "complex micelles" we have studied previously in the 

solution phase.19  It seems likely to us that under our preparation conditions there 

are some PSS-Na+ chains that are loosely bound to the surface (perhaps the 

surface was not washed sufficiently vigorously after deposition of the PSS-Na+).  

When the surface is exposed to the PS-PVPH+ micelles the PSS-Na+ chains can 

interact with several micelles at once, producing the kinds of complex aggregates 

seen all over these surfaces. 
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Figure 3.6.  Micelles deposited on a Au surface. (a) The micelle density near the 

top of the canyon (density = 299.3 µm-2)  
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Figure 3.6.  Micelles deposited on a Au surface. (b) the middle (density = 220.1 

µm-2).  
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Figure 3.7.  Micelles deposited on a parallel PSS-Na+ surface. 
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Figure 3.8.  Micelles deposited on a perpendicular PSS-Na+ surface. 
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Figure 3.9.  Complex aggregate of micelles on a  PSS-Na+ surface. 
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3.3.2. Results for Features Narrower than 500 nm 

For canyons more narrow than 500 nm the situation is more complicated 

(see Figure 3.10 for typical narrow mesas and canyons). For the range 200-500 

nm the high density along the side walls can compromise the ordering in the 

canyon center.  For canyons less than 200 nm wide the rate of micelle adsorption 

seems to be slowed. Actually, for canyons or mesas less than 200 nm wide (e.g. 

on the order the hydrodynamic diameter of the micelles) we expected that there 

could be significant 1-D ordering, but this is never observed.  In general we find 

that for mesa on the order of 150 nm wide there is usually only a "disordered 

single file" of micelles, but there is no particular tendency for the micelles to 

adhere to the center of the mesa (see Figure 3.11).  We assume that this is because 

the corona can interact as favorably with the wall edge as the flat mesa top.  It is 

also seen in this image that for narrow canyons (less than 200 nm wide) there may 

be very few adsorbed micelles in the canyon center but there remains very strong 

adsorption at the wall edge.  Even for canyons on the order of 400 nm wide there 

may be a lower density of micelles than observed in slightly broader ones (Figure 

3.12).  We assume that this is an effect of excluded volume, even though the 

canyon width is slightly bigger than the measured hydrodynamic diameter.  For 

slightly wider mesas a "disordered double or triplet file" of micelles is often 

observed (Figure 3.13).  Thus it does not seem that the mesa edges provide any 

ordering effect that is analogous to the canyon walls.  It is the wetting of the 

canyon walls by water that we believe is responsible for these graphoepitaxial 

effects. 
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Figure 3.10. Illustrating typical narrow mesas and canyon. 
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Figure 3.10. Illustrating typical narrow mesas and canyon 
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Figure 3.11.  Illustrating a "disordered single file" of micelles on a narrow mesa 

and partial filling of narrow canyon. 
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Figure 3.12.  Micelles adsorbed in a ca. 400 nm wide parallel canyon.  



94 

 

Figure 3.13.   Illustrating a "distorted triple or quadruple file" for a < 250 nm wide 

mesa. 
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3.3.3. Concentration and Ionic Strength Effect 

We have carried out experiments in which the micelle concentration was 

varied from 1.2 to 0.12 mg/mL and we found that at all concentrations it was 

possible to create high density, partially ordered regions in the canyons.  

Evidently under our deposition conditions adsorption on the surface is not 

kinetically limited, although more detailed studies of the effect of withdrawal 

speed and protocol and micelle concentration are continuing.  We also added KCl 

to the solution, up to 0.01 M, which had essentially no effect on the deposition 

process.  This is consistent with the assumption that long range electrostatics will 

not be important here because there is already a significant ionic strength in the 

pH 1 solution.  Similar observations were made by Denkov et al. for the ordering 

of latex particles and was taken as evidence for the paramount importance of 

immersion capillary forces.7(c)  It would be expected that at sufficiently high ionic 

strengths the entropic gain that accompanies adsorption would be diminished and 

micelle adsorption could be prevented. 

 

3.4. DISCUSSION  

Although we do not have a detailed explanation for the enhanced density 

and ordering in the 100 nm deep canyons, it seems likely that this is an effect of 

immersion capillary forces. There are capillary forces between partially immersed 

spherical particles7 and a similarly strong immersion capillary force between a 

spherical object and a vertical wall.20 These capillary forces will pull the micelles 

from the center of the canyon toward the wall and the depleted density can be 
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replenished by diffusion from the meniscus layer below.  In the canyons there are 

two orthogonal capillary forces, one perpendicular to the solution-air interface 

(such as would exist for a planar substrate) and the other across the width of the 

canyon (Scheme 3.1).  When the width of the canyon becomes sufficiently large 

the effect of the capillary forces should be similar to a planar surface except close 

to the vertical wall where they will serve to concentrate the particles, as was 

illustrated in Figure 3.3. It is also possible that the polymer micelles tend to 

accumulate at the solution-air or at the substrate-solution interfaces such that their 

local concentration in the vicinity of the solution-substrate-air contact line is 

much higher than in the bulk.21 This could rationalize why such a high density of 

micelles is available for adsorption in the canyons. 

Mesa

Mesa

Canyon

 

Scheme 3.2. Two Orthogonal Capillary Forces in the Canyons 
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3.4.1. The Proposed Scenario for the Polymer Micelle Deposition Process 

3.4.1.1. General Comments 

In the chapter 1, we have discussed (qualitatively) some of the factors that 

influence the density of micelle deposition on surfaces:12 1) solvent flow induced 

by the dip-coating process and solvent evaporation,22 2) adsorption kinetics,23 3) 

the strength of the micelle-surface interaction,8 4) capillary forces between 

particles.7  All these factors obviously play a role in the present  experimental 

results, but additionally we also have the effect of capillary effects in the canyons, 

discussed in the next subsection. 

We may briefly summarize the above factors: 

First, the details of the solvent and particle velocity distribution and 

particle density represent a complex fluid dynamics problem and we are not aware 

of a solution to this problem that can be applied to the present experiments.  The 

shape of the liquid meniscus is strongly dependent on the withdrawal speed (and 

solvent properties).  Solvent evaporation tends to sweep particles into the solvent 

front region (i.e. the air-substrate-solvent contact line) and this is partially offset 

by the velocity gradient as liquid tends to flow down the substrate under the 

influence of gravity.  A rough calculation shows that at our slow withdrawal rates 

one does not expect any appreciable drag forces acting on the adsorbed particle. 

Using a simple kinetics model23 it seems reasonable that the adsorption 

kinetics should be rapid, even at our low concentration, which is consistent with 

the absence of any important concentration effects. 
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The effect of a strong micelle-surface interaction energy was demonstrated 

for the Au- and PSS-Na+-modified surfaces.  In this case there may be a high 

density of micelles but there is no improved ordering in the canyons compared to 

the mesas.  This is consistent with the RSA model.  However the capillary effect 

in the canyons must still play a role or there would not be the difference in the 

density observed in the mesas and canyons (Figure 3.6).  Additionally on the PSS-

Na+-modified surfaces the cationic corona may spread out to take advantage of 

the multipoint electrostatic interaction sites that are available and this may be why 

there is a small difference in particle density between mesas and perpendicular 

canyons. It is interesting in this case that there is such a large difference in micelle 

density between parallel and perpendicular canyons (c.f.  Figure 3.7 and 3.8). 

Capillary forces between particles should always play a major role in the 

deposition of any particle on a surface so long as the liquid layer thickness is on 

the order of the particle diameter.7 This is one reason why the shape of the 

meniscus in the region of the contact line is so important. However for our 

patterned surfaces we have the additional factor of capillary forces acting within 

canyons, which we discuss next. 

3.4.1.2. Capillary Effects in the Canyons 

Because the Si/SiO2 surface is hydrophilic water preferentially wets the 

canyons because of the presence of the walls. Obviously this effect is most 

pronounced for narrow canyons and is easily observed in the distribution of the 

micelles in a parallel canyon near the solvent front.  This effect also accounts for 

the pileup of micelles near the canyon walls. 
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While it seems intuitively obvious that there will be a considerable 

thickening of the liquid meniscus near a canyon, we are not aware of a treatment 

of this wetting problem. An analogous geometry has been considered by Darhuber  

et al. concerning the wetting of a surface with a series of hydrophilic stripes.24  

Based on their picture (Figure 2 of ref. 24), we propose that in the region of a 

canyon the meniscus has a shape such as depicted in Scheme 3.2. The 

combination of solvent circulation from the dip-coating process plus any 

thermally driven transport from solvent evaporation brings additional micelles 

into the canyon, where they may be trapped by the receding contact line. Thus 

according to this scenario the higher density of micelles in the canyon interior is 

essentially a kinetic effect. Micelles along the canyon wall can simultaneously 

interact with both the wall and the bottom of the canyon. As the contact line 

recedes the solvent will drag additional micelles toward the wall because of the 

additional wetting in the corners.  It is essential for some transport phenomenon 

(or some other mechanism) to increase the effective concentration of micelles 

near the contact line in order to account for our observed higher density. 

While we believe the scenario we have described in the above (and 

Scheme 3.2) is plausible, we are not aware of any detailed mathematical modeling 

that supports it. 



100 

capillary forces 
between particles 
and between 
particles and wall

higher density of particles near 
surface because of solution flow

particles in bulk move 
into trenches to remain 
hydrated

 

Scheme 3.3. Wetting of the meniscus in the region of a canyon. 
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3.4.1.3. Dewetting of Parallel Canyons 

We interpret the loss of particle density in parallel canyons as a dewetting 

phenomenon based on the following qualitative arguments: The capillary rise of 

the micelle solution within parallel canyons can be substantial and can easily 

exceed 20 µm for canyons of the size shown in Figure 3.5. As the solution 

meniscus on the mesas approaches or drops sufficiently far below the bottom of a 

canyon it will be impossible for the contact between the bulk solution and the 

canyon to be maintained and this contact will be broken by a spontaneous 

dewetting process. For a negative θtilt the gravitational forces enhances the 

dewetting process such that contact of the canyon with the bulk solution is lost 

earlier. Once contact is broken further transport of additional micelles into the 

canyon is impossible. 

 

3.5. SUMMARY AND CONCLUSION 

We have observed a strong effect of graphoepitaxy in the adsorption of 

cationic PS-PVPH+ micelles on lithographically patterned Si/SiO2 surfaces.  In all 

cases the density and ordering of adsorbed micelles is considerably higher in 100 

nm deep canyons that are between 500 and 5000 nm wide than on the mesas.  

Changing the micelle concentration by a factor of 10 does not significantly 

change the density or the ordering of the adsorbed micelles, so transport of the 

micelles to the thinning solution layer is not a limiting factor. We ascribe this 

graphoepitaxial effect to the capillary forces that preferentially pull the aqueous 

solution into the canyons where the micelles can be trapped by the thinning 
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meniscus. While the ordering of the micelles can be substantial, they do not form 

a perfect hexagonal crystal, implying that they do not have sufficient mobility 

after adsorption to anneal themselves into a 2D crystal.  It is demonstrated that for 

a stronger micelle interaction with a chemically modified surface (Au coating or 

deposition of poly(styrene sulfonate)) that the degree of ordering is diminished, as 

expected from the Random Sequential Adsorption model.8 In this model the 

particle adsorbs irreversibly upon encountering the surface, blocking that portion 

of the surface for subsequent adsorption, such that only nearest neighbors are 

correlated.  In order to force the particles closer together and achieve a more 

ordered array the capillary energy must exceed the adsorption energy, thereby 

invalidating the RSA model.  According to Denkov et al. the capillary energy for 

spherical solid particles with a diameter of 40 nm (our "apparent diameter") 

immersed in water can exceed 100 kBT.7(c)  It is not clear how much this estimate 

would be changed for soft cationic particles such as our PS-PVPH+ polymer 

micelles. 

Thus our proposed scenario for adsorption and ordering inside the canyons 

is the following:  The initial adsorption density in the bulk liquid or in the thick 

meniscus region is the same for the mesas and canyons.  As the meniscus thins to 

approximately the micelle diameter capillary forces pull the micelles toward the 

vertical walls and toward each other. As the micelle coronas begin to overlap 

further compression is resisted, leading to the final nearest neighbor separation of 

ca. 60 nm, compared to the ca. 120 nm (= dH, the solution hydrodynamic 

diameter) on the mesas or a planar surface, where capillary forces play a 
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negligible role.  Additional micelles diffuse into the depleted zone from the bulk 

solution or the lower, thicker portion of the meniscus until the final optimal 

packing density is achieved. 
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Chapter 4 

Effect of Humidity on the Deposition of Cationic Polymer Micelles 

on SiO2 Surface 

4.1. INTRODUCTION 

Evaporative loss of solvent could lead to the formation of a colloidal 

crystal, as has been studied by many other groups for latexes or inorganic nano-

particles.1  Evaporative loss of solvent alone may contribute to the well-ordered 

arrays of polymer micelles as observed by Eisenberg, Lennox and co-workers 2 or 

Möller et al.3   In the former case quaternized polystyrene-blk-poly(vinylpyridine) 

dissolved in a non-selective solvent (CHCl3) was deposited on a water surface 

and the organic solvent allowed to evaporate.  In the latter case polystyrene-blk-

poly(2-vinylpyridine) dissolved in a selective solvent for polystyrene (toluene) 

was deposited onto mica or Si/SiO2 surfaces (there are pre-formed polymer 

micelles in this case).  In both procedures the relatively slow evaporation of the 

organic solvent could permit surface movement of the swollen micelles.  It has 

been demonstrated by Lin et al. that controlling the rate of evaporation plays a 

strong role in the ordering of particles on surfaces.4 

In the previous chapters, we have presented the deposition of protonated 

polystyrene-blk-poly(2-vinylpyridine) (PS-b-PVPH+) micelles from pH 1 aqueous 

solution onto either a planar and patterned Si/SiO2. In those experimental 

protocols we make every effort to prevent evaporation of the water during our 

deposition by carrying out the process in a sealed Flexiglas chamber under a 
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conditions approaching 100% relative humidity. Under these conditions we 

believe that the main contribution to the time dependent thinning of the solution 

layer on the substrate is the withdrawal rate rather than evaporation of the solvent. 

However, we sometimes observed a dense band of micelles near the initial 

solution-air-substrate contact line (we will refer to this as the "deposition front").  

An example is shown in Figure 2.5, in which a ca. 30 µm dense band of micelles 

is present near the deposition front. Also, it was observed that the dewetting 

pattern in which the micelles were densely packed near the top of a parallel 

canyon in a trenched surface. Not only is the particle density approximately two 

times higher than immediately below this band, but the pair correlation function is 

also more structured, much as expected of a 2-D liquid or hexadic phase.5 As we 

have seen in these examples, our technique may minimize the effect of solvent 

evaporation but it does not eliminate it. 

So far, the factors playing a role in the deposition of polymer micelles 

onto surfaces we have presented are: a) The nature of the dip-coating process 

itself; b) Adsorption kinetics of the micelles; c) capillary forces between the 

micelle particles; d) The strength of particle-surface interaction; e) The dewetting 

and capillary rise of solvent for the patterned surface case. In this chapter, the 

effect of solvent evaporation will be studied by carried out same experiments in 

which the rate of evaporation was deliberately increased and also under the over-

humidified condition. 
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4.2. EXPREIMENTAL 

4.2.1. Material 

The polystyrene-block-poly(2-vinylpyridine) micelles used in this study 

are the same as used previously.6, 7  All studies are for micelles in aqueous 

solution at pH 1 and we will refer to the polymer as PS-b-PVPH+.  The physical 

data of this type of micelle is given in 2.2.1. Material. 

4.2.2. Surfaces Preparation 

Both planar and patterned Si surfaces were followed same preparation 

procedure used in the previous experiments (see 2.2.2. Surfaces Preparation). 

Acid/base washed Si pieces were heated in the surface annealing chamber to have 

the maximum hydrophilicity of the surfaces.  

For the present experiment the Si surfaces were typically used for the next 

step, the withdrawal from the micelle solution within 12 hours after annealing. 

The time dependent contact angle readings with respect to water are listed in 

Table 4.1.  Although the annealed surfaces were stored in a sealed container, they 

tended to lose relatively quickly their hydrophilicity.  This may influence the dip-

coating process by an inconsistency in the capillary rise on the surfaces. 
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Procedure Water Contact Angle (°)a 

Acid/Base Cleaned 24.5 ± 2.6 

0 hrs 4.5 ± 0.6 

12 hrs 6.4 ± 0.9 

48 hrs 14.7 ± 1.4 

72 hrs  22.8 ± 2.2 

After Annealing 

168 hrs 27.5 ± 4.7 

Table 4.1. Time Dependent Water Contact Angle 

a.  average of 6 locations 

 

4.2.3. Deposition Process 

The deposition of the micelles was accomplished by dipping the substrate 

into a room temperature pH 1 unstirred solution of the micelle with a 

concentration of 0.2 mg/mL. Based on the micelle molecular weight and the 

hydrodynamic radius this concentration range corresponds to a volume fraction of 

ca. 4.9 x 10-3.  The Slow Withdrawal Technique (see 2.2.3. Deposition Process 

for detail) was used for the purpose of a controlled rate of insertion into or 

withdrawal from the solution. The SiO2 substrate was exposed to the micelle 

solution for a period of time (e.g. 10 minutes) and then withdrawn at the rate of 40 

- 2000 nm/sec (typically about 5 mm of substrate was exposed to the solution). 

We carried out experiments in which the rate of evaporation was 

deliberately increased by flowing dry N2 gas through the Plexiglas chamber(see 
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Figure 2.1), or conversely, adding a number of water-filled pools to the chamber 

to over-humidify the deposited micelles (Figure 4.1, because of the difference in 

vapor pressure between pure water and a salt solution, there may be a slight 

transport of additional water to the micelle solution contact line). 

 

 

 

Figure 4.1. Over Humidified Deposition 
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4.3. RESULT AND DISCUSSION 

4.3.1. Planar Si/SiO2 

4.3.1.1. General Observations 

In the case of enhanced drying there was a rather complicated pattern of 

bands around the solvent front, as would be expected from the above discussion. 

There was a region near what is assigned as the solvent front (Figure 4.2(a)) 

below which the density of micelles builds up over a space of ca. 20 µm.  This 

region of approximately 20 µm width has a rather close and regular packing of 

adsorbed micelles (Figure 4.2(b)) that looks very similar to the typical 2D 

colloidal crystal formed from latex particles under slow solvent evaporation 

conditions and is slightly more dense than the "dense band" discussed above.  

Finally there is a region about 20 µm wide with exceptionally high density in 

which the micelles seem to be fused in many cases and in some cases the image 

seems to be composed of multilayers of micelles (Figure 4.2(c)).  This is the only 

case in which we have observed the loss of micelle individuality and multilayer 

formation.  Then the density begins to diminish again (the images are similar to 

Figure 4.2(b)) and about 100 µm below the solvent front the density has 

decreased to about 2/3 of the value observed in Figure 4.2(b) and g(r) is less 

sharply structured(Figure 4.2(d))(see Table 4.2). Qualitatively this behavior 

persists for more than 3000 µm from the solvent front, although there is a 

systematic decrease in micelle density with distance from the solvent front (see 

Figure 4.3).   
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 Dense Region 2400 µm from the front 

100 % Relative Humidity 210.6 66.1 

Enhanced Dry 362.5 227.2 

Over-Humidified 112.4a 55.0 

Table 4.2. Density Comparison (unit: µm-2) 

     a. Because there is no dense region, this is the maximum density of the sample. 

 

On the other hand the humidified sample did not demonstrate any high 

density region around the solvent front and the front itself was rather diffuse.  At 

every comparable distance from the solvent front the density of deposition was 

smaller and less ordered than under enhanced drying conditions (see Figure 4.3 

and 4.4). 

It seems clear from these observations that considerable control over 

micelle deposition can be achieved by controlling the drying rate, presumably in 

concert with the withdrawal rate and perhaps micelle concentration.   
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Figure 4.2. Micelle deposition under enhanced drying conditions: (a) Near the 

solvent front. 

1µm 
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Figure 4.2. Micelle deposition under enhanced drying conditions: (b) Between the 

solvent front and the dense band. 
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Figure 4.2. Micelle deposition under enhanced drying conditions: (c) Dense band 

approximately 50 µm below the solvent front. 
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Figure 4.2. Micelle deposition under enhanced drying conditions: (d) Typical 

micelle deposition pattern, 1200 µm below the solvent front. 
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Figure 4.3. Micelle density as a function of the distance from the solvent front, 

comparing dried and humidified sample. 
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Figure 4.4. Typical micelle deposition pattern under humid conditions, 1200 µm 

below the solvent front.
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4.3.1.2. Effect of Solvent Evaporation on the Polymer Micelle Deposition 
Process 

Much of the work on the self-ordering of colloids has emphasized the role 

of solvent evaporation and highly ordered colloid crystals can be produced by 

simply allowing a solution to evaporate slowly while in contact with a 

substrate.1,8  We observe a similar phenomenon if a planar substrate is partially 

immersed in a micelle solution for substantial periods of time(Figure 2.5) or if the 

solvent evaporation is deliberately enhanced(Figure 4.2). The process that 

concentrates particles at the edge of an evaporating suspension (the "coffee stain 

effect") has been discussed by many authors9 and may be paraphrased as follows:  

The rate of solvent evaporation is not uniform across a drop because of the 

interfacial curvature and this results in a net transport of solvent from the thicker 

part of the drop toward the edges (assuming that the drop wets the surface).10  

This flow transports any suspended particles to the solution-substrate-air contact 

line, where they are deposited.  As the liquid layer thins to approximately the size 

of the particles capillary forces between them will also serve to increase their 

density.11 This effect is enhanced if the edges of the drop are "pinned" (i.e. do not 

recede as evaporation ensues).  For the case of our micelle solutions this is 

undoubtedly the case as the PS-PVPH+ micelle interacts strongly with both the 

surface and the solvent such that there will be an adhering thin layer of water in 

contact with the micelles as long as possible. 

In essence dip-coating is equivalent to solvent evaporation from an un-

pinned contact line.  If evaporation does occur then there should exist the same 
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kind of enhanced transport to the contact line observed for evaporating drops.  

This additional vertical flow adds to the velocity imparted by the withdrawal 

process and would be expected to change the velocity profile u(x)y from the 

expression.12   

 u(x)y = U + 
σ
µ  

d3δ(x)
dx3     [ -y2

2δ(x)2  + 
y

δ(x) ]δ(x)2  

 In a recent paper Kuznetsov and Xiong have considered the effect of 

evaporation on the dip-coating process.13  In this paper it is pointed out how 

evaporation can change the shape of the liquid surface profile near the substrate 

surface and how the concentration of a non-volatile solute increases near the 

contact line for a sufficiently slow withdrawal speed.  Pinning per se, such as we 

believe would be the case with our micelles, is not evoked. 

Despite the fact that we tried to minimize solvent evaporation in our 

typical experiments, clearly we did not eliminate it entirely.  Our experiments 

with enhanced or diminished drying demonstrate that control of solvent 

evaporation is essential to the overall consistency of the coverage and ordering.  It 

seems reasonable to suppose that the coverage and ordering can be controlled by a 

combination of graphoepitaxy14, evaporation rate control and withdrawal speed. 

4.3.1.3. Proposed scenario for Polymer Micelle Deposition under the Influence 
of Solvent Evaporation and Substrate Withdrawal 

From our experiments carried out under enhanced drying conditions it is 

clear that the deposition processes that occur around the solvent front are rather 

complex. When the substrate is inserted into the micelle solution there is 

approximately a 2 mm capillary rise and there will be a flow of solvent plus 
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micelles due to the evaporative loss in the meniscus region.  Just as in the "coffee 

stain effect",9 this solvent flow will act to concentrate the micelles in the meniscus 

region (such as Figure 4.2(b), the region denoted as "increasing density" in Figure 

4.5).  If the substrate were not withdrawn from the solution we assume that we 

would observe a dense packing of particles through evaporative loss everywhere 

below the solvent front that would be similar to the very high density band (such 

as presented in Figure 4.2(c), the "very high density" region in Figure 4.5).  We 

assume that the "increasing density" is present because the meniscus was too thin 

to allow sufficient transport to this region as evaporation occurred.  We propose 

that immediately below the "very high density" region (denoted "decreasing 

density") deposition occurred after withdrawal was initiated. The density is 

relatively high (although steadily decreasing) because of the concentrating effect 

of the evaporative flow that existed prior to the initiation of withdrawal.  Finally, 

a steady-state situation is established in the "uniform density region" in which 

both evaporation and withdrawal have an influence on the density and ordering of 

the deposited micelles.  Although the micelle deposition is fairly uniform from 

600 to 3600 µm below the solvent front, there is a steady decrease in the density 

in the lower part of the substrate (see Figure 4.3).  Below 3600 µm we begin to 

see "edge effects" as we approach the bottom of the substrate. 

For the depositions carried out under enhanced humidity the qualitative 

shape of the density vs. distance from the solvent front is like the case of 

enhanced drying except the point at which the maximum occurs is on the order of 

1000 µm rather than 80 µm (see Figure 4.3).  As mentioned in the text previously, 
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we do not see any dense band formation, which we presume means that we have 

essentially eliminated solvent evaporation under these conditions. While the 

density is lower than the corresponding region of the enhanced drying sample, the 

ordering is essentially equivalent (compare the g(r) plots in Figure 4.2(d) and 4.4). 
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Figure 4.5. Illustration of the proposed scenario of micelle deposition under 

enhanced drying conditions (see text). 
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4.3.2. Patterned Si/SiO2: Graphoepitaxy Control 

4.3.2.1. Effect of Enhanced Drying and the Effect of Withdrawal Speed 

We carried out a series of experiments using different withdrawal rates 

(40, 200, 400 and 2000 nm/s) while maintaining a flow of dry N2 ("enhanced 

drying"). In general the effect of enhanced drying for patterned surfaces is much 

less impressive than for planar surfaces.15 We rarely observe a dense band at the 

solvent front, presumably because the capillary rise that occurs disrupts the 

contact line and distributes the excess micelle density among the various widths 

of canyons that are available. The main effect of enhanced drying at a 40 nm/s 

withdrawal rate is that the overall uniformity of the micelle deposition is 

improved, and in particular we no longer observe the sharp "dewetting transition" 

in the parallel canyons (see Figure 4.6). However we do observe a diminished 

density and ordering at the bottom of the canyon. 

At higher withdrawal rates there is a loss in the uniformity of coverage, 

particularly for perpendicular canyons. For example, for a perpendicular canyon 

at 2000 nm/s the density of micelle coverage on the canyon is no higher than the 

adjacent mesa (Figure 4.7). This is consistent with the general idea that to achieve 

a high density of adsorbed micelles in canyons requires sufficient time for the 

transport of additional micelles into the canyons from the thinning meniscus region. 

A more rapid withdrawal rate does not provide enough time for this transport to 

occur. Furthermore the perpendicular canyon does not take advantage of the 

solution capillary rise to the same extent that a parallel canyon does, which is why 

the deposition density and ordering appreciably degrades with withdrawal speed. 



127 

 

Figure 4.6. Micelle deposition in a parallel canyon under conditions of N2 flow 

(enhanced drying). (a) Top (density = 237.1 µm-2) (withdrawal rate 40 nm/s).  

Note that the canyon is approximately 2 mm in length. 
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Figure 4.6. Micelle deposition in a parallel canyon under conditions of N2 flow 

(enhanced drying). (b) Middle (density = 231.4 µm-2) (withdrawal rate 40 nm/s).  

Note that the canyon is approximately 2 mm in length. 
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Figure 4.6. Micelle deposition in a parallel canyon under conditions of N2 flow 

(enhanced drying). (c) bottom (density = 157.8 µm-2) (withdrawal rate 40 nm/s).  

Note that the canyon is approximately 2 mm in length. 
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Figure 4.7. Illustrating the diminished density in a  perpendicular canyon at a 

withdrawal rate of 2000 nm/s and enhanced drying. 
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Figure 4.7. Illustrating the diminished density in a  perpendicular canyon at a 

withdrawal rate of 2000 nm/s and enhanced drying. 
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4.3.3. Dewetting Patterns under the Influence of Solvent Evaporation 

Under the enhanced drying condition, the overall uniformity of the micelle 

deposition was improved. Also for the planar surface a wider band with 

complicated pattern was formed, and the "dewetting transition" in the parallel 

canyons was shaper and moved down in the pattern surface. The dewetting 

process is an important point in the density and ordering of the particle depostion 

to the surface.16, 17 In the dewetting process of the polymer micelles, there are 

several factors, such as the mobility of the micelles, material influx, and the 

physical barrier (graphoepitaxial effect). 

For the planar surface, the dewetting pattern is rather simple. In Figure 

4.8, the mobility region in which the micelles can still moving around is smaller 

than the capillary rise. The micelles are introduced to the mobility region of the 

thin layer made by the capillary rise of the solvent. As the substrate moves up the 

micelles are trapped and immobilized. The driving force of the initial introduction 

of micelles is the material influx induced by thermal gradients that arise from 

solvent evaporation.8, 11(c), 18 The complex pattern of the band formed under the 

enhanced drying condition can be explained by the larger material influx driven 

by enhanced evaporation. No band was observed because the solvent evaporation 

was suppressed by over-humidifying.  

In the case of the parallel canyon in the patterned surface, the dewetting 

pattern is complicated due to the physical barrier which interrupts the material 

influx (Figure 4.9). Considering the dewetting of the mesa is same as the planar 

surface case, the mobility region is suddenly increased once the capillary rise 
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encounters the top corner of the canyon. Therefore by continuous material influx 

more micelles can be held in that region than for the planar case as the height of 

the mobility region is approximately equal to the capillary rise (Figure 4.9(a)). 

After this point, the area of the meniscus in the capillary rise region is increased 

by the outward curvature because the bottom corner of the top edge is able to hold 

some amount of liquid. As the result of this increment of the area, evaporation is 

enhanced so that more micelles can flow into the region. As the substrate is 

pulled, the capillary rise approaches the canyon bottom and a large number of 

micelles are immobilized (Figure 4.9(b)). This results in the exceptionally high 

density in the top area of the canyon. This effect is maintained until the meniscus 

of the capillary rise touches the corner of the bottom edge (Figure 4.9(c)). After 

this point, the mobility region is separated, and only the micelles that are trapped 

will be adsorbed in the bottom in the canyon. Thus the density transition is caused 

by this dewetting process. The remaining mobility region will become equivalent 

to the planar case (Figure 4.9(d)). Again, this whole process can be enhanced by 

N2 drying, and the density transition moves down simply because the more 

micelles were supplied by larger thermal gradients induced by enhanced 

evaporation..  

In both case, the immobilized micelles are adsorbed into the surface by the 

mechanism proposed in Scheme 2.1. A few micelles can be absorbed in the bulk 

solution which can effect the ordering later. 
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Figure 4.8. Dewetting of the Planar Surface. 
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Figure 4.9. Dewetting of the Parallel Canyon in the Patterned Surface (a) Initial 

Stage. 
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Figure 4.9. Dewetting of the Parallel Canyon in the Patterned Surface (b) The 

capillary rise hits the canyon bottom. 
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Figure 4.9. Dewetting of the Parallel Canyon in the Patterned Surface (c) The 

meniscus touches the corner of the bottom edge. 
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Figure 4.9. Dewetting of the Parallel Canyon in the Patterned Surface (d) Two 

Separated Mobility Region. 
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4.4. SUMMARY AND CONCLUSION 

We have studied the deposition of polymer micelles formed from 

poly(styrene)-blk-poly(2-vinylpyridine) (PS-PVPH+) from room temperature 

aqueous solutions at pH 1 onto hydrophilic Si/SiO2 surface under enhanced 

drying condition during deposition by the introduction of a slow flow of dry N2.  

It has been found that the rate of evaporation of the solvent and the rate of 

withdrawal have a considerable influence on the density and ordering of the 

adsorbed micelles. Under enhanced drying condition the band which has the 

highest density and degree of ordering (as judged by the 2D pair correlation 

function) around the solvent front is wider and has a complicated pattern, and the 

density and ordering of polymer micelles is improved over the area of the 

sample(at least 4 mm in height). Conversely, there is no densely packed band 

observed under over-humidified condition, and overall density and ordering is 

decreased. 

For the case of Si/SiO2 surface with a relief pattern 100 nm deep with 

variable widths, enhanced drying of the solvent (water) has demonstrated an 

improvement in the general homogeneity of micelle coverage.  

These results suggest that with careful control of solvent evaporation one 

could achieve considerable control of the spacing and ordering of polymer 

micelles as well as other types of nanoparticles by using dip-coating. 
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Chapter 5 

Conclusion and Suggestions for Further Research 

5.1. CONCLUSION 

The deposition of PS-PVPH+ polymer micelles from a pH 1 aqueous 

solution onto Si wafers has been studied using a simple dip-coating technique.  It 

has been found that the rate of evaporation of the solvent and the rate of 

withdrawal have a considerable influence on the density and ordering of the 

adsorbed micelles.  The highest density and degree of ordering (as judged by the 

2D pair correlation function) is achieved when solvent evaporation dominates the 

deposition process, but a fairly homogeneous distribution of polymer micelles can 

be achieved over a distance of at least 3-4 mm by controlling the solvent 

evaporation rate and the rate of substrate withdrawal. We did not observe any 

significant effect of added KCl (up to 0.1 M) during the deposition process or 

soaking in 1 M KCl after deposition.  The attachment of these micelles is quite 

robust as they cannot be washed off in pH 1 water (with or without KCl) without 

significant mechanical assistance. However we did find that the micelles are 

rather easily caused to dewet and partially aggregate under the influence of 65 °C 

water vapor. 

Also, the concept of graphoepitaxy is applied to the deposition of polymer 

micelles from the solution phase onto a Si/SiO2 surface with 100 nm deep ion-

etched trenches of variable widths. It has been found that the micelle density is 

substantially higher and the ordering of the micelles is improved for micelles that 
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adsorb in the 100 nm depressions in the width range of ca. 500 to 5000 nm. We 

ascribe these effects to capillary forces that pull the aqueous solution into the 

canyons where the micelles can be trapped. While the ordering of the micelles can 

be substantial, they do not form a perfect hexagonal crystal.  If the surface is 

chemically modified by a Au coating or a layer of sodium poly(styrene sulfonate)) 

the micelle surface-interaction is strengthened and the degree of ordering is 

diminished.   

These results demonstrate that a combination of processing conditions 

(speed of substrate withdrawal, pH, evaporation of solvent) and graphoepitaxy 

can be used to make fairly ordered polymer micelle arrays over a space of (at 

least) several mm. 

 

5.2. FURTHER RESEARCH 

The self-assembly of nanoparticles has great significance for many natural 

and practical processes. Also, polymer micelles have been known for many 

practical applications based on their basic micelle properties, such as adsorption 

and release of chemicals or drugs and their reversible formation and dissociation. 

In this dissertation research, the deposition of polymer micelles, these two big 

subjects have combined. So far as we know a number of our observations from 

this research are unique, presumably reflecting the unique colloidal properties of 

polymer micelles. It seems to us that the controlled deposition of colloid and/or 

polymer self-assembly presents new opportunities in the field of self-assembling 

structures. 
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Since there are numerous possible applications and adaptations of this 

research, the extensions based on the presented work are presented in this section. 

Selective subjects which are directly related to the presented work, such as 

micelle size dependence of the deposition, reversibility of surface micelles, 

deposition of polymer micelles onto a latex template, deposition of reverse or 

shaped micelles, and deposition of mixed polymer micelles, are described. 

5.2.1. Size Dependence of the Deposition of the Polymer Micelles 

The material used in this research is a pH 1 aqueous solution of PS-

PVPH+ polymer micelles, which has dH (hydrodynamic diameter) ≈ 120 nm. 

Generally, the size of the polymer micelle is dependent on the degree of 

polymerization of the component polymer (typically the block forms the corona, 

for our case PVPH+), and the aggregation number. Once a set of polymer micelles 

with different size is obtained, the size dependence of the deposition of the 

polymer micelles can be studied. In our research the size of surface micelles was 

ca. 40 nm, which we assume to the core and collapsed corona, and, except in 

densely packed areas, the separation (1st peak in g(r)2D) was about 120 nm, which 

almost same as the dH of the micelle. From this research, we can get an answer for 

1) whether the most favored separation of the surface micelles are on the order of 

dH of the micelle. 

2) whether the ordering is improved if the size of micelle is decreased. 

It is more interesting when these micelles are deposit onto the patterned 

SiO2 surface because the following can be studied: 1) size exclusion by the 
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narrow trenches, 2) the change of the density transition point in the parallel 

canyon. 

This research requires rigorous static light scattering study (small angle 

neutron scattering if possible) for the sizing the micelles. The study about the 

materials which can be used in this research is reported by Gao et al. 1  In Table 

5.1 the PS-PVPH+ diblock copolymers with different DP of each blocks are listed. 

The ability and stability of the micellization of these polymers were reported in 

ref 1. 

  

PS-PVPH+ DPPS DPPVPH+ 

a 32 106 

b 84 261 

c 186 1120 

d 196 112 

e 400 123 

Table 5.1. Defferent Degree of Polymerization of Commercially Available PS-b-

PVP Copolymer. 

5.2.2. Deposition of Reverse Micelles 

The substrates we have used are highly hydrophilic Si/SiO2, Quartz, and 

Glass surfaces. In the slow withdrawal technique, we have observed ca. 2 mm 

capillary rise on the surface. The surfaces were sometimes modified by Au 

coating or poly(styrene sulfonate) (PSS-Na+), which are still hydrophilic. We 

have studied the significance of the evaporation rate on the deposition of polymer 
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micelles since the material influx mainly depends on it. Most of the solvent 

evaporation occurs at the thin layer formed by the capillary rise of the solvent. 

Thus one may expect somewhat different result if the micelles are in a 

hydrophobic medium. Möller et al. have presented the deposition of polystyrene-

blk-poly(2-vinylpyridine) in toluene onto unpatterned mica or Si/SiO2 surfaces.3 

Somewhat similar observations to our system was shown in this case. However, 

most of organic solvents are expected to show different behavior at the solvent 

front and the capillary rise in trenches due to the hydrophobicity and volatility.  

To make a comparison to our research, polymethacrylic acid-blk-

polyethyleneoxide micelle in the selective solvent for PEO can be used.4 This 

reverse micelle may form a hydrogen bonding to the Si/SiO2 surface with oxygens 

on PEO corona, which is similar to PS-PVPH+ micelles in water. 

5.2.3. Deposition of Cylindrical Micelles 

The shapes of most micelles that have been studied extensively are 

spherical, including our PS-PVPH+ micelles. However, there are a large number 

of reports describing the formation of cylindrical or very long worm-like micelle. 

The flow of solution is the most important factor in the wetting and dewetting 

during the dip-coating process such that deposition process can be controlled by 

the withdrawal rate and evaporation rate. If the micelles have a stable cylindrical 

shape in a comparable size, their orientation after the dip-coating will be 

dependent on the direction of the solution flow during the process. 

We have tried the slow withdrawal deposition of carbon nanotube5 

dispersed in organic solvent onto Si/SiO2 surfaces. We did not find any trend in 



148 

their orientation, presumably because the tubes with very long chain length 

(several µm) were entangled on the surface (see Figure 5.1). However, many 

studies report cylindrical micelles in the size of a few 10’s nm width and a few 

100’s nm length. The formation of cylindrical micelles in those sizes from linear 

poly(butadiene)-poly(ethylene oxide) diblocks in water was demonstrated by 

Bates et al.6 By the combination of this kind of micelles and the patterned Si/SiO2 

surface we may have better understanding in the inflow direction and the 

dewetting pattern. 

 

 

Figure 5.1. Carbon Nano-Tube on the Patterned Si/SiO2 Surface. 
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5.2.4. Deposition of Cationic Polymer Micelles onto the Latex Template 

We have seen the graphoepitaxy effect in the deposition of polymer 

micelles in the previous chapters. In the result, the capillary force of solution 

overcomes the repulsion of each micelle so that the spacing between micelles is 

much smaller than the dH of the micelle in some area. Since Iler et al. have 

reported the adsorption of weakly charged latex particles, the 2D crystal 

formation of latex particles have been shown in the numerous places. What 

happens if the polymer micelles were dip-coated onto the perfectly arrayed latex 

particles?  

In a g(r)2D we have seen in the previous chapter, the 1st peak is lies on ca. 

50 nm for the densely packed case. When the graph is horizontally flipped, it can 

be the minimum in the distribution potential of the experimental setting (Figure 5. 

2). In the case that the micelles are deposited onto a perfectly arrayed latex 

particles with the diameter of 100 nm, the 1st peak in g(r)2D has to be at 50 nm in 

the sense of so called “egg-carton”. If this is true, then the 1st peak has to be 

increased as the size of the latex particle increases.  

This study will explain the surface micelle separation under the condition 

that a extra factor in the distribution potential is given. Various sizes of latex 

particles suspended in aqueous medium are commercially available in these days. 
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Figure 5.2. Horizontal Flip of g(r)2D 

 

5.2.5. Deposition of Mixed Polymer Micelles 

The deposition of mixed polymer micelles has an interest because 1) the 

role of the impurities in the surface distribution, 2) the morphology of the surface 

micelles and 3) the spatial resolution of different kinds of chemicals can be 

studied. 

The first experimental setting is that some amount of PS-PVPH+ micelles 

with different sizes is added in the deposition process. It affects the ordering and 

the distribution of the resulting surface micelles. If the micelles are tend to form 

2D crystalline structure in which 6 nearest neighbors for each particles, is the 

50 nm
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number of the nearest neighbors can be decreased around the smaller particles, 

and is it increased for the bigger particles?   

Next, anionic micelles are dip-coated on the surface modified with the 

cationic micelles (Figure 5.4). This experiment can be the combination of the 

modified surface study in the previous chapter and the study described in the 

section 5.4. 

The polymer micelles have been used to solubilize insoluble chemicals by 

trapping inside (core and inner corona). If the micelles loaded with a fluorescent 

probe, the surface dip-coated with these micelles is appropriate for NSOM 

studies. The analogous study to our research can be performed with NSOM 

images, instead of SEM. Although the resolution will be diminished, the case is 

even more interesting if several micelles solutions loaded with different types of 

fluorescent probes are prepared. By controlling the withdrawal rate and the 

evaporation rate, the spatial resolution of mixed fluorescent species can be 

achieved. This leads directly a practical application, such as photo-memory 

device. 

For another experimental setting, the 

PMAA-PEO micelle solution in benzene is 

carefully added on the top of the aqueous PS-

PVPH+ micelle solution to form two layers 

containing micelles (Figure 5.3). Using our slow 

withdrawal setting, the Si/SiO2 surfaces is 

inserted or withdrawn slowly in this mixed 
Figure 5.3. Deposition from 

the Layered Micelle Solutions
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solution. From this type of experiments, we can study 1) the effect described in 

the section 5.4, 2) the surface micelle morphology in the selective solvent. Also, 

by trapping different type of chemical in each micelle the chemical release and 

absorption of the surface micelles can be studied by controlling the rate of 

insertion or withdrawal.  

 

 

 

 

Figure 5.4. PSPAA micelles on PSPVPH+
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5.2.6. Reversibility of Surface Micelles 

Polymer micelles have been known for their ability to hold and release 

chemicals and reversible formation and dissociation. As briefly mentioned in the 

section 5.5, those micelle properties can be studied for the micelles absorbed onto 

the surface. When the polymer micelles loaded with chemicals are deposited on 

the surface, the chemical release kinetics from the micelle surface can be studied. 

The polymer micelles surface can be used for absorption of chemicals as well. 

We have observed the dewetting phenomena of PSPVP+ micelles on 

Si/SiO2 surface by the after-treatment. Because the polymer micelles in solution 

phase can be dissociated into unimers, we may try the dissociation of the surface 

micelles by treating with selective solvent and/or heating.  

For these types of study, supercritical CO2 can be used as the medium 

because it is known to enhance the swelling of polymer which could speed up the 

equilibration process.  

5.2.7. Spherical Hollow Metal Template  

Once the micelles were absorbed onto Si/SiO2 surfaces they have the 

distribution like the illustrations in Figure 5.5. By sputter-coating this micelle 

surface with Au or Cr target, a nano-size embossed metal surface can be made. If 

this surface is carefully treated with heat, soluble vapor, or intense electron beam, 

the micelles underneath the metal layer can be melted or decomposed.  
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Figure 5.5. Illustration of typical PSPVP+ micelle surface
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Appendix 

PAIR CORRELATION FUNCTION: FORTRAN 

      DIMENSION X(1000), Y(1000),NB(100),R(100),G(100) 

      REAL XMAX,YMAX,RMAX,R1 

      CHARACTER*20 FILE1    

       

      WRITE(*,*)'FILE NAME' 

      READ(*,*) FILE1 

      OPEN(3,FILE=FILE1)   

       

      READ(3,100) NPART, (X(I),Y(I),I=1,NPART) 

 100  FORMAT(I5 /(2F10.4)) 

  

      WRITE(*,*) 'XMAX,YMAX' 

      READ(*,*) XMAX, YMAX       

                               

      WRITE(*,*) 'RMAX,DELTA' 

      READ(*,*) RMAX, DELTA 

       

      PI=3.141593       

      NPAIR=0       

      RX=0 
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      NBMAX=INT(RMAX/DELTA) 

       

      DO 12 I=1, NPART  

      XX=X(I) 

      YY=Y(I) 

      IF(XX.LT.RMAX.OR.XX.GT.XMAX-RMAX) GOTO 11 

      IF(YY.LT.RMAX.OR.YY.GT.YMAX-RMAX) GOTO 11 

       

      DO 10 J=1,NPART 

      IF(J.EQ.I) GOTO 9 

      R2=(XX-X(J))**2+(YY-Y(J))**2 

      R1=SQRT(R2) 

      IF(R1.GT.RMAX) GOTO 9 

      NBIN=INT(R1/DELTA)           

      NB(NBIN)=NB(NBIN)+1 

      NPAIR=NPAIR+1       

       

   9  CONTINUE        

  10  CONTINUE 
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  11   CONTINUE       

      WRITE(*,*) I, NPAIR 

  12   CONTINUE  

       

      DO 20 M=1,NBMAX 

      RX=RX+DELTA 

      R(M)=RX 

      G(M)=NB(M)/(4.*PI*(RX*RX-(RX-DELTA)**2)) 

      WRITE(1,*) R(M),G(M)                               

  20  CONTINUE 

   

      STOP 

      END 
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