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Abstract

Self-assembled particle arrays have received afisigmt amount of attention
recently because of their interesting optical progs. In contrast to top-down self-
assembly approaches, in which a pattern is impoped the system by such processes
as microcontact printing or photolithography, bottap self-assembly relies upon the
system to both define the pattern and assembladnedual elements. In this latter
approach, fundamental parameters such as eleticaatd van der Waals interactions,
as well as capillary forces are tuned to achieeaditsired pattern. Two bottom-up
particle self-assembly processes are discussed.

The first process involves drying a droplet contagrn suspension gositively
chargedpolymer particles on a flategatively chargetlydrophilic surface. This
extremely simple method produces lines of polynodioas with regular 1.5—-4.pm
line spacings and smaller tharui linewidths over a broad surface area. The riegult
patterns are at least an order of magnitude smalleoth linewidth and line spacing
than similar approaches reported in the literatune follows a completely different
mechanism. The second process involves the matiguoilof polymer particle films
trapped at an air-water interface. This modifieshgmuir-Blodgett approach produces
two-dimensional arrays of particles with hexaga@hmetry and tunable lattice
constants. The key distinguishing feature in ttesent work is the ability to transfer
patterned sub-monolayer interfacial particle filtms solid substrate. This transfer was
achieved by tailoring the chemical functionalitytbé substrate surface to that of the

polymer particle surface in order to promote ragmd strong adhesion with each



individual particle when the substrate is brougitd icontact with the interfacial particle
film. By controlling the transfer geometry, thesudting pattern after deposition onto
the substrate may be identical to that observéldeainterface or, if desired, may be
altered to produce a symmetry other than hexagohfér assembling a patterned
particle array, secondary processes, such as ndittgpadsorption or substrate etching,
may then be performed to increase the functionakiy potential usefulness of the self-

assembled system.



Chapter 1

Fundamental Interactions

1.1 Introduction

1.1.1 Historical Background

According to The Royal Society and The Royal Acage@inEngineering,
“nanoscience is the study of phenomena and maripualaf materials at atomic,
molecular, and macromolecular scales, where pregatiffer significantly from those
at a larger scale,” and “nanotechnologies are ésgyd, characterization, production,
and application of structures, devices, and systgymeontrolling shape and size at
nanometer scalé.”All chemistry could arguably be considered nadet®logy, and
therefore both trace their philosophical origirDemocritus in ancient Greece, who
first proposed the existence of the atoriihe current interest in nanotechnology traces
its roots back to an influential speech given bgHard Feynman in 1959 at Caltech.
This speech, entitled “There’s Plenty of Room atBottom,” was a challenge to
scientists worldwide to start thinking smaller teger. Of course the repercussions of
this speech reverberated across the next severadlée in the electronics industry by
the development of sophisticated photolithograpfoggsses. In contrast to this field,

which could be accurately described as microfabidnaa separate field known as self-



assembly has experienced a period of rapid growh the past decade and has become

one of the main driving forces of the nanotechnyplogpvement.

1.1.2 Overview of Self-Assembly Methods

Self assembly as a whole can be divided into twmmategoriespp-downand
bottom-up In top-down self-assembly, a pattern is impageoh a system and the
system assembles individual building blocks ontoghttern. This approach is
typically related to traditional microfabrication that the original pattern is made using
traditional methods such as optical lithography.sdme cases, the individual building
blocks respond to a physically patterned topograpugh as latex particles interacting
with a substrate patterned with an array of hdl2dn a second case, known as
microcontact printing,a polydimethylsiloxane (PDMS) stamp is preparedinyng the
elastomer against a topographically patterned satiest The stamp may then be
“inked” with an organosilane compounay polyelectrolyté and stamped onto a
suitable substrate producing a patterned chemibaligrogeneous surface. This
substrate may then be used to direct the asserhbvigligidual building blocks onto
particular regions of the substrgté’

In the second category, the bottom-up approaehsybtem is responsible for
both defining the pattern as well as assemblingrtizidual elements. In this
approach, fundamental forces must be controllemtder to create the desired pattern.
Common methods involve creating patterns duringngrprocesseS- by interfacial

phenomenort® or by 2- and 3-dimensional confineméht> Even though the bottom-



up method can be quite challenging to predict amdrol, and often the patterns
contain more defects than their top-down counteéspéris perhaps more interesting
because of the independent nature of the systarthid respect, the bottom-up
approach more closely resembles the self-assembtegses that are observed in
nature.

Two bottom-up particle self-assembly methods vievestigated in this
research. The first method, discussed in Chaptée&s with linear patterns that were
self-assembled during the drying process of a@litlibplet of polymer colloids
suspended in water on a glass slide or silicon wafehe resulting patterns were
controlled by the geometry of the droplet nearttiree-phase contact-line and the
charge interactions between the suspended paréinkk¢he substrate. The second
method, discussed in Chapter 3, deals with pattfrpslymer colloids that self-
assemble when trapped at an air-water interfate phtterns can be transferred intact
to solid substrates using modified Langmuir-Blodgeid Langmuir-Schaeffer
techniques. A number of proof-of-concept experitaame discussed in Chapter 4,
which investigated the feasibility of using selsambled particle arrays as a substrate
or scaffolding on which to create systems of inseglcomplexity by processes such as

nanoparticle adsorption or particle mask lithogsaph

1.2 The Self-Assembly Toolbox

Colloidal particles are a common recurring themeelf-assembly processgs,

which is likely due to their ease of synthesis,tonlfable surface chemistry, and the



ability to produce them monodispersely over a watgge of particle sizes. Colloidal
particles can be synthesized with sizes ranging fadew nanometers for colloidal gold
to several hundreds of microns for polymer coll@gsthesized by suspension
polymerization. Since the use of colloidal paggcls so prevalent in self-assembly
processes, it is important to have a good undetsigrof the physical interactions that
can be utilized in order to control their behavior.

Colloidal particles can interagta a variety of interactions, predominantly
Coulombicandvan der Waaldorces. These interactions are the two main ®nce
DLVO theory (discussed iBection 1.2.3 which provides a framework for describing
colloidal interaction and stability. Another keyr€e in colloidal self-assembly is the
capillary force Capillary forces can arise between particles lajuid interface or
particles confined to a solid surface bridged lhigaid layer. In order for capillary
forces to operate, a three-phase contact line existt at the particle surface. These
forces can be quite strong, and in many cases aeninterparticle behavioiSteric
interactionscan be utilized to maintain inter-particle separs. This interaction is
inherently entropic in nature because patrticle kspn is driven by the relaxation of
particle chains compressed between two particlé® polymer chains attempt to
regain an equilibrium state by pushing the parielpart. Hydrogen bondingnd even
covalent bondingan also play a part in particle self-assembly these interactions
have typically not been systematically utilizecbr B more thorough treatment of the

topics discussed, a variety of excellent resouacesavailablé’ ¢



1.2.1 van der Waals Interactions

1.2.1.1 Between Two Moleculesvan der Waals (vdW) forces are typically
fairly weak and short-ranged interactions. Thegoaat for the melting point and
boiling point of nonpolar molecules such as alkabes they are still quite weak
compared to the Columbic forces in ionic solidg trean result in melting points several
orders of magnitude higher. For small molecules MdW interaction potentidlyqw,

may be simplified to
UvdW = (ll)

in which 1 is a molecule specific constant, anig the molecular separation distarte.

1.2.1.2 Between Two ParticlesThe vdW attraction between two particles is
the summation of all the individual attractive nmltar interactions between the two
particles, which results in a significant “long-gad” force. The vdW attractive
interaction energywa, between two spherical particles with the samendiar can be
approximated by

_alA
A 12MH,

(1.2)

in whichais the particle radiug\ is the Hamaker constant for the interparticle
interaction, andH, is the closest separation distance between thespiveres® For
identical particles interacting across a vacuum,Hiamaker constant is defined by the
bulk particle material. However, if the partick® interacting through a continuous

phase such as water, the Hamaker constant fontleaction As»4, is equal to



Ao = (\/E _\/E)Z (1.3)

in which A;; andA,; are the Hamaker constants for the particle matena the
continuous phase respectively. For the systenritheskcin this work, polystyrene
particles in water, the Hamaker constants are afpatelyA;;= 9 x 10°J andA,, = 6
x 10%° J, respectively, which results in a total intei@ticonstanfy,; = 3 x 10 J.

This value should be usedHguation 1.2 above'?

1.2.2 Electrostatic Interactions
1.2.2.1 Between Two lonsThe Coulombic force on single ions takes on the

form,

¢, L4,
Fo= Gl 1.4
© A £ X (14)

in whichF¢ is the Coulombic forcey; andq, are the charges of the two ioasis the
relative permittivity of the medium (also knowntag dielectric constantyyis the
permittivity of a vacuumep = 8.854 x 10*2 C%J-m), anck is the separation distance
between the two ion'S. Naturally, when the ions are of the same chahgeforce is
positive and therefore repulsive, and when the @ the opposite charge, the force is

negative and therefore attractive.

1.2.2.2 Between Two ParticlesA polymer latex particle or an inorganic
nanoparticle can be viewed as a complex ion havialjiple charges with most of the

charges confined to the particle’s surface. Beeamss on the surface of adjacent



particles are no longer able to interact as sirgis, but rather as ensembles of ions, a
more complex description of the interaction is resedThe presence of the charged
particle surface creates a disturbance in the ibguin state of ions in the continuous
phase. A layer of ions with opposite charge tigbthds to the surface of the particle
creating what is referred to as the Stern laydre ibns making up the Stern layer do
not readily exchange with ions in the surroundiredim’’ Outside of the Stern layer
lies a region called the diffuse layer which gidis a higher concentration of
counterions that those found at equilibrium in¢batinuous phase, but ions found here
are able to exchange with those in the surrounaiadium. The combination of the
Stern layer and the diffuse layer is called theldelayer. When two colloidal particles
approach each other, their double layers interastilting in an attractive or repulsive
force. The repulsive Coulombic interaction eneidy,between two spherical double

layers can be approximated by
2
Vy = 150880 g e) (1.5)

in whichyy is the surface potential of the particles, anslthe Debye reciprocal
length!® The true surface potential of a particle is w@ifficult to measure precisely
because of the tightly bound stern layer. Howether zeta potential is readily
measured by electrophoretic mobility measuremenite zeta potential is the potential
at an imaginary plane in the double layer calledghear or slipping plane and can be
significantly lower in magnitude than the true swd potential. This plane represents

the points at which particular ions are no longannpanently associated with the



particle as it moves through solution. Zeta pot&émbheasurements are very sensitive to
the ionic concentration of the continuous phasethark is no way to directly correlate
zeta potential with the true surface potential beeahe exact position of the shear
plane is not measurable. Nonetheless, the ze¢mfpaitis a very useful parameter in
describing colloidal stability, as it represents #ifective surface charge. An important
parameter in describing the length scale over wpanticles are able to interact is the
Debye Length, i/ which can be approximated by

1N (1.6)
K

Jc
in which C is the molar concentration of electrelyt the continuous phase and N is
equal to 0.304 for a 1:1 electrolyte (NaCl), 0.1G6a 2:1 electrolyte (Cag)l and
0.152 for a 2:2 electrolyte (MgSP'’ This length, which is defined as the distance at
which the magnitude of the electric field surrourgla particle decreases to 1/e (or
0.3679) of its surface value, is highly dependenthee concentration and valence of the
ions in the continuous phase. A plot showing tiedy2 length as a function of the

concentration of univalent ions is showrFigure 1.1

1.2.3 The DLVO Potential

When the attractive vdW interaction is combinedhwitte repulsive electrostatic
interaction for particles of like charge a totakiraction potential is produced that can
be repulsive at long range but attractive at steortje. The so-called DLVO potential,

named after Derjaguin, Landau, Verwey, and Overlvdaik developed the theory,
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Figure 1.1 Debye Screening Length as a function of ionic cont&tion of

univalent ions. Most highly cleaned latexes would likely fall inihe shaded region.
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describes this complex behavior. The total poééntir, for two identical spherical

particles can be approximated by combintgyation 1.2andEquation 1.5to produce

alA
120H,

2
vy =%In(l+e"‘““°) - (1.7)

which gives a valid approximation of the inter-jpee interaction at distances on the
order of 0.4a (Figure 1.2.*® Equation 1.7does not include the hard sphere potential,
also known as the Born repulsion, which accountshfe interaction when the particles
come into physical contact with each otfieBased on the assumption that the particles
are incompressible hard spheres, the interactitengial becomes infinite when the

separation distance is zero. The hard sphere taterys, can be approximated by,

_(2m@)
Vs —( . ] (1.8)

in whichds is the center-to-center particle separation dégtamch is an integer’ The
effect of includingVis in the total potential is qualitatively shownkigure 1.3 Three
main regions exist in a typical DLVO plot: the vdWmary minimum at short
distance, which accounts for irreversible coagafgtthe primary maximum caused by
electrostatic repulsion, which accounts for coléikinetic stability; and in some cases
(i.e., large diameter or intermediate ionic str@hghe secondary minimum, which
accounts for reversible flocculation because pagiare attracted by a potential of
several KT yet still held apart by the electrostagrrier. The primary minimum is
typically so deep that it is not necessary to knlegvexact depth of the potential well.

For this reason, the hard sphere potential is lysaalitted from DLVO calculations.
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Figure 1.2 DLVO Interaction Potential as a function of separah distance. The
bottom curve shows the vdW attractive potengaju@tion 1.9 with A =3 x 10°* J, and
a =250 nm. The upper solid curve shows the edstdtic repulsionEquation 1.5,
with y = 80 mV and C = 50 mM. The middle shaded lineaghthe sum of the two

potentials Equation 1.7.

13



300

Electrostatic Repulsion
— = Hard Sphere Repulsion
vdW Attraction
Total Potential

200

100

-100

-200

Interaction Energy (kT)
o
I
I
I
I
|

-300 -’t+++++—+———1
2 3 4 5 6 7 8 9 10
Separation Distance (nm)

]
=
o
=

Figure 1.3 DLVO Interaction Potential including hard sphere plsion. By
combiningEquations 1.7and 1.8 a more complete description of the total intei@ct
potential is given. Because the primary vdW mimmigiso deep, resulting in
irreversible coagulation, the hard sphere repulsistypically omitted from

calculations.
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The interactions between a particle and a charlgeéddrface are qualitatively quite
similar to those described above even though titbenaatical form of the potential is
altered to accommodate the different geomgtry.
Derjaguin-Landau-Verwey-Overbeek theory is not méame an exhaustive
guantitative treatment, but rather to provide uksgfidelines for understanding
colloidal behavior. As the ionic strength of tretinuous phase is increased, the
height of the electrostatic barrier and the interple repulsion distance are decreased,
until finally no barrier exists and the particles &eely pulled into the vdW minimum
(Figures 1.4and1.5) As the surface potential of the particles is@ased, the height
of the electrostatic barrier is increased whilentaning a similar interaction distance
(Figure 1.6). As the particle diameter is increased, theliteaf the electrostatic barrier
increases and the secondary minimum becomes d@egare 1.7). Of course, if the
two patrticles (or a particle and a substrate) apositely charged, the sign of the
electrostatic barrier is reversed and the totaradtion potential is attractive at all

distances, resulting in rapid heterocoagulatioraftsorption).

1.2.4 Capillary Forces

Capillary forces play a role in particle systemsevdver an air-liquid-particle
three-phase contact-line is present. These systamsxist at the air-bulk latex
interface as well as during drying. Capillary #sacan have a remarkably constructive
effect on a drying suspension of colloidal parsadlea three-dimensional minimum

volume or two-dimensional minimum area structurdasired. In such systems, the
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Figure 1.4 DLVO Interaction Potential as a function of low ido concentration.
Equation 1.7was plotted with A =3 x 18 J, a = 250 nmy = 50 mV, and C was

varied as shown above.
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Figure 1.5 DLVO Interaction Potential as a function of high iimic concentration.
Equation 1.7was plotted with A =3 x 18 J, a = 250 nmy = 50 mV, and C was

varied as shown above.
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Figure 1.6 DLVO Interaction Potential as a function of partiel surface potential.
Equation 1.7was plotted with A =3 x 18 J, a = 250 nm, C = 50 mM, andwas

varied as shown above.
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Figure 1.7 DLVO Interaction Potential as a function of partiel diameter.
Equation 1.7was plotted with A =3 x 18 J, » = 50 mV, C = 50 mM, and a was varied

as half of the diameter values shown above.
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magnitude of the capillary force exceeds the strenfjithe inter-particle electrostatic
repulsion which plays the role of directing indival particles into lattice positions as
the available volume or area is decreased duriagitiing process. To maintain a
maximum separation distance, particles adopt agoa close-packed arrangement
creating a thee-dimensional crystalline array fobacentrated suspension or a two-
dimensional crystalline array for a dilute suspensirying on an appropriate substrate
(Figure 1.8). Extensive research in the area of two-dimeradisalf-assembly by
capillary forces has been reported by Nagayans.&t.%! 22

If a minimum volume or area structure is not dekicapillary forces can be quite
destructive. In the case of a well-spaced arragai’idual particles adhered to a
substrate, the capillary force can exceed the aghageraction between the particles
and the substrate and squeeze the particles irdlh disordered clusters if water is
allowed to dry across the substrate. The magnivfidee capillary force is governed by
the surface tension of the liquid, the particleasapon distance, and the curvature of
the bridging meniscus between particles or betveeparticle and the substrate. Two
sources give rise to the capillary force, knownhaspressure effect and the surface

tension effect. The pressure effect is governethby aplace equation,

1.1
AP =y | —+—=— 1.9
y(RlJrsz -9

in which AP is the change in pressure from the gas phase amal/the interior of the
meniscusy, is the surface tension of the liquid, &RdandR, are the orthogonal radii of

curvature of the meniscd®. The surface tension effect has been extensivetiiesi by

20



Figure 1.8 Two- and three-dimensional particle arrays assentbley capillary
forces. (A) The result of drying one drop of 0.02 wt. %f&tel 234 latex on glass.
(B) The result of drying one drop of 1.0 wt. % lardle 258 latex on a silicon wafer.

Notice the distinct hexagonal packing in both instss.
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Kralchevsky et. al., and a number of exhaustivévdgons have appeared in the
literature?® 2* The lateral capillary forcds., between two identical particles at a solid

interface partially immersed in a liquid film caa bxpressed as,

F. =2mly, Rc{&l_(mj if r, << L << (AJ//;)g (2.10)

in whichr is the radius of the three-phase contact linbaptrticle surface; is the
mean slope angle of the meniscus at the contactilith respect to horizontdl,is the
center to center particle separation distangds the difference between the mass
densities of the liquid and gas phases, gizdacceleration due to gravityFor micron-
sized and smaller particles, the surface tensifaties many orders of magnitude larger

than the pressure effect.

1.3 The Building Blocks: Colloidal Particles

Colloidal polymer particles are typically produdaegheterogeneous
polymerization in which water, monomer, stabilizamd initiator are mixed together
and heated for several hours. Such polymerizaaomgapable of producing particles
with a very narrow size distribution over a widage of particle siz& Vinyl-based
monomers and free-radical initiators are almostusigely used in this process and the
stabilizer can simply be a detergent such as sodmmhecylsulfate, though some
systems utilize polymeric steric stabilizers, arfgctant co-surfactant mixtures. In the
initial stages of the reaction, an emulsion formsposed of surfactant stabilized

monomer droplets suspended in the continuous pHaseisions can be divided into
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three main categories, macro-, mini-, and microsiounk, depending on the size of the
droplets. Macroemulsions have droplet diametetherrange of 1-100m and are
stable for seconds to hours; miniemulsions havpldtaliameters in the range of 0.05-
0.5um (50-500 nm) and are stable for hours to monthd;maicroemulsions have
droplet diameters in the range of 0.01-0m (10-100 nm) and are stable for months to
many year$® Heterogeneous polymerizations can be dividedfo main categories:
emulsion, inverse emulsion, dispersion, and suspens Emulsion polymerizations
typically produce hydrophobic particles in the 8.1 um size range. Inverse emulsion
polymerizations begin as a water-in-oil emulsiothwiater-soluble monomer
dissolved in water droplets that are suspendechydeocarbon continuous phase and
produce hydrophilic particles in the 0.05-Qu8 size range. Dispersion
polymerizations begin as a homogeneous monometicoln a carefully chosen
solvent-stabilizer system such that the resultiolgmper precipitates to form particles in
the 0.01-1Qum size range. Suspension polymerizations beganasl-in-water
emulsion, but the monomer droplets are much latgger those in emulsion
polymerization. The coarse droplets are kept gpsnsion by proper application of
shear and produce patrticles in the 100-10406Gize range. A sub-type of emulsion
polymerization known as surfactant-free emulsiolyiperization was used to
synthesize several of the latexes used in thisrekBevork. In this method, the
surfactant is replaced by a water soluble co-momanhéch co-polymerizes with the

hydrophobic monomer to form a stabilizing layethe particle surfaces. This method
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is advantageous for surface chemistry studies shrecessulting particles do not need to

be rigorously cleaned to remove surfactant.

1.3.1 Reasons for using Commercial Particles

Monodisperse polystyrene latex particles are corni@ky available from a
variety of sourced in a wide range of sizes, between 0.1 andi0 Therefore, fully
characterized latex particles with the desired @@m size distribution, surface
functional group identity, and charge density miaypty be purchased. Latex particle
synthesis is not a particularly difficult task,tae polymerizations are typically
performed as one pot reactions with no rigorousnéitin to cleanliness or
contamination. However, the synthetic, purificatiand characterization procedures
can be quite time-consuming. Since the goalsiseftfoject did not focus on the
synthesis of monodisperse latex particles, buerathuse them as building blocks to
create self-assembled arrays, particles were gmithesized when the desired size and
surface chemistry were not available commercialitythis way, the focus could remain
on the experiments of interest.

Poly(styreneco-vinylimidazole) latex particles with an averagardeter of 258
nm (Imidazole 258 latexand poly(styrene-co-styrenesulfonate) latex plagiwith an
average diameter of 128 ni8ulfonate 128 latgxvere obtained from the Emulsion
Polymers Institute (EPI) at Lehigh Universfty.The particles, which had been prepared
by surfactant-free emulsion co-polymerizaffband purified by ultracentrifugation and

serum replacement, were used as received. Stifatdonalized polystyrene latex
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particles with average diameters of 176, 234, &Wr8n Gulfate 176, 234, and 357
latexe$ were obtained from Dow (Batches LS-1045-E, LS7:&4 and LS-1010-E
respectively), and used as received. Sulfate iomalized polystyrene latex particles
with an average diameter of Zuih (Sulfate 2700 latgxand amine functionalized latex
particles with an average diameter of 210 Amine 210 latexwere obtained from
Interfacial Dynamics Inc. (IDC, 1-2600 Batch 618yid 6-200 Batch 2101-HMD-1
respectively), and used as received. Most ofdatexlsamples were supplied with a
known diameter and size distribution measured &ystmission electron microscopy
(TEM), and surface charge density measured byititra The surface area per
functional group on the particle surface, knownhesparking area, can be easily
calculated from the titration datd.able 1.1is a summary of the properties and sources

of the particles used in this project.

1.3.2 Synthesis of Polymer Colloids

Surfactant-free emulsion co-polymerization of stg@nd vinylimidazole was
carried out by placing 45.0 mL of DI water (Millipg >15 M), and appropriate
amounts of 2,2’-azobis(2-amidinopropane) dihydrogelioride (V50) initiator
(Aldrich, 97%, used as received), styrene (Aldre®9%, distilled before use), and
finally 1-vinylimidazole (Aldrich, >99%, used ascedved) into a 100-mL glass bottle.
The amounts of the reagents used are showalse 1.2 The bottles were purged
with nitrogen, tightly capped and placed into allegbolymerization unit (Atlas LP2

Computer Controlled Dying System) for 21 hoursGft €. After the reaction, the
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Styrene Latex
(Group + D (nm))

Charge
Density
(BClcm?)

Parking
Area

(A%%)

Zeta
Potential
(mV)

Source

Positive

Imidazole 258

Imidazole 391

Amine 210

(COOH)*

Negative

Sulfonate 128

Sulfate 176

Sulfate 234

Sulfate 357

Sulfate 2700

*The Amine 210atex particles have carboxylic acid groups atsindace as well.

Table 1.1 Latex particle properties.This table shows the number-average particle

diameter (), the standard deviation of the average particie %), the polydispersity

index (PDI), the coefficient of variation (CV), tharticle charge density measured by

conductometric titration, the surface group parkexga calculated from the charge

density, the zeta potential measured as describ&eaction 1.3.3and the source of the

particles.
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Styrene Vinylimidazole Initiator
Weight | Mol % | Weight i Mol % | Weight i Conc.
@) @) @) (mM)
3.5 67.8 15 32.2 0.061 5
3.5 67.8 15 32.2 0.122 10
3.58 68.3 . 317 0.183 15
5 74.6 . 25.4 0.061 5
75.1 . 24.9 0.122 10
73.9 . 26.2 0.183 15
81.9 18.1 0.061 5
81.9 18.1 0.122 10
81.9 18.1 0.183 15
81.9 18.1 0.244 20

A
B
C
D
E
E
G
H
I
J

Table 1.2 Results of the poly(styrene-co-vinylimidazole) tatgynthesis Batch G

was selected since it produced particles with probge closest to the desired results.
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bottles were allowed to cool to room temperatur the yields of the reactions were
determined gravimetrically. Small samples of elatéx were diluted and analyzed by
scanning electron microscopy (SEM). Particle siagribution measurements were
made from the SEM micrographs, and the resultsiawen inFigure 1.9, A detailed
description of how the particle size measurememt®wwerformed is given in
Appendix B.1. Batch G was selected because it produced rebaltsvere the closest
to the target particle properties. The latex wasfied by repeated centrifugation
cycles with deionized water. Even though the dated average was 372 nm, the
particle self-assembly processes were driven bgitteeof the major distribution which

was 391 nm. For this reason batch G will be refkto as thémidazole 391 latex

1.3.3 Particle Characterization

The zeta potential of several of the particles usdtis research work were
measured. For these measurements, latex samplesigaly diluted with deionized
water until the sample appears only slightly turbithe measurements were made using
a PenKem model 501 Lazer Zee Meter or a Coultesd@40 SX, and the results are
shown inTable 1.1 An example of the data measured with the Dalshown in
Figure 1.1Q

Elemental analysis was performed on the Imidazbilatex. This latex was
synthesized at 30 mol % vinylimidazole loading, leeer, not all of the monomer was
incorporated into the final latex. Much of the mamer forms water soluble imidazole

rich polymer and oligomers which were removed fittvn final latex during cleaning.
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Figure 1.9 SEM micrographs and patrticle size distributions thfe poly(styrene-co-
vinylimidazole) latex particlesThe figure letters correspond to the batch lettars

Table 1.2
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Figure 1.10 Zeta Potential plots for the Imidazole 258 and Stk 234 latexesThe
positively-charged Imidazole 258 latex had a zetiptial of +31.6 mV and the
negatively-charged Sulfate 234 latex produced aealf -54.2 mV. The peak at 0 mV

is an artifact caused by the incident beam.
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Two, 1.0- mL latex samples were dried under vacymmoducing approximately 20 mg
of dry latex each. The samples were sent to Gétlbicaboratories, Inc. for elemental
analysis. Sample 1 contained 90.36 % C, 8.15 &nH,1.25 % N, and sample 2
contained 90.32 % C, 8.03 % H, and 1.25 % N. Tammes were sent to ensure
experimental reproducibility. The confidence lisnior this analysis were reported as
0.28 % for C, 1.26 % for H, and 0.39 % for N, séhons were well within the
consistent range. The latex contained 4.2 wt %viaylimidazole based on nitrogen
analysis, which was likely confined to the surfaté¢he particles forming an extended
polyelectrolyte layer’! This layer allowed the particles to strongly atisonto
surfaces because the electrolyte layer was defdemnaltowing for a larger particle-

interface contact area.

1.4 Summary

Bottom-up self-assembly approaches can be use@#&tecordered structures by
carefully utilizing fundamental interactions. Bxig theory provides a framework for
understanding and designing systems to self-asgerobbidal particles using
electrostatic, vdW, and capillary forces. Sucheays provide an attractive alternative
to top-down approaches because of their simplidiglymer colloids are a well suited
medium to perform self-assembly processes becdubke ability to produce them in a
wide size range with a high degree of monodispeesitl due to the versatility of their
surface functionality. These factors providedriaivation to pursue the

investigations described in the following chapters.
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Chapter 2

Dynamic Self-Assembly of Polymer Colloids to Form lnear

Patterns

Portions of this chapter were reprinted with persms from Langmuir 2005, 21, 4786-

47891 Copyright 2005 American Chemical Society.

2.1 Introduction

Dewetting is a process that has drawn lasting stieimterest because of its
role in areas such as inks and surface coafinfjse events of surface pinning and
convective flow during the dewetting process of@ptet of a colloidal suspension on a
flat surface have received renewed interest bedheyecan be harnessed as an
extremely simple way for surface patterning variety of patterns generated by this
process have been observed on mica and §fa8s’ The patterns generally lack a
regular repeating distance and individual pattéements exceed a length scale of 10
um. In all of the previous studies, the substratéase and the colloidal particles both
had a negative surface charge and, thereforerettatically repelled each other.
Theoretical studies of evaporating droplets ondlataces simply treated particle
S9, 10, 11

deposition as a passive process by discountingttface-particle interactiofis’

This lack of information on particle substrate matgions during drying processes
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prompted our investigation of systems with substsairface and particles of opposite
charge. Drying a dilute droplet pbsitively chargegbolymer particles on a flat
negatively chargettydrophilic surface resulted in the depositiotireds of particles
with regular line-spacing over a broad surface égesater than 0.5 cth The
mechanism of the dynamic self-assembly procedsasdiscussed.

The main objectives of this project were: 1. The akpolymer latex particles
as nano-building blocks to self-assemble ordenedtisires using the processes of
drying and dewetting, and 2. To understand the uhymaelf-assembly mechanisms
that produce patterns during dewetting, as welbdsghlight the crucial role that

Coulombic forces play in these processes.

2.2 Experimental Methods

2.2.1. Particles

Poly(styrene-co-vinylimidazole) latexdsnfdazole 258 and 39bbtained from
the Emulsion Polymers Institute (EPI) at Lehigh wémsity, and synthesized as outlined
in Chapter 1 respectively) were diluted to apprajgrsample concentrations with Milli-
Q water (>15 M2). The pH of the dilute suspensions in water wags@imately 8
(Vernier Logger Pro pH Meter, the pH readings werstable, likely due to the
particulate nature of the sample). The imidazoteigs on the surface of the particles
ionize at this pH and bear a positive charge. Aesalt, the zeta potentials of the
particles were measured (PenKem model 501 LazeM#&ter) and found to be +31.6 £

2.4 mV (standard deviation, 12 measurements) ®288-nm particles and +31.6 + 3.5
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mV (standard deviation, 25 measurements) for tHer88 particles. The linear patterns
formed over a particle concentration range of betw@ 005 and 0.2 wt % solids.
Experiments run above and below this range didesatlt in patterns. Several
experiments were also performed using amine-funatined polystyrene latex particles
(Amine 210 latexpbtained from Interfacial Dynamics Corporationhigh had a zeta
potential of +17.6 + 3.0 mV.

For control experiments of the particle charge (silyreneeo-styrenesulfonate)
latex particles with an average diameter of 128 8nifonate 128 latexgbtained from
EPI), and sulfate functionalized latex particleshvan average diameters of 176, 234,
and 357 nm were use8flfate 176, 234, and 357 lat@htained from DOW). The zeta
potentials of two of the particles were measuretifannd to be -71.2 £+ 9.7 mV
(standard deviation, 6 measurements) for the Satéoh28 latex, and -54.2 £ 1.7 mV
(standard deviation, 12 measurements) for the ®u#34 latex. The properties and

sources of all the latexes used in this reseals@nmarized ifable 1.1

2.2.2 Patterning Method

Silicon wafer and glass substrates were cleanddaeiicentrated sulfuric acid,
thoroughly rinsed with deionized water, and blowwn with a nitrogen jet prior to use.
The pattern was formed by placing a single dro@(B) of suspension onto a 12-mm
x 12-mm glass or silicon substrate. The subswateimmediately tilted in different
directions to allow the drop to completely wet sweface. Once the surface was

completely wetted, the substrate was typically @that an angle of 10° with respect to
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the benchtop and allowed to dry in a covered Bieth at room temperature as shown in
Figure 2.1 Typical drying times were 2-3 h.

For control experiments of the substrate surfaeeggy PDDA
[poly(diallyldimethylammonium chloride), MW 200-33Q Aldrich, 20 wt % in water]
was used to switch the surface charge from negadipesitive. To accomplish this,
cleaned glass substrates were dipped into 5.0 RD®A for 30 min, thoroughly rinsed
with deionized water, and blown dry with a nitrogeh These substrates were then

used in the procedure as outlined above.

2.2.3 Microscopy and Analysis

The particle patterns were analyzed with scanniagt®n microscopy (JEOL,
6300f). All of the scanning electron microscop&lg samples were sputter-coated
with a thin layer of gold palladium alloy (Polar&®100 SEM coating unit) to make the
surface conductive. Video and color digital imagéthe ordering process were
recorded by a CCD camera attached to the opticaosiope (Olympus, BH2). For
this procedure the entire microscope was tilted1@°, and the same sample preparation
procedure was used except that the substrate wesdbn the microscope stage to dry.
The repeat distance of the striped pattern wayaealby two-dimensional Fast Fourier
Transform (FFT). Fourier transform image analysas\werformed using Scion Image
for Windows release Beta 4.0.2. By measuring th&dce between the center, defined
as pixel # (256, 256) in a 512 x 512 pixel image] the prominent points in the

transformed image, the periodicity in the origimahge can be calculated. The distance
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Figure 2.1 Simple drying platform used to dry substratdslac tilt. The block was

shimmed to 10° with respect to the bench top ususi pins. After placing the particle

suspension on the substrate, the sample was platethe Petri dish and allowed to

dry while covered as shown above.
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in the transformed image can be related to thami® in the original image using the
equation d =512/r, in which d is the center-toteehine spacing in the original image
and r is the distance in pixels from the centaheftransformed image to the center of
the prominent points. Laser diffraction patterrey@vobtained by illuminating samples
at normal incidence with a 5SmW helium-neon laserdkks) and projecting the
resulting diffraction patterns onto a screen atagetion length of 25 cm. Images of
the diffraction patterns were taken using a digitahera (Cannon, G3). Zeta potential
measurements were performed using a PenKem modtldld&d®r Zee Meter or a

Coulter Delsa 440 SX.

2.3 Results and Discussion

For this study, poly(styrenss-vinylimidazole) latex particles with average
diameters of 258 and 391 nm and narrow distribgtware the main system
investigated. The particles were substantiallyitpedy charged under our
experimental conditions, as indicated by zeta-g@kmeasurements. It has been
previously reported that SpSurfaces in contact with water ionize and beargatiee
charge density of roughly -0.32 mCIfi The surfaces of the silicon wafers and glass
slides used in this investigation were presumeuhicee a surface charge similar to this
literature value. The self-assembly process wadiesti by simply placing a drop of a
colloidal suspension (typically at 0.02 wt %) osubstrate and allowing the wetted
surface to dry. Initially, in a given run, the ¢act line pinned on the edge of the

substrate, which resulted in a region of randorblsoabed colloidal particlegigure
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2.2 inset region I). After a sufficient decreaselinp volume due to evaporation, the
contact line became dislodged from the edge osthustrate, rapidly advanced a few
millimeters, and then began to move in very reguarements. This process resulted
in deposition of lines of particlggarallel to the air-substrate-liquid contact line with
regular spacingRigure 2.2 inset region Il). The patterned array diffrdagft, giving

the surface an iridescent appearance, as shofsigume 2.3 The alternating regions of
different refractive index at the surfadédure 2.4 andFigure 2.5 cause the array to
behave as a diffraction grating. Macroscopic diosality of the linear pattern running
all the way across the width of the substrate veaseaed by placing the substrate at a
small tilt angle with respect to the horizontal bletop. If the substrate was left flat, the

pattern was in the form of concentric circles.

2.3.1 Line-Spacing Measurements

The center-to-center line spacing of the pattera determined by two-
dimensional FFT of the SEM imagdadure 2.2-b).'® As the pattern begins at the end
of region | (as described Bection 2.3.3, the line spacing is wide and gradually
decreases to become roughly constant throughouesthef region Il Eigure 2.6).
Region Il (Figure 2.2 inset region lll) is characterized by randomlgadbed particles
or an area of close-packed particle monolayersnautlayers, depending on the initial
droplet concentration. The end of regular linerfation at the junction between regions
Il and Il is likely caused by the concentrationpalrticles in the droplet going below or

above (depending on the initial droplet concerargtihe range for pattern formation by
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Figure 2.2 Overview of the linear pattern and analysis pealures. (a) SEM
micrograph of the linear array found in inset regitd by patterning Imidazole 258
latex particles on glass. Scale bar: 4. The inset (12 mm wide) shows the three
regions observed with a typical sample. The armogidates the direction in which the
liquid receded during the drying process. (b) Hastrier transform (FFT) of the
linear pattern in micrograph a. The intense spoé&se used to measure the center-to-
center line spacing and the halo is caused by Hrégbe diameter. (c) Laser
diffraction pattern of a similar patterned regioh).632.8 nm; projection length, 25 cm;
Scale bar, 10 cm. (d) SEM micrograph of the lin@aay formed by patterning

Imidazole 391 latex particles on glass. Scale d&um.
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Figure 2.3 Macroscopic appearance of the linear pattermegjion. When
illuminated by white light, the linear pattern befes like a diffraction grating as shown

above.
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Figure 2.4 Optical micrograph of the patterned regiorSince the individual particle
diameter of the Imidazole 258 latex is smaller tti@wavelength of visible light,
individual particles cannot be sharply resolvedstead, a line of particles behave as a
continuous band. The alternating regions of ddferrefractive index are the cause of

the optical diffraction. Scale Bar: Lon.
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Figure 2.5 Typical appearance of the linear pattern formedth the Imidazole 258
latex. The following two micrographs show different regai the same sample
prepared by drying a single drop of 0.02 wt % Inzdie 258 latex on clean glass and

allowing it to dry at 10 ° tilt. Scale Bars: 10n.
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= 0 = 0.005 wt%
—O>—0.01 wt%
1 4 —O0—0.02 wt%
=/ 0.04 Wt%

Line Spacing ( pm)
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Figure 2.6 Line spacing measurementshe change in line spacing with the
progression of the drying process for the Imidazi8 latex particle system on glass at
different initial concentrations. The origin wakged in the center of the boundary
between region Il and region Il and measuremerdgsewaken at 50@:m intervals

while moving toward region |, as shown in the inset
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particle deposition or solvent evaporation. Theroal initial concentration ranges
from 0.005 to 0.02 wt % particle solids. Withinstinange, the largest area of region Il
is observed on the substrate. The upper limibioill concentration for line formation
is approximately 0.2 wt % particle solids. Sinke particle suspension concentrations
used in these experiments were quite dilute, ranskepiential adsorption (RSA) of
oppositely charged colloids onto the charged sat&tr*>occurred very slowly
compared to the ordering process and, therefodenati significantly interfere. Surface
coverage measurements were taken to investigatathef RSA compared to the
ordering process. Even though it typically tooR Beurs for the substrate to
completely dry, the ordered portion of the subst(atgion Il) was usually dry in
approximately 30 minutes. At this point, the suspen concentration of the droplet
presumably drops below the critical limit for sustag the ordering process for
samples starting in the optimum concentration rg0dge05-0.02 wt % solids), because
region Ill was observed to have a low coverageantiomly adsorbed particles. A
control experiment was performed to investigatedibgree of particle RSA that occurs
during the critical initial stages of the orderimgpcess. Surface coverage
measurements were taken by placing a substratealbrinto a sample of 0.008 wt %
Imidazole 258 latex for 3 and 10 minutes. The sabswas then removed, gently
rinsed with DI water and blown dry with a nitrogeh The surface coverage was then
measured by SEM. The 3-minute sample resultedsurface coverage of 15 £ 2
particles per 100 pfr(standard deviation, 5 measurements} ®r0.008. The 10-

minute sample resulted in a surface coverage af 2particles per 100 phfstandard
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deviation, 5 measurements),for 0.011. These measurements show that RSA occurs
very slowly during the ordering process and theeefibes not significantly interfere.
However, when the experiment was repeated usiagnple of 0.2 wt % latex, which is
the approximate upper limit of pattern formatiorfgARoccurred much more quickly.

The 3-minute sample resulted in a surface coverfg@6 particles per 100 for6 =
0.118 and the 10-minute sample resulted in a seidagerage of 418 particles per 100
un?, or® = 0.219. This surface coverage could be quiteiptaze to pattern formation

and is one of the probable explanations for theterce of the upper limit.

2.3.2 Linewidth Measurements

The linewidths within region Il were examined byuating and averaging the
number of particles in individual lineEigure 2.7). At low initial concentrations
(0.005 and 0.01 wt %), the individual linewidth dually increased, reached a
maximum, and then decreased before the linearrpatiéher abruptly faded into region
lIl which contained only sparse randomly adsorbadigles. At intermediate initial
concentrations near 0.02 wt %, the individual lirdtty more rapidly increased (and for
some samples became an area of nearly continusagdral close packed (HCP)
monolayer after which individual linewidths re-emed), and then gradually decreased
before the appearance of Region Ill, once agaitataing sparse randomly adsorbed
particles. At high initial concentrations at ooab 0.04 wt %, the individual linewidth
rapidly increased and then became a monolayeeadbe of region Il which

contained HCP monolayers and multilayers. Thesagés in the linewidth were likely
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Figure 2.7 Linewidth measurementsSequence of micrographs of a sample prepared
by depositing 1 drop of 0.01 wt % Imidazole 25&xatn a clean glass substrate and
allowing the substrate to dry at 10° tilt. Imaga®e taken in sequence moving upwards
across the sample in 0.5 mm steps from the bourafaggions Il and Ill, which is in

the opposite direction from which the particles evdeposited (see plot inset). a. 0.5
mm, b. 1.0 mm, c. 1.5 mm, d. 2.0 mm, e. 2.5 n3® fam. Each micrograph panel is

10 x 10um. Linewidth data from this sample as well as damwith other initial
concentrations are shown below. These measuremenéstaken by drawing a line
perpendicular to the particle line array and courgithe number of particles making up
the width of each particle line at the intersectmoint. Multiple measurements were

averaged to give the data points.
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caused by the changing particle concentration witihé droplet due to two concurrent

events, solvent evaporation and particle deposition

2.3.3 Optical Microscopy

The pattern formation process was monitored bycapthicroscopy with the
substrate at a tilt angle of 10°. The contact imially receded quickly, in part due to
gravity shaping the drop on the tilted surfaceyitesy in region I. After advancing
several millimeters, self-pinnifigccurred (pinning of the contact line caused by
material deposited from within the droplet itse#fpd the region bearing the linear
pattern started to appear. There was no cleasitiam between regions | and Il;
instead, the ordered lines emerged from the disand® smooth gradient. During the
formation of a single line in region I, the conténe was temporarily pinned at a
certain position. A point of the contact line threseded to the next position, which
immediately triggered the recession of the entire o the next position. The motion
occurred with a regular period of 5 + 2 s (stand#ediation, 126 measurements) during
the ordering process for the Imidazole 258 lat€iRe observed “stick-slip” behavior
was remarkably similar to the classic dewettinglgtiony Oliver, Huh, and Mason using
a phonograph record blank as the substfaté.Compared to pattern initiation, the end
of the line-formation process happened abruptiwhe appearance of region lil.

Optical microscopy indicated that the depositibthe lines of particles parallel
to the contact line was due to both the convegiasticle flow'! within the evaporating

droplet and the “stick-slip” motion of the contdice. The remaining critical question
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was what caused the “stick-slip” motion to occusirth regular steps on a substrate
without linear surface features. To answer thisstjon, several variables thought to
affect the periodicity of the linear pattern weramined: suspension concentration,
substrate tilt angle, and the evaporation ratetyiig the initial colloidal suspension
concentration had no obvious effect on the cemtarenter line spacing. The line
spacing was also independent of the substrat@nigte between 0 and 30°. Variation of
the evaporation rate by covering the drying subsiraa Petri dish or leaving it
exposed to the ambient environment exerted no abwedfect on the line spacing
either, though a faster drying rate resulted inedefects bridging the adjacent lines.
The only observed change of line spacing resutma the progress of the drying
processigure 2.6). The line spacing was wide at the beginningegion Il and

gradually decreased to become roughly constantigfnaut the rest of that region.

2.3.4 Contact Angle Measurement by Optical Interference

A careful examination of the change of the liqualght profile close to the
contact line during the evaporative dewetting pssqarovided important insights.
First, the liquid height profile was accurately rsgi@d by optical interference
microscopy using a monochromatic light souft€he contact angles at specific
positions as the contact line moved down the satestwere calculated from the height
profiles. A green band pass filter with a FWHMgarof 502-568 nm and a band center
of 535 nm was placed into the microscope’s illurtimglight beam path. The optical

properties of the filter were analyzed using a UMs8canning spectrophotometer
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(Shimadzu, UV-2101PC), and the spectrum is showigare 2.8 The wavelength of
the band center was used for all calculations.edglot analysis of the interference
bands in the resulting optical micrographs wasgveréd with Image J release 1.3j.
After a given micrograph was calibrated, a linetphogrey value was measured
perpendicular to the contact line, which produceld@ped sinusoidal curvEigure
2.9. The damping was caused by the increased anobsoattering losses from latex
particles in the medium as the height profile iasedd. The centers of the bright and
dark bands were then easily measured using thérttaaand min values of the
curve?® #:22 The line plot can be fitted with the equatfdr’*

y = A2 coswX + ¢) + B (2.1)
in whichy is the gray valuéi is the amplitudey is the decay constantjs the
perpendicular distance from the contact lies the angular frequency,is the phase
constant, an@® is the baseline offset. Rigorous treatment ofdéia would require that
each line plot be fitted with this equation, aswhan Figure 2.1Q and the local max
and min be calculated from the roots of the derreat However, this exhaustive
treatment produced nearly identical results as@pprating the value from the plot.
For this reason, we used the second, simpler method

Optical interference takes place according to theagion?>

h =2 (2.2)

in whichhy is the height of the liquid layem is a positive integey, is the wavelength

of the incident beam, and is the refractive index of the material comprisihg liquid
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Figure 2.8 Band pass spectrum of the green filter used for ttantact angle
measurementsThe filter has a FWHM range of 502-568 nm and adbeenter of 535

nm.
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Figure 2.9 Contact angle measurement by optical interferencehe top image

shows a grayscale optical micrograph of three-phHaseduring the ordering process
illuminated with 535nm light. Scale bar: Afth. The graph below shows the gray scale
line plot taken perpendicular to the three phase ljline used seen in image) and the
drop height profile approaching the three phaselimhe linear fit of the height profile
data produces the equation y = 0.0503 + 0.2084 itk 0.9996. The inverse tangent

of the slope produces a contact angle value 0f°2.88
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Figure 2.10 Curve fitting of the line plot data.The data are fit with the equation

shown above with A =128.7=0.1927,0 = 2.650,¢p = 3.909, and B = 90.27.
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layer. Constructive interference takes plage i§ an even number, and destructive
interference takes placenfis odd. The linear height profile can be conseddy
least-square fitting of the height dakagure 2.9), and the contact angle was easily
calculated as the inverse tangent of the slopkeohnear fit. FFT analysis of the

optical micrographs was then performed to measedite spacing just above the
contact line region where a given contact angle maasured. The correlation between

the contact angle and the line spacing is showsgare 2.11

2.3.5 Self-Assembly Mechanism

The decrease of the line spacing with the increé$ige contact angle allows the
following mechanism for the formation of the lingesattern to be proposed. After the
ordering process is initiated, the contact linpirsed on the back edge of the
previously formed line at a height lower than oaetiple diameterKigure 2.12).
Because the contact angle is quite small, theditayer does not reach the height of
one particle diameter until moving back one towa fen from the contact line.
Convective flow rushes particles into the wedgepsldiquid layer, and at the location
with the wedge thickness equal to, or perhaps tjidgrger than, the particle diameter,
the particles are arrested by the surface and beammobile due to attractive forces.
As the deposition process continues down the satiestone line at a time, the contact
angle gradually increases as the contact line agpes the bulk drop resting at the
bottom of the substrate. As a result, the padiale able to approach closer to the

previous line where the drop edge is pinned, regpih closer line spacing. By
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Figure 2.11 Line spacing as a function of contact angld=ffect of the contact angle
on the line spacing of 258 and 391 nm particleqratt on glass fitted with the equation
y = (D-h)/tan(x) in which y is the line spacing finche FFT data, D is the particle
diameter, h is the height of the three phase lin@ pinning site, and x is the contact

angle.
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Figure 2.12 Schematic illustration of the ordering proces3.op: The contact line

pins on the back edge of the previously formedgariine. The advancing particles
are forced into contact with the substrate at &dixlistance from the front due to the
wedge shaped geometry. This line is the nextpgnsite as the self-propagating
assembly mechanism moves down the substrate diywire decreasing volume of the

drying drop. Bottom: Geometry used to describeattiering process.
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assuming that a given particle will become pinnégmvit encounters the liquid height
equal to its diameter, the above model predictg#mmetric relationship,

_(D-h
- tan(x)

(2.3)

in whichy is the line spacing ipm, D is the particle diameter in micrometendgs the
pinning height in micrometers on the back of thevpus line, and is the contact
angle in degrees. The data resulting from theamtraingle and FFT spacing analysis
for both the Imidazole 258 and 391 latex particlas be fitted with this equation
(Figure 2.11). The curve fit produces dnvalue of 139 nm for the 258 nm particle data
and 243 nm for the 391 nm particle data. Thesghheilues are consistent with what
would be expected if the contact line were beimmpd on the backside of a ridge one
diameter higH. Essentially, a grooved surface similar to thesitaphonograph record
example was assembled one line at a fin€. The “groove” behind the contact line is
assembled immediately before the contact line cttrand pins upon it. Once the first
particle row forms, the order reproduces itselfrescontact line propagates down the

surface of the substrate. Thousands of linesgpegited during a typical experiment.

2.3.6 Control Experiments

The deposition of negatively charged particles egatively charged glass
surfaces to form HCP particle bands has been ratttensively studied by Nagayama
et al>®? As control experiments, some of their resultsanreproduced. Further, when

the surface charge of the substrate was switclosa fregative to positive by adsorbing
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a layer of PDDA, both the 258 and 391 positiveipkas$ again formed wide HCP
particle bands with irregular band spacings sintibaihe negative particles on the
negative surface. It is instructive to review poers studies on the formation of HCP
bands of negatively charged latex particles on tegjg charged surfaces formed by
evaporative processes in comparison with the ptesee’ > ® 7 In these reports, bands
with widths ranging from 10 to 20@m with irregular inter-band distances are formed.
According to Nagayama’s model, particles are igdpast the contact line into the
wetting filmby convective flow. The negative particles aterally mobile in the
wetting film until incorporated into the HCP latiby capillary forces. No line or band
is assembled behind the contact line before théacbhne slips. In the positive-on-
negative case, the particles stop andatexally immobile before they are able to reach
the contact line The differences between the same-charged systeththe oppositely
charged systems clearly show, without excludingatbesible roles of other attractive
force, that the Coulombic attraction is criticat the linear pattern formation.

In order to demonstrate the importance of the glarsubstrate interaction,
control experiments were performed in which theiplas and the substrate were of
opposite charge. Negatively charged particles wattious diameters and surface
chemistries were used to establish that theseblasalid not affect the deposition
mode. Alternatively, the substrate surface charge switched using a positively-
charged polyelectrolyte or adsorbed particle lagdurther investigate the charge

interactions.
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2.3.6.1 Particle Charge. The sample shown fhigure 2.13was prepared by
depositing one drop of 0.03 wt % Sulfonate 128qateto a clean glass substrate and
allowing the substrate to dry at 10° tilt. Wide Pi@article bands with irregular spacing
resulted. The experiment was repeated using appeafr0.02 wt % Sulfate 176, 234,
and 357 latex particles and the results of thisserpent are shown iRigure 2.14,
,Figure 2.15 andFigure 2.16respectively. Wide HCP patrticle bands with irregul
spacing resulted in every case, with no obviousctftaused by increasing the particle

diameter.

2.3.6.2 Surface Charge. The sample shown Figure 2.17was prepared by
placing one drop of 0.02 wt % Imidazole 258 latexaoglass substrate that had been
treated with PDDA, rendering the surface positivetarged, and drying at 10° tilt.
Micrographs of the resulting pattern bear a stgkiesemblance to the negative-on-
negative patterns shown kiigure 2.13throughFigure 2.16 When the substrate has
the same charge as the patrticles, irregularly shawde bands result. A side by side
comparison of the effect of surface charge is shiovigure 2.18 The sample shown
in -A was prepared by depositing Imidazole 258 latea clean glass, an® was
prepared on a PDDA-treated substrate. As candag #ee first sample resulted in thin
well-spaced particle lines, while the second preduthick irregularly spaced bands.
The experiment was repeated, except the respesaimples were prepared using
Imidazole 391 latex particles as seeffrigure 2.19 Once again, switching the surface

charge disrupted the linear pattern-forming proeeskresulted in wide particle bands.
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Figure 2.13 Negatively-charged Sulfonate 128 later glass. The following set of

micrographs, increasing in magnification, show thsult of depositing one drop of
0.03 wt % Sulfonate 128 latex on a negatively-chdrglass surface and allowing it to

dry at 10° tilt. Scale Bars: 10, 1, and:fn respectively.
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Figure 2.14 Negatively-charged Sulfate 176 latex glass. The following set of

micrographs, increasing in magnification, show thsult of depositing one drop of
0.02 wt % Sulfate 176 latex on a negatively-chamgleds surface and allowing it to dry

at 10° tilt. Scale Bars: 10, 1, andufn respectively.
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Figure 2.15 Negatively-charged Sulfate 234 laten glass. The following set of

micrographs, increasing in magnification, show thsult of depositing one drop of
0.02 wt % Sulfate 234 latex on a negatively-chamgeds surface and allowing it to dry

at 10° tilt. Scale Bars: 10, 10, andfin respectively.
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Figure 2.16 Negatively-charged Sulfate 357 lat@n glass. The following set of

micrographs, increasing in magnification, show theult of depositing one drop of
0.02 wt % Sulfate 357 latex on a negatively-chamgleds surface and allowing it to dry

at 10° tilt. Scale Bars: 10, 1, anduin respectively.
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Figure 2.17 Positively-charged Imidazole 258 latex on a postixcharged PDDA
substrate. The following set of micrographs are of a samplepared by depositing
one drop of 0.02 wt % positively-charged 258 nraxgiarticles on a positively charged

PDDA surface. Scale Bars: 10, 1Qurh respectively.
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Figure 2.18 Substrate surface charge control experiments witle imidazole 258
latex. The following set of micrographs show the restilepositing one drop of 0.02
wt % positively-charged Imidazole 258 nm latex Andlass and (B) an adsorbed layer

of PDDA polyelectrolyte on glass. Scale Bars:ufr)
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Figure 2.19 Substrate surface charge control experiments witle imidazole 391
latex. The following set of micrographs show the restilepositing one drop of 0.02
wt % positively-charged Imidazole 391 latex ond@lss and (B) an adsorbed layer of

PDDA polyelectrolyte on glass. Scale Bars: uhfd
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2.3.6.3 Amine Functionalized ParticlesAs another example of a positive-on-
negative system, the experiment was repeated tlen@mine 210 latex. The particles
were diluted to 0.02 wt % with DI water and onepad the suspension was placed
onto a clean glass substrate and allowed to dt@<atilt. The resulting pattern was not
identical to the Imidazole particle case, but didw related structures. The pattern
could be characterized by two major deposition rspdertical pillars bridged by the
linear pattern. The pillars, which have been pesiy observed by othefsgre formed
when the three phase line ceases to be linearéed bn a festooned appearafice.
Particles collect in the points of the festoon, asdhe contact line recedes, particles are
continuously fed into this area to form a pillare arcs connecting the pillars assemble
particle lines in an identical fashion to the Inadke case. Because the liquid wedge is
exceptionally thin in the bridging area, the paetilmes are separated by exceptionally
wide line spacings as seenFigure 2.20. Even though the Amine latex did not
produce the same linear pattern as the Imidaztdgda, the deposition mode still
followed a positive-on-negative motif distinctlyfidgrent from the negative-on-negative

cases discussed above.

2.4 Conclusions

A dynamic self-assembly process is reported thailues drying a droplet
containing a suspension pdsitively chargegholymer particles on a flategatively
chargedhydrophilic surface. This extremely simple metlpodduces lines of colloidal

particles with regular 1.5-4 & line spacings and smaller thaqu@r linewidths over a
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Figure 2.20 Pattern resulting from the deposition of the Ane 210 latex on glass.
The following two micrographs show the pattern eyl by drying a single drop of
0.02 wt % Amine 210 latex on clean glass and ahgwi to dry at 10 ° tilt. Scale Bars:

10 and 1um respectively.
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broad surface area. The ordered region diffraghs to display an iridescent
appearance and generates first-order diffractiotssphen illuminated by a He—Ne
laser. Using optical microscopy, a periodic stti-motion of the three-phase contact
line is observed during the drying process. Tlisqalic motion is related to the
periodic deposition of particles. We propose thatsimultaneous deposition of
particles at a fixed distance (i.e., line spacingf)ind the previous line of particles
where the contact line is pinned, is in turn respae for the periodic stick-slip motion.
The key feature distinguishing this method fromesstfound in the literature is the
attractive interaction between the particles amdstibstrate which, coupled with the
geometry of the contact line region, instigatespgeeodicity of the particle deposition

process.
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Chapter 3

Surface Self-Assembly of Polymer Colloids to Form &terned

Two-Dimensional Arrays

3.1 Introduction

Particles trapped at a liquid interface behaveeggiitferently than those in
suspension. Although surface particles still ugdéBrownian motion, the range of the
motion is decreased because the particles areneahfo the two-dimensional plane of
the interface. Most latex samples spontaneousiy Bopartial monolayer of particles at
air-liquid interfaces. The number of particlesha interface depends largely on the
surface properties of the particles, the concaptraif the latex, and the concentration
of other materials in the latex such as surfacta@tsce at the interface, particles
become irreversibly trapped after the particleriiaise contact angle exceeds more than
a few degrees. Since surface particles partiathyrpde above the interface into the
vapor-phase, which typically has a significantlwéy dielectric constant, they are able
to interact over much longer distances than wothémvise be possible in the aqueous
subphase. For particles of like-charge, these tange interactions cause the particles
to assume a configuration of minimum repulsion,clihiesults in a hexagonal close-

packed (HCP) lattice at sufficient surface conagmins. Such particle arrays have
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previously been observed and reported at both aiemand alkane-water interfaces.
This research reported here has focused on dewglopethods to transfer interfacial
particle patterns to solid substrates, which ersathlem to be useful for secondary

processes.

3.1.1 Background

An ancient Japanese art form called Suminagasbived spreading pigment
particles at an air-water interface, producing biéawswirling patterns that were then
transferred to a piece of rice paper brought imtatact with the surface of the water.
This art form, which is remarkably similar to tharigmuir-Schaefer monolayer transfer
process, has been practiced in Japan since theetury A.D. and was likely
developed from a similar method that originate@iina over 2000 years agoThe
first reported scientific study of interfacial pleenenon appearing in the academic
literature was published by Benjamin Franklin, wdnobservations on the effect of
spreading a thin layer of oil on a pond were regmbtd the Royal Society of London in
17741 The first systematic study of a material trappedn air-water interface was
conducted by Agnes Pockels in her kitchen. Heulte®n the behavior of soap films
were recognized as significant by Lord Rayleigh padlished ifNaturein 1891% The
greatest advances in this area, however, weratteeations of Irving Langmuir who
constructed a trough capable of making detailediesuof interfacial films.

The Langmuir trough was first developed to studwlémolecule amphiphiles

at an air-water interface. In the traditional expent, a solution of a fatty acid in a
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suitable solvent (i.e., stearic acid in chloroforms spread at a clean air-water
interface. After evaporation of the solvent, theface pressure of the resulting
interfacial film was then monitored while decreasthe surface area available to the
monolayer by closing one or more movable barridiise data, when plotted as a
function of surface area, contains detailed infdromeabout the two-dimensional phase
of the material at the interface and is calledidace pressure-area isotherm

When a surface film is compressed, the individualetules (or particles)
comprising the film typically go through gas-likeyuid-like, and solid-like phases at
constant temperature. As this behavior is compartatthe transitions observed during
the isothermal compression of a three-phase gab @sicarbon dioxide, which is
capable of changing phase at constant temperayurarking the pressure), the
resulting plot was called a surface pressure-ardg (sotherm Figure 3.1). The steep
increase above the liquid-solid transition indisateat the molecules comprising the
film are completely close packed. By extrapolating linear portion of the solid region
of the isotherm to the x-axis, and dividing theat@urface area by the number of
molecules added to the interface, the moleculassesectional area can be measured.
This experiment revealed that fatty acid molecalegmned vertically at an interface
since the cross-sectional area was widely indeperafehe acid chain length.

The Langmuir trough also provides a way to trangferthin films created at the
air-water interface onto solid substrates. KatleBlodgett pioneered this work along
with Langmuir to develop suitable transfer methotisthe Langmuir-BlodgettLB)

transfer method,a substrate is pushed through the interfacial ifilm perpendicular
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Figure 3.1 Idealized stearic acid isotherniThe plot schematically shows the
isotherm features corresponding to the gas-lilyiti-like, and solid-like phases.
Further compression of the solid-like film resuttdilm collapse. By extrapolating the
solid-like region to the baseline, the moleculaatig@roup area of the amphiphile can

be measured. Figure after reference 1.
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geometry while maintaining constant surface presstausing the interfacial film to

fold and adhere to the substrate. Multiple layans be deposited by repeated transfers
to the same substrate, resulting in a film of @ely controlled thickness. The resulting
films first found use as antireflective coatirign alternate deposition method, known
as the Langmuir-SchaeférS) method’ utilizes a different geometry in which a
substrate is brought into contact with the intagfbftim in a parallel fashion. These
small molecule transfer methods rely heavily onrbptiobic-hydrophilic interactions

to repeatedly transfer and build up alternatingfayof fatty acids onto a single

substrate.

3.1.2 Langmuir Particle Films
Latex particle films trapped at an air-water inded were first studied and
reported by H. Schuller.Various related studies at air-w&tér*’and alkane-

1> interfaces have since been conducted. One of i imerests of these

wate
early studies was to adapt the Langmuir trough oteth measure the average particle
diameter of spread latex particles in a way analedo measuring the molecular cross-
sectional ared’ In a typical experiment, 50 to 200 of latex suspension in a
spreading solvent such as methanol, ethanol, proggl alcohol, were injected at the
interface or deposited in a drop-wise fashion.eAleing allowed to equilibrate, the
area of the surface film was then compressed ateaypically near 2.5%/mif¥,but

rates as slow as 0.001%/min have been rep&t®8drface pressure area isotherms were

recorded during compression of the surface filna, iarseveral studies, optical
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micrographs were taken at various points on théh&m in order to correlate the
surface pressure with the physical arrangemeriteoparticles.

Particles at an air-water interface tend to belikeesurfactant molecul€s. In
most cases, a particle will protrude above thefate, and rest at a depth governed by
the particle-interface equilibrium contact anglesaen inFigure 3.2 In the case of
micron sized or smaller particles, in which thesetfof gravity is negligible, the
interface near a spherical particle does not digtasrder to achieve an equilibrium
contact angle, instead, the particle simply raggdswers until the angle is achieved.

It has been repeatedly reported in the literatuae particle alcohol suspensions
do not spread efficiently at an air-water interfammed that a low concentration of
electrolyte is needed in the subphase to preveigréficant fraction of the particles
from transferring into the subphasé? Curiously, it has elsewhere been reported that
highly ordered particle arrays could in fact beatee at an air-water interface in the
absence of electrolyte, with no mention of anyidifities'® Highly ordered particle
films have also been created by spreading particlakcohol suspension at an alkane-
water interface in the absence of electrolyte.ti€®arfiims at an octane-water interface
have been extensively studied by Aveyard et-?al*>and this system was reported to
yield superior particle films when compared to thé@rmed at an air-water interface.
The increase in surface capture efficiency anddriglegree of order was attributed to
the higher particle-interface contact angle atatk@ne-water interface.

Particles can become quite strongly attached iatarface depending on the

wetting characteristics of the particle and thdexe tension of the interface. The
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Figure 3.2 Schematic diagram of a particle trapped at artarface. The submerged
portion of the particle behaves in accordance vidttiVO theory via double layer
repulsion and vdW attraction, while the upper pamtexposed to the low dielectric
medium can induce long range monopolar and dipwiteractions due to the absence
of charge screening. The particle makes a welhddfcontact angleq, with the

interface. Diagram after Aveyard et.al.

96



energy required to remove a particle from an iaifand transfer it to the subphdse,
is given by the equatioff,
E=rmk?y,,(1-cosb)’ (3.1)

in whichr is the particle radiugy, is the interfacial surface tension, ahi the
particle-interface contact angle. To calculateghergy needed to remove the particle
into the super-phase, the sign of the cosine tenmveerted. The solution to this
equation is plotted as a functionro&nd ofé in Figure 3.3andFigure 3.4,

respectively. As can be seen, interfacial parattachment is a thermally irreversible

process after the contact angle exceeds only alégnees.

3.1.3 Interactions Unique to Surface Particles

Particles trapped at an interface can experiemugfiange attractivé *’and
repulsivé' * *8forces that do not operate on particles in th& kaiex, though despite
considerable research, these interactions arenstiflully understood. Since air has a
dielectric constant of 1 in contrast to that of evg80), electrostatic interactions are
able to occur through air over length scales maoolér than would be possible in
water? *° Experimental evidence suggests that the long reemésiveforce originates
from charged surface groups that are only partizilgrge compensated on the portion
of the particle’s surface that protrudes out ofaljeeous phase into the superphase,

which is typically a low dielectric medium suchaisor oil

Dipolar interactions
could also contribute to the repulsive force thiotie low dielectric mediurtf. As a

result, repulsive interactions are observed betvgeeface particles oveéens of
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Figure 3.3 Detachment energy as a function of contact amgThis plot shows the
energy required, as multiples of kT, to move aun/iameter particle from the
interface back into the water subphase. Interflgéticle attachment is thermally

irreversible after the contact angle exceeds onigva degrees.
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Figure 3.4 Detachment energy as a function of particle rad at a 90° particle-
interface contact angle.This plot shows the energy required, in multigékT, to
move a particle with a 90° interfacial contact amdpack in to the subphase. When the

particle diameter approaches molecular dimensiatigchment becomes reversible.
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microns, instead of tens to hundreds of nanometeobserved in bulk subphases. The
origin of the long rangattractiveinteraction is less well understood. Current ti€o
suggests that the attraction is caused by capiltaces resulting from slight
deformations of the air-water interface in the niti of each particle. These
deformations are believed to be caused by the nictria dielectric constant above and
below the particle, though this theory is still endiebaté! Particles respond to these

long range forces and self-assemble into ordemraysat the interface.

3.1.4 Precedent For Transferred Particle Films

Fully compressed particle filnfé,%* *and aggregated particle netwofR$iave
been successfully transferred to solid substratggyu_angmuir techniques. In these
examples, the individual particles in the film wanecontact with one another, giving
the film structure and cohesive strength. Thesti@mnof sub-monolayer particle films to
solid substrates has always resulted in a lossd&frpproducing a random patrticle film
after transfef® "2 No method currently exists to transfer non-camins particle
patternsntact to solid substrateés. The transfer and immobilization of such two-
dimensional sub-monolayer HCP crystals with latdoastants larger than the particle
diameter is especially challenging because thectestare not physically touching each
other and can easily be moved out of their lahgsitions. As a result, the variety of
patterns that have been observed at air-watefagts have not been able to be
captured and used for secondary processes. Tdhéepn was the focus of this

research.
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Figure 3.5 Schematic illustration of continuous and non-ntinuous particle
patterns. (A) This illustration demonstrates the appearanta oontinuougarticle

film that has been fully compressed, forming a H@Ricle monolayer. Because the
particles are touching, the film has cohesive giterand can be transferred intact to a

substrate. (B) This illustration demonstrates dippearance of a non-continuous

particle film that has not been fully compressad,the particles still form a hexagonal
lattice due to electrostatic repulsion. This tygeattern is difficult to transfer to a
substrate since the particles are not touching eattier and therefore can be easily

moved from their lattice positions.

101



3.2 Experimental Methods

3.2.1 Particles

3.2.1.1 Positively Charged LatexPositively charged poly(styrene-co-
vinylimidazole) latex particles with an averagendeter of 258 nm (Imidazole 258
latex) synthesized by surfactant-free emulsion pelyzation were obtained from the
Emulsion Polymers Institute. The particles hadaow PDI of 1.003 and a surface
charge density of 20C/cnf (measured by conductometric titration), corresjiometb
an average surface area per single functional gf@sp known as a parking area) of
80.3 K/N*. The latex was purified by serum exchange ardegntrifugation and was
used as received. The latex, originally supplie®.48 wt %, was diluted with
deionized water (Milli-Q, 15 ) to 0.2 wt % and experiments were conducted using
the native latex surface film. In addition, seVvengeriments were performed using an
analogous 391-nm latex (Imidazole 391 latex) syside®l and characterized as

described irBection 1.3.2.1

3.2.1.2 Negatively Charged LatexSulfate functionalized polystyrene latex
particles with an average diameter of i (Sulfate 2700 latex) were purchased from
Interfacial Dynamics Inc. (Product Number: 1-26B@fch Number 619,1). The
particles were prepared by surfactant-free emulgaymerization and had a surface
charge density of 8,8C/cnf corresponding to a parking area of 1785%,. The
particles, which were supplied as an 8.3 wt % susipe in water, were purified by at

least 4 centrifugation-re-dispersion cycles in reqgyl alcohol (IPA). To accomplish
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this, 0.5 g of stock suspension was placed intoratdst tube and diluted with
approximately 10 mL of IPA. The suspension was ttentrifuged at 2500 rpm for 4
min. The clear supernate was decanted and thielpanvere re-suspended in ~10 mL
of fresh IPA using vortexing and sonication. Ta&k was finally diluted with IPA to
3.0 wt %. Empirically, IPA was found to be a supespreading solvent to methanol or

ethanol.

3.2.2 Substrate Functionalization

3.2.2.1 Substrate Preparation.Silicon wafers with a diameter of 5 in (donated
by Agere Systems, Inc.) were scored and snhapped.iimich squares. These substrates
were additionally scored into 0.25 inch square8.b25 inch squares to be separated
after substrate functionalization. The substratexe swabbed with an ethanol-soaked
Kimwipe® to remove silicon dust produced by therswpprocess. The substrates
were then placed vertically into freshly prepare@dha solution (a 70:30 solution of
concentrated sulfuric acid and 30% hydrogen pemxida glass Coplin staining jar
and kept under solution until us€aution: Piranha solution is a strong oxidizer tha
reacts violently with organic material and shoulel lvandled carefully. Substrates were
then removed, rinsed with at least 100 mL of desediwater dispensed from a squirt
bottle and dried with a nitrogen jet. Contact-angleasurements were taken using a
Rame-Hart Inc. NRL C.A. Goiniometer (model# 10040®%) using a Gilmont
volumetric syringe to dispense buffered water at7/pHrhe buffer was prepared by

dissolving 3.40 g of KKEPO, and 0.58 g of NaOH in 500 mL of deionized water.
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Piranha-cleaned silicon substrates had an advacomigct angle (ACA) of 13 + 2°
(standard deviation, 19 measurements) and a regedimact angle (RCA) too small to
measure. The average thickness of the native dayde remaining on the wafers after
cleaning was determined by ellipsometry using adRldResearch Auto EL-III
Automatic Ellipsometer with a HeNe Laser sourca atavelength of 632.8 nm and an
angle of incidence of 70°. Using ellipsometer pamg 211 with a lower refractive
index value of 1.468° the native oxide layer thickness of the cleantcosi wafer

substrates was found to be 16.0 + 0.4 A (standevéhtion, 33 measurements).

3.2.2.2 Negatively-Charged SAM SubstratedNegatively charged
hydrophobic self-assembled monolayers (SAMs) weepared by allowing clean
silicon substrates to react with 2-(4-chlorosulfipmgnyl)-ethyltrichlorosilane
(SPTCS), which was purchased from Gelest as a 36 sdlution in toluene and used
as received. Several methods have previously app&athe literature for preparing
SPTCS SAMS?! 3233 34 These reports were used as a starting point teloiethe
method outlined below. The SPTCS stock solution stased under dry nitrogen, and
air-free handling technigques were used because SRafidly cross-condenses when
exposed to moisture. Twenty-five mL of anhydraalae¢ne and 10 drops of the SPTCS
stock solution were placed into a glass Coplimstgi jar under a nitrogen purge. Six
to eight 25-mm x 25-mm square glass or silicon sabes (pre-scored into four 12.5-
mm x 12.5-mm square sections to reduce handlirg ffbictionalization) were then

placed vertically into the solution. The top o¢ flar was covered with parafilm and a
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slight positive pressure of nitrogen was maintaimmetthe jar. The substrates were
allowed to react for 30 min, after which they weeguentially rinsed with toluene,
THF, deionized water, and finally blown dry witm#érogen jet. The substrates were
then separated into 12.5-mm x 12.5-mm square se&céind stored in a Petri dish until
use. The kinetics of SPCTS SAM formation were mest by immersing a substrate
into the reaction solution for 1 s, 1 min, 1 h, &@dh, and measuring the contact angle

and ellipsometric thickness.

3.2.2.3 Mirror-Finish Stainless Steel SubstratesSamples of mirror-finish
stainless steel, obtained from Pacific Plus Inteéonal, Inc., were donated by members
of the Lehigh University Department of Electricaidgineering. The 50@m thick, type
304, stainless steel had a polishing grade CMPfada¢ mechanical polish) super #8
mirror with a protective polyvinylchloride (PVC)liin on the mirrored side. The steel
was cut into 1 cm squares and, after removing tbteptive PVC film, was used as a
transfer substrate without further treatment. Eroglly, the steel substrates behaved
quite similarly to the SPTCS SAM substrates. Tieelssubstrates were characterized
by contact angle measurement and X-ray Photoele&pectroscopy (XPS, Scienta
ESCA300, Uppsala, Sweden) to determine if a polyrserrface coating was present
on the mirror surface of the steel. A substratiywie protective PVC film freshly
removed was analyzed for C, O, Fe, Cr, and Ni. duréace of the substrate was then

scratched while under vacuum in the spectrome@resanalyzed.
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3.2.2.4 Non-Charged Hydrophobic SAM SubstratesNon-charged
hydrophobic SAMs were prepared by allowing cledioan or glass substrates to react
with octadecyltrichlorosilane (OTS, Gelest). Twefive mL of anhydrous toluene and
3 drops of OTS were placed into a Petri dish atméemperature. Four pre-scored
substrates were placed into the solution and alioweeact for 30 min. The substrates
were then removed, rinsed with toluene, tetrahydeof, and deionized water, and
finally blown dry with a nitrogen jet. The subgs&ra were then separated into smaller

sections and stored in a Petri dish.

3.2.2.5 Positively-Charged SAM SubstratesPositively charged SAMs with
varying degrees of hydrophobicity were prepareallywing clean glass or silicon
substrates to react with ammonium functionalizeddthoxy silanes, all purchased
from Gelest and used as received. The silanes M«temethoxysilylethyl)benzyl-
N,N,N-trimethylammonium chloride (NBENZ) supplied a 60% solution in MeOH,
(3-trimethoxysilylpropyl)diethylenetriamine (TRINupplied neat at 95% purity,
tetradecyldimethyl(3-trimethoxysilylpropyl)-ammomniuchloride (TDAC) supplied as a
50% solution in MeOH, N-trimethoxy-silylpropyl-N,N,-tri-n-butylammonium
chloride (TBAC) supplied as a 50% solution in MeQ@idd N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TMAC) supplied a$0% solution in MeOH.
No particular precaution against airborne moistuas taken, as trimethoxysilanes are

much less susceptible to cross-polymerization thahlorosilanes, especially when
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dissolved in methanol. Several literature methedse used as starting points for
method development: %3¢

Fifteen mL of methanol and 15 drops of positivdiyaiged trialkoxysilane stock
solution were placed into a 9-cm diameter glass Bish. Typically, four 25-mm x 25-
mm square substrates were placed into the solahidrallowed to rest face up on the
bottom of the dish. The solution was then heate&DtdC with the dish loosely covered.
The methanol was allowed to evaporate partially @rtentrate the silane solution
while being careful not to allow the surface of fubstrates to become dry. After
approximately 2.5 h (or an amount of time suffitienevaporate enough methanol to
endanger the substrate surfaces of becoming drygdditional 15 mL of methanol
were added and heating was continued. After &ltetating time of 3.5 to 4 h, the heat
was removed, additional methanol was added to kheagotal volume to ~25 mL, and
the samples were allowed to cool to room tempesadad typically to sit overnight.
The substrates were then removed, rinsed with metHallowed by water, and finally
blown dry with a nitrogen jet. The substrates ween separated into smaller sections
and stored in a Petri dish until use. The resgyl8AMs were characterized by contact
angle measurements and ellipsometry.

Room-temperature kinetics were measured for TBACEWAC SAM
formation. Twenty-five mL of methanol and 5 dragssilane stock solution were

placed into a Petri dish along with 8, 12-mm x 1@silicon substrates. The substrates

were removed from the reaction solution at varibues, rinsed with methanol
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followed by deionized water and blown dry with &ogen jet. The substrates were

then characterized by contact angle measuremedtslipsometry.

3.2.3 Transfer Method Development

A number of iterative improvements were made dutirgmethod development
process. They are described here in the ordehiohithey were made. Initial
experiments were carried out in 20-mL scintillatioals containing 10 mL of 0.2 wt %
Imidazole 258 latex. The suspension was sonicateds/ortexed, followed by dipping
a SPTCS SAM silicon or a mirror-finish steel suasdrvertically through the latex-air
interface in a LB geometry. The substrate was teeroved, rinsed with DI water, and
blown dry with a nitrogen jet. Initially, all sarlgs were manually transferred by
holding the substrate in self-closing tweezersgladly lowering it through the
interface. This method will be referred to asWuetex Process

In order to increase the reproducibility of thensger process, a crude dipping
apparatus that was capable of linear dipping ta¢ééseen 10 and 50 mm/s was
constructed, as describedAppendix A.1. This apparatus will be referred to as the
First Generation Dipper A 25-mL manually operated Langmuir trough was
constructed as describedAppendix A.2. Surface pressure-area isotherms collected
by this trough were somewhat crude, however, séegatiral initial experiments were
performed making this apparatus a significant stepptone toward understanding the
particle self-assembly systems. This apparatudwiteferred to as thdanual

Trough. A precise stepper-motor-controlled dipping appss that was capable of
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dipping at variable rates and angles was constiagalescribed iAppendix A.4.
This apparatus will be referred to as 8econd Generation Dipper

A suitable mechanized small-volume Langmuir trougts not commercially
available. Since investigations were to be caroigdon bulk latex samples, and since
only a limited supply of the particles was avaigldmall trough dimensions were
necessary. The smallest size commercially avalatals a 150-mL trough from NIMA,
and the size as well as the cost was prohibitiuer. these reasons, a 50-mL, computer-
controlled Langmuir trough was designed and fabeataas described lppendix

A.5. This apparatus will be referred to as echanical Trough

3.2.4 Isotherm Plotting Options

Pressure-area isotherms can be plotted in sewasa. \When the exact number
of particles at the interface is unknown, the data only be plotted as a function of the
trough area. Although this approach gives a cptale description of the particle
behavior at the interface, it fails to describegslistem on a per-particle basis. If the
number of particles placed at the surface is kndlndata may be plotted in the
traditional fashion, as a function of area avaggiér particle, also known as the
reduced areaA;. An additional, and perhaps more descriptive ho@tvas typically
used in this research: the data were plottedfasaion of the theoretical particle

separation distance;. This distance can be calculated by the simpteession,
d, = |- (3-2)
sin(60°)
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and is based on the assumption that the partiokespaead evenly across the entire
surface into a hexagonal array after depositionis &ssumption only rigorously holds
after the particles are close enough to experi@rgerange repulsion and closer than
the long range secondary minimum if one existse d&ta plotted in this fashion allow
direct comparison with the other methods used &btepn analysis, such as nearest-
neighbor and fast-Fourier-transform analysis. Théthod also emphasizes the subtle

changes in slope of the isotherm, which indicate-timensional phase transitions.

3.2.5 Native Particle Films

The following method was typically used for the ipgsly charged latexes such
as Imidazole 258 and 391. The positively chargéekkes were not stable as alcohol
suspensions, and therefore could not be successfukad at an interface by traditional
methods. In fact, the Imidazole particles becamstable and coagulated after adding
only a few percent of ethanol to the aqueous sisspes. Instead, the particle films
which spontaneously formed at the air-water intaxfan 0.2 wt % latex, known as
native surface films, were investigated. The lagewere rapidly agitated by vortexing
and sonication before each experiment, which haettect of enriching the number of
particles at the air-latex interface. In additidre number of particles at the interface
could be further increased by bubbling nitrogetigh the bulk latex in the trough. By
creating new latex-air interface in the bulk, paets could ride the bubbles to the
surface and be deposited at the interface. A@ermessing the surface film to the

desired compression ratio, a substrate transfdd cmuperformed as described above.
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Even though the experiments were qualitativelyadpcible, the number of particles
comprising the native surface film was not constamneproducible from run to run.
Since the exact number of particles at the interfeas unknown, quantitative

measurements were not possible.

3.2.6 Deposited Particle Films

The following method was typically used for latese€h as Sulfate 2700 that
were stable in alcohol suspension. The latextef@st was first cleaned by repeated
centrifugation re-dispersion cycles in IPA to rermavater and residual impurities, and
finally was suspended at around 3 wt % in IPA. €hact final concentration was
determined gravimetrically. An appropriate amo{&fioOuL) of suspension was
placed at a clean deionized water-air interfacé wilOOpL glass SGE microsyringe
connected to a KD Scientific syringe pump (modeéd)1 If done properly, with the tip
of microsyringe needle in contact with the intediaeery few particle clusters were
formed, and transfer of particles to the subphase suppressed. In this manner, the
number of particles at the interface was known@ndd be used to predict particle
spacing at a particular compression ratio. Siheesturface tension of alcohol is
significantly lower than that of water, the alcokakpension readily spreads at the air-
water interface and evenly deposits the partiobesss the air-water interface when the

alcohol evaporates or dissolves into the subphase.
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3.2.7 Measurements of Particle-Interface Contact Angles

Measurements of particle-interface contact angkerewerformed using a two-
particle method. First, the 2 negatively-charged Sulfate 2700 latex particlesew
spread at the interface using the method outlingde preceding section. Several
drops of positively-charged Imidazole 258 latextichs at 0.2 wt % in water were then
slowly added to the surface with a pipette andnadlh to equilibrate for several hours.
Langmuir-Schaefer transfers of the resulting s@fio were then performed using
silicon substrates bearing TBAC SAMs. The transf@films were imaged by SEM at
a tilt angle of 60°, as shown kigure 3.6. The micrographs were analyzed using
Microsoft PowerPoint because this program convelyi@iiowed an ellipse of known
major and minor axis, and major axis angle to Emposed on the imag&s.The
micrograph proportions were adjusted to comperfsatiting distortion (the vertical
or horizontal aspect ratio was adjusted until #rger particles could be circumscribed
by a perfect circle), and a best-fit ellipse wamwdn that intersected the centers of the
particles comprising the halo around each of thgelaparticles. A concentric ellipse
was then drawn inside of the halo, fit to approxiriae contact-line around the larger
particle. Ifais half of the length of the major-axis of the tamt-line fit ellipse, and r is
equal to the radius of the larger particle, thenfaicial particle contact angle is defined

by,

6= sin'l[ﬁj (3.3)

r
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Figure 3.6 Particle-interface contact angle measurementtimad. The larger

particles were first placed at an air-water intectafollowed by the smaller oppositely-
charged particles resulting in heterocoagulatiortlie plane of the interface. Some of
the smaller particles transferred to the subphase became attached to the submerged
portion of the larger particle. The surface filnasvthen transferred to a TBAC SAM
silicon substrate and imaged by SEM. As a reduhetransfer, the portion of the

particles that had been submerged faced upwar@dleRar: 1um.
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as seen ifrigure 3.7-A. In the special case in which the minor-axis @f tbntact-line
ellipse was exactly coincident with direction oéwing, the angle could be measured
directly from the image, as shownkigure 3.7-B. This method gives an accurate
measurement of the particle-interface contact abagse=d on the assumption that
attachment of the smaller particles does not sigantly change the vertical position of
the larger particles. This assumption is reas@based on the fact that the smaller
particles attach in a straight line around thedagarticle. Since the smaller particles
attach sequentially, one would expect a jaggedtbrresult if the attachment of the

smaller particles sequentially changed the posiicime larger particle.

3.2.8 Surface-Film Compression Methods
Three surface-film compression methods were usedglthe course of this

project and are described below in order of inaregasomplexity.

3.2.8.1 Vortex Compression.Initially, for the early LB experiments, surface
films were compressed during the vortexing proceddrhe area of the latex-air
interface for a latex sample in a 20-mL scintibbativial (Fisher Brand, true volume 25
mL) at rest is approximately equal to the intedayss sectional area of the vial which is
491 mnf. Typically 10 mL of 0.2 wt % latex was placeddrthe vial and when the
latex sample was vortexed, the area of the lateiv@rface was increased as the liquid
was forced up the wall of the vial by centrifugaitde. The area of the latex-air

interface during this procedure could be approxeédats the wall of a cylinder and was
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Figure 3.7 Particle halo fitting process(A) An ellipse was superimposed on the

micrograph and fit to intersect the center of eaflthe smaller particles. A second
concentric ellipse was placed inside the first apgroximates the points of contact.
The interfacial contact angle can then be calcuatsing the ratio of the major axis of
the second ellipse, a, to the particle radius,sing Equation 3.3 (B) If the particle
halo was oriented in a plane coincident with thewing direction, the contact angle

can be directly measured as shown.
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approximately equal to 3016 MimSurprisingly, even though the inner cylindrical
latex-air interface was quite turbulent during vieetexing procedure, a significant
number of latex particles became entrapped anduwdy formed interface. Upon
stopping the vortexing, the surface area returndtld resting state cross sectional area,
which represents a surface film compression rétepproximately 84%. Highly
compressed particle films were formed by this senpkthod for particles having a

high propensity for surface enrichment such adrthéazole 258 latex. This method

will be referred to a¥ortex Compression

3.2.8.2 Compression at Constant Surface Arealhis simple method allowed
for a higher degree of control, and yielded mopraducible results, compared to the
vortex method. A polystyrene Petri dish (Fishearit) with an inner diameter of 86
mm was half filled with deionized water. The rdgg air-water interface had an area
of 5809 mm. A known amount of latex suspended in isoprofydlaol was then
deposited at the interface using a microsyringecesthe total surface area was
constant, due to the rigid walls of the contaieempression of the particle film was
achieved by adding more particles to the interfegmce the area of the interface and
the exact concentration of the suspension were knany desired degree of
compression could be achieved. However, at highpeession ratios, partial clustering
was observed due to the inability of the nearly plate monolayer to accommodate
and redistribute the additional influx of particleBhis method will be referred to as

Constant-Area Compression
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3.2.8.3 Compression at Constant Particle NumberThis method offered the
highest degree of control of the three methodsudsed because the compression could
be precisely performed at a constantly known ratid rate, and because the process
was reversible by simply reversing the barrieradidition, this method allowed the
collection of a quantitative surface pressure-getherm, which gave valuable
information about the two-dimensional phase ofsy&em at every point in the
compression history. This method was used to exaimoth native and deposited latex
particle films prepared as discussed above. THafilms could be compressed to
any desired amount by movable barriers. This ntethitl be referred to asangmuir

Trough Compression

3.2.9 Substrate Transfer Processes

3.2.9.1 Langmuir-Blodgett (LB) Transfers. To perform a manual LB
transfer, an appropriate substrate held by seKihactweezers was vertically lowered
slowly by hand through the interface after the aceffilm had achieved a desired state.
Since the rate and angle of the manual method wasgorously reproducible,
mechanical LB transfers were typically performethg®one of the dipping apparatuses

described above.

3.2.9.2 Langmuir-Schaefer (LS) Transfers.To perform mechanical LS
transfers, a substrate holder was constructed éapper wire to fit the mechanical

dipping apparatuses that would hold the substratagarallel geometry and allow
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simultaneous transfer onto two substrates. Paffilchs transferred by this method
often had large void areas in the center of thatsate where an air bubble had been
trapped. This behavior was not observed using addtii transfers, which surprisingly
gave more reproducible results. Consequentlythisrgeometry, manual transfers were
typically performed. To affect a manual LS tramséa appropriate substrate was fixed
to the end of a 60-mm x 3-mm-diameter stainless slipping rod using double-sided
tape. Once the surface film was placed in a désitate, the substrate was slowly
lowered manually in a parallel geometry into contaith the surface film. For particle
films of the Imidazole 258 and 391 latex partickeg substrate was then removed from
the interface, rinsed with DI water, and blown dnyh a nitrogen jet. This retracting
method proved to be too harsh for particle filmshaf Sulfate 2700 latex, for which two
methods were developed for retracting the substirate the interface as outlined

below.

3.2.9.3 Alternate Withdrawal Method. After contacting the interfacial film,
the substrate was lifted away from the interfaa# gimen a single sharp shake in the
lateral direction using wrist action to flick offip excess water clinging to the substrate.
If any droplets still remained, they were wickedagwvith the corner of a Kimwipe®.
Particle arrays of the Sulfate 2700 latex transfiibyy this method showed disordered,
streaked regions where water droplets moved atihessurface. To circumvent this
dewetting problem, an additional method was deweopAfter contacting the

interfacial film, the substrate was lowered furthrgo the subphase and carefully
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detached from the dipping rod using forceps whansed the substrate to come to rest
face down at the bottom of the trough. Once athefdesired transfers had been made
for a given run, the remaining interfacial partitlen was removed by suction and the
trough was refilled with deionized water. The dtdites were then carefully turned face
up underwater using forceps. A cover glass slib @imensions slightly larger than the
substrate was floated at the air-water interfddsing forceps with a 45° curved tip, the
substrate was raised directly beneath the floatowgr slip and then raised out of the
liquid with the cover slip on top of it protectitige particle array in-between with a thin
liquid layer. By following this procedure the tsdarred particle film was not subjected
to destructive capillary forces which can completstroy the transferred patterned

array. The array could then be imaged though ¢ereslip using optical microscopy.

3.2.9.4 Fluid-Exchange and Solvent-Fixing Procedes. Even though the
particle pattern can be imaged while underwater atinay must be transferred into air
to undergo further processing. Two methods weeel i3 complete the transfer
process, by either significantly lowering the ckgpyl force during drying or by
increasing the particle-substrate adhesion. Thesthods were designed to prevent the
particles in the transferred array from ever bemgontact with an air-water-particle
contact line. In the first approach, the covesgl&as removed while the substrate was
completely submerged in ethanol. The lower capilfarce generated by ethanol, due
to its lower surface tension, leaves the pattearlpeindisturbed during the drying

process. However, if particles in the array weithiw approximately one particle
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diameter of each other, some destructive capiftanges were still observed. This
method is shown schematicallykingure 3.8

Alternatively, to increase the adhesive interachetween the particles and the
substrate, a solvent fixing method was employefterkemoving the substrate covered
by a cover slip from the trough subphase, the satestvas placed into a 6-cm diameter
watch glass. An appropriate solvent or solventtanexwas then placed into the watch
glass, completely immersing the substrate. Thercghlass was then removed allowing
the solvent to come into contact with the patteraedy. After a desired amount of
time, the substrate was rinsed with DI water or B allowed to dry. By carefully
choosing the right solvent and exposure time, ek of particle deformation could
be controlled. By increasing the particle-subst@ntact area, the adhesive force is

increased, rendering the array resistant to ddsteucapillary forces.

3.2.10 Microscopy and Methods of Pattern Analysis

3.2.10.1 Imaging and AnalysisOptical microscopy was performed using an
Olympus BH2 optical microscope fitted with a PAXc&€D camera. Scanning
electron microscopy was performed using a JEOL 63&8M. Optical and scanning
electron micrographs were processed using InfAgedsion 1.34s for pattern analysis
and particle counting and Spatial Analysis Utiktfeversion 1.0.f for nearest-neighbor
measurements. A detailed description of the neardghbor analysis method is given

in Appendix B.2. Atomic force microscopy was performed using gifal Instruments
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Figure 3.8 Schematic illustration of the fluid-exchange pcedure. This method
was used to transfer non-continuous interfacialtigée films intact onto silicon

substrates.
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Nanoscope E, LFM-2. AFM micrographs were processiag WSxM° version 4.0

develop 8.6 analysis software.

3.2.10.2 Laser Diffraction. In addition to giving information about the inter-
particle spacing, laser diffraction also gave infation about the grain size of
individual crystallites comprising the particle fgah. A diffraction pattern with sharp
spots indicates that the crystalline grain prodgchre diffraction pattern is the same
size or larger than the spot size of the laselas@r diffraction apparatus was set up
using a 5-mW Helium-Neon laser (Hughes) with a ievgth of 633 nm and a spot
diameter of approximately 1 mm. The laser tube elasped to a ring stand and
adjusted so that the beam was normal to the bepchitotransmission mode, which
was used for patterns on transparent substratdsaastage was placed at a known
distance from the tabletop, and the diffractiortgrat was projected onto a piece of
paper. The distance between the plane of therpattel the screen surface below,
known as the projection length, was typically ®e2% cm. This distance must be
known in order to calculate the diffraction angbe points in the diffraction pattern. In
reflection mode, which was used for patterns orqapaeflective substrates such as
silicon, a screen with a small hole in the centas wlaced a known distanabovethe
patterned substrate. The laser beam was dirdutedgh the hole and onto the sample,
and the resulting diffraction pattern was refleat@tb the screen. For this geometry, a

projection length of 10 cm was typically used. f@2i€tion patterns were recorded using
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a digital camera (Kodak, P850) or recorded manuallye distances in the particle
lattice could be calculated using the diffractioatng equation,

_ mlA
" sin() +sin(@)

(3.4)

in whichd is the spacing of a particular set of particle$inn the patterrmis the order
of diffraction, 1 is the wavelength of the incident bears the angle of incidence of the
incoming beam (which in the current apparatus viaays set to 0), and is the

diffraction angle for a particular diffraction spof more detailed description of how

inter-particle spacings were measured by this nteihgiven inAppendix B.3.

3.2.10.3 Fast-Fourier-Transform Analysis.Fast-Fourier-transform (FFT)
analysis was also used to extract particle-spagtatg, as well as information about the
lattice orientation within particular crystallineagns. Scanning electron and optical
micrographs were analyzed by FFT using ImageJ mnSmage software. Fast-
Fourier-transform analysis produces results trenhaarly identical to laser diffraction.
The benefit of using FFT over laser diffractiorslia the ability to simply extract data

from micrographs instead of performing the tedidiisaction experiments.
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3.3 Results and Discussion

3.3.1 Substrate Functionalization

Although a large body of experimental data exighm literature for
trichlorosilane SAMs such as OTS, available datdrfalkoxysilane SAMs are less
complete’® Trichlorosilanes react with hydroxyl-bearing suwés very rapidly to
produce an organosiloxane monolayer. A wide wanéfunctional silanes are
commercially available from companies such as Gelelsny of these compounds are
not available as trichlorosilanes because crosgioss and self-polymerizations would
render them unstable. For this reason, trialkoagyvetives are often used. These
reagents have a much slower reaction rate compardeir trichloro-counterparts. A
number of methods have been reported in the litexain preparing monolayers from
alkoxysilane, however, there does not seem todmnsensus on the best method to
follow. In fact, many authors seem to use simia@thods for both trichloro- and
trialkokysilanes as if there were no differencenssn the two. As a result, the
examples found in the literature were used onlg s&rting point for developing the

following SAM adsorption methods.

3.3.1.1 Kinetics for Trichlorosilanes 25 °C.The kinetics of formation for
SPTCS monolayers were probed by measuring the amgpand receding contact
angles and the ellipsometric thickness at sevena intervals. The resulting plots are
shown inFigure 3.9. The curve reached a limiting value after reactorgseveral min.

Based on these results, the reaction was typiedtbyved to proceed for 30 minutes,
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which produced SAMs with characteristics within exmental error of the limiting

values.

3.3.1.2 Kinetics for Trialkoxysilanes at 25 °C.The kinetics of SAM
formation from TMAC and TBAC at 25 °C were probedit approximately 1 wt % (15
drops of stock solution in 25 ml) it took severayd to reach a limiting contact angle
and ellipsometric thickness. The kinetics plots gtiown irFigure 3.10andFigure
3.11 Similar kinetic curves were obtained for SAMrfation from TDAC and

NBENZ.

3.3.1.3 Kinetics for Trialkoxysilanes at 60 °C.After the limiting values were
known, a rapid preparation procedure, describa@darexperimental section above, was
developed that produced contact angle and ellipgammeeasurements within
experimental error of values found in the slowermetemperature experiments. A
number of different SAMs were prepared by this mdtto find the one best suited to
promote rapid adhesion with negatively chargedlptaticles at an air-water interface.
SAMs derived from TBAC and TDAC performed the bestsequestering Sulfate 2700
latex films, with TDAC slightly outperforming TBA(based on qualitative
observations of the difference in resistance ofgfarred particle films to lateral
capillary forces). A summary of the SAM substrnateperties used in this research
work is shown inTable 3.1 The goal of this research work was not to preduerfect

siloxane monolayers, but rather to produce cheigiéahctionalized substrates capable
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Contact Angle Ellipsometric Thickness
Advancing Receding A)
38+2° 14 10+ 1°, 11+1,
49 +2° 16 15 + 2°, 7+2,

59+1° 12 13+1°, 11+1,
66 +3°, 16 34 +2°, 10+ 2,
78 +2° 16 49 + 1°, 10+ 1,
7/1+1° 24 40 + 3°, 12 + 2,

Table 3.1 Properties of self-assembled monolayewll of the positively-charged
SAMs were allowed to react at 60 °C except for TMA@h was allowed to react at

25 °C. Negatively-charged SPTCS SAMs were premsetbscribed in the text. The
silane abbreviations are explained$®ection 3.2.2.Contact angle measurements were
taken using buffered water at pH 7. The mean vatandard deviation, and number of

measurements are reported for each entry.
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of adhering to particle monolayers. For this reasloe substrate surface properties

were not further characterized.

3.3.1.4 Stainless Steel SubstrateStainless steel substrates provided an
attractive alternative to the use of SAMs derivexf SPTCS because they could be
used directly and required no substrate preparafitiar removal of the protective
PVC film from the mirrored surface, the substratesld be used in both LB and LS
geometries to produce nearly identical resulthéortegatively charged SPCTS SAMs
on silicon substrates. Freshly deprotected stssndteel substrates had an advancing
contact angle (ACA) of 101 + 3° (standard deviatibd measurements) and a receding
contact angle (RCA) of 38 £ 6° (5 measurementd)e ACA seemed quite high for a
metallic surface, which suggested that a thin pelyfilm could be present at the
surface. After rinsing the substrate with toluesegtone, isopropyl alcohol, and
methanol and drying the substrate with a nitrogénthe ACA dropped to 95+ 2° (6
measurements) and the RCA remained at 38 + 3° gsunements). A freshly
deprotected substrate was buffed gently with 088Istool, rinsed with water and
dried with a nitrogen jet, which caused the ACAdtop to 35 + 3° (11 measurements)
and the RCA to 10 + 4°. Allowing the buffed sulastrto sit in air for 2 days brought
the ACA back up to 57 = 3° (14 measurements), AaedRCA to 13 + 1°; and allowing
the substrate to sit in air for 3 weeks broughtAGA up to 61 + 2° (16 measurements)
and the RCA up to 15 £ 1°. The increase in corgget time in air was likely caused

by the re-growth of the physisorption of organiatmninants at the surface. These
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data are consistent with our inference that aploigmer film existed at the surface of
the stainless steel substrates. To further ingasithis possibility, XPS was performed
on one of the freshly deprotected substrates.n§tcarbon and oxygen peaks were
observed, which could be greatly diminished bytstiag the substrate while in the
spectrometer and reanalyzing. No chlorine peaks wkserved, which suggests that
the protective PVC film was isolated from the stafface by an adhesive layer.
Inquiries were made to the steel manufacturer aonog the presence of polymer film,
but no reply was received. Nevertheless, the statagly suggest that the mirrored

steel was covered by a thin organic film.

3.3.2 Native Particle Films.

3.3.2.1 Positive Particle Systeminitially, experiments were conducted to
prepare densely packed particle monolayers atubstiste-latex interface by random
sequential adsorption from bulk suspension. Adegosition, the patterned substrates
displayed an angle dependent iridescent appearassdown ifFigure 3.12-Aand-B.
Surprisingly, some of the particle arrays exhibiesvo-dimensional crystalline grain
like structure, as shown Figure 3.12-Cand-D. At first, we believed that the particles
were sequentially adsorbing in an ordered fashldnder certain conditions oriented
flocculation can occuf? and it seemed reasonable that oriented adsorptiold occur
as well. However, when this hypothesis was tejedarying the latex concentration

and the “adsorption” time, a similar degree of acef coverage was always produced.

131



Figure 3.12 Macroscopic appearance of the crystalline grdike pattern. (A and B)
Images taken at different viewing angles whilenilinated with white light, notice the
angle dependent coloration caused by diffractidihe sample shown was prepared by
performing an LB transfer of the native surfacenfitn 0.2 wt % Imidazole 258 latex
onto a SPTCS SAM on a silicon substrate. (Follgwiage, C and D) SEM
micrographs of the patterned region, showing aatied hexagonal pattern. Scale

Bars: (C) 10um and (D) 1um.
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Apparently, an ordered particle film was being sfanred from the latex-air interface to

the substrate when it was first dipped into theXat

3.3.2.2 Imidazole 258 Latex IsothermThe surface pressure-area isotherm for
the native surface film on a sample of 0.2 wt %daziole 258 (positively-charged
latex) was recorded. After being vortexed andcateid, approximately 50 mL of the
latex was placed into the mechanical trough. Titel film area was 6000 mfrand
was compressed at a rate of 11.8 %/min. Sincauh®er of particles comprising the
surface film was unknown, the isotherm was firstfeld as a function of the trough
surface area or compression ratiagre 3.13. After the solid-phase transition was
recorded, which occurs when the particle separatistance is equal to the particle
diameter, the isotherm could then be plotted amation of separation distance
assuming an HCP particle monolayer was forntegure 3.14. According to the
isotherm data, the Imidazole 258 latex particlesrdit begin to significantly interact
with each other until they approached within 100afreach other. The micrographs in
the following sections can be correlated with $@herm, based on the surface
pressures at which the samples were taken. Howiwgr cannot be directly compared

based on the compression ratio for reasons disguisSection 3.3.3

3.3.2.3 Deposition on SAMs derived from SPTCS\ative particle films on
samples of the 0.2 wt % Imidazole 258 latex weeglitg transferred to negatively-

charged substrates bearing SAMs derived from SPTASystematic comparison
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Figure 3.13 Surface Pressure-Area Isotherm for the nativkrf on a sample of 0.2
wt % Imidazole 258 latexThe isotherm is plotted both as a function of tbedgh area
and the surface film compression ratio. By exttapog the solid transition to the area
axis, which produced the equation y=-13.61x + 27&4%0.9918, the number of
particles at the surface can be calculated fromH@P packing area and was found to

be 3.544 x 19.
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between the LB and LS deposition methods was peddrusing the mechanical trough
and the second-generation dipper. The surfacediibta was compressed at a rate of
45.1 %/min. Samples were taken at compressioosrafi20, 30, 40, and 50 %, at a
rate of 13.6 mm/s. The results of the experimemshown inFigure 3.15

Empirically, the compression ratios for this expent should be shifted upward by 10-
20% for comparison with the isothermfigure 3.13 The pattern after transfer can
only be as good as the original pattern at thefexte. At low compression, the
particles were in a gas-like state as sedfignre 3.15-Aand-E. As the film was
compressed, the particle spacing decreased umdllyfia complete HCP monolayer
formed as seen iRigure 3.15-H The LB-transferred pattern iigure 3.15-Dhas a
distorted appearance because it was stretchedday &rces during the deposition
procedure, as discussedSaction 3.3.2.6 The LS-transfer method preserves the
hexagonal symmetry from the interface by approaghira parallel geometry resulting

in the simultaneous transfer of the entire film.

3.3.2.4 Deposition on Stainless Steel Substratdsative particle films on
samples of the Imidazole 258 latex were also texnsdl to mirror-finish stainless steel
substrates, with results remarkably similar togtstrates bearing SAMs derived from
SPTCS. A sample of 0.2 wt % latex was placed tiomanual trough after vortexing
and sonication, and transfers were performed apoession ratios of 0, 20, 40, 60, 80,
and 88 %. The barrier was manually closed, consprgghe film surface area at a rate

of approximately 2.5 %/s. LB samples were takea @te of 22.5 + 0.5 mm/s using the
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Figure 3.15 Native particle film on a sample of the Imidazol&& latex transferred to
silicon substrates bearing SAMs derived from SPTCBhe transfer geometry and
compression ratio at transfer were: (A) LB at 20@mN/m, (B) LB at 30%,0 mN/m,
(C) LB at 40%, 0 mN/m, (D) LB at 50%, 0.8 mN/m,(E)at 20%, 0 mN/m, (F) LS at

30%, OmN/m, (G) LS at 40%, 0.8 mN/m (H) LS at S8%mN/m. Scale Bars: Lin.
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first-generation dipper, and LS samples were takanually. After deposition, all
samples were rinsed with deionized water and bldwyrwith a nitrogen jet. SEM
micrographs of both types of transferred-partidias are shown ifrigure 3.16and
Figure 3.17

In a similar experiment, LS transfers were perfatrdaring thesecond
compression cycle of the surface film. A freshface film was first compressed to a
ratio of 80 %, and the barriers were then fullymgek LS transfers were taken at 20-%
intervals on the second compression cycle. Fiharssferred at low compression
exhibited a much higher degree of order than tlobserved in the first cycle LS films
(Figure 3.18. We believe this result to be caused by a “merheffect, wherein the
hexagonal arrangement from being compressed dthvefirst cycle partially remained
in the second compression cycle. The surfaceifilthis run was compressed an
additional 8 %, which pushed it above collapseesn snFigure 3.18-F After re-
expansion of the collapsed film, an LS sample \a&sr Figure 3.18-G), which

revealed fused rafts of particles, demonstratiegrteversibility of film collapse.

3.3.2.5 Deposition on SAMs derived from OTSNative particle films on the
Imidazole 258 latex were also successfully tramsteto silicon substrates
functionalized with SAMs derived from octadecyltiigrosilane (OTS). These SAMs
likely had a greatly reduced effective surface ghacompared to that of native $jO
because of the interveningdJow dielectric layer. Macroscopically, the tramsed

particle films had a shimmering silver appearamnt&ead of the typically observed
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Figure 3.16 Native particle films of Imidazole 258 latex panles transferred by the
LB method to mirror-finish stainless steel substratebransfers were performed on
the first compression cycle at compression ratios(8) 0%, (B) 20%, (C) 40%, (D)

60%, and (E) 80%. Scale Bars: ifh.
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Figure 3.17 Native particle films of Imidazole 258 latex ganles transferred by the
LS method to mirror-finish stainless steel substrat@s the first compression cycle.
Transfers were performed at compression ratios(8f 0%, (B) 20%, (C) 40%, (D)

60%, and (E) 80%. Scale Barsufn.
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-finish stainless steel substrat@s the second compression cycle.

Figure 3.18 Native particle films of Imidazole 258 latex ganles transferred by the
Transfers were performed at compression ratios(8f 0%, (B) 20%, (C) 40%, (D)

60%, (E) 80%, (F) 88%, and (G) cycle 3 at 40%. |IS&ars: 1um.

LS method to mirror

4

o & % o8 o

ee o o

.
02 %
o o

150



 3.18-B_RIRRS

» 9D g
A

151

) 0000000000




2 5 > @
3 1
a3 ;
2 z S 2

152

A4

*




il

Et s

e
By inna 90
PP 1 e P
q\‘:q':‘\‘z o
H R IR

Sk

153



diffraction coloration. This macroscopic changeppearance was caused by a change
in the microstructure of the transferred partidief Both LB and LS transfers were
performed to these substrates, and substoa@sng SAMs derived from SPTCS were
used as a control. For the LB experiment, theexocompression method was used
with a sample of 0.2 wt % latex. The latex integfavas refreshed before every
deposition by sonicating for 1 s and vortexing3@. Transfers were performed using
the first-generation dipper at a rate of 11.8 mni/ke strength of the particle-
octadecylsiloxane interaction was insufficient t@kcome the effect of lateral capillary
forces during drying. In this manner, adjacentipkrlines, like those observed on the
SPTCS-treated control substrate, were squeezethtrge form the thick-line patterns
seen on the OTS-treated substratEigure 3.19 In addition, LS transfer experiments
were performed using both OTS- and SPCTS-treatiestisies with 0.2 wt % latex in
the mechanical trough. A substrate holder was madbat two samples could be
simultaneously brought into contact with the sugféibn in an LS geometry at a rate of
13.6 mm/s, using the second-generation mechanigaéd Samples A and B, shown
in Figure 3.2Q were taken in tandem at a surface pressure obappately 2.5 mN/m.
Once again the particles rearranged to form sratif of HCP monolayer separated by
voids. Samples C and D were taken in tandem atface pressure of approximately
27 mN/m. When the transfer occurred at high serfaessure, the SPTCS and OTS
samples appeared more alike because there watttlerfyee area to allow the
particles to rearrange. This set of experimerghlight the crucial role of the substrate

surface charge in preserving the original ordetatef the particle array.
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Figure 3.19 Substrate-dependent LB depositionsNative particle film on a sample
of 0.2 wt % Imidazole 258 latex prepared by theéasocompression method. Transfers
were performed at a rate of 11.8 mm/s onto (A) tieglg-charged SPTCS-treated and
(B) non-charged OTS-treated SAM substrates. THe-tDdated surface allowed the

particles to rearrange. Scale Bars: Afh.
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Figure 3.20 Surface-pressure- and substrate-dependent LS transf Samples were
transferred at (A) 2.5 mN/m on a SPTCS-treatedailisubstrate, (B) 2.5 mN/m on an
OTS-treated silicon substrate, (C) 27 mN/m on aGHTreated silicon substrate, (D)

27 mN/m on an OTS-treated silicon substrate. S8ate: 10um.
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3.3.2.6 Particle Films Exposed to Shear FlowDistortion of particle
monolayers trapped at an air-water interface hagigusly been reported by Stancik
et.al®® In these studies, @m polystyrene particles were placed at a watersueca
interface, and the resulting HCP particle lattiGswubjected to shear caused by two
rotating belts in the plane of the interface. Assult, the crystal lattice between the
belts deformed to accommodate particle motion. haiee found that the LB transfer
method also induces a crystal-lattice distortiothefinterfacial particle array, resulting
in a stretched appearance of the transferred pditer,Figure 3.19-A). The resulting
particle pattern after LB transfer was heavily degent on the original orientation of
the precursor crystalline grains at the air-watégrface with respect to the stretching
direction. Although the patterns after LB transd®vays had a similar appearance, it
was difficult to distort the particle patterns imjaantitatively reproducible manner
because of the limited individual crystalline graire at the air-water interface. If the
entire interface were covered by a single two-dismamal crystal, the orientation of the
crystal could be measured non-destructively byrldg&action, and the dipping
direction could be reproducibly aligned. Howeumcause the particle pattern at the
air-water interface was polycrystalline, with magnains at various orientations, the
resulting pattern after transfer always comprisedrgety of different deposition modes.
In an effort to gain a degree of control on theatiton procedure, the effect of varying
both the transfer rate and angle were investigated.

Several experiments were performed to investidgaeetfect of varying the

dipping rate on the resulting pattern of transkparticles. Approximately 30 mL of
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0.2 wt % Imidazole 258 latex were placed into thenaally operated trough. The area
of the native surface film was compressed by 608 h#&h and LB transfers were
performed onto stainless steel substrates ato&d®8 mm/s and 6.3 mm/s using the
second-generation dipper. The grain-like patteri#sgure 3.21-Athrough-D are
much more pronounced at the faster transfer ratledth compression ratios. The
faster rate caused a higher degree of stretchorggahe dipping direction (the vertical
axis of each micrograph). Additionally, it is egitt that the higher compression ratio
results in a more regular grain-like pattern, drat the most uniformly distorted
patterns are likely formed from fully compressedfH@onolayers. In a partially
disordered area of the 80%-6.3 mm/s transferred &l section of HCP monolayer
transferred intact while part of the same grain stastched into a distorted pattern
(Figure 3.22. This micrograph gives valuable insight into gegtern distortion
mechanism. The {10} particle lines (s@ppendix B, Figure B.2) in the original HCP
array become separated and stretched apart ingpimgl direction by forces during the
LB-transfer process. The final pattern after tfans highly dependent on the original
orientation of the lattice with respect to the dlifgp(or stretching) direction.

Several experiments were also performed to invaithe effect of varying the
dipping angle on the resulting pattern of trangf@émparticles. The hypothesis was that
decreasing the dipping angle would increase theegegf pattern distortion. The area
of the native surface film on a sample of 0.2 wirftdazole 258 latex was compressed
by 60 and 80 %, and samples were transferred itdesta steel substrates at an angle of

incidence of 60° and a rate of 6.3 mm/s using do®d-generation dipper. The
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Figure 3.21 Angle- and rate-dependent transfeNative surface films on a sample of
0.2 wt % Imidazole 258 latex transferred to stasslsteel substrates using the manual
trough and the second generation-dipper. Paramedegggiven in the order of dipping

angle, compression ratio, and dipping rate: (AY¥980%, 3.3 mm/s; (B) 90°, 80%, 3.3
mm/s; (C) 90°, 60%, 6.3 mm/s; (D) 90°, 80%, 63/sm (E) 60°, 60%, 6.3 mm/s; and

(F) 60°, 80%, 6.3 mm/s; Scale Bars:/A@.
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3.21-A

3.21-B
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3.21-C

3.21-D
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Figure 3.22 Region of HCP monolayer partially distorted durirthe LB deposition
process.This SEM micrograph demonstrates how regions of iH@Rolayer at the
air-water interface are stretched into a distorteakttern. Langmuir-Blodgett transfer
at an 80 % compression ratio onto a stainless stebktrate at 6.3 mm/s. The arrow

denotes the dipping direction. Scale Bar;d0.
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resulting patterns are shownhkigure 3.21-Eand-F. The 60° angle of entry caused
some of the grains to separate at the grain boigsdi@aving bare substrate in between.
The effect was more pronounced at the 80% comesatio when compared with the
60% compression ratio. Even though a higher degfreattern distortion was achieved
by decreasing the dipping angle to 60°, the slippaduced along the grain boundaries

resulted in a loss, rather than a gain, in cordvelr the patterning process.

3.3.2.9 Native Particle Films on the Imidazole 391atex. A series of
experiments were carried out to investigate ifwesiurface flms on the Imidazole 391
latex could be successfully transferred to mirmoish stainless steel substrates. The
system was expected to behave very similarly tdrthéazole 258 case because the
surface chemistry of the particles was identic@lirface pressure-area isotherms of the
native surface film on a sample of 0.2 wt % latestevcollected using the manual
trough Figure 3.23. This system did not show a solid phase trasrsibin the initial
compression cycle, however, after surface filma@nment by bubbling nitrogen
through the bulk latex, the transition was observBdth LB and LS transfers were
performed at various compression ratios. The laBdfers were performed using the
first-generation dipper at a rate of 22.1 + 0.5 symhd the LS transfers were performed
manually. Surprisingly, only at compression raab®r above 80% was any obvious
ordering observed, and no significant difference wated between the LB and LS

cases. A micrograph of a region of the LS samplesferred at a compression ration of
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Figure 3.23 Surface pressure-area isotherms for the natstgface film on a sample
of 0.2 wt % Imidazole 391 latex o) Isotherm resulting from the compression of the
native surface film.(o) Isotherm after surface film enrichment by bubbimigogen

through the suspension. Data were collected uisgnanual trough.
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88% is shown irFigure 3.24 The native surface film on the Imidazole 39 &Xatvas

much less dense than that on the Imidazole 258.late

3.3.3 Problems with the Native Film System

Pressure-area isotherms of native films on thedzote 258 latex were not
reproducible. In spite of identical sample prefiaraand isotherm acquisition
techniques, repetitive experimental trials alwaigtded unique isotherms. Even
though the isotherms were typically superimposalla shift in compression ratio, it
was not possible during an experiment to predianela solid transition would occur.
As a result, performing reproducible pattern trarsproved to be difficult. The main
problem with this system is that the number ofipke$ at the interface is unknown and
variable. After the isotherm was recorded, the pemnof particles that were at the
surface can be calculated using the assumptionthtbagolid transition occurs when the
particles at the surface form a full HCP monolaydowever, since this is a destructive
measurement technique, subsequent quantitativeressipn cycles and transfers
cannot be performed.

Even though negatively charged sulfate latexestatde in alcohol suspension,
imidazole, amine, and pyridine functionalized la&exthat are quite stable in aqueous
media were not stable in alcohols. In fact, e¥emly a few percent of alcohol were
added to the aqueous suspension, the Imidazol&ag58coagulated and precipitated

after several hours. For this reason, it was irsibes to spread a known amount of the
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Figure 3.24 LS transfer of the native surface film on a sampd¢ 0.2 wt. Imidazole
391 latex to a mirror finish stainless steel sulkaie In spite of multiple clusters, the

hexagonal motif is readily observable. Scale Barum.
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positive particles at a clean air-water interfacéhie traditional Langmuir-trough
fashion.

Surface pressure-area isotherms for the negatoheyged Sulfate 128 and 290
latexes were attempted, however no isotherm featueze observed before or after the
bubble enrichment process. These latexes, for seas®n, have a low tendency to
entrap native surface particle films. It may batttine particle-interface contact angles
were very low and therefore the particles were &bl@ove away from the surface
during compression. These experiments undershatesbme particles are much more

highly surface active than othérs.

3.3.4 Deposited Particle Films

As a result of the difficulties associated with traive particle film systems, the
focus of our research shifted to the transfer ofigde films deposited at a clean air-
water interface. As mentioned in the backgrourddiee, a variety of studies have
previously investigated the interfacial behavionetatively-charged sulfate
functionalized latex particles at such interfac&his literature provided a valuable
starting point for continuing our research. Highbgatively-charged, sulfate-
functionalized latex particles with an average ddgan of 2.7um (Sulfate 2700 latex),
were purchased from Interfacial Dynamics Corporatidhis latex was chosen because
it is quite similar to several latexes used presigpin the literature, thereby providing
the ability to compare experimental results digectDne of the most important benefits

of using sulfate-based latexes was the abilitysi® alcohols as spreading solvents. This
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feature allowed the placement of precisely knowamts of particles at the interface.
From the viewpoint of choosing an interface th&va optimal formation of non-
continuous HCP particle arrays, the choice shoalthke oil-water interface as opposed
to the air-water interface because charged pastidee been shown to experience
stronger electrostatic repulsions at the oil-watsrface than at the air-water
interface’® Unfortunately, all attempts to transfer partickshen-octane-water
interface to TDAC- or TBAC-modified silicon subdia failed, possibly because a
layer of octane adsorbed to the substrate surfiaepting the particle film from
properly contacting the substrate. As a resulfuaher investigations were focused on

finding a way to successfully use the air-wateeifsce.

3.3.4.1 Spreading ConsiderationsThe spreading of one liquid on another can
be quite a turbulent proce¥s.In the case of alcohol spreading at an air-wiaterface,
local alcohol concentration variations, temperafluetuations due to alcohol
evaporation, and local changes in interfacial clumeaall contribute to the observed
interfacial turbulence. This behavior is an exagflthe Marangoni effedt. Initial
experiments with the Sulfate 2700 latex were cdroet by the drop wise addition of
known amounts of particles suspended in isoproleghl| to a clean air-water
interface. As soon as a drop would contact therfiate, it would rapidly expand and
compress the previously deposited surface film tdwiae perimeter of the trough.
Particle multiplets and small clusters were likielymed during the compression

resulting from this poorly controlled spreading drder to test this hypothesis, the
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spikes in surface pressure during these compressem@s were measured. An 85-mm
polystyrene Petri dish was filled half full with Dlater, and the Wilhelmy plate surface
pressure sensor was placed so that the plate was hlom from the edge of the dish.
Drops of 3.0 wt % Sulfate 2700 latex in IPA wereled to the interface while
measuring the resulting spikes in surface pressire. parallel control experiment,
drops of pure IPA were added to the interface wimititoring the surface pressure.
The drop-wise addition of pure IPA to the interfaesulted in surface pressure spikes
of 5 mN/m while addition of 3 % suspension in IR&Sulted in pressure spikes in
excess of 25 mN/nmHgure 3.25. In addition, it is likely that local areas ofesn higher
surface pressure exist at the interface duringesiang, which could easily account for
the clusters observed at the interface after dapody this method. To avoid this
problem, the particle suspension was depositeukeadit-water interface slowlja a
syringe pump with the needle in contact with thtenface. Although the surface
pressure still slowly increases with the additibmore particles to the interface, the
increase is quite smooth with no pressure spikesarked decrease in the number of
clusters and multiplets at the interface was olesewhen using this deposition process.
Since multiplets typically initiate pattern defeetsd grain boundaries, the overall order

of the resulting patterns was greatly increaseddiyg this deposition process.
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Figure 3.25 Increase in surface pressure upon drop-wise #ida of IPA and
suspensions in IPA.One drop of isopropyl alcohol (shaded) and ongpdof a 3.0 wt
% suspension Sulfate 2700 latex in isopropyl alt¢@wlid) added att = 2s. The

particles had a pronounced effect on the initiakepn surface pressure.
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3.3.4.2 Contact Angle Measurements at the Particl@ir/Water) Interface.
The particle-interface contact angle is a very ingot parameter for understanding and

controlling the magnitude of particle interactiaisn interfacé® ** 4°

Qualitatively,
the most highly ordered particle systems observer whose that had a nearly
equatorial particle-interface contact line. Obwlyuthe magnitude of inter-particle
repulsion is proportional to the amount of the igltsurface exposed to the low
dielectric medium. The highly ordered particlenfd discussed iBection 3.3.4.6vere

obtained from a system with a particle-interfacetaot angle of 81 + 2° (standard

deviation, 11 measurements) as showhigure 3.6

3.3.4.3 Pattern Distortion Resulting from LB Tranders. An 85-mm
polystyrene Petri dish was half filled with deioatzwater, and 50L of 3.0 wt %
Sulfate 2700 latex in IPA was added to the intexfaa a syringe pump at a rate of 5
uL/min. LB transfers were manually performed usiiBAC-treated silicon substrates.
Optical micrographs of the resulting patterns, shawFigure 3.26 qualitatively
appear quite similar to those of the Imidazole BB8x patterns transferred by the LB
method described i8ection 3.3.2.@above). The mechanism for pattern distortion

discussed for the positive particles probably catises pattern distortion as well.

3.3.4.4 Composite Isotherm Construction Using th®lechanical Trough.
The maximum compression ratio for the mechanicalgh was ~90 % because higher

compression ratios interfered with the surfacequmessensor. As a result, it was not
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Figure 3.26 Optical micrograph of the distorted pattern thatselted from an LB
transfer of a Sulfate 2700 latex filmThe interfacial film was prepared by the
constant-area compression method and was transfen@nually to a TBAC-treated
silicon substrate by the LB method. The resultlisgorted pattern was quite similar to
those observed with the Imidazole 258 latex syftentrigure 3.16-EandFigure

3.19-A). Scale Bar: 10Gm.
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possible to record all of the two-dimensional phaaesitions in a single compression
cycle. In three separate experiments, 5, 20, and 8% 3.00 wt % Sulfate 2700 latex
in IPA were deposited at a clean air-water intexfaca rate of fL/min and the
resulting interfacial films were compressed atte of 23 mri/s (22.6 %/min). The
resulting isotherms were overlaid by making smdjlistments to the surface-pressure
baseline for each plot. The complete surface presarea isotherm is shownkigure
3.27. Each change in slope corresponds to a changeHdimensional phase of the
interfacial particle film. There are 6 main regsarsf the isotherm, the gas-like state, the
mesostructure region, the long-range lattice regiom short-range repulsion region,
solid close-packed monolayer, and the collapseregirhe above procedure was
repeated, and samples were taken by pausing thabigobarrier and performing LS

transfers to TDAC-treated silicon substrates aiowsr positions on the isotherm.

3.3.4.5 Isotherm Analysis.The transferred patterns correlate nicely with the
expected phase regions of the isothdfigyre 3.28. All of the optical micrographs
show the patterns after underwater LS transferdeasribed irSection 3.2.9.3
Micrographs A and B demonstrate the typical surfogcture in the gas-like region.
Particles are randomly spread across the surfated@not interact with each other in a
coordinated fashion. Micrograph C shows the serioucture at the gas-mesostructure
phase transition, which could also be describetiesnset of interactionas this initial
rise in the surface pressure marks the point atlwthie particles begin to interact in an

organized fashion. A bit of disagreement is founthe literature concerning the
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Figure 3.28
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Figure 3.28 Isotherm-coordinated LS transfers. The experiment from which the
isotherm inFigure 3.27was produced was repeated, and manual LS trangfers
performed using TDAC-treated silicon substrategaatous stages. The transfers were
performed at: (A) 0.0 mN/m, (B) 0.0 mN/m, (C)faN/m, (D) 5.0 mN/m, (E) 9.0
mN/m, (F) 11.7 mN/m, (G) 14.0 mN/m, (H) 16.4 mNInL,7.6 mN/m, (J) 41.3 mN/m,
and (K) 55.0 mN/m. The sample shown in microgiaphvas transferred after re-

expansion of the collapsed film. Scale Barsub0
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formation of these so-called mesostructdfe¥. Some references suggest that these
structures are caused by impurities in the sysfemn py residual spreading solvent at
the interfacé® These explanations seem unlikely in our caseusecthe effects are
totally removed upon further compression of thdaze film. Other studies have
concluded that these structures form as a restitteoiterplay between long-range
attractive and repulsive interparticle forces, hegreno unified theory exists on the
origin of the long-range attractive force. Intemegly, nearest-neighbor analysis of
micrograph CFEigure 3.29 produces a bimodal separation distance (with maat 11
and 15um and similar peak widths), which suggests thagreargy barrier may exist
between the gas-like and mesostructure stateser&edditional micrographs showing
mesostructures are shownFigure 3.3Q

Micrograph D shows that upon further compressi@ttesostructures merge
forming a continuous particle phase with islandé@ space. As the compression
continues, the free space was gradually eliminatedhich point the slope of the
isotherm slightly changed upon moving into the leagge repulsion region.
Micrographs E-1 demonstrate how, in this regiomttfar compression simply results in
a uniform decrease in the lattice spacing of theafgenal pattern across the entire
lattice. In this region, long-range electrostagipulsion through the low dielectric
super-phase dominates particle interaction. The cleange in isotherm slope likely
occurs when the particles are close enough to extper double layer repulsion through
the subphase. The added contribution of thesegsascthe likely cause of the observed

sharp increase in slope when moving into the stzorgie repulsion region.
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Figure 3.29 Nearest-neighbor analysis of the micrographsosin in Figure 3.28.
Nearest-neighbor analyses were performed and theesuwere normalized, as
described imMppendix B.2 Curve A shows a random distribution that exteiods0

um. Curve B shows a broad distribution centered2tm, demonstrating that a
characteristic separation distance can emerge enghs-like phase. Curve C shows a
bimodal separation distance representing partigasgticipating in mesostructures and
those that are not. Curves D through J show theatindecrease in particle separation

distance with increased compression.

187



Figure 3.30 Typical structures observed in the mesostruetuegion. Micrographs
A and B show additional areas of the sample shawaigure 3.28-C,and micrographs
C and D show additional areas of the sample showhigure 3.28-D. Scale Bars: A

and C, 20Qum; B and D, 10@m.
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When the particles finally touch each other atdbkd-phase transition, as in
micrograph J, the two-dimensional hard sphere pachkmit is achieved, and the
pressure rapidly increases upon further compressimte the collapse pressure of the
film is attained, the solid surface film buckleg ofiplane to form ridges and valleys
that run parallel to the movable barrier (microdrdf). Upon re-expansion, a netlike
interconnected aggregate is formed across theeeniiface (micrograph L). As would
be expected, subsequent compression cycles aftaps® reveal an altered isotherm
shape, underscoring that compression above thapsellpressure is an irreversible
process.

Nearest-neighbor analysis was performed on theasiagown irFigure 3.29
following the procedure outlined Wppendix B.2. The first nearest-neighbor
measurements were plotted as a normalized histogifdra lack of order in curves A
and B is evidenced by the distribution. Highlyfonin particle spacings result in

narrow distributions as seen in curves E through J.

3.3.5 Transfer Completion

In a typical small-molecule LS transfer, the monelais simply allowed to dry
in air on the substraf&. Unfortunately, transferred particle films becadieordered
after the substrate was lifted out of the water aitmved to dry. In fact, any time an
air-water-substrate contact line swept acrossteqetd array of the Sulfate 2700 latex
on any substrate, particles in the array were sspeegether into random particle

clusters. This process was directly observed liig@pmicroscopy. Patterns with
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closely spaced particles were more highly disrupiteti those separated by several
particle diameters. Presumably, this disruptios eaused by lateral capillary forcEs.
As a result of the limited particle-substrate cohtaea and the relatively large particle
size, the magnitude of the lateral capillary foce@ exceed the adhesive force between
the particles and the substrate and disrupt tlegyarr

As a patterned particle array is of little usd ihiust be stored under water
indefinitely, a method fosolvent-fixingthe particle array to the substrate was
developed, as describedSection 3.2.9.4.A series of experiments were performed to
investigate control of particle deformation at theerface using a fixing solvent. The
exposure time was held constant at 30 s, and tmpasition of the fixing solvent was
varied. Experiments were performed with acetorethgl ether, and mixtures of 1, 2,
5, 10, 20, and 30 vol % toluene in IPA. The resate shown ifrigure 3.31 At 1 and
2 % toluene in IPA, destructive capillary forcesravstill observed upon drying the
substrate; in fact, 1 % was still ineffective aféet5-minute exposure time. At5 %
toluene in IPA for 30 s, the appearance of theyamas virtually unchanged while
rendering the array resistant to capillary forcegreasing degrees of deformation
could be achieved using the higher toluene ratiogiever, it was difficult to achieve
uniform particle deformation across the entire sabs at or above 10% toluene in IPA,
presumably due to toluene concentration gradiemised by water leaving the substrate
after the cover slip was removed. This problemabe avoided by treatment with
neat acetone or diethyl ether which produced irstngadegrees of deformation

uniformly over the entire substrate. The patteas wonserved after the solvent fixing
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Figure 3.31 Particles after solvent-fixing as a function gblvent composition.
Micrograph A shows an untreated particle. Samplds were prepared for 30 seconds
with the following solvents: (B) 5 vol % toluendBA, (C) 10 % toluene in IPA, (D) 10
% toluene in IPA, (E) 20 % toluene in IPA, (F) awet (neat), (G) 30 % toluene in IPA,
and (H) diethyl ether (neat). The wrinkle-liketi@@ on the particle surface in A and B

is a charging artifact. Each panel is approximat8lym x 5um.

193



processkigure 3.32. The solvent-fixing procedure had an additiams#. Once a
particle array had been deformed at the substuaface, it could then function as a
lithographic mask to etch the pattern into the tals, as described Bection 4.2.2.1
An additional method was developed to avoid destrecapillary forces during
the drying process. Since the magnitude of thdlaapforce is proportional to the
surface tension of the bridging liquid, the stréngt the resulting capillary force can be

greatly reduced by allowing the pattern to dry frethanol {, = 22.39 mN/m at 20 °C)
instead of watery(=72.94 mN/m at 20 °CP An 85-mm diameter polystyrene Petri

dish was half filled with deionized water, andd0of 3.0 wt % Sulfate 2700 latex that
had aged at 25 °C for 17 days in IPA was addelddarterfacevia a syringe pump at a
rate of 5uL/min. Then LS transfers were performed by tineerwatermethod onto
TBAC-treated silicon substrates. The transfer wampleted using the fluid-exchange
process with ethanol. An optical micrograph of tbgulting pattern is shown Figure
3.33 The surface was highly ordered and exhibitegelandividual grain sizes, on the

order of mm.

3.3.6 Comparison of Methods for Pattern Analysis

Three methods of analysis were routinely used &vatdterize the particle
patterns, nearest neighbor (NN), laser diffrac{idn), and fast Fourier transform
(FFT). All three of these methods produced remalgksimilar results. To test the

internal consistency of these methods, the HCRpatf Sulfate 2700 latex particles
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Figure 3.32 Particle array after solvent-fixing with acet@for 30 s. The pattern

was conserved after the solvent-fixing process.
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Figure 3.33 Optical micrograph of a hexagonal pattern of Sul@®700 latex
particles. Sample was prepared by the constant-area dish cessfmn method, and
was transferred to a TBAC-treated silicon substiatehe underwater-LS method, and
was allowed to air dry after being submerged ireethl. By rinsing the sample with a
low surface-tension liquid, destructive capillaprdes could be lessened during the

drying process. Scale Bar: 20n.
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shown inFigure 3.33was analyzed by all three methods. The opticategraph of

the pattern was used to calculate the NN and tAedéparation distances. The first,
second, and third nearest neighbors were averagether and produced a spacing of
7.89 £ 0.33um (standard deviation, 1121 measurements). Tlgiatitransferred
pattern on silicon was used to generate an LD aittereflection mode at a projection
length of 10 cm. The diffraction pattern, showrFigure 3.34 was contrast-corrected
to compensate for the higher intensity of the irpaants. The LD and FFTF{gure

3.3H patterns were analyzed in an identical fashiDiffraction points caused by the
{10}, {11}, {21}, and {31} patrticle lines were usetb calculate 60 independent
measurements of the particle spacing. The LD amsaproduced an average spacing of
8.05 = 0.28um, and the FFT analysis gave an average spacin®®ft 0.32um.
Additionally, the data from all three analyses wel@ted as normalized histograms,
5-point moving averaged, and fitted with Gaussietrithutions as shown iRigure

3.36 The three methods produced very similar distitims. The NN measurements
were only capable of taking into account threehefdix nearest neighbor distances for
each particle in the micrograph. As a result,rjpaeticle spacings measured by the NN

method were systematically less than the LD and iREThods.

3.3.7 Particle Surface Reconstruction
The properties of deposited surface films of fregitepared Sulfate 2700 latex
in IPA greatly differed from films deposited aftée suspension had aged. Initially, for

a latex sample freshly suspended in IPA, a highesegf transfer to the bulk subphase
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Figure 3.34 Laser diffraction pattern of a particle array ilh an 8-um spacing. The
same array shown iRigure 3.33was used to produce this diffraction pattern. The
pattern was obtained in reflection mode at a progclength of 10 cm. The diffraction
spots are indexed according to the hexagonal systemalysis of the 60 points
comprising the pattern yields an average partigasng of 8.05 £0.2&m. The

diffraction pattern was contrast-corrected to maklepoints of similar intensity.
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Figure 3.35 Pattern resulting from a fast Fourier transforrof the image in Figure
3.33. There is a marked similarity between the FFT #@lLD pattern. The pattern
was rotated by 45° and contrast-corrected for dhariThe FFT pattern was analyzed in
a similar fashion to the LD pattern and yieldedarerage particle spacing of 7.93 +
0.32um (standard deviation, 60 measurements). Onlgéméral region of the

transformed image is shown.
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Separation Distance ( pm)

Figure 3.36 Comparison of methods of analysis for the pattshown in Figure
3.33. All three methods show good agreement. Thellaliston shown is mostly due to
the real distribution of particle spacings in thatgern. The Gaussian curve fits
returned mean values of 7.93 £0,2% for the NN, 8.15 +0.3am for the LD, and 8.02

+0.37 um for the FFT analysis.
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was visually observed. This was likely due tow Initial particle-interface contact
angle. After allowing the suspension in IPA to agensfer to the subphase greatly
decreased until finally almost no transfer was o2 Additionally, superior particle
patterns formed after the latex was allowed tofagapproximately 20 days at 25 °C
with occasional sonication. If the latex was afggca month or longer, the resistance to
cluster formation during deposition slowly degradeat the particles still remained
resistant to transfer to the subphase.

The particle-interface contact angle was measasea function of the time the
particles had been in contact with IPA before spirggaat the interfaceé~gure 3.37).
From these measurements, it was evident that thaciangle started at approximately
25° or less for a latex sample recently suspenaééA, and increased toward a
limiting value of approximately 90°, which is al8ge equilibrium contact angle value
for bulk polystyrene® °? This increase in contact angle resulted in tigadni efficiency
of interfacial entrapmerit. The percent surface area above the interfacdiaston of
contact angle is shown Figure 3.38 When the contact angle was 25°, only 4.7 % of
the particle surface was exposed while at 90°, 50 exposed. In agreement with
current theory?® the increase in exposed surface area would camesjp an increase in
the magnitude of the inter-particle repulsion, #mgs the observed improvement in
long range ordering.

A similar trend was observed in the onset of irdetiple repulsionKigure
3.39. For this experiment, the initial rise in sudgmessure (known as the interaction

onset) was extrapolated to the baseline, as showreiinset ofigure 3.39 and the x-
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Figure 3.37 Particle-(air-water) interface contact angle asfunction of aging time

in IPA. (a) The contact angle at the particle-interface forf&d 2700 latex particles
recently suspended in IPA and spread at an air-niaterface was less than 25°. (b)
After aging for 4 days, the contact angle increaske@4°. (c) After aging for 19 days,
it increased to 81°. (d) After aging for 47 daysncreased to 88°. Each inset panel in

approximately 3im x 3um.
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Figure 3.38 Calculated amount of particle surface exposeslafunction of particle-
interface contact angle For contact angles less than 20°, only a smallticacof the
particle surface is exposed to the low dielectredmm, resulting in weak inter-particle
repulsion at long distances, and lower resistamcednsfer to the subphase. As the
contact angle approaches 90°, a high degree of lamge inter-particle repulsion is

observed, and the particles are quite resistaritaasfer to the subphase.
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Figure 3.39 Interaction onset as a function of particle arg time in IPA. The
interaction onset is measured by extrapolatingithigal rise in the isotherm to the
baseline and recording the x-intercept, as showthéinset above. This value was
highly dependent on the time a Sulfate 2700 laaexye was in contact with IPA. The

different symbols represent separate runs.

204



intercept was recorded. This measurement accéami®th the efficiency of surface
capture during the deposition process and the degrmter-particle repulsion. The
interaction onset represents the theoretical pagieparation distance at which the
isotherm deviates from the baseline if all of tlepaisited particles were trapped at the
interface. As this is not true for non-aged suspers, due to transfer to the subphase,
this value should be considered as a goodness aatliaot the literal particle
separation distance. A clear trend exists as eifumof particle age in IPA, with the
interaction onset increasing toward a limiting \alu

This observed change in particle behavior upongaminPA could be due to
frustrated surface reconstruction of the polar fiamal groups at the particle surface.
High-energy groups have a tendency to bury intcstivéace of even glassy polymers
over time>* >* *> Even though IPA is a non-solvent for polystyreihés likely able to
plasticize the particle surface to some extentaddition, because of the polar initiators
used, the particle surface in water becomes erttialih the polar chain ends which
inherently have higher mobility. The concentratadipolar surface functional groups
may have decreased as a function of time agaidstré3ulting in the observed increase
in particle-interface contact angle due to theeased hydrophobicity of the particle
surface. This idea is consistent with the obsetved in contact angle at the value for
bulk polystyrene. Even though the total numbecha&rged surface groups presumably
decreased, the observed inter-particle repulsioidcstill increase if the total number
of charges above the interface increased. Asds&stdier, the particles behaved the

best after aging 20 days, before reaching theilgnitontact angle. After reaching this
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maximum in particle repulsion it was noted thabager ages, even though they didn’t
transfer to the bulk, the particles had a highedémcy to aggregate once at the
interface. This result also fits with the fruse@dtsurface reconstruction hypothesis
because fewer and fewer stabilizing charge groupddiwbe available with time.
Further investigation into this topic was not pwduas it was beyond the scope of the

project, but this seems to be a plausible explanaif the experimental data.

3.4 Conclusions

Patterned, sub-monolayer latex-particle films texppt an air-water interface
were successfully transferred to solid substragstable transfer substrates were easily
prepared with various surface functional groupsiwammercially available
organosilicon compounds. By choosing a silane watmplementary surface
functionality to that of the latex particles congang the surface film, rapid adhesion
and transfer was achieved with a minimum amoumiattern distortion. The
transferred array could then be solvent-fixed befinying to prevent disorganization
during the drying process, caused by lateral capillorces. In contrast to previously
reported examples in the literature, highly orgadiparticle films were prepared at an
air-water interface by simply allowing the latexspansion to age in contact with IPA
before deposition. The aging process, possiblgeaby frustrated surface
reconstruction, caused an increase in both thecjgamterface contact angle and the

maximum distance over which particles were capabieteracting.
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Chapter 4

Hierarchical Structures and Patterns

4.1 Introduction

A number of proof-of-concept experiments were panted to investigate
possible variations and applications of particlé-assembly to form patterned surfaces.
The patterned particle arrays described in Chagtarsd 3 were used as a scaffolding
to build increased complexity into the self-asseadldystems. After thermal or solvent
annealing, the particle arrays could function #ef@raphic masks, resulting in the
pattern being etched into the substrate. By alstdtically adsorbing colloidal silica
onto an array, and then calcining at high tempeeathe polymer cores were burnt
away leaving behind a patterned array of hollonesp$. Particle patterns were also
embedded into PDMS elastomer and removed fromriganal substrate. The resulting
stretchable particle array exhibited interestingjagb properties. These examples
demonstrate the versatility of particle patternthm context of bottom-up approaches to

self-assembly, and provide potential directionsf@bure work in this area.

4.2 Experimental Results and Discussion

(Each sub-section describes a set of proof-of-quneeperiments, giving

relevant background material, experimental methaasylts, and discussion.)
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4.2.1 Thermal Annealing

Thermal annealing is a common method for producorginuous films from
polymer latexed. For the linear patterns discusseimapter 2, heating the array
above the particleglat 110 °C for several hours resulted in the irdiial spherical
particles flattening out onto the substrate surtawd forming polymer lines that were
more continuous, as shownhkigure 4.1-A. By increasing the line-width before
annealing, completely continuous polymer lines ddiklely be produced by this
method. It may also be possible to create contiayparticle lines by using a
suspension of polymer particles with a bi- or tniedal size distribution to form the
linear pattern. The particles with the largestriiéer would likely define the line
spacing, and the smaller ones could fill in therstitial space between the larger ones.
This strategy has been successfully demonstratiedieix films to achieve a higher
degree of film clarity by decreasing light scattgrby interstitial void$:® Similarly, an
LB pattern of Imidazole 258 latex particles prejloe a stainless steel substrate as
described irChapter 3 was annealed to give results quite similar toehfosm the

solvent-fixing procedure discussedSection 3.3.5 (Figure 4.1-B)

4.2.2 Substrate Etching

Substrate etching is a method typically employecdoinjunction with a top-
down patterning approach such as optical lithogyapks a result of the progress in the
semiconductor industry, a wide variety of well-aoified silicon etching techniques

exist. These methods can also be used in conjumaiith patterns prepared with a
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Figure 4.1 Imidazole 258 particle patterns after thermal anrggy. Micrograph A
shows a linear pattern on glass, and micrograpthBveés an LB pattern on a stainless
steel substrate, both after being annealed at 1@t several hours. Individual
particles comprising the pattern partially coaledcéorming more continuous pattern

features. Scale Bars: 10 and 1 um, respectively.
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bottom-up approach such as particle self-assefnbiithough the resulting patterns
typically have a higher instance of defects tharttop-down counterparts, the results

are likely good enough to find usable applications.

4.2.2.1 Negative-KOH Etching.Solvent-fixed patterns transferred by the LS
method with the Sulfate 2700 latex were used aksfas selective etching of the
native oxide on silicon with KOH. A monolayer dexd from TDAC provided a degree
of etch-resistance to the bare substrate. Sumghgithe solvent fixed particles disrupt
the etch resistance of the SAM directly beneatimth&he polymer particles rapidly
dissolved in the basic etchant solution exposiegctmpromised SAM to the etchant.
At times less than 3 min, etching occurred almastusively where the particles had
been, creating a patterned array of divots in thsisate. The diameter of the divots
(3.9 £ 0.1um, 25 measurementsigure 4.2-A) was approximately equal to or slightly
smaller than the diameter of the deformed partitdsks (4.1 + 0.um, 25
measurementsigure 4.2-B). The heights of the polystyrene mounds were
approximately 1..um, measured by atomic force microscopy (AFVyure 4.2-C)
The depths of the divots were measured by AFM andd to be approximately 200
nm (Figure 4.2-D). At exposure times longer than 5 min, etchinguoed across the
entire surface, resulting in slow degradation efplattern. Since the particle spacing
can be precisely controlled, and the particle-hats contact area can be varied using
different solvent fixing conditions, the systenalsle to be tuned to produce a range of

results.
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Figure 4.2 Negative etching using a particle pattern maskA) SEM micrograph of
an array of Sulfate 2700 latex particles after k&hsfer to a TDAC-treated silicon
substrate and solvent fixing with acetone. Scale BOxum. (B) SEM micrograph of
the resulting divots in the substrate after etchiggale Bar: 1@m. (C) AFM
micrograph of the particle mask. (D) AFM microghapf the resulting divots. (E-F)
Optical micrographs showing an expanded view ofetisbed array. Scale Bars: 20 and

10 um respectively.
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Negative-Etching Procedure. After solvent-fixing on TDAC-treated
substrates, the pattern (showrFigure 4.2-A) was etched into the silicon wafer
substrate. The etchant consisted of 20 wt % KO& 4nl solution of DI water and
IPA. Patterned, solvent fixed, substrates wereqalan the etchant solution at 60 °C for
3 min. The reaction caused bubbling at the surbdt¢iee substrate due to the
production of hydrogen g&dsThe substrates were then removed, rinsed sealilgnti
with IPA, Toluene, IPA, DI water, and then blowryavith a nitrogen jet. The

resulting array of divots is shown figure 4.2-B.

4.2.2.2 Positive-HF Etching.Hydrofluoric acid is a strong etchant for $jO
but has little effect on polymeric materials. Aseault, areas of a substrate underneath
a particle mask were protected, and the HF etchathd the polymer mounds into the
substrate. The depth of the etch was controllapline exposure time, however, long
exposure times resulted in a loss of resolutione HF partially etched under the edge
of the particle mask, causing the features to becoragular.

Positive-Etching Procedure. In this experiment, a randomly adsorbed particle
layer was used. A clean silicon substrate waseplaertically into 0.2 wt-% Imidazole
258 latex for one min, after which it was removedsed with deionized water, and
blown dry with a nitrogen jet. The substrate waentheated at 115 °C for 19 hin a
covered Petri dish. The resulting annealed partictay is shown ifkigure 4.3-A. The
substrate was then immersed into 5 wt % HF for, I6l®wed by a rinse with

deionized water, toluene, deionized water, andlfiveas blown dry with a nitrogen
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Figure 4.3 Positive etching using a particle maskA) SEM micrograph of the
random patrticle array after thermal annealing. (BEM micrograph of the array after
etching. (C) AFM micrograph of the annealed pdetimask. (D) AFM micrograph of

the array etched into the silicon substrate.
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jet. The configuration of the particles in theagrivas etched into the silicon substrate,

as seen ifrigure 4.3-B.

4.2.3 Gold Nanoparticle Adsorption

Patterned particle arrays provide an attractiveotdntially useful scaffolding
for the deposition of additional materials onto fagticle surfaces. Since the substrate
surface typically bears an opposite charge thapdnicles for the patterns created in
this research, nanoparticles can be selectivelgrbdd onto the particles or the
substrate. Gold nanoparticles were synthesizeddiogpto a known procedufeThe
surface of the nanoparticles were functionalizetth\@idifunctional thiol-carboxilic
acid. The thiol group binds to the gold particletsface allowing the ionizable
carboxylic acid functional group to extend intowan giving Coulombic stability to

the particle system at high pH.

4.2.3.1 Gold Nanoparticle SynthesisA 5.739 x 10>-M solution of HAUC}
was prepared by dissolving 0.2260 g of HAU@GH,O (Aldrich) in 100.0 mL of
distilled water. A 0.1699-M solution of trisodiucitrate (Aldrich) was prepared by
dissolving 4.998 g of trisodium citrate dihydrateli00.0 mL of distilled water. A 3.63
x 102 M solution of sodium 3-mercaptopropionate was areg by dissolving 0.39 g of
3-mercaptopropionic acid (Aldrich) in 25.0 mL ottliled water then adding 25.0 mL
of 0.145 M NaOH (1 eq.) and diluting the final soda to 100.0 mL. 250. mL of

distilled water was heated to reflux in a 500-mund-bottom flask fitted with a reflux
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condenser. A 25.0 mL aliquot of the HAyGtock solution was added, and the
resulting solution was heated to boiling. A 10.D atiquot of the trisodium citrate
stock solution, and 0.40 mL of 3-mercaptopropiatix sodium salt stock solution was
then injected into the reaction vessel. The reaatras allowed to reflux for 5 h during
which the solution turned from colorless to dart.rd he particles were then analyzed

by TEM, revealing an average diameter of 15 Rigure 4.4).

4.2.3.2 Adsorption Procedure.A substrate bearing a striped pattern of
Imidazole 258 latex particles was placed verticaltp the gold nanoparticle solution
for 4 hours. The sample was then rinsed with deezhwater and blown dry with a
nitrogen jet. The patterned region of the substnaid a slight red tint after particle
adsorption. The negatively-charged gold partielésorbed onto the positively-charged

latex particles as shown kigure 4.5

4.2.4 SiQ Nanoparticle Adsorption

Silica particles with an average diameter of 6 nemeasynthesized according to
a published procedufe Silica particles typically bear a negative chargsuspension,
and thus it was possible to adsorb a full laye8i@k particles onto the positively

charged latex surface by Columbic interactions.

4.2.4.1 Synthesis of Silica ParticleSilica nanoparticleBatch A Silica with

an average diameter of 6 £ 1 nm (30 measuremebtd) Were synthesized as follows:
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nanoparticles. The TEM micrograph shows a sample of the gold nartmtes

synthesized as described in the teSicale Bar: 50 nm.
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Figure 4.5 Gold nanoparticles adsorbed onto a striped pattof Imidazole 258
latex particles. Scale Bar: 100 nm. The inset (2% x 30um) shows an expanded view

of the striped pattern, and the white box outlittesmagnified region.
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0.21 g of TEOS (tetraethylorthosilicate, AldrichQ010 mol) was added to 100.0 mL of
deionized water with stirring at room temperatubdter stirring for 2 hours, 0.46 mL
of 0.50 mg/mL NaOH (5.8 x 10mol) was added. The TEOS:NaOH ratio was 174:1
and produced a 0.060 wt % suspension of, p@ticles. The suspension was allowed
to stir for 30 days before use.

A more concentrated batch of Si@anoparticlesBatch B Silica was also
prepared: 0.93 g of TEOS (0.0045 mol) was adddd@0 mL of deionized water
with stirring at room temperature. After stirrify 2 hours, 0.50 mL of 0.50 mg/mL
NaOH (6.3 x 16 mol) was added. The TEOS:NaOH ratio was 714:1paoduced a
0.26 wt % suspension of Si@articles. The suspension was allowed to stiB@bdays

before use.

4.2.4.2 Adsorption of Silica Particles.Substrates bearing linear patterns of
Imidazole 258 or 391 latex particles were verticallispended in a sample of IO
suspension for 2-3 hours. The substrates wererédreaved, rinsed with DI water and
blown dry with a nitrogen jet. The thickness of tiesulting Si@shell could be
controlled by varying the concentration of the srspon or the exposure timgigure
4.6-A shows Imidazole 258 latex particles encapsulatéaBatch A SilicaandFigure
4.6-B shows encapsulation wiatch B The textured appearance of the substrate
surface is not the result of Si@dsorption, but rather is caused from AuPd sputter

coating during the SEM sample preparation procedure
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Figure 4.6 Linear patterns of the Imidazole 258 latex afi@dsorption of SiQ
nanoparticles. Micrograph A shows a pattern after adsorption otdeA Silica, and

micrograph B shows a pattern after adsorption ofddaB Silica. Scale Bars: 100 nm.
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4.2.5 Formation of Silica Shells

Hollow silica particles can be synthesized by teatipg inorganic precursor
molecules or particles against polymer latex plgiand then burning or dissolving
away the polymer core!® If such an approach is performed using a threeedsional
HCP particle lattice, the resulting material cahibit nonlinear optical effects: *?
This method was used to transform patterned partichys of the Imidazole latexes
into arrays of empty silica spheres. The S3@ells, prepared as described above, could
be calcined by heating the patterned array at &0fof 3 hours. This treatment had two
effects on the patterned array: The individual S@rticles were annealed into a
continuous shell and the polymer core was oxideaedy and effectively burned out of
the interior leaving an array of hollow inorganiefis Figure 4.7andFigure 4.8.

For striped patterns of the Imidazole 391 latesigaificant amount of Si©
adsorbed to the substrate between the particle fngure 4.7-B). Surprisingly, SiQ
did not significantly adsorb to the substrate witapproximately 250 nm of a particle
line. This phenomenon can be explained by theepiesof water soluble
polyvinylimidazole (PVI) homopolymer in the originsuspension of 0.02 wt %
Imidazole 391 latex during the linear patterninggass. Immediately after deposition,
when the particle lines were still bridged by thettmg film, the dissolved PVI was
electrostatically repelled by the like-charged igéatlines, and deposited on the
substrate upon drying while maintaining a fixedipeter from the particle lines. Silica

was then adsorbed onto these positively-chargadregas well as the latex particles.
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Figure 4.7 Linear patterns of the (A) Imidazole 258 and)(Bniazole 391 latex after
adsorbing Batch-A Silica followed by calcinatiorEncapsulated particles in linear
patterns were calcined at 400 °C for 40 min, fokaoMby 2 h at 500 °C. The initial
heating step, below the decomposition temperatfitieeopolymer, allows the individual
silica particles to crosslink partially before tipelymer support is removed. Scale

Bars: 1um.
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Figure 4.8 Partially crushed calcined-silica nanoshell3 hese micrographs of shells
templated from Imidazole 391 latex particles shbgdrea where the substrate was
grasped with tweezers, revealing broken shelles&€hmages allow the void and the

shell thickness to be observed directly. ScalesBa00 nm.
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The Imidazole 258 latex was more rigorously cleathed the Imidazole 391 latex,

which explains why this effect was much less praowead inFigure 4.7-A.

4.2.5.1 Thermal Properties of the Imidazole 391 ltax. The decomposition
temperature of the Imidazole 391 latex particles m@asured using thermogravimetric
analysis (TA Instruments TGA). The latex was clehbe repeated centrifugation-
redispersion cycles and then dried under vacuuppréximately 13 mg of the latex
was loaded into the TGA sample pan and heated fomm temperature at a rate of 20
°C per minute to 600 °C. The onset of decompasibiccurred at approximately 350

°C with a derivative weight-loss peak at 440 Fy(ire 4.9).

4.2.5.2 Calcination Procedure.Samples were heated using a Barnstead
Thermolyne 1500 Series muffle furnace. The hegtmadile had an effect on the shape
of the resulting hollow nanoshells. To allow tlileca particles to form a cohesive shell
before burning out the polymer core, the sample® Weated according to the
following profile: 25 to 400 °C in 12 minutes; @OC for 40 minutes; and 500 °C for 2
hours. The furnace was then allowed to cool toré@mperature overnight.
Interestingly, some of the particles developed alkapening near the top of the shell
presumably necessary to allow the exit of the gas@ooducts during polymer
decompositionKigure 4.10.

If a faster temperature ramp was used, such ag 26 °C in 12 minutes, and

then sustaining 500 °C for 3 hours followed by al@own to RT overnight, the silica
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Figure 4.9 Thermogravimetric Analysis (TGA) of the Imidazol®3B latex. A 12.9
mg sample of cleaned, vacuumed dried latex wasm#ily ramped at a rate of 20
°C/min to 600 °C. The decomposition temperaturétfe Imidazole 391 latex was 443

°C.
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Figure 4.10 Silica shells with a chimneyOn the calcined Imidazole 258 substrate
(seeFigure 4.7-A), some regions of the substrate showed particlds small holes.
These holes presumably formed as the polymer dexstimm products were escaping

from the shell, suggesting that the shells are noogs. Scale Bar: 100 nm.
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shells apparently did not have time to sufficieratlgsslink before the polymer core

burned away and the shells had a deflated appeaféigcire 4.17).

4.2.6 Embedding Particle Arrays in PDMS

Interfacial particle films have previously been edfled into
polydimethylsiloxane (PDMS) elastomer following el-gransfer process. In this
method, latex particles were deposited at an iaterbetween-decane and aqueous.
After the agarose gelled, thedecane was replaced by PDMS and the patrticle lagsr
removed intact along with the elastomer after @urin

A simpler method was developed to embed lineaepattor transferred
interfacial particle patterns created in this resleavork, using Dow Corning Sylgard
184 Silicone Elastomer. This material was suppdie@ base silicone oil and a curing
agent that was mixed in a 10:1 ratio before udee Jatterned arrays of polymer
particles on silicon, glass, or stainless steetsates were placed face up in the bottom
of a Petri dish. Several grams of the premixddaike precursor were then poured into
the Petri dish on top of the samples. The Peth dias then placed uncovered into a
desiccator and a vacuum was pulled on the sample€30fminutes. This process
removed the air bubbles that were introduced inosample during the mixing process.
After the bubbling subsided, the surface becamg simooth and quiescent. The dish
was then removed and placed into an oven at 100:@X¥ernight. The elastomer was
then cut around the perimeter of the substratesemdved from the Petri dish still in

contact with the substrate. Because the void &itlee bottom of the substrates and

240



Figure 4.11 SiO, shells created on stainless steéin LB pattern of the Imidazole
258 latex was coated with Batch-A Silica and cadiat 500 °C for 3 hours. Omitting
the initial heating step at 400° resulted in cokepof the shells. In addition, the
substrate surface roughened, presumably by thetgrofunetal oxides.
Macroscopically, the color of the substrate turedwn after the calcination

procedure. Scale Bar: Am.
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the Petri dish became filled with the elastomeirduthe evacuation process, it was
difficult to remove the substrates from the digtiter the samples were removed, the
elastomer was carefully peeled away from the satestaking the particle pattern with
it. Scanning electron micrographs of an LB pattd@rimidazole 258 latex particles
transferred by the vortex method to stainless-stglestrates, beforé (andB), and

after C andD), embedding in PDMS, are shownhkigure 4.12

4.2.6.2 Stretchable Diffraction Grating. An Imidazole 258 LB pattern was
embedded in PDMS by the procedure outlined abdVe embedded array shown in
Figure 4.12-Cand-D was prepared in the same batch as the one us#ddgor
experiment. The film was stretched along the digplirection of the original
substrate. When placed into a beam of white lighiform diffraction color was
observed across the entire substrate at a shalewing angle. The color of the
diffracted light could be varied at constant viegvemgle and distance (approximately
15° and 30 cm respectively) by stretching the filim fact, it was possible to vary the
color from violet completely through the spectrunréd by this method. In this way,
the diffraction conditions for the grating were ngad by physically varying the grating
spacing instead of varying the viewing angle, ab&&iconventional grating. The

stretchable particle array behaved like a speabmscstrain gauge.
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Figure 4.12 Patterned array of Imidazole 258 latex partislembedded in PDMS
Elastomer. Macrographs A and B show an interfacial pattermgerred to a
stainless-steel substrate by the LB-vortex metididrographs C and D show pattern
prepared by the same process after being embedd@DMS elastomer and then being
peeled from the substrate surface. The partidesnty transfer from the substrate

leaving no visible residue. Scale Bargurh.
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4.2.7 Nanopore Synthesis

By combining the formation and embedding procedwapsattempt was made to
construct a PDMS surface with silica-lined por&sich a material would be interesting
because functionalized silane monolayers coulceleesvely placed onto the interior
surface of the pores. Unfortunately, these poeeaime filled with PDMS during the

procedure. The process is represented schemgtic&igure 4.13

4.2.7.1 Experimental Procedure.The process was performed using a
randomly adsorbed layer of Imidazole 258 latexiplad on clean glass. The substrates
were first placed vertically into 0.2 wt % latex f80 minutes, rinsed with deionized
water, and blown dry with a nitrogen jet. The dtdies were then placed vertically
into a sample of Batch-A Silica for 2 hours, ringeth deionized water, and blown dry
with a nitrogen jet. The samples were calcinedutbned inSection 4.2.5.2Figure
4.14-Aand-B show the resulting layer of silica shells. Thelshwere then embedded
in PDMS elastomer as described above. It wascdiffto remove the PDMS film from
the glass substrate. Although the shells fractuesving the majority of the shell
embedded in the PDMS filnfrigure 4.14-Cand-D), the PDMS film also cohesively
failed near the base of the shells leaving behmallsdeposits on the glass surface
(Figure 4.14-Eand-F). In addition, the broken shells appeared tolkegfwith the

elastomer, which likely occurred during the degagsitep of the PDMS preparation.
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Figure 4.13 Attempt to produce patterned Si@anopores embedded in PDMS.

Experimental results are shownhigure 4.14
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Figure 4.14 Experimental results of the nanopore synthesMacrographs A and B
show calcined Sigshells using a randomly adsorbed layer of ImidaZ288 latex
particles on clean glass as a template. Microgaghand D show the shells after
being embedded into PDMS elastomer and pealed therglass surface. Micrographs
E and F show the residual Si@nd PDMS left on the substrate. The shells analyi
fixed to the substrate after the calcinations pssceAs can be seen, fracture occurred

above the point of contact with the substrate.
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4.2.8 Deposition onto Patterned Substrates

The following approach combines top-down substpatéerning with bottom-up
particle patterning. A significant amount of wdrés been done in the area of colloidal
particle adsorption onto a substrate that has beemically patternedf: *> 1% 1|n
these processes, a substrate surface is pattertieBDMS stamp inked with an
appropriate silane or polyelectrolyte. By thencpig the chemically heterogeneous
surface in contact with a suspension of colloidatiples, selective adsorption occurs at
the substrate regions that bear the opposite sudaarge and the particles are repelled
by the substrate regions bearing the same ch&gen though the particle array takes
on the pattern stamped onto the substrate, thelparsequentially deposit onto the
substrate by random adsorption. As a result, tisene high degree of ordwithin a
patterned regiofi’ By combining the stamping method with the LB & transfer
method described i@hapter 3, the particles may be put into an ordered stadietlaen
selectively transferred to the substrate regiosibg complimentary surface chemistry
(Figure 4.15. The following proof-of-concept experiment wasfprmed to

investigate this possibility.

4.2.8.1 Experimental Procedure.A patterned PDMS stamp was obtained
through collaboration with another research grfuppproximately 2 drops of SPCTS
stock solution (2-(4-chlorosulfonylphenyl)-ethytthiorosilane, Gelest, 50 wt %
solution in toluene) was added to 10.0 mL of anbydrtoluene in a Petri dish. The

patterned PDMS stamp was placed into the solubod® seconds, removed, and
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Figure 4.15 Schematic illustration of LS deposition onto pattexd substratesThe
LS transfer substrate was functionalized with @graed SAM using a PDMS stamp.
The substrate was then used to perform an LS &gn&sulting in particle adhesion to

the patterned regions.
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blown dry with a nitrogen jet. The stamp was thiesed with methanol and toluene to
remove any aggregates and allowed to dry in aigpproximately 30 minutes. The
stamp was then pressed onto a clean silicon wabstiste for 5 seconds and removed.
The native surface film on a sample of 0.2 wt %daziole 258 latex was then
compressed to a surface pressure of 20 mN/m usengéechanical trough. The
patterned substrate was used to perform a manutbbSfer. The transferred particle
film was then rinsed with DI water and blown drythva nitrogen jet. The resulting
patterned array is shown figure 4.16 The bare silicon substrate and the SPCTS-
treated regions both bear a negative charge. rAsudt, some patrticles still adsorbed
onto the bare substrate. The particle orderingiwia chemically functionalized region
of the substrate was superior to examples fourldniterature® *” *# *however, the
selectivity was not as good due to random adsorgtdhe regions of bare silicon.
This experiment demonstrates that by combiningtsatesstamping with Langmuir

transfer processes, patterns with a higher dedreenaplexity could be attained.

4.2.9 Microscopy and Analysis.

Scanning electron microscopy was performed usidig@L 6300f or a Phillips
XL-30 SEM. All of the SEM samples were sputterteokwith a thin layer of gold
palladium alloy (Polaron E5100 SEM coating unitjriake the surface conductive.
Optical microscopy was performed using an OlympHi& Bptical microscope, fitted
with a PAX-it CCD camera imaging system. Opticadl acanning electron micrographs

were analyzed using ImagdéJ¥ersion 1.34s. Atomic force microscopy was peried
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Figure 4.16 SEM Micrographs of an LS transfer onto a pre-ftarned, chemically
heterogeneous substrat€A) The squares of the grid are SPTCS-treated,enthi
grid lines are untreated silicon. (B) Grid-lineg®n at higher magnification. The
ordered Imidazole 258 latex particle film transtdrto the SPTCS-treated region,

while the bare silicon randomly adsorbed particl&cale Bars: 100 and 16n.
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using a Digital Instruments Nanoscope E, LFM-2, AR#l Images were processed

using WSxM?° version 4.0 develop 8.6.

4.3 Conclusions

A variety of methods to increase the complexity patential usefulness of the
self-assembled particle arrays created in thisarebeproject were investigated.
Although not entirely successful, these experimegpsesent possible future directions
if this work were to be continued. In most of theamples presented, only a few
experiments were performed to see if a particulathwd was feasible for further
development. Many of the attempted methods prativesults that would merit further

investigation.
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Appendix A

Langmuir Trough Construction and Isotherm Data

Processing

A.1 First Generation Dipping Apparatus

Parts from a discarded Isco Foxy Fraction Colle(arial # 121255) were used
to construct the dipping apparatus. The right-@fidearriage assembly, which moved
along two steel rods and was driven by a DC matonected to a toothed belt drive,
was removed and adapted for up and down motiosimile driver circuit was
designed and constructed to drive the unit. Adirszale was placed on the side of the
unit to allow recording of exact start and stopifp@ss. A magnet was placed on the
side of the movable carriage to hold a pair of-ketking tweezers in a vertical
position. The unit was fixed to a brick for stalyibs shown irFigure A.1. In spite of
the crude design, the unit functioned surprisivg®l. The dipping rates were
calibrated by measuring the amount of time theiagertook to traverse known
distances using a stopwatch. The dipping ratekldmiset by varying the resistance in

the controller circuit.

260



NIMIA

COVENTRY ENGLAND

ACE PRESSURE
SE'?DR

Figure A.1 Manual trough and the first generation dippeiThis picture shows the
typical geometry for the manual trough experimeritee scale on the side of the trough

is in cm.
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A.2 25 mL Manual Trough

A 25-mL manually operated Langmuir troudfigure A.1) was milled from a
1"x 3"x 5” Virgin Electrical Grade Teflon RectangulBar (McMaster Carr, #8735
K72). Simple drawings drafted to describe the disiens of the trough and movable
barriers were given to the Lehigh Physics Departrivachine Shop, where the Teflon
milling was performed. A Wilhelmy plate surface tension transducer (NIMApe
PS3) connected to a NIMA tensiometer display umis wsed to collect surface pressure
measurements. Voltages from the display unit wenéed from the plotter port into an
analog to digital converter (Vernier Serial Boxdriaice) connected to a PC. The
sensor was calibrated and data were logged usingérd.ogger Pro Software Version
2.2. Data points were collected at regular digtantervals while manually advancing
or retracting the barrier. Surface pressure-aeierms collected by this trough were
crude, however, this trough produced some valuddil@ and was a significant stepping

stone toward understanding the particle self-askegylstems.

A.3 Wilhelmy Plate Theory and Operation

Central to the study of the behavior of interfadilahs is the ability to measure
the surface pressure of the interface accuratlgumber of methods have been
devised for doing this, but perhaps the simplesblires a Wilhelmy plate attached to a
microbalance. The Wilhelmy plate is partially swdyged through an interface and

changes in downward force are measured by the bataonce. Wilhelmy plates can be

262



made from a variety of materials such as platincenamic, or paper. The condition is
that the liquid must make a stable and known caom@tagle with the plate. For this
reason, chromatography paper is widely used adlzeWiy plate material because it is
inexpensive, highly porous, and since water coreptetets the surface, has a contact
angle of 0°. This also simplifies the math, asahgle term drops out. Surface tension
arises from the summation of the unbalanced intkroutar forces of molecules
comprising an interface. Surface tension is deffiag the work required to expand an
interface per unit area at constant temperatw@eisothermally. The Sl unit for work
(N-m or J), and the corresponding unit of surfaeeion is N-m/fhwhich simplifies to
N/m. Because the magnitude of the work involvegkiatively small, measurements
are typically recorded in mN/m. The cgs unit, d§/oen, is equivalent to mN/m
because 1 dyne is equal t6° such that 1 mN/m = 1 dyne-cmfm1 dyne/cm.
Assuming the thickness of the Wilhelmy plate isliggigle compared with the width,

the change in surface tensidy, is equal to,

Ay=" Al
y o (A1)

in which AF is the change in force measured by the microbalandw is the width of
the Wilhelmy plat&. Impurities, such as surfactants at an interfdeerease the surface
tension of the native interface. Surface pressudefined as the decrease in surface
tension from that of a clean interface. For examiplthe surface tension of a particular
surface film on water were 52 mN/m, that would espond to a surface pressure of

~20 mN/m since water has a surface tension of 78N at 25 °C. In this way, an
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increase in the concentration of surface activesgat the interface results in an

increase in the surface pressure.

A.4 Second Generation Dipping Apparatus.

A stepper motor with a 50:1 gear ratio (Nippon Busnerica Inc., PF35T-
48C1G1/50-M) was used to drive a linear belt onclta pair of self-locking tweezers
was fixed. The dipping unit was supported by an8dkle adjustable arm (Bogen),
which allowed the apparatus to be held in any ddgposition. The unit was interfaced
using a stepper motor controller board (BiStep A®&er Norberg Consulting)
interfaced with a PC. Simple software routinesemegritten in Microsoft Visual Basic

6 and Microsoft Quick Basic 4.5 to control the digpapparatus.

A.5 Mechanical Langmuir Trough Construction

Some of the concepts used in the design of thiggtr@~igure A.2 andFigure
A.3) were patterned after a description given in oh&weyard’s publication$,and by
studying commercial troughs manufactured by NIRMAhe drawings shown iRigure
A.4, along with most of the needed materials, werergteethe Physics Department
Machine Shop. The body of the trough was millesfra solid 1 x 3 x 7” bar of virgin
electrical grade PTFE (McMaster Carr, #8735 K7ZIhe inner trough was 140 mm in
length, 50 mm in width, and 6 mm in height. A 2&rndiameter hole was drilled in the

center of the trough which was able to accommodatielg, well, or window,
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Figure A.2 The mechanical troughThis picture shows the mechanical trough with

the central window installed. The window can bglaeed with a plug or dipping well.
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Figure A.3 Mechanical trough with the surface pressure trsducer. This picture

shows the typical geometry used for performing exm@nts with the mechanical

trough. The trough was usually operated in sirigderier mode.
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Figure A.4 Drawings used for the fabrication of the mechaal trough. The

following set of drawings show the precise measergsof the trough.
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depending on the desired function and applicatidch@experiment to be run. The
body of the plug, well, and window were construdiedn a 1-1/8” diameter virgin
electrical grade PTFE rod of 1’ length (McMastertC#8546 K265). Two sets of
trough barriers were constructed. The first waderfeom a square 3/8” thick 1’ long
bar of virgin electrical grade PTFE (McMaster C#8737 K15) and the second was
made from a square 3/8” thick 1’ long bar of tyX38 3tainless steel (McMaster Carr,
#8986 K141). The trough was mounted on a ¥ incdk @dluminum base plate. A dual
linear rail assembly was constructed from a 3-mm)(@ardened precision metric steel
shaft, (400 mm length, McMaster Carr, #6112 K1ppruwhich the two barrier
carriages moved. The barrier carriages were caststifrom two 0.5” square
aluminum bars and four 3-mm (ID) fixed alignmemielar steel ball bearing assemblies,
(McMaster Carr, #61205 K31). The trough was poddrg a stepper motor with a
70:1 gear ratio (Nippon Pulse America Inc., PF38GAG1/75-M). The head of the
stepper motor was fitted with a miniature MXL ser&duminum timing-belt pulley with
a 0.685” (OD) and 20 teeth (McMaster Carr, #1379Xahd an identical belt pulley
was used at the opposite end of the trough to texegpon. An MXL series neoprene
rubber timing belt with a 0.08” pitch, an 18” outgrcle, and a 1/4” width (McMaster
Carr, #7887 K9) was used to transfer motion fromriotor to the barriers.

A stepper motor controller board from a 5.25” flgpirive was adapted to run
the main barrier drive stepper motor. These boeadsbe conveniently controlleth a
computer parallel port with an easy to construtdriiace cable. A commercial

Wilhelmy plate film balance (Nima, model #PS3) wagsd.
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A.6 Software Development

Software programs were written in Microsoft QuickBIE and Visual Basic
6.0. The role of this software was to provide igasle interface for controlling the
stepper motors, interfacing the Wilhelmy plate s@urcer, and logging simultaneous
barrier position and surface pressure data. Tdreabvoltage from the Wilhelmy plate
transducer was converted with a Vernier Serial Bosrface (SBI) analog to digital
converter. A collection of software helps callad SBI Toolbox was downloaded from
the Vernier websit8. Useful subroutines from this collection wereiméH in the

interface software.

A.7 Barrier Modification

The trough was designed to have two sets of movadrigers with different
wetting characteristics to be switched when appatgr Unfortunately, neither the
Teflon or stainless steel barriers were effectiveraventing barrier leakage with the
2.7um particle films. Leakage occurred at the intetisecof the barrier with the
trough edges. Leakage would occur when surfacespres exceeded 20 mN/m. The
stainless steel barrier was modified by first esicig it with wet dialysis tubing and
then wrapping both edges with Teflon tape. Thédmotedge of the Teflon tape met
flush with the trough edge. The resulting compobarrier proved to have superior

leakage suppression, as no detectable leakagebsassed.
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A.8 Accurate Surface Area Determination.

Because the volume and surface area of the troegé o small, measurements
were susceptible to error introductivia edge effects that are considered insignificant
for larger troughs. Because the Langmuir trougbhgypically slightly overfilled, the
true surface area of the air-water interface igdathan the surface area of the trough
rim. In order to calculate the true surface areth® air-water interface, the surface
area of the curved regions where the interfaceact®ithe trough rim must be
approximatedKigure A.5). The surface was divided into several regiofst a
meniscus height ofhabove the trough edge, the area of region A isrtbst simple to
calculate since this region is planar and equédite d, — d,) - (dv — 2d,). The area of
region B can be approximated by assuming it istsetuof a cylinder with a center
(CXx, Guny), a radius#, a sweep angle éf,, and a length of 2(é- d,, — d,). The
distance g describes the distance from the edge of the trowghwhich the surface is
non-planar and is equal tg rsinPm). The area of region C depends on the wetting
characteristic of the barrier that is installecr & hydrophilic barrier with a very low
contact angle such as the composite cellulose REFfer, the surface area can be
approximated as a quarter cylinder with a radiud,@nd a length of @ For a barrier
with a contact angle near 90°, such as the staisie®| barrier,.o= 0 and the area of
region C is included in regions A and B. For atmyathobic barrier such as PTFE, the
area of region C can be approximated as a subsetyiinder with a center (&, Gyy),

a radius g, a sweep angle @f, and a length of,d In this case, the distancgislequal

to 1, sinfy). The surface area of region D can be calculasgny the same
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Figure A.5 Surface area determinationThe following set of figures show the
parameters used to calculate the surface area®ttirved liquid interface of the

overfilled trough.
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approximation used for region B except using andgr length of (g — 2d,). Region E
is the most difficult to calculate because it h@a®mplex curvature in two axis. This
region can be calculated by assuming its area eapproximated as a surface of
rotation. The radius of curvature of the corndrthe trough, ¢, is constant and equal to
5 mm. This curvature may be defined to lie inxheplane. The curvature in the x-z

and y-z plane can be described by the equation,

F=yy>=-x*-r (A.1)

The surface area, SA, of region E can thereforeabmilated as,

2
SA= nj:’ 1—(3—Fj dx
X
(A.2)

which accounts for both E regions. This approxiaorafor E provides a continuous
surface between regions B and D.

For example, if the stainless steel barrier wataited and the trough filled to a
meniscus height of 3 mm, the regions would havddhewing areas: A = 4600.0
mn?, B = 1407.8 mrf C = 0 mn3 (because the barrier contact angle is 90°, the a@fre
region C is included in A and B), D = 244.8 mrand E =53.4 mf for a total trough
area of 6306.0 mf If the nominal operational trough area (60003mwere used, it

would have introduced up to 5 % error into thehsotn measurements.
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A.9 Isotherm Data Treatment

The Vernier Serial Box Interface analog to digdahverter has 12-bit
resolution. Since only a small portion of the fahge is used, the logged data takes on
a blocky appearance. A moving average was peridtmevercome these artifacts.
The moving average was performed by averaging dmadber of sequential data
points and recording the mean value as the cgmtrat in the averaged data set. The
process was then repeated for every point in theeskt. A moving average causes (n-
1)/2 data points to be omitted from the beginnind and of the data set, and can
broaden or remove small features in the dataBetminimize these undesired effects,
the number of points used in the moving averageldhme set to the minimum value
necessary to achieve acceptable results. Mobkealata sets in this research were
processed using a 9-point moving average. Sesgtratic acid isotherms processed by
increasingly wider ranges are showrFigure A.6. Each apparent data point in the raw
data set is actually a superposition of multipleagmints. As a result of this artifact,

the total number of data points appear to increatiee averaged data sets.
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Figure A.6 Surface pressure-area isotherm data treatmeifitis sequence of figures
show the effect of using an increasingly wider datege for the moving average of the
isotherm data. The isotherm shown is stearic atia@n air-water interface. As the

range widens, the resolution of the data is lost.
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Appendix B

Additional Details of Data Analysis

B.1 Particle Size Characterization.

This section describes the method used to chaizetearticle size by scanning
electron microscopy. The latex was first diluteithviDl water. A drop of the diluted
latex was then placed onto a clean silicon or gdagstrate. The sample was allowed to
dry or the droplet was wicked away from the surfaseg the edge of a Kimwipe®
depending on the degree surface coverage dedwatlrally, allowing the entire
droplet to dry on the surface would create a comatsd sample that would likely have
large clusters depending on the concentrationefittuted drop. The proper sample
preparation scheme was therefore adjusted on sgmeple basis to achieve accurate
results. In order to perform particle size analyaisample with a high coverage of

well-isolatedand -spacegarticles is desirable. After the latex was pthoa the

substrate surface, it was sputter-coated withralétyier of gold-palladium alloy to
render the surface conductive, using a Polaron @SHM sputter coating unit. A 15-
second exposure at ~25 mA gave the desired mirgorédce coating. If this step was
not performed, the surface of the electrically lasng polymer and silicon surfaces
charged up once in the SEM and subjected to tlotretebeam, thus making the image

blurry and impossible to be focus. Several imagesach sample were taken at the
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same magnification. For particles with diametearghe range of 200-500 nm, a
magnification of approximately 10 to 20 k was appiate for measurements of particle
size. The goal is to maximize the number of weparated particles in the image while
keeping the individual particle size in the imagege enough to obtain an accurate
measurement. Once the images were captured aad aavtif files, they were

analyzed using Image J version 1.348ven though “tif files take up more space than a
compressed image file such as a .jpg, the .tif gastgperior quality image with no loss
of data due to compression.

Using this software, the scale bar region of theragraph was magnified and
the line tool was used to draw a straight line wiitt same length as the scale bar.
Then, by using th&et Scaleoutine in theAnalyzemenu, the software is calibrated to
the image scale. The image was then converte@ibitimage (the image must be in
this format for subsequent processing) usingriage > Type > 8-BiRoutine. The
Image was then converted to a binary black andenimtige using th&hreshold
routine found in thémage > Adjustmenu. The threshold contrast was adjusted until
only the particles were totally masked in red, rafigplying the mask, a black and white
image resulted. If the background had specks ceeygbof four pixels or less, the
Despeckleoutine found in thérocess > Noisenenu was used. If some particles in
the micrograph were touching, they would be coulated single larger particle. To
avoid this misassignment, tNe¢atershedroutine was run, found in tHerocess >
Binary menu. This routine separates the particles im#éo& region with a thin white

line. After performing the above steps, the imags analyzed.
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Using theSet Measurementsoutine in theAnalyzemenu, the following
methods were selected to be used to measure thegdrameter:Area, Bounding
Rectangle, Fit Ellipse, Perimeter, Feret's DiametefArea gives a measurement of the
area of each individual particle measured. Thendtar can be easily calculated from
the area in MS-Excel using the simple equation Zsgrt(A/r). TheBounding
Rectangl€fits a rectangle around each particle and outihetsoordinates of the upper
left-hand corner(BX, BY), and thewidth andHeight of the rectangle. For a spherical
particle, both th&Vidth andHeight provide a measure of particle diameter. Thenfitti
rectangle is always oriented parallel to the vattand horizontal dimension of the
image. Therit Ellipse places a best fit ellipse around each particlerahgns the
Major andMinor axis length of the ellipse, as well as fgle the major axis makes
with the bottom edge (x-axis) of the image. Fapherical particle, th®ajor and
Minor axis lengths provide a measure of particle dianmatavell. ThdPerimeter
measurement can also be used to measure the @aitacheter in MS-Excel using the
equation D= RB{. This measurement always seemed to give a viahiemMas much
higher than the total average particle diameteichvinay be an artifact due to the
pixilated edge of the particle, and for that reag@s not routinely used. The effect was
minimized by imaging at higher magnification, satteach particle is represented by a
larger number of pixels. The final measuremer@Fret's Diameter also called the
caliper length, is a measurement of the longesanice between two points on the
perimeter of the particle. This method also tylycgives values much larger than the

total average particle diameter, again likely duéhe pixilated edge of the particle.
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This method gives accurate measurements of padiataeter only for very clean well-
imaged micrographs. For these reasonsk-#ret’'s Diameterwas also not routinely
used.

For a typical measurement of particle size, thiovahg method was employed.
The Set Measurementsoutine was typically set tArea, Bounding Rectangle, and Fit
Ellipse. This provided 5 independent diameter measuresrfieneach particle. The
Analyze Particlesoutine was then selected in thealyzemenu. Thévlax andMin
size were set so that only particles in the degireds size range were measured (i.e.,
noise from background texture and particle clustene excluded). Th&howoption
was set tdutlinesor Masksto show which particles were included in the
measurement. THeisplay Results, Clear Results, Exclude on EdgasdFlood Fill
check boxes were checked. After clicking, the image was analyzed and the results
window displayed 9 columns of output dataunt (unlabeled) Area, BX, BY, Width,
Height, Major, Minor, andAngle. Using theCopy Allcommand in th&dit menu of
the Resultswindow, the data were copied and pasted into aBM&:| spreadsheet.

This process was repeated for each micrograph tochaled in the
measurement, each time adding the data to the spr@adsheet. Once all of the
images were analyzed, the diameter was calculated the area measurements and
placed into a column entitledrea Diameter The columns of interesiMidth, Height,
Major, Minor, Area Diamete) were averaged and the standard deviation caézllat
For measurement of complex distributions,, a Plar&tze macro for MS-Excel

(Available from the Emulsion Polymer Institute agHigh University) was used. The
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columns of interest were copied and pasted int@#ta Pointspage. The data
columns were arranged into a single column labBiedheter, sorted into ascending
order using th®ata > SortRoutine, and indexed (1, 2, 3, ...) in the adjacefumn.

The particle-size distributions were then calcuddig pressing thBrocess Datdutton
on theSummarypage of the macro. The formulas used for the mdiffedistribution
measurements are givenAppendix C. The size distribution can then be graphed by
plotting the values in the Diameter column as #&lgimm in MS-Excel or Microcal

Origin.

B.2 Nearest-Neighbor Analysis

Nearest-neighbor analysis was performed with Spatialysis Utilities and
ImageJ. The micrograph was first opened and @dkbdrin ImageJ. In order to obtain
precise measurements and separation-distanceédigtns, the image was always
calibrated in nm. The image was then converteaht8-bit grayscale image and
thresholded as described in the previous secfldns routine in ImageJ allowed the
software to differentiate between particles anckbgemund. This process involves
changing the image to a 2-bit black-and-white imageé adjusting the gray value
threshold below which a pixel will be black and abaovhich it will be white. After
applying the threshold routine, additional stepsentaken if necessary to clean up the
image as described in the previous section. dfgel number of specks smaller than 4
pixels existed in the image, tbespecklaoutine was run. If some of the particles

appeared to be hollow rings after the threshold@gulare (a common focusing artifact
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seen with optical micrographs) thél Holes procedure was run. If any particles were
touching one another, tWgatershedorocedure was run to separate the particles.r Afte
an acceptable 2-bit image was produced, the asalas continued. First in tiSet
Measurementsoutine, theCentroid option was selected and all others were deselected
TheAnalyze Particlegoutine was run and the upper and lower limitsensat above

and below the area in pixels of the desired pagiclThese nhumbers were adjusted to
include all of the desired particles while excluglgross particle clusters and small
particles or noise. The Analyze Particles outpas waved as a text file and opened in
MS-Excel. The first column showed the particle tiemindex. This column was
deleted, and the remaining two columns were shiftetie left. Then column labels in
row 1 were then deleted and the data was shiftdayugme row (the data must be put in
this format to be accepted by Spatial Analysisiti#g). The file was then saved as a
text file. The text file contained the x and y odioates (in nm) of the center of mass of
every particle in the original image. A new ne&rgsghbor analysis was started using
Spatial Analysis Utilities. The text file was Immped, Displayed, and Processed and the
data was output using the data log buttdhftdm left) using a bin size of 100 nm. The
histogram data was saved and copied into MS-Exbefgvmultiple runs were plotted

on the same graph. This process was followedlfthe@nearest-neighbor data in

Chapter 3.
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B.3 Assignment of Miller Indices to an HCP Array

The diffraction pattern used for the measuremgmnted inFigure 3.32is
shown inFigure B.1. The distance between each diffraction spot hadrtain beam
(00) were measured. Diffraction angles were cated using the ratio of this distance
and the projection length, which was 10 cm. Ther#particle spacind), in the
original image was calculated using the equation,

_ mlA
" sin(@) Gin(@)

(B.1)

in whichm s the order of the diffraction spot (i.e. for {#9) spotm = 2),1 is the
wavelength of the incident laser (633 nih)s equal to the diffraction angle, ands
equal to 60° for the {10} lines, 45° for the {11ipks, 20° for the {21} lines, and 15° for

the {31} lines. Figure B.2 shows the families of particle lines responsilolethe

different diffraction spots.
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Figure B.2 Families of particle lines responsible for prading the diffraction spots.
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B.4 References and Notes

! ImageJ analysis software is available free of g@at http://rsb.info.nih.gov/ij/.

2 Spatial Analysis Utilities is available free ofarge at

http://www.archeogr.unisi.it/infapp/saul/.
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Appendix C

Useful Equations and Conversions
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For Gaussian Distributions

x|
1
Z||—\
M=
X

PDI = My
M

=CV?+1

N

o =Standard Deviation

CV = Coefficient of Variation

PDI = Polydispersity Index

Dn = Number Average Particle Diameter

My = Number Average Particle Size or Molecular Weight
Mw = Weight Average Particle Size or Molecular Weight
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Particle Size Distributions
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