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SUMMARY

This dissertation describes the use of spherical core/shell type micro- and
nanoparticles as building blocks for the fabrication of colloagstals. The polymer
component used in all of the projects that are described herein isNpoly-
isopropylacrylamide (pNIPAm). The polymeric identity of particlesnposed of this
soft, hydrogel material, which is also thermoresponsivetribomes to the self-assembly
of such particles to form ordered structures. Chapter 2 examines a charamterizat
technique using fluorescence resonance energy transfer (FRET) to investgate th
structure of particles that possess a core/shell topology. Chaftérsnvestigate
strategies to impart both hard (dense core) and soft (flexibl® ghmeperties to the
particles by using styrene as the main component in a copolymtéesis with pNIPAmM
(pS-co-NIPAm particles). The resulting crystal assemblies, which couldobeed by
simple drying procedures, were demonstrated to be robust and their application as
processable, photonic inks is also investigated. Chapter 7 examindslitget@ cross-
link these crystals together by simple heating methods to producd fitngs and the
optical properties of these crystal films could be tuned by singplgdration. Chapters 3
and 5 examine the synthesis and self-assembly strategies of coredsidépusing the
properties of pNIPAm shell layers that have been added to different typeseof co
particles (silver or p&o-NIPAmM) for the purposes of fabricating colloidal crystals using
thermal annealing procedures. Chapter 8 explores the use of silver pasi¢tacers for
the characterization of colloidal crystals composed of thermally annealemdabll

crystals composed of pNIPAmM hydrogel particles.

XVi



CHAPTER 1
INTRODUCTION TO COLLO IDAL CRYSTALS AND THE
ADVANCEMENTS IN FUNCTIONALITY AND ASSEMBLY USING

CORE/SHELL PARTICLES AS BUILDING BLOCKS

1.1 Introduction

The ability to fine-tune the properties of micro- and nanoscale polymeric
materials increases the diversity of their use in the field ofteahnology. Specific
synthetic techniques are typically necessary to control the introdwdtisuch chemical
functionalities to achieve new properties. Particular synthetsigds can also be
employed to introduce multiple functionalities that can be ibedlwithin the structure
of the material to serve distinct purposes. One type of micro- angbandicte topology is
the core/shell configuration, where different localized functiolealiare provided by the
specific identity of these distinct regions.

The specific types of core/shell particles that will be disaigsehis work are
composed of hydrogel-forming polymers. These colloidal matgy@sess many unique
properties based on the their structural désigmd have demonstrated their usefulness
in many fields, including biomedicifié and drug delivery:*>** The main objective of
this work will be to use core/shell particles to produce colloidal asgsnfdlhe main
constituent of the hydrogel particles that are investigated herein is-Npoly
isopropylacrylamide (pNIPAmM), which is a temperature-responsiwlynger. Such
responsive properties are particularly beneficial for many offmications described
above**?

Uniform spherical particles can also be assembled into 2D andrdBgaments
as a result of specific interparticle interactions. These asssdan demonstrate optical

diffraction due to their long-range order and dielectric periodiéit§.Such assemblies



are classified as colloidal crystals and can be fabricated by a varisif@ssembly
techniques. The thermoresponsive properties of pNIPAmM particles can algpldiece
to fabricate ordered assemblies via self-assembly using thermal anneatiagyres>*®
The focus of the present work is to gain a fundamental understanding of tleatappl
of well-designed core/shell micro- and nano-particles as ibgiltdlocks for colloidal
crystals to enhance their self-assembling capabilities, listal@nd their potential as

photonic components for optical applications.

1.2 Advanced Assemblies Using Hydrogel Micro- and Nanopatrticles

1.2.1 Core/Shell Micro- and Nanopatrticles

Spherical polymeric micro- and nanomaterials serve as usefuirecissdue to
their ease of synthesi&?* which can yield particles that possess a myriad of functional
groups. These functionalities can be included as comon&miethe polymeric synthesis
or can be attached using post-polymerization modification procetfures.
multifunctional core/shell construct can be achieved by employing consecutive
synthese$?° or utilizing other synthetic desigh§°

The method of aqueous, free-radical precipitation polymerization igydarty
useful for the synthesis of colloidally stable core/shell particgsguthe temperature
responsive polymer pNIPAm. The polymerization is typically performed 7 °C,
which is well above the entropically-favored phase transition of the AxNIPolymer,
which occurs at temperatures above the lower critical solution temperature)(k@2ST
pNIPAmM polymer (~31 °C). As oligoradicals form in solution during t&lsesis, they
phase separate at temperatures above the LCST to form collapsed, insoliler pol
globules that can act as nucleation sites for additional polymer gfdtthSpherical
particles can be created by using a cross-linking comonomer to form a polgtnerk

that retains its shape upon swelling. The resulting particle adopts amswoiiformation



at low temperatures due to hydrophilic interactions, where hydrogen bonding occurs

between water and amide groups along individual polymer chains. As the atunpes

increased above the polymer LCST, hydrogen bonding with water is disruggatiing

in an entropically favored expulsion of water from the polymer matithe same time,

hydrophobic and hydrogen bonding interactions occur between neighboirymepo

chains, inducing the particles to undergo a volume change as a function of tereperatur
pNIPAmM particles are largely solvent-swollen at temperatures lokaar the

LCST of the polymer due to hydrophilic interactions of polymer chains. HoweA®m

the particle is in its deswollen state, polymer-polymer interactiamsirchte. These

polymer interactions that occur during the volume phase transition of pNIPArclgmrti

is advantageous for the formation of a pNIPAm shell, since deswollen pNIRAiTigs

can be used as nucleating “seeds” to promote further polymer gfo?®tiiThe resulting

core/shell particles retain there volume phase transition beh&awever, the core has

been demonstrated to undergo some degree of compression by theé>3fielhe

characteristics of these soft, hydrogel pNIPAmM core/shell materiale Heeen

investigated extensively®® and interesting constructs have been prepared, such as

hollow particled®*® and permselective shefls, by taking advantage of this facile

synthetic process.

1.2.2 Colloidal Crystals

Spherical nanoparticles have been observed to adopt ordered configutfagions
resemble atomic crystal structufé$? usually demonstrating face-centered cubic (fcc),
body centered cubic (bcc), and hexagonally close-packed (hcp) arrangements, although
other diverse structures have also been obtained using binary mixturesicégart®
These crystal structures demonstrate the same type of Bragg diffraetias éxhibited

by atomic structures. However, the diffraction energy associatedcuodithidal crystals



composed of nanoparticles is commensurate with the particle size, asstientenl by a

modified Bragg’s law of diffractio®*’

m =2ndsin | (Eq.1.1)

where is the wavelength of lighty is the effective refractive index of the mediudrs
the lattice spacing, is the angle of incident light relative to the lattice pland,rams the
diffraction order (where m = 1,2,3...). The effective refractive index for aarigsgiven

by a weighted sum of the individual componé&titsgiven by,

= 1
r]eff 1 na a (Eq1.2)
a=1

wherengt is the effective refractive index of the sample, based on the refractiveahdex
each component times the volume fraction (©f each component. Theoretical
investigations have demonstrated that three-dimensional stru¢haegossess these
types of refractive index periodicities can exhibit unique, well-bethawptical
properties’>! The lattice spacing of the crystal can be related to the size of thalcryst

building blocks by

_ 141D
k! ~ (h2 +K2 +|2)1/2 , (Eq. 1.3)

whereD is the diameter of the particles ahdk, and| are the Miller indices for the

crystal lattice plane.



The optical properties of photonic materials can be employed in a wigkyvaf
applications, such as sensdt3?* optical filters and switches, and even separations
strategies>® Other components that also interact with light, such as fluaresges>®
organic semiconductor materidls’® and quantum dots®® have been investigated by
their inclusion into colloidal crystals. Colloidal crystals casoabe fabricated to offer
large contrasts in refractive index, which can provide moreiefti components for
optical devices (e.g. waveguides, filters), by reducinge®s® light intensity>*°°
Conventional waveguides rely on total internal reflection betwésidmg materials of
different dielectric constants. However, this reflection idialift to attain with some
structures when sharp bends or other designs are required for on-chigcicColloidal
crystals offer a distinct advantage to these conventional mateedsise of their ease of
assembly and their potential to form photonic band gap mat&tials.

In order to produce colloidal crystals that can successfully be usedhdse t
purposes, it is necessary to maintain control over the assemibly pérticles. The main
objectives are reproducibility and the minimization of structural deféets affect the
optical properties of the material. Self-assembly approacheseaoffestinct advantage in
that they are efficient, require minimal fabrication efforts, aaal loe easily modified for
widespread manufacturing purposes. However, such approaches are intringsidatidy t
obtaining thermodynamic control over assembly, which often requiezg slow
assembly in order to limit the number and size of kinetically trapped defeats. @dhe
simplest methods utilize sedimentation or centrifugation procedures. ldgwev
sedimentation is time-consuming while rapid centrifugation can causetsiéhat disrupt
the crystalline order. A variety of other self-assembly methods heee explored to
increase the speed and the crystalline quality, including capilletipnd’ vertical

68,69

deposition®®®® convective assembly, spin-coating* and electrophoretic assembfy>

Additionally, other innovative designs have been investigatddduce self-assembly,



such as specially designed and patterned¢edlsd solvent evaporation by isothermal
heating’

Most of the self-assembly procedures that are listed above employ e sp
particles as the crystal building blocks® An advantage of hard sphere systems is that
they are typically fairly stable. However, these systems often eeqomplex deposition
configurations or long deposition times in order to form high-quattystals.
Alternatively, spherical pNIPAm hydrogel particles offer an exoepl route for the
fabrication of colloidal crystals due to their softness and thermponss/ity. Since
pNIPAmM particles undergo a volume phase transition at *31the particle size
decreases at high temperatures. Thermal annealing of concentrated sofypidiAm
particles allows for particle self-assembly as the particleseo their swollen statg.
This technique presents a convenient and straightforward method for faqmatian of
crystalline materials, as well as a means of annealing defecte imsembly. Unlike
hard-sphere crystal systems that require a narrow range of padialaee fractions in
order to form crystal§’’® soft, flexible polymer particles allow for diverse interparticle
interactions due to the flexible polymer chains the particle perighéty> Additionally,
these soft interactions enable simple adjustment, i.e. tugalofithe optical properties
of the crystal by varying the polymer volume fractions or the degrepadicle
swelling*®*” Depending on the functionality of these soft polymer particles, tthiing
can be accomplished by varying the pH, particle concentration, light iytemseven the
temperature! 188385

Unfortunately, colloidal crystals composed of pNIPAmM particles possesssiatr
structural limitations owing to their hydrogel compositisince they are typically
composed of >95% water in their swollen state. Many methods have beenoused t
stabilize these soft particles (as well as hard sphere partidlesgthinterparticle cross-

linking strategies?®®-%%however, these soft materials cannot provide the same sample

robustness that is intrinsic to hard-sphere crystal systems.



1.2.3 Advancements in Colloidal Crystals Using Core/Shell Building Blocks

In this work, many core/shell systems are investigated for the psrpuafse
fabricating advanced colloidal crystals that can be used for many differéinalop
applications. Because the bulk properties of the colloidal crystal are deroadttie
characteristics of the individual components, special emphasis lmasdpon the
investigation of synthesis and characterization strategies of theidmal building
blocks. Chapter 2 provides an investigation of complementary charactergiatitayies
to examine the effects of compression on a pNIPAmM core particle due torttiation
of a pNIPAm shell. A synthetic design was employed whereby flueneg resonance
energy transfer (FRET) was observed for a donor and acceptor fluorophore pair located
within the core of core/shell particles. This technique was effectivelylogeg in
combination with standard light scattering techniques to detertimnsize contributions
from both the core and the shell regions. The development of ssihctiianalytical
tools is necessary to understand the fundamental strualagbnship between the core
and shell.

Chapters 3-6 discuss synthetic techniques that were used to produce specialized
core/shell-type particles using pNIPAm that could be used for colloidal Lrysta
fabrication of unique materials. The study in Chapter 3 d&#slan synthetic strategy
that takes advantage of fundamental aspects of the precipitation polymoerinethod
to prepare core/shell nanocomposite particles by adding a pNIPAm-typetshell
metallic (silver) core. This shell layer was formed by means seado-shell precursor
that provided a nucleation site for further polymer growth. Thep@gicles used in this
study exhibit plasmon resonance and can also demonstrate cooperativen piactes
based on the proximity of nearby particles. The presence of the pNIPAm shddls cou
potentially be used to form 2D and 3D assemblies and to adjust the intéesracing

between neighboring Ag particles to vary these cooperative plasmon.modes



Chapters 4-6 describe the synthesis and characterization of copolymer
poly(styreneeo-NIPAmM) (pS€o-NIPAm) particles that possess both haadd soft
characteristics that not only promote self-assembly, but alsmealcrystalline stability.
These attributes suggest that the g@NIPAmM particles possess a pseudo-core/shell
morphology due to phase separation as a result of the relative hyd@tyhaind
hydrophilicity of the polymer constituents. Fabrication of colloidal taigsusing these
pS-co-NIPAm particles can be performed by simply drying a suspension of the gmrticl
to form stable, diffractive crystals. This self-assembly propessents a very easy way
to form stable crystals and demonstrates the enhanced processability stigpsesions
as “paint-on” photonic inks, as demonstrated by deposition of martiesing ink-jet
printing techniques. The particle characteristics were investigated eignsi Chapter
4 to ascertain which particle characteristics yielded the best type of-tpdisamples,
and a synthetic strategy that used the method of delayed monomer additevaelased
in Chapter 6 in efforts to form large g®-NIPAm particles. Chapter 5 investigates the
use of an additional pure-pNIPAmM shell to provide thermoresponsive propertiesh
allows for crystal self-assembly via thermal annealing.

It was discovered that dry p®-NIPAm crystals could be physically cross-linked
using simple baking procedures to form stable, robust crystals thatniyotetained
uniform diffractive properties upon re-wetting with aqueous solMaurt the diffraction
wavelength also increased, suggesting that the particle lattice spacewsesdue to the
rehydration of the hydrogel component of the particle (Chapter 7). Thiisgbarocedure
was performed using p&-NIPAmM core/pNIPAmM shell particles that possessed a pH-
responsive functional group in the shell and it was found that the difegmtoperties of
these cross-linked crystals could be tuned using changes in pH. Thisigatest
demonstrated the versatility of the constructs that can be formed using maitonbof

different core/shell synthetic techniques.



Chapter 8 discusses a side project where the small (bare) silver particles that were
used in Chapter 3 could be employed as tracer agents for particle tracking exgeriment
due to their high scattering efficiencies. In this study, thesdl Ag particles were used
to characterize the interstitial spaces of colloidal crystals composkdgef pNIPAmM
particles. This study served as a proof-of-concept by using unmodifiehéay particles
to investigate complex systems, effectively avoiding the need for cenmadicle
morphologies for tracking purposgsit also suggests how binary crystals may be formed
using two different types of particles. The future directions isfrisearch are discussed

in Chapter 9.
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CHAPTER 2
CHARACTERIZATION OF POLY(N-ISOPROPYLACRYLAMIDE)
CORE/SHELL MICROGELS USING FLUORESCENCE

RESONANCE ENERGY TRANSFER (FRET)

2.1 Introduction

Many strategies have been employed to prepare nanomaterials tlasgos
multiple functionalities for theyrposes of increasing the scope and diversity of specific
applications. One such design that has been widely investigated fpradthection of
multifunctional spherical nanoparticles is the core/shell struétuhe order to gain an
understanding of the attributes of such materials at the nanodc@&enecessary to
employ the appropriate techniques to characterize these consmubis.case of polymer
colloids, light scattering and electron microscopyvpie information concerning particle
size and distribution, while reveaihg architecturaf, and topological details.Both
techniques ngort on the outermost portion of the particle and its immediate surrms)di
with a few exception’? The characterization of multilayered nanoparticles becomes
complicated due to the need to characterize the inner portion pattiele. Therefore, a
comprehensive analysis of the fundamental structural relationshipgcbf rsaterials
often requires sence to move beyond conventional analytical techniques of a particula
field."®*? In this investigation, the technique of fluorescence resonance enangjetr
(FRET) was used to probe the swadlibehavior of the core component of core/shell
hydrogel nanoparticles. FRET is a distanedependent process requiring that two
fluorophores, termed the donor and the acceptor, have overlapping emission and
excitation spectra, respectivéfyEnergy transfer occurs from excited donor molecules to
acceptor molecules when the two are within a cedaitance of each other. The intrinsic

distance of the particular fluorophore pair at which FRET is 50%iexft is referred to
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as the FSrster radiuRk(). Energy transfer is the result of lerange dipole induced
dipole interactions: In this work, the longvavelength excitable sulfoindocyanibased
dyes Cy5 and Cy5.5 (Amersham Biosciences) were chosen as the doramceptbr
molecules, respectively, since this fluorescent pair has been dbhohave a largdR,
value of 68.7 « in agueous media.

Our group has focused on the synthesis and characterization ofN{poly(
isopropylacrylamide) (pNIPAm) nanoparticles having a core/shell typgphology,
where environmentally responsive polymers coneprisoth the core and shell
component§®?® Such hydrogel nanoparticles (microgels) are cliogsd, spherical,
colloidal particles and are individually composed of a network of randoninted
polymer chains that have the ability éxist in a swollen or collapsed state depending on
local environmental conditiorf$?* As discussed previously, pNIPAm particles can
undergo a temperatuieduced, reversible phase transition at ~31 {C as a result of the
lower critical solution temperature (LCST) of the polyrfiéf. We have prepared
core/shell microgels for fuminental studies by designing particles with multiple volume
phase transitiofisalong with investigating the dynamics and mechanisms of particle
phase transition behavit¥’’ The coe/shell structure can be elucidated via photon
correlation spectroscopy (PCS) by monitoring size differences bettieecore and
core/shell particle$™® These core/shell particles typically are nothihginterpenetrated
and possess two distinct components as illustrated by electron rojzyfserevious
fluorescence investigations have also suggested that the intbetvoeen the core and
shell components lacks a largegose of network interpenetratich.

Recent investigations involving pNIPAgwo-acrylic acid (core)/pNIPAm (shell)
microgels illustrate that the swelling ability of the core nsleéed modulated by the
shel.’®* In this case, the piresponsive nature of the core allowed isothermal
investigations of particle size changes by variation aitemi conditions. Increasing the

solution pH to above the aciKp(4.25)? resulted in a particle volume increase due to
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Coulombic repulsion between charged groups and added osmotic pressure (Donnan
effect) from incorpored counterion&* PCS data demonstrated that the pNIPAm shell
restricts the core from swelling to its native volume both above alagvlibe (K, of
acrylic acid at temperatures below 31 W8en compared to the volume of the parent
core particle at a pH above th&_pthe core/shell structure actually displaysnaaller
volume due to this compression eff&cf Also under these pH conditions, the parent
core particle undergoes only small temperatodeiced volume changes above 31 ¥C due
to the extreme amount of Coulombic repulsion in the network. Howéeeaddition of a
pNIPAmM shell results in compression of the core and induces a\latgme change
above the pNIPAmM LCST, evidently overcoming the charge repulsion inotteeto
deswell the patrticle.

The current investigation involves a pNIPAmM core containing a smalepe&ge
of amine groups for postpolymerization modification witinydroxysuccinimidyl (NHS)
esterfunctionalized cyanine dyes (Cy dyes). The shell is composed of pNI&#dhoth
the core and shell components are lightly cioded with N,NO
methylene(isacrylamide) (BIS). The amount of energy transfer occurring lestwiee
cyanine donor/acceptor pair in the core component is monitored by comparing the
emission intensity of the donor and acceptor molecules in the absenmesenice of the
shell over aange of temperature values. These studies provide two main findirgis. F
they confirm previous indirect measurements of core compression usimgotte direct
method of FRET, and second, they allow for accurate calculatidheofctual shell
thickness PCS studies alone are insufficient for shell thickness célooga as the
apparent particle size increase is a convolution of the shell tsskaed the core
compression. By independently measuring the core compression using HRET, t
thicknesses of arious hydrogel shells added under specific synthetic conditions can be

directly determined.
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2.2 Experimental Section

2.2.1 Particle Synthesis

Materials

The monomer N-isopropylacrylamide (NIPAm, Aldrich) was purified via
recrystallization from hexanes).(T. Baker) and dried in vacuo prior to use. The
surfactant ~ (sodium  dodecyl sulfate, SDS), the clioker (N,NO
methylene(bisacrylamide), BIS), and the initiator, (ammonium gdatsulAPS) were
purchased from Sigmaldrich and used as received. The @momer, N-(3-
aminopropyl)methacrylamide hydrochloride (APMA), was purchased from Gehces
and used as received. MonofunctiohMahydroxysuccinimidyl (NHS) esters of Cy5 and
Cy5.5 were purchased from Amersham Biosciences and used as rebéstiddd water
was purified with a Barnstead-Fure system to a resistance of 118 then filtered

through a 0.Zum filter to remove particulate matter.

Particle Synthesis

Core/shell microgels were synthesized via -stage fregadical precipitation
polymerization as previously reportéd.Two sets of core particles were used for this
study on to which shells of varying thickness were added by adjusting thentotamer
concentration (TMC) of the shell sthesis. In the first case, a thick, lightly crosslinked (2
mol-% BIS) pNIPAmM shell (20 mM) was added to a highly crosslinked (5%n&IS)
pNIPAm core (OCore #10). In the second case, thin, lightlyikess{(2 mol% BIS)
pNIPAmM shells (5 mM, 10 mM, 15M) were added to lightly crosslinked (2 rtal
BIS) pNIPAm core particles (OCore #20). For both of the sgathesd to prepare the
initial core particles, a 70 mM TMC was used, with a sroatitribution of APMA (0.2

mol-%) that acts as a functional gmfor Cy dye coupling to the core.
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The amounts of synthesis materials used for the polymerizatidhess particles
are shown in Table 2.1. The core particles were synthesized byviigstiie NIPAmM
and BIS monomers, SDS, and APMA (added from a ssobktion) in 75 mL of water
and heating to 70 %C under e freeradical polymerization was initiated with APS

(dissolved in ~0.5 mL water) solution and allowed to proceed fos athr0 ¥4C undey.N

Table 2.1 Synthesis materials for core and gf@iimerizations.

APMA,
Sample NIPAm,g BIS,g SDS,g APS,g mmol

Core #1 (5% BIS) 0.5658 0.0405 0.0239 0.028 0.0106

Core #1/20 mM

(2% BIS) Shell 0.0537 0.0015 0.0058 0.009 W -------

Core #2 (2% BIS) 0.5816 0.0158 0.0225 0.0264 0.0106

Core #25 mM
(2% BIS) Shell

Core #2/10 mM
(2% BIS) Shell

Core #2/15 mM
(2% BIS) Shell

0.0142 0.0005 0.0066 0.0094  -------

0.0286 0.0008 0.0058 0.0088  -------

0.0435 0.0012 0.0064 0.0095  -------

Shell addition was performed by using core particles as nurcltéiei subsequent
precipitation polymerization of a monomer feed of different types of menom
composition’'® (as shown in Table 2.1). First, a 5.0 mL portion of the core fEartic
solution together witlsDS was added to 15.0 mL of water and heated to 70 ¥%C ynder N
Although core particle solutions contained SDS, added surfactant essaeg for

stabilization during heating and subsequent shell polymerization. Afermal
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equilibration of the core sdiion, 5 mL of an agueous monomer solution containing
NIPAmM and BIS was heated separately to 70 ¥C undandl then added to the core
solution under monomdtooded condition§?* Free radical polymerization was then
initiated with APS (dissolved in ~0.5 mL of water) and polymerizatias allowed to
proceed at 70 ¥C undes fr 5 hrs. All particles used for analysis were purified via
dialysis (Spectra/Por 7 dialysis membrane, MWCO 10,000, VWR) dgiailg changes

of water for 2 weeks at 5 v4C.

Cyanine Dye Labeling

The dyes used in these studies are not tolerant terddieal polymerization
conditions. Thus, a routine scheme for postpolymerization modificatidmeahicrogels
was employed. Furthermore, it should beted that core/shell particles are labeled
following shell addition instead of adding shells to prelabeled coreclesrti Stock
solutions of Cy5 and Cy5.5 were prepared by dissolving 1 mg of eachebtidS
functionalized dye separately into 5.0 mL of watous dimethylformamide and stored
under N. Amide bond formation between the amine moieties in the micregelsthe
NHS-ester functionalized dyes was performed at room temperature inQ@H.01 M
NaH,PO, buffer overnight. For all labeling procedur@s2 mL of the purified microgel
solution was dispersed into 0.8 mL of phosphate buffer. Particles miogtainly one
fluorescent dye were prepared by adding an equimolar amountGidye) of the
corresponding fluorophore stock to the buffered mixtueeti€es containing both Cy5
(donor) and Cy5.5 (acceptor) molecules were prepared in the same méhranly half
the molar equivalent of each dye added in this case. The fluorgsiedgied particles
were purified by centrifugation (16,100g¢cf for 70 min) at 25 ¥C, followed by removal

of the supernatant solution and redispersion of the particlegirite times.
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2.2.2 Characterization Techniques

Photon Correlation Spectroscopy

Microgel sizes and polydispersities were determined via photorelatbon
spectroscopy (Protein Solutions Inc.) as previously repotegamples were analyzed in
a threesided quartz cuvette into which was placed 0.5 mL of gudfnL particle
solution. The sample was allowed to thermally equilibrate for ib before data
collection. Longer equilibration times did not lead to variation inntteasured particle
size, scattering intensity, or polydispersity. Scattered light ewdected at 90% by a
singlemode optical fiber coupled to an avalanche photodiode detector. Data were
analyzed with Protein SolutionsO Dynamics Software Version 5.25.44 d&&c point
reported here is an average of five separate size detewnmaiach ge determination
consists of 25 total measurements, which individually have a 5 secegdaindn time.
Note that the algorithms used for determination of the translatiiffi@sion coefficient
allows for nonGaussian and/or multimodal populations. Ihaalses, only one particle
population is observed with the relative polydispersity of the populatiowg bbess than
+15%.

Fluorescence Spectroscopy

Fluorescence analysis was performed on a temperature controkely-stte
fluorescence spectrophotomet@®hoton Technology International), equipped with a
Model 814 PMT photortounting detector. Measurements were performed in a quartz
cuvette and the stirring sample solution was allowed to equilibratthea proper
temperature for 5 min prior to data cotiea. The cell temperature was controlled with a
PE 60 Temperature Controller & Peltier Stage (Linkam Scientifstruments Ltd.,

Surrey, UK). The slits were adjusted to achieve a bandwidth afr8,Gand the spectra
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were measured with a step size of 1 and a 1 second integration time. The excitation
wavelengths used for Cy5 and Cy5.5 were 646 and 674 nm, respectively. ¢dnoees
resonance energy transfer FRET measurements of microgel solugoasnade at a
particle concentration of ~10 pg/mL at arciéation wavelength of 646 nm. Emission
intensity ratios were measured at 671 mgh {o that at 697 nml() corresponding to the

Cy5 donor and Cy5.5 acceptor emission energies, respectively.

2.3 Results and Discussion

It has been demonstrated that duringarticle growth, N,N©
methylene(bisacrylamide) (BIS) creksker is statistically incorporated faster than other
constituent monomers leading to the creation of a radial distributiomsglinks.8#23233
Considering this process, the core component possesses a greater pujwek
density toward the interior dnmore loosely crosnked chains toward the periphery.
Chains close to the particle periphery have more degrees of freaubrara able to
extend over longer length scales in a good solvent. The gradient mod€#lderst for
describing the internal rmiogel structure for crodmker concentrations below 7 méb
as experimentally shown by othéts>

Because the synthetic conditions are the same for shell additradjah cross
linking density gradient is expected in the shell component as welbésely cross
linked systems, with the greatgmlymer network density being located at the interface
of the core and shefl.In the second stage of the core/shell synthesis, collapsed core
particles serve as preexisting hydrophobic nuchel eapture growing oligomers from
solution to form the shell component. Upon particle reswelling belowsB1 the rigid
interior (more highly crosinked portion) of the shell prohibits the core from expanding
to the maximum volume it occupied before shddition. Therefore, the same population
of loosely crosdinked chains near the core periphery are hindered from reaching their

fully extended state in the presence of added material (the.'SHEleterogeneity were
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not present within both the core and shell in the form of a radhaklinking density
gradient, one would not expect to observe such effects, as the cofeelirndosild have
the same average and locatosslinker concentratin. The average number of chains
that are perturbed will differ according to the crtisker concentration, with lower mol
% crosslinked particles having a higher average number of loosely-tirdesl chains
near the periphery than highly crdssked paticles (above 7 me% BIS) that do not
have a weldefined gradient morphology.

Two different types of core/shell systems are presented imtrestigation using
different crosdinking concentrations. In the first case, theec® mot% BIS) possesses
a higher average cro$isk density than the shell (2 m&b BIS). This design is
advantageous for these studies, in #rat observation of core compression can only be
attributed to a crostink gradient, since a more loosely ssdinked shell cannot induce
compression in a denser core in the absence of heterogeneodmkrogrporation. In
the second case, the core and shell possess similafdlinkiisg densities (2 mebo BIS),
whereby the larger swelling capacity of thightly crosslinked core becomes
significantly reduced by the presence of the shell, effectivelyr®shrappingO the core
component. The understanding of the structural relationships using these diype
microgel fabrication strategies may prove valealdr the construction of nanoparticles
with enhanced functionalities.

Whereas the dendritic morphology due to cilods density heterogeneity is
fundamentally interesting with respect to the particle swellirapgnties, it presents a
real difficulty in accurately determining the amount of polymer added in the second
polymerization stage. Knowing the shell thickness with some degreecofaay is an
extremely important aspect of this work. For hard material dwk/particles such as
metal and semiconttor core/shell nanoparticles, higbsolution TEM is a standard

method for quantifying the amount of added material. This techniqueuiéirent for
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detailed analysis of soft, solvent swollen materials such as hydnagebarticles that
dehydrate uner vacuum and deform upon immobilization on a surface.
Naively, one could expect routine PCS analysis would offer a meassteelbf

thickness using the equation,

(RsheII)T = (Rh,core/sheII)T ' (Rh,core)T (EQ- 2-1)

where(R.) is the shell thicknes$R, ...esnelt IS the average hydrodynamic radius of the
core/shell particle, an(R, ..Jr is the average hydrodynamic radius of the parent core
particle. TheT subscript indicates radius values at a specific temperafisrethe
measurement is a temperatgiependentone. Given our previous studies of core
compression, it is clear that Eq 2.1 is incorrect. Insteadpra appropriate measure of

shell thickness is obtained from:

(RsheII)T - (Rh,core/sheII)T ! (Rh,core)T (I Rh,core)T (EQ- 2-2)

where (! Ry cordT IS the decreasein average hydrodynamic radius of the core due to
compression. This last term is invisible to the PCS measureamehtthus must be
determined by an independent method. As described above, the method chosen here
FRET, which wil report the mean change in doramceptor distance in the core, and thus
the change in core volume due to compression.

The core/shell system chosen for this investigation is analogous toApiNIP
homopolymer microgels; the core and shell components arecbothosed of the same
material. A small amount of amine containing comonomer (0.2%)olas incorporated
into the core for the sole purpose of modifying the particles with -Nst&modified

cyanine dyes in a postpolymerization step. The donor/accepiorCpa and Cy5.5
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(Figure 2.1) was chosen due to the ease of incorporation into acpes®e systems,
their large quantum efficiencies, and the large F3rster rad&&T *) for the pair:> The
low photon energies needed to excite the dyes also reduces thergrattesssection of
the polymer patrticles in solution during fluorescence analysis. To ourlédgey this is

the first use of cyaninbased dyeas probes for synthetic hydrogels.

Cy5-NHS Cy5.5-NHS
Figure 2.1 Molecular structures of the Nififfictionalized Cyanine dyes.

The monofunctional NHS ester of both Cy5 and Cy5.5 was used to covalently
attach the dyes inside of the amiln@ctionalized core. The amineayips react with the
ester to form an amide bond between the dyes and the polymer ¥ltnse 2.2 shows
the spectral properties after incorporating each individual dye $elyardo the Core #1
microgels used in this styd The excitation and emission wavelengths of the cyanine
dyes are not perturbed in either case and are the same for eabefdse and after
incorporation into the microgefé® The Cy5 donor shows a single emission peak

centered at 671 nm when excited at 646 nm. When excited at 674 rdy5theacceptor
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shows an emission peak centered at 697°ri.course, the main requirement for FRET

to occur is spectral overlap, which remains, as well.

° o o =
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Figure 2.2 Absorbance and emission spectra of Core #1 particles auptainty donor
(Cy5) or acceptor (Cy5.5) dye molecules. The dashed line repredesddance and
emission from Cy5 labeled microgels showing values of 646 and 671 nm¢tiesiye
The solid line represents the Cy5.5 labeled microgels showing abseraanemission
at 674 and 697 nm respectively. Absorbance spectra were collected WIHhVIS
spectrophotometer. Emission spectra were collected upon excitatiom ©f/5 donor and
Cy5.5 acceptor at 646 and 674 nm, respectively.

After observing that the sptral properties of each dye did not change when
individually incorporated into core particles, equimolar quantities ofi lmnor and
acceptor dyes were randomly incorporated together into the core compbrentd and
core/shell microgels. Figure 2.Bustrates that the presence of both Cy dyes does not
change the volume phase transition (VPT) behavior of the microgels wdrdtorad by
PCS. The VPT temperature is approximately that of pNIPAm homopolymogels
(~31 %C) and is the same for both @m core/shell samples. Furthermore, there is no
evidence of the VPT behavior being affected by unreacted amine groupstivesiciere

component. A size difference is obvious between the Core #1 and Core #N/3bDet
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microgels at all temperatures, indiing that material was indeed added to the core
during the shell polymerization step. An increase in size is alsadf for the Core #2
microgels with thin shells. However, the differences are noexdseme, especially
between shells that were polymedzasing very low TMCs. The Core #2/5 mM Shell
and the Core #2/10 mM Shell microgels show very similar sizes. Atbeee PCS data
may suggest that the shell polymer does not even fully cover the ctidepan these
cases, which demonstrates the nemdehhanced characterization techniques. The Core
#2/15mM Shell microgels show the largest increase in particteafiall the thin shell

samples, which results from the larger TMC used in the syntbietfisse particles.

[Thin Shell Particles
o —e— Core #2
140 ¢ i* 160 —e— Core #2/5mM Shell
é. —8— Core #2/10mM Shell
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Figure 2.3 Photon corrdlan spectroscopy analysis of the volume phase transition
behavior for Cy5/Cy5.5 labeled particles. Left: Core #1 microgels(opeles) and Core
#1/20 mM Shell microgels (solid circles). Right: Core #2 and Corehg&fl/#icrogels

with 5 mM, 10 mM, and 3 mM shells (see legend). In the case of the core/shell patticl
the fluorescent dyes are only bound in the core component. These measungarent
made in deionized ¥ and show that the covalently bound dyes have no significant
effect on the particle hase transition behavior. Error bars represent one standard
deviation about the average value of five measurements.
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Table 2.2 shows the swollen shell thickness for the core/shettlpantising Eq.
2.1 using the average patrticle sizes at temperaturkdbelew the LCST, as well as the
shell thickness for the deswollen radii (T > LCST) and the voldessvelling ratios. Let
us first consider the case for the highly crtisked core particles. From these values one
can infer that the Core #1 is indeed qwassed by the 20 mM shell. The overall
deswelling magnitude of the Core #1/20 mM Shell particle is-fé8dBin volume, while
the apparent deswelling magnitude of the shell is only ~$o81. Furthermore, the
deswelling magnitude of the parent Core #1ltiplaris ~6.9fold in volume. Together,
these values indicate that the Core #1/20 mM Shell particle hageaall higher network

density than the parent Core #1.

Table 2.2 Shell thickness measurements and volume deswellinglrased on particle
sizedata acquired by PCS.

Increase in Shell Volume
Sample Radius (nm) Thickness (nm) Deswelling Ratio

23 YuC 43 VaC 23 ¥.C 43 YuC Overall| Shell

Core #1 116 61 - e 6.9 -
20Cr?1:\j 7gulell 144 78 28 17 63 58
Core #2 140 62  —eeeem e 11.5 e
5%?\;|es¢12e/n 144 71 4 9 83 20
10Cr$11\j zi/ell 146 72 6 10 83 27
15Cr$11\j zi/ell 165 73 25 11 115 116
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Differences aremmediately noticed for the Core #2/5 mM Shell and Core #2/10
mM Shell particles compared to the parent Core #2. dpparentshell thickness at
T<LCST is actuallysmaller than the apparent shell thickness at T>LCST. We can
attribute this discrepancy, a®ll as the unusually low volume deswelling magnitudes for
the shell, as consequences of core compression. InterestinglyP@®s#ata demonstrate
some evidence of OshrimkappingO. The Core #2/15 mM Shell particle shows expected
increases in shell tHioess at all temperatures below and above the LCST, and shows the
same overall core/shell and shell volume deswelling magnitude gsathat Core #2
(~11.5), indicating that the overall crelssking density is fairly homogeneous. However,
we must consulthe FRET results to procure a clearer understanding of thesechieal
structures.

Figure 2.4 shows the fluorescence data for the Core #1 microgels Z304C)
and above (43 ¥4C) the polymer LCST. The sample was excited at 6d®aotm cases.
When he microgels are in the fully swollen state at 23 ¥C, theresrsall amount of
Cy5.5 emission, as can be seen by comparing this curve to theoensgsictrum of the
singly labeled Cy5 core microgels (Figure 2.2). The dolddbgled microgel spectrum
taken at 23 ¥%C is somewhat broader than that of the singly labeielépdue to a small
shoulder at ~697 nm, which arises from FRET between the extdtsl Cy5 and the
groundstate Cy5.5 moieties, as well as direct excitation of Cy5obveer, a signi€ant
amount of energy transfer occurs as the temperature is raid8d/A4€. The fluorescence
spectrum shows a broadening due to a decrease in the donor emissioty iateéd%&l nm
and a simultaneous increase in the acceptor emission inten&&ty amdue to FRET. In
this case, the gel network collapses due to the LCST behavior BApiNIwhich in turn
decreases the average distance between the donor/acceptor tha@nmicrogel. Thus, an

increase in energy transfer is observed.
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Figure 2.4 Fluorscence emission spectra of the Core #1 microgels containing both Cy5
donor and Cy5.5 acceptor dyes. In the swollen state at 23 ¥4C (splighdéireeis a small
amount of Cy5.5 emission, which may be due to direct Cy5.5 excit&RB]T, or a
combination dthe two effects. Above the phase transition temperature a 4@aghed

line), the average donacceptor distance is decreased, resulting in a decrease in the
donor:acceptor intensity ratio. The sample was excited at 646 bathrcases.

The VPT behvior of the core microgels can be monitored with FRET by
comparing the ratio of the donor and acceptor emission intensities fasction of
temperature. Because of the random nature of the comonomer incampothé free
rotation of the dyes about thether, and the relative flexibility of the hydrogel network,
we expect that the FRET signal will result from an average llofp@ssible dye
orientations. Thus, a simple ratio of the donor to acceptor emiggiensities provides a
good measure of the etive energy transfer efficiency in this system without the need to
incorporate relative donor/acceptor orientation. As shown in Figuregh&Satiometric
FRET analysis exactly coincides with the change in particle a&ze function of
temperature forhe Core #1 particles. These data indicate that the two dyes are

homogeneously incorporated throughout the microgel. If the dyes were distributed
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heterogeneously, one would expect to see phase transition behavior thed ditien the
PCS analysi® Thus, the amine monomer must also be homogeneously distributed
initially within the polymer matrix. Previous investigations indicdtemogeneous
incorporation can be expected for this particular amine monoaterthe low

concentrations used in this stullly.

120-@
{1.4
110} ?Qé,})@
£ 100} ég 11.2
goor % =
g sof équ 11-0
70t
6%'08
60}

25 30 35 40
Temperature, °c

Figure 2.5 Comparison of temperatym®granmed PCS analysis (circles) and FRET
analysis (triangles) of Core #1 microgels containing both Cy5 donor and Cygtarc
molecules in deionized . The donor and acceptor emission intensities were monitored
at 671 and 697 nm, respectively. The exatativavelength was 646 nm. Error bars
represent one standard deviation about the average value of five meagarem

The spectra of Core #1/20 mM Shell microgel particles containing the
donor/acceptor pair in the core are shown in Figure 2.6. The cougauion was
performed after shell addition in the same manner as that foothamicrogels described
above. Restricted core swelling is evident from the fluorescenaardthis figure. When
excited at 646 nm, Cy5.5 emission is observed even whepatlieles are held at 23 ¥4C,
which is below the pNIPAm LCST. If we assume that the eonismtensity of Cy5.5

due to direct excitation of Cy5.5 does not change following shell additioncamne
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attribute the increase in Cy5.5 emission to a greater dedremeogy transfer in the
core/shell particle relative to that in the core particle.sTigsult suggests that the
polymer network comprising the core must be less swollen as cainfmares swelling
degree prior to shell addition. In other words, the derapparently prohibited from
reswelling to its original state due to the presence of the addidistEemanner similar
to the Core #1 particles illustrated in Figure 2.4, the energgferafrom the Core #1/20
mM Shell particles increases when the pemature is raised above the polymer LCST.
The difference in FRET between the swollen and collapsed conformaabtf the
core/shell particles is significantly smaller than the défifee observed for the core alone
(Figure 3). This observation is expectsihce the average donor/acceptor distance in the
swollen (T < LCST) core/shell particles is smaller thart thahe core particles, yet the
donor/acceptor distance at high temperature (T > LCST) should becaldiati both

particles.
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Figure2.6 Fluorescence emission spectra of Core #1/20 mM Shell micicaggksning

both Cy5 donor and Cy5.5 acceptor dyes in the core component. When excited at the
donor absorbance maximum of 646 nm, energy transfer and direct Cy5.5 exatatir

in the fuly swollen state at 23 %C (solid line) where polymer chains inotleeare
hindered from swelling to their original state due to the presendde shell. The
efficiency of energy transfer increases when the core/sheltlpartire collapsed above

the fhase transition temperature at 43 ¥4C (dashed line).

FRET analysis of the Core #1 and Core #1/20mM Shell particle VP Vioehs
presented in Figure 2.7a; the data corresponding to the core pastithessame as that
presented in Figure 2.5. In comizan to the degree of FRET for the Core #2, the Core
#1/20mM Shell particles exhibit significant energy transfer &a23 his behavior shows
that the shell restricts the core from reswelling to its palgstate as shown in Figure 2.6
above. Furthermorethe donor:acceptor emission ratio is identical for the core and
core/shell particles above the LCST, suggesting that the deswoldormation of the
core is independent of the added shell. The ratio between the donor ampdomacc
emission intensity a23 ¥ for the Core #1/20mM Shell particles is approximately the
same as that for the Core #2 particles at@1as highlighted in Table 2.3). Figure 2.7b
shows a full spectral comparison between these two sets diGtam#1/20mM Shell at

23% and Coref2 at 3142). By observing the shape of the fluorescence emission spectra
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in this Figure it is apparent that amount of energy transfer betwes donor and
acceptor chromophores is approximately the same for each case, isggtiest these

points represnt the respective conditions where the core has the same ndemsity.
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Figure 2.7 (a) Fluorescence resonance energy transfer analysigbofld@or/Cy5.5
acceptor labeled Core #1 (open) and Core #1/20mM Shell (solid) micriogélsO.
When excitedat 646 nm, the core/shell particles exhibit a greater degreaenfye
transfer than the native core below 33 %C. (b) Fluorescence samdlylse Core #1
particles at 31 ¥C (solid line) and the Core #1/20mM Shell at.ZBh&.@vo spectra
show that apprxdmately the same amount of energy transfer is occurring for eatghrsys
at these dissimilar temperatures. Error bars represent angasii deviation about the
average value of five measurements.

Table 2.3 Comparison of the Core #1 and Core #1/20 mM [mticle sizes and FRET
efficiency in the swollen, partially swollen, and collapsed states

Sample Radius (nm)? Intensity Ratio (671:697 nm)’
23 YaC 31 YaC 43 YaC 23Y.,C 31 %.C 43 YC

Core #1 116 97 61 1.42 1.15 0.75

Core #1/20 mMShell 144 110 78 1.16 0.97 0.75
2 Radii measured via photon correlation spectrosc8pwavelength intensity ratios
measured via fluorescenggy = 646 nm.
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A semiquantitative value of the amount of restricted swellingbeagathered by
noting thatthe core alone undergoes a volume decrease of 40% &a& 3&hen
interrogated via PCS. If the FRET data accurately report onetveork density in both
the native core at 3% and the core/shell at 2@, then it may be assumed that the core
swelling isrestricted to only 60% of its original volume in the presence of thik she
These values can now be used to determine the geometric shell skiflkome Eq. 2.2, as

we can now write:

(Rshell)23C - (Rh,core/shell)23C I (Rh,core)ZSC +[( I:eh,core)ZSC ' (Rh,core)3lc]

(Eqg. 2.3)

where the temperatures at which thdir are measured are now indicated. This equation
now indicates that the degree of core compression is equivalentdiffénence in parent
core radius between 23 {C and 31 jC (which can be found in Table 2.3}irigsbe
correct values into Eq. 2.8ne obtains an actual geometric shell thickness of ~47 nm as
opposed to the initial PCS estimate of ~28 nm. As stated abovdatifeén Figure 2.7a
indicate that the core density (i.e. the FRET signal) is idaraicT > LCST for both the
core and corshell particles, we can assume that the {8&#nated collapsed shell
thickness of ~17 nm very closely approximates the actual geometrimdbg of the
deswollen shell. Using this value and the new value for the swolldirtlsbkness of 47
nm, a new séll deswelling ratio of ~8-3old is estimated, which is significantly larger
than the initial PC$ased estimate of 5f8ld. This new value is also larger than the
deswelling ratio of the parent core of ~808d, suggesting that the network density o t
shell added in the second stage of polymerization is less than ttet ofre formed in
the first polymerization step. This is expected, since the comatiemtrof crosdinker

used in the second stage (2%) was less than that used in tipakmle (5%). Thus, the
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combination of PCS and FRET enables the calculation of what igintgra more
realistic value for shell thickness than what is possible by Re®.a

We can use this same calculation to determine the actualtisickhesses at 23
iC based on the size of the parent core (Core #2) for the microgelpassessed thin
shells, since Figure 2.8 demonstrates a similar tempetdépendent trend for the PCS
particle size data and the FRET efficiency ratios for the @@rmicrogels as wasdind
for the Core #1 microgels. There exists, however, some points thatotimatch up
exactly in Figure 2.8. For example, there were very large sthagaiations for some of
the PCS data points at low temperatures; therefore this datanatayield acurate
results. Also, the particle sizes at-32 jC did not line up exactly with the trend in the

FRET ratios. Most of the other data points lined up fairly well.
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Figure 2.8 Comparison of temperatym@grammed PCS analysis (circles) and FRET
analyss (triangles) of Core #2 microgels containing both Cy5 donor and Cy5.5 acceptor
molecules in deionized 4. The donor and acceptor emission intensities were monitored
at 671 and 697 nm, respectively. The excitation wavelength was 646 non.b&rs
represat one standard deviation about the average value of five measurements.
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Figure 2.9 shows that the FRET ratios for each of the thin shelbles are
smaller than for the fully swollen core at 23 jC. By comparing tidRET values to
those of the Core #2amples, we find that, at 23 {C, the Core #2/5mM Shell, Core
#2/10mM Shell, and Core #2/15mM Shell particles have compressed tlaes
correspond to the Core #2 size at 29 |C, 27 iC, and 28 iC, respectigethdwn by the
highlighted values in Table 2.4By using theR, core fOr the appropriate temperatures, we
find that the Core #2/5mM Shell, Core #2/10mM Shell, and Core #2/15mM She
particles have swollen shell thicknesses of 17 nm, 18 nm, and 33281 @t which are
significantly larger than thealues found using PCS in the case of the 5 mM and 10 mM
Shells (Table 2.5).
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[0) Core #2/15mM Shell
1.4k o 88 O Core m e

ID/IA

1.2}
1.0} §@
®808288888
o)
0.81 02200000000
: , 20000069090
25 30 35 40

Temperature, °C
Figure 2.9 Fluorescence resonance energy transfer analysis of Cy5 doriodydptor
labeled Core #2, Core #2/5mM Shell, Core #2/10 mM Shell, and Core #d1Shell
microgeds in HO.
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Table 2.4 Comparison of the Core #2 and thin shell particle sizeSREad efficiencies
in the swollen, partially swollen, and collapsed states.

Radius (nm)?

Sample
23 YuC 27 Ya( 28 Yu( 29 YuC 43 YuC

Core #2 140 [128 12 NEA 62
Core #2/5mM Shell - 71

Core #2/10 mM Shell 72
Core #2/15 mM Shell 73

Intensity Ratio (671:697 nm)’

23 YuC 27 Ya( 28 Ya( 29 YuC 43 YuC

Core #2 172|060 156 MNIEOM o072
Core #2/5mM Shell - 0.77
Core #2/10 mM Shell 0.90
Core #2/15 mM Shell ! 0.88

2 Radii measured via photon correlation spectrosc8pylavelengh intensity ratios
measured via fluorescenggy = 646 nm.

Table 2.5 New shell thicknesses for the ibinell particles based FRET results,
calculated using Eq. 2.3.

PCS Radius PCS Shell New Shell
Sample (nm) Thickness (nm) Thickness (nm)
23 Y.C 43 Y4C 23 Y4C 23 Yu4C
Core #2 140 62 - e
Core #2/
5mM Shell 144 71 4 17
Core #2/
10 mM Shell 46 72 6 18
Core #2/
15 mM Shell 165 73 25 33
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Unfortunately, the calculation for the shell thickness for the-gshigll particles at
43 iC is not asimple as it was for the Core #1/20 mM Shells since ah®FRET ratios
for the thinshell particles do not plateau to the same ratio as the CoreT#2.@ST. A
visual comparison of the FRET ratios tells us that all of the/sbell particle sizes 483
iC possess parent core sizes are commensurate with the Caore #2taveen 333 C,
yielding a parent core radius between942nm. In order to determine the correct parent
core size, a more thorough FRET analysis would need to be performestbeR-33
iC. However, the level of the plateau of the FRET ratios yialose qualitative
information as to the structure of these core/shell particistiin shells. These FRET
results demonstrate that the core does not deswell to the stené with theshells at
T>LCST as it does without a shell. These results seem to supgeshere may indeed
be some degree of interpenetration between the interfacial boundiaeids the lightly
crosslinked core and shell regions. This effect may, in fact, alsthéeesult of a cross
linking density gradient, as described above. If the periphery of theicordy lightly
crosslinked compared to its interior, then it may be infiltrated by shelymer that
contains a slightly higher crodisking density (everthough the same méb of BIS is
used). In this case, there may be some limitations in energyetrahthe freedom of
motion of the fluorophores is constrained. The fact that larger amoiusit®Il monomer
lead to decreasing amounts of FRET at highpematures supports this explanation.
Interestingly, whereas less FRET is observed at high temperdtur¢hese core/shell
particles, higher FRET efficiencies are still observedwattemperatures, demonstrating
that core compression still occurs, whislould not be detectable using standard PCS
experiments. The highest degree of FRET occurred with the 5 mM shgdesting that
Oshrinkwrapping® of the parent core may indeed be possible. Otherlickisg
strategies should be implemented to furthearahterize this objective, such as using a
very lightly crossdlinked core (e.g. 0.5 mél) and a relatively highly crodmked, thin
shell (e.g. 5 me%s, 510 mM TMC).
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This crosdinking description may also explain why this same effect was not
observed dr the Core #1 and Core #1/20 mM Shell particles, since the ootaied a
higher crosdinking density (5 moPb) than the shell (2 méh). It is expected that there
would not be much interpenetration between the core and shell in thes ass
demonstreed by the fairly equivalent FRET ratios for these particles higth
temperatures. Regardless of the cause of these variationsstifuitteire of the deswollen
parent core, this FRET technique provides information about the cdrstsheture that

would be otherwise unattainable using PCS alone.

2.4 Conclusions

The structurdunction relationship between the core and shell components in
pNIPAmM core/shell microgels has been studied via fluorescence nesoremergy
transfer measurements. FRET was usedb®erve the decreased swelling ability of the
core in the presence of the added shell. Below the phase transitimperature of
pNIPAmM (31 ¥C), core particles are able to swell and achies@me that is limited by
the polymer chain elasticity. The deg of FRET is minimal under these conditions.
Core/shell particles display a significant increase of FRETtdwe decreased swelling
ability of the core in the presence of the added shell under thee salation conditions.
Together, these studies alldar a semiquantitative determination of the actual geometric
thickness of the added shell by accounting for the degree of core compressilting

from shell addition.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF POLY -N-
ISOPROPYLACRYLAMIDE SHELLS ON SILVER CORE

NANOPARTICLES

3.1 Introduction

Silver (Ag) particles on the nanoscale have been found to intertdctight to
produce excitation of surface plasmon polaritosorances due to the large density of
conducting electrons and the frequency dependence of the real and imagitsaof e
dielectric function of the materiaf These plasmon resonances, which are due to both
nonradiative absorption and a ndald interaction that evolves into féield scattering,
are dependent on the particle size, shape, and the dieleadiumi® The surface
plasmons of nearly spherical Ag particles also possess a multigmdaacter which
becomes more prominent as thiesof the particles becomes comparable to the
wavelength of light:”® Efficient coherent coupling of these plasmon modes has been
demonstrated when nearby particles are in close proximity, even withagitange
order! Such coherent interactions between neighboring Ag particles suggesa that
dipolar character domates when Ag particles are lined up together and that quadrupolar,
hexapolar, or even octupolar characters emerge when Ag particlesiresended by
additional particles®° These effects may lead toengsting optical properties that can be
controlled by modification of the particle order and interparticle ingainn assembled
arrays ¥t

Unfortunately, metal nanoparticles have a tendency to aggregate when high
particle densities are employed in attempts to achieve such ‘uigleyed assembliés.

Many approaches have been investigated to gain better control of Adepassemblies

to yield stability of the desired configurations. By affixing meaialticles to modified
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substrates, the pagle order can be stabilized and the interparticle distancebeaaried
in some cases>'® However, this aproach is limited to the investigation to 2D
assemblies of particles.

Some groups have elected to introduce metallic components on the sanface
within conventional spherical particles, which can provide a bsisible construct that is
more suitabledr producing 3D, ordered assemblt&& However, the positions of the
metal components were not necessarily well defined within the buliclpaDiscrete
arrangements of the metal particles would be advantageousptical and plasmonic
applications. Methods for direct modification of metal nanopartickes been shown to
be more promising for the fabrication of such matefi&d$/?® Polymer coatings have
been of particular interest because they can introduce both stahititfunctionality to
the metal nanopatrticle, which can be useful for the construction ofedrdssemblies.
The particular synthetic procedures that awsed to prepare such core/shell
nanocomposite materials are of foremost importance. For exaimpl€humanov group
succeeded in adding thin, polymer shells to Ag particles by adsorbingisgeaiilizing
agents or initiators directly to the surface lé tAg particles??’ In the studies presented
in this chapter, a core/shell synthesis approach was utilized ta addll composed of
the thermosensitive polymepoly-N-isopropylacrylamide (pNIPAm) using Ag patrticles
as seed cores. As discussed previously, pNIPAmM particles undergairaevphase
transition at ~31 jC. The presence of this polymer coating should not abijiz& the
Ag particles, but also introde a functionality that can provide a means for particle self
assembly to form 3D colloidal crystals using simple thermal amueatocedure$>>?
The tunability of the soft, pNIPAmM shell can also facilitatenges in the intgrarticle
distances, which can be used to investigate the cooperative plasmon ofodes
neighboring Ag patrticles.

The pNIPAmM shell synthesis was performed using a Oseed andsfetd€ic

approach similar to the method described in Chapter 2. In ordeomoofe pNIPAmM
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polymer growth at the surface of the Ag particles, a novel approashimgemented
whereby short chains of linear pNIPAm were adsorbed to the parttie®oom
temperature by means of an amino end gréuys the temperature is raised to the levels
that are typically used for freadical, precipitation polymerization of pNIPAm (~70 C,
which is wellabove the phase transition temperature for pNIPAmM), the lined?AsiNI
chains collapse and effectively coat the Ag particles, providing aoplidbic precursor
nucleation site for shell polymer growth. Acrylic acid (AAc) wased as a functional
comonomer, which provided charged groups that were used for electretatization

of the particles for characterization by atomic force microscéyM) in liquid and also
rendered the particles responsive to changes in pH. The resultingré&igNiPAmco-
AAc shell particles were also characterized using transpmisslectronmicroscopy
(TEM), and the existence of the polymer shell was unambiguously codfiosnparticle

tracking techniques using video microscopy.

pNIPAm Shell
Synthesis

25°C 70°C

Figure 3.1 Synthetic approach for adding a pNIPAm shell to Ag seedlesrtising
linear chains of aminterminated pNIPAm to form a precursor shell.
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3.2 Experimental Section
3.2.1 Particle Synthesis

Materials

Some of the materials used in this study can be found in the ExpeairS8ention
of Chapter 2. Additionally, Ag nanoparticles (diameter ~70 nmeweovided by the
Chumanov group who synthesized the particles by hydrogen reduction procedures and
purified the dispersions as described elsewfferkcrylic acid (AAc, Aldrich) was
distilled under reduced pressure. Linear amino terminatedqNvasopropylacrylamide)
(NH2-pNIPAmM, M, = 10,400) was purchased from Polymer Source, Inc., and used as
received. The cationic silane;aBninopropyltrimethoxysilane (APTMS), was purchased
from United Chemical Technologies, Inc., and used as receiveder&lifaqueous

solvents, (formate, pH 3.0, or MES, pH 5.5; 10 mM ionic strength)

pNIPAmM Shell Synthesis

Two types of Ag core/pNIPArRso-AAc shell nanoparticles were prepared by
employing two different total monomer concentrations (40 mM or 75 mM)etd ghd
thicknesses of different sizes. First, linear NHNIPAM was absorbed to the Ag
nanoparticles by combining 2.5 mL of a stock solution of Ag particld®'t-10"
particles/mL; OD = 25) with 3.0 mL of a 1.0 mM MANIPAmM stock solution and
mixing overnidit. Free linear NHpNIPAmM chains were removed from this solution by
centrifugation. Because the density of the Ag particles is rdtigh, a very low
centrifugation speed (150 x g rcf) was employed for several hours at,26 gvoid
aggregation of Agarticles. Using this low speed allowed for easy redispersion &dhe
pellet. 4.0 mL of the supernatant was removed, leaving 1.5 miluifan remaining.

This solution was transferred to a 40 dram vial. Table 3.1 showthponents

used for each otk shell syntheses. The NIPAm and BIS monomers (dissolved in 3.0
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mL water) and the SDS (dissolved in 1.0 mL water) were adddtkteidl, bringing the
total volume to 5.5 mL. This vial was capped with a rubber stopper aeddie for N

was inserted thuggh the stopper and into the solution for purging. Another needle was
added to the stopper to allow for venting of the gas. This solutiorplaesd in a water
bath and heated to ~70 {C for 30 min while stirring. AAc was addedpjisr to
initiation. TheAPS was dissolved in ~0.1 mL of water and added to the vial fatiait.

The reaction proceeded for ~ 4 hrs.

Table 3.1 Components for pNIPAao-AAc shell syntheses using Ag core nanoparticles.

Shell
Synthesis NIPAm,g BIS,g AAc,uL SDS,g APS,g
40 mM 0.0238 0.0007 15 0.0023 0.0013
75 mM 0.0414 0.0013 2.8 0.0024 0.0016

The Ag core/pNIPArco-AAc shell particles were cleaned three times by
centrifugation at 25 jC for 45 min. Since the hydrogel shell increhsdsuoyancy of the
particles, hjher speeds were used to form a pellet of the core/shell particle
Centrifugation speeds of 830gxrcf and 1040 »>g rcf were used for the 40 mM and 75

mM core/shell particles, respectively.

Substrate Preparation

Functionalized substrates were preparedhst the core/shell particles could be
stabilized using electrostatic interactions for AFM studiesidaid, using water (as
depicted in Figure 3.2). The glass substrates possessed a posface sharge due to
primary amine groupsvide infrg), which are protonated at neutral pH conditions. The

shells of the particles contain AAc groups which can be made negativatged by
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deprotonating the AAc by adjusting the pH to above the pKa of AkKg £4.25)%° The
Ag core particles could also be affixed in this fashion due to ttiens with the lone
pair of electrons of the amine groups on the functionalized suffddes functionalized
substrates were prepared by silanization of the glass cover(\éipR, 22 x 30mm).
First, the cover slips were cleaned using a plasma cleaniéestdPDCG32 G, Harrick).
The cover slips were then transferred to a 1% APTMS solution @epath 200 proof
ethanol) for 2 hrs. After silane functionalization, the cover slipeewashed with 95%
ethanol and stored in ethanol. Sample preparation was performed mg@dew drops
of a dilute dispersion of the particles (in water) on to the fundiimathsubstrates and

allowing the solution to dry open to the atmosphere at amtapmierature.

Figure 3.2 IIIustratlon of particle stabilization using a functiasaliglass substrate (red
block) for AFM measurements in liquid.

Air

3.2.2 Characterization Techniques

UV-VIS Spectroscopy

Absorbance spectra were collected using Shima#iZel601 spectrophotometer

to characterize the plasmon resonance of the Ag particles.

Transmission Electron Microscopy
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The dry sizes and morphologies of the Ag and Ag core/shell partices
examined using transmission electron microscopy (TEM). Sampdes prepared by
placing multiple drops of dilute solutions of particles on TEM coppeisdcoated with
either Formvar or CarbeB Type; 200 mesh, Ted Pella, Inc.) leaving at least one drop to
dry overnight under ambient conditions. A JEOL 100CX Il apeg at 100 kV was used

for TEM characterizations.

Atomic Force Microscopy

Dr. Christine Kranz, a member of the Mizaikoff Group at Georgexh,
performed all atomic force microscopy (AFM) experiments. A HitHOFBSPM system
(Molecular Imaging) was usedif all of the AFM studies. All images were acquired
using MACmode with a MAC nose cone (magnetic coil integratechénniose cone)
using MACII silicon cantilevers with a magnetic coating. The targrs possessed a
nominal spring constant of 1.62 N/m oB82N/m (as determined using a thermal noise
method). Image processing was performed using PicoScan 5.3.3 softaesular
Imaging) using a maximum scan range of 100 x (@0 Measurements were performed
in air and in liquid using functionalized glass substratede(supra to stabilize the
particles. The force applied by the cantilever against the martislas adjusted by
controlling the oscillating amplitude of the cdewier, using dynamic force

measurement¥.

Particle Tracking Experiments

Particle tracking experiments based on passive microrheology methods wer
emdoyed by monitoring diffuse thermal motion that originates from the inmtrins
Brownian motion of the Ag C/S particles to determine the partgikze. Video
microscopy was utilized to analyze this thermaijwen particle behaviot.*® Using a

Newtonian liquid as the sample medium, the size of the partialebe calculated using
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the StokesEinstein equation, which is related to the megnared displacement (MSD)

of the particles®*°

&r2()$' &A’(t+!)%r(t)‘2$: 2dD,! = g,'f;;! . (Eq3.1)

where the lefhand side of this equation is the MSD of the particles as a furatithre

lag time,!, starting at timet, which represents the average particle trajectories. For the
right-hand side of the equatio@r is the translational diffusion coefficiend, is the
dimensionality of the particle trajectori€s,is the viscosity of the mediunkg is the
Boltzmann constant] is the temperature of system, aads the particle radius. The
dimensionality is usually 2 for conventional microscopy applications.

Jae Kyu Cho, a member of Breedveld Group at Georgia Tech, perfolhwd a
the particle traking experiments for this study. All data were collected at297 K. The
core/shell particles were dispersed in buffers of pH 3 or 5.5te@rrmdme the radius of
these particles in each environmeht< 0.9142 x 18 Paasec for water at 297 K). A
Leica DMIRB microscope equipped with a reflectance light sowas used for the
particle tracking experiments using a 100x-igimersion objective. Since large Ag
particles can scatter light very efficientiy*'*? Ag particles of this size (~70 nm) could
be easily observed using reflectance microscopy. Movies of thisloelleparticles were
collected using &€ohu CCD camera (Poway, CA; 640 x 480 pixels) that has a fixed
frame rate of 30 frames/second. Because thecnated Ag particles diffuse rapidly, they
were suspended in a glycerin/water (13.81 g/1.71 g) mixturel44 x 10° Padsec at 297
K) and the inages of these particles were collected using a Hamamatsu C9I0D0 CC

camera (1000 x 1000 pixels) using a frame rate of 60 frames/second.
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The positions of the particles were analyzed in each frame ahtwe using
Interactive Data Language (IDL) analysisftware (Research Systems, Inc., v.6.2). By
tuning the tracking parameters of the software, artificial Oiges to aggregation can be
screened, allowing for the efficient characterization of singleiges. At least 15
particles were observed for thatsstical analysis of each movie. The particle positions
for each image were combined to determine the particle tragstavhich were then
used to determine the MSD of the particles over time. For tiffusotion, the ¢

dimensional MSD is given by:

MSD_ - _ dkgT
4 T g g (Eq 3.2)

such that the slope of MSD vs. time curve corresponds to two tiheesliffusion

coefficient of the particles in their respective media. merting this slope into Eq. 3.2,

the particle radius can be obtained.

3.3 Resuls and Discussion

Images of the Ag and Ag core/shell particles that were collacseng TEM are
shown in Figure 3.3. Unfortunately, it is difficult to draw any siguifit conclusions as
to the presence of a shell in the images of the core/shell sasmle the TEM images
were collected under high vacuum conditions where the volume of the dri€d\mpN
hydrogel polymer becomes significantly reduced. However, qualitativarésatan be
ascertained from these images. Compared to the polyhedral surfamturs
demonstrated by the bare Ag particiethe core/shell particles appear slightly more
rounded, such thahe shape approaches that of a spherical structure. Similar globular
features have been observed for Ag particles where a polymehabkdieen added?’

This feature may be caused by the uniform distribution of pNIPAm polymer atbend
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Ag core as a result of the precipitation polymerizafith.This effectis emphasized by
the lighter areas of the core/shell particles, which may sporel to polymer regions of

lower electron density.

c el ®

. 100 nm

Figure 3.3 TEM images of bar Ag particles and Ag core/pNIFRAAcC shell particles:
A) Ag cores, B) Ag C/S 40, and C) AYS 75.

57



Ag rods and pyramids are sometimes obtained during the synthesis of Ag
particles, representing ~15% of the total number of particles, and they can typically be
removed by filtration proceduré$? Some rods were, in fact, present in these samples, as
demonstrated in Figure 3.3, Panel B. Fortunately, the presertbesaf roeshaped Ag
particles did not impact the polymerimat of the pNIPAco-AAc shell, even though
these Ag particles had been filtered prior to use. Howevehaitild be noted that the
presence of this contamination could produce defects in the formatioelledefined
ordered assemblies.

Since TEM cannokfficiently detect the presence of the pNIPAmAAC shell,

AFM experiments were performed both in air and in liquid to igate changes in the
particle size due to swelling of the hydrogel shell polymer. mne#iry data are shown in
Table 3.2. Althoup there were only modest increases in the height of the core/shell
particles in air, experiments performed in liquid demonstratedgarlarariation in this
height, showing increases of 14 nm and 30 nm for the Ag C/S 40 and Ag C/S 75

particles, respectivel

Table 3.2 Preliminary results of particle size using AFM.

Height in Air, Height in

Sample nm Liquid, nm
Ag Core 73 e
Ag C/S 40 78 92
Ag C/IS 75 82 112

To further investigate the presence of the polymer shell, in liqukM A
experiments werperformed by applying different forces to the particles by adjusting the

oscillating amplitude of the cantilever (higher amplitude values, showrarentheses
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next to the sample name in Table 3.3, correspond to lower appliess)réarticles
were diluted using water and affixed to APTM®ctionalized glass cover slips. Initial
experiments in air showed that the height for the Ag C/S 75 sanfeym, was fairly
similar to the height found for bare Ag particles, ~72 nm. When |domes were
applied to the fixed Ag particles, no significant height change waadf in liquid.
However, when this same experimental method was used to anbg/zeg C/S75
particles, larger variations in particle height were found, whiahilized at ~100 nm as

lower forces were applied. Images for both sets of particéesteown in Figure 3.4.

Table 3.3 Particle sizes of Ag Core and Ag C/S 75 particles ushi in air and in
liquid. The force applied to the particles was varied by adjustingdtiating amplitude
of the cantilever (shown in parentheses with the sample nartieés aalue increases, the
force decreases). The numbers of particles that were measerstiown in parentheses
with the standard deviation.

Sample Height, nm Std Dev, nm
Ag Core (Air) 72 7 (n=10)

Ag Core (6.4) 74 10 (n = 10)
Ag Core (7.0) 73 6 (n =10)
Ag Core (7.3) 75 9 (n =10)
Ag C/S 75 (Air) 76 5(n=10)
Ag C/IS 5B (5.2) 82 8(n=9)
Ag C/IS 75 (7.2) 101 6(n=7)
Ag C/S 75 (7.6) 100 13(n=9)
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Figure 3.4 AFM images (topography scans) of Ag core (top row) and Ag@3particles (bottom row). Left: In air. Center: In liquid,

high force. Right: In liquid, lowdrce.
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The additional increase of 25 nm in height demonstrated for the Ag C/S 75
particles assists in confirming the presence of a shell polysaeit is unclear whether
this measurement corresponds to the total increase in paizileronly to thehickness
of the shell polymer. This uncertainty in the particle size ekistause the particle may
be situated such that the Ag core touches the substrate and the Hudtbtayer is
compressed, in which case the 25 nm increase indicates the #sicknéhe shell
polymer. However, this interpretation may overestimate the tna# thickness if the
shell polymer that is situated against the substrate experisones degree of swelling.
Therefore, these images may not provide the best quantitativeunexeasnts for the
determination of the size of these core/shell particles. Unfddilynahese preceding
microsocopy measurements may also not be statistically accuithteespect to the
particle size since it has been shown that capillary forcdssegtegate Ag particles
different sizes and shapes during drying procedirds. has shown that special
modification techniques are necessary for adequate immobilizatiéwy gfarticles to
accurately determine their size and sh¥pdowever, these observations provide some
indication of the presence of a shell component.

Particle tracking experiments, which are based on passive microgleol
methods, were performed to succaligf characterize the size of the Ag core/shell
particles by monitoring the diffusive thermal motion of the particlése core/shell
particles were characterized by dispersing the particles farglift buffered agueous
media (pH 3 and 5.5). Since the yir acid groups in the polymer shell impart pH
responsivity to the particle, these groups will be mostly protonajeid@s below theKa
for acrylic acid and will be mostly deprotonated at pHOs abovetthid his latter effect
should cause swelling dhe hydrogel shell due to Coulombic repulsion of the acrylic
acid group$**® The particle sizes found for the bare Ag and Ag /pMEPAm-co-AAcC

shell particles are shown in Table 3.4.
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Table 3.4 Particle size data obtained using particle trackingimegrés.

Sample pH Diameter, nm Std Dev, nm
Ag Core ---—---- 71.0 3.2
Ag C/S 40 3.0 131.5 3.0
Ag C/S 40 5.5 152.6 1.1
Ag C/S 75 3.0 157.5 0.7
Ag C/S 75 5.5 165.5 0.7

The particle size for the nemodified Ag corresponds very well with the size that
was determined by the Chumanov group, as well as with the TEM measuse These
data not only demonstrate an increase in the partize with the addition of the
pNIPAmM-co-AAc shell, but they also show increases in size when more monsmsed
in the shell synthesis. The Ag C/S 40 particles show ~60 nm seciegarticle size and
the Ag C/S 75 particles demonstrate an incredse-8Y nm (at pH 3.0). These
measurements correspond to shell thickness of ~30 nm and ~44 nm, vebpe&s the
pH is increased to pH 5.5, there is a noticeable swelling opdhécle, confirming the
presence of pH responsivity of the core/shell pagic

The surface plasmon properties of the core/shell particles al®venvestigated
using absorbance spectroscopy (Figure 3.5). There was a slight btue-3hifn) in the
absorption maxima for both of the core/shell particles comparechdgoptasmon
absorption for the bare Ag particles. The Chumanov group observed a sif@tarwith
Ag particles that possessed thin poly(styread-styrenesulfonic acid sodium salt)
shells (<510 nm, by TEM) and attributed this result to electric insulaticomfr
neighboring particles, although, in their case, the plasmon wavelehiftiwas rather
large (~12 nm)? Interesingly, this effect was barely noticeable for the Ag C/S 40 and

Ag C/S 75 particles, even though these particles were comprisdrbltsf of relatively

62



large thickness. The lack of this interference may be due to $kedkEnse, hydrogel
character of the pIRAm-co-AAc shell, and this behavior may be especially
advantageous when these particles are employed in optical applicadiossnple
aggregation test was also performed to examine the particlditgtpbovided by the
polymer shell. Typically, the adibn of high concentrations of NaCl causes
instantaneous aggregation of the Ag particles as well as paetaténg due to Cl
causing a decrease in the plasmon absorpfibiWhereaghe Ag particles demonstrated
a distinct decrease in plasmon absorption with the addition of NBEIlcore/shell

particles effectively retained their optical properties (FiguEe.

— Ag Core
0.16 - - Ag Core with NaCl
014~ —— Ag CIS 40

- - Ag C/S 40 with NaCl
0.12 - — Ag C/S 75

- = Ag C/S 75 with NaCl

0.10
0.08

Absorbance

0.06
0.04 -

— - e = o
- -

0.02 -

-
e

T T | | T — 1

300 400 500 600 700 800
Wavelength, nm

Figure 3.5 Absorption spectra of bare silver particles and Ag C/&nd0Ag C/S 75
core/shell particles, with and without the addition of NaCl to iecharticle aggregation.
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3.4 Conclusions

A polymer shell composed of pNIPAoo-AAc was successfully added to Ag
core particles to form a core/shell nanocomposite partileis synthesis was
accomplished using a seeded precipitation polymerization method wheredrydhains
of pNIPAmM were adsorbed to the Ag particles. This precursor |easiits as a nucleation
site for the shell growth at the high temperature levels dee the synthesis. The
presence of this shell was confirmed by performing particle tigokkperiments using
video microscopy, whereby the highly efficient scattering of the Ag casre easily
observed using reflectance microscopy. The resulting stak/particles were found to
be pH responsive due to the AAc constituent in the shell and the syfas®on
properties of these particles were preserved. The presences dfinable shell can be
used to for advances in the fabrication of ordered adm=mbf Ag particles to

investigate their optical properties of their cooperative plasmsamamces.
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CHAPTER 4
SELF-ASSEMBLY OF COLLOIDAL CRYSTALS USING
POLY(STYRENE-CO-N-ISOPROPYLACRYLAMIDE)

MICROPARTICLES

4.1 Introduction

The ability to create ordered structures with refractive index peitpdhas been
under investigation since initial theoretical investigations were peer for the
purposes of designing materials that exhibit unique, well-behaved opticaltfgspeas
discussed previously. The implementation of spherical micro- andparticles has been
of great interest for the fabrication of such optical matesaise they can be easily
synthesized using various simple technidie® yield particles possessing different
functionalities and sufficient size monodispersity and lersgale appropriate for the
manipulation of the wavelengths of light useful for optical appboast

The manufacturing of such high-quality, optical materials reguihe ability to
assemble such microparticlgsickly, reproducibly andeffectively with few unwanted
defects, while allowing for the introduction of intended defects Hear purposes of
making functional optical materialsAs mentioned earlier, most colloidal crystal systems
that have been studied employ hard-sphere particles that can formdolatéces, which
exhibit Bragg diffraction (Section 1.2.1). A variety of techniques have bgdored as
potential methods to achieve this assembly. However, as described in Chaptest
self-assembly methods that utilize hard-sphere colloids ardeut@lprovide all of the
above-described characteristics that are advantageous for manufacturing purposes.

Polymeric hydrogels that possess inherent flexibility are particuadyul for the
self-assembly and stability of colloidal crystals and can be gegldo make tunable

optical materials and sensbiisy providing for changes in the lattice spacing between
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particle center8® As noted in Chapter 1, the Bragg diffraction of colloidal crystals
composed of multi-responsive pNIPAmM particles can be varied by temperaturangH,
particle concentratioff™*®> The ability to introduce functional groups (using the facile
synthesis technique for pNIPAm particles), as well as their inherent permeabiiitg i
aqueous phase (due to the cross-linked, hydrogel network) make these particleégeattract
for the creation of functional colloidal crystalline materiais dptical device$®*’

Although thermal annealing of pNIPAm particles allows for quick and simple
self-assembly of colloidal crystals, these particles are inhgrenstable due to the fact
that the particles themselves are composed of such a soft, hydrogehimdéorts to
stabilize colloidal crystals that possess hydrogel properties haveysdplarious inter-
particle cross-linking strategiesas well as introducing a polymer to effectively “glue”
the system togeth&r8?° However, these soft materials cannot provide the same sample
robustness that is fundamental to hard-sphere crystal systems.

These structural challenges prompted our endeavor to make a particle that
possesses properties of both hard and soft sphere particles duglttystalline system
can be produced quickly and simply, while being robust enough to maintain theystabili
of crystalline order under non-ideal conditions. Since selfralsiseand stability can be
achieved by taking advantage of the properties yielded by the particle’s compa@sition,
ideal particle might provide both structural integrity (hard, dense) camd tunable,
responsive, hydrogel properties (soft shell). The gold standardleashiould allow for
ease of self-assembly, while providing for stability long-range order dpging. To
accomplish this objective, a core/shell construct was investigated i Wigccore was
composed of a polystyrerm®-N-isopropylacrylamide (p®o-NIPAmM) copolymer and the
shell was synthesized using a crosslinked pNIPAm homopolymer, so hbat t
thermoresponsive shell could be used for self-assembly and theveald yield stability
in its dried state. The synthesis, characteristics, and self-agsefribese core/pNIPAmM

shell particles will be the topic of Chapter 5. During this investigatiomas determined
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that the initial pSco-NIPAm core particles could fortuitously self-assemble via a simple
drying process to provide stable crystals. Consequently, this finding encouraged th

present investigation of p&-NIPAm core particles as processable, photonic inks.

4.2 Experimental Section

4.2.1 Synthesis Strategies

Materials

Most of the materials used in this chapter can be found in the Exgeain
Section of Chapter 2. Additionally, the styrene monomer and Tweenl8€h was used

as a surfactant in some cases, were purchased from Sigma-Aldrich.

Core Particle Synthesis

Copolymer poly(styrenee-N-isopropylacrylamide) (pBe-NIPAM)
microparticles were prepared using an emulsion polymerization sytidmsHellweg
grougt and otheré?® have reported copolymer particle syntheses using styrene and
NIPAmM where the relative amounts of each monomer directly affect nhé darticle
properties. For example, higher NIPAm concentrations introdug@ntresponsivity.

For the synthesis of a dense core patrticle, it was decided &hatytithesis monomer
concentration should contain at least ~75 mol-% styrene to provide-NERAM
particles with adequate density to yield particle stability when dry. Table 4.1 shews
amounts of monomer (styrene:NIPAmM:BIS), initiator (APS), and water usedfmus

pS-co-NIPAm particle reactions.
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Table 4.1 Polymerization conditions for pBNIPAm particle syntheses.

Total Monomer
Concentration; mM
Sample mol-% Water Styrene NIPAmM Reaction
Name (Sty:NIPAM:BIS) mL mL g BIS,g APS,g Time

150-1 150 mM (75:24:1) 100 1.29 0.04064 0.0245 0.0064 4.5 hrs

300-1 300 mM (75:24:1) 200 4.68 1.6366 0.0928 0.0107 4.3 hrs

280-2 280 mM (73:26:1) 100 2.34 0.8115 0.0477%'%%%29’ 23 hrs

70.0070,
0.0101
o4 0.0120,
600-1 600 mM (75:24:1) 200 10 3.2535 0.18550.0122

0.0132,
600-2 600 mM (75:24:1) 200 10 3.2548 0.188%0.0117, 24 hrs
0.0142

500-2 500 mM (75:24:1) 100 4.3 1.3443 0.076 23 hrs

24 hrs

The following procedure was used for the synthesis of all of theop8PAmM
particles, unless noted otherwise. ThePNin and BIS monomers were dissolved in
water and placed in a three-necked, rebottom flask equipped with a condenser,
thermometer, and inlet for gas purging. While stirring, this solution was heated to ~70 GC
while purging with N for at least 30 min. Styrene monomer was added ~5 min prior to
initiation. The reaction was initiated by introdug APS (dissolved in ~1 mL of water)
to the hot monomer mixture. The reaction solution normally changed from clear to turbid
within 15-30 minutes, indicating successfparticle nucleationand growth. The
syntheses were allowed to react under heatedlitions while purging and stirring for
the lengths of time listed in Table 4.1. was decided that longer reaction times might
ensure the formation of larger particlesemhlarge concentrations of monomer were
used?*** All particle suspensions were filtered using Whatman filter paper (No. 2) to

remove any coagulum and cleaned by centrifugation at least three times for

approximately 15-45 min at 15,400gxcf at 25 GC (times and speeds varied depending
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on particle size) to remove any unreacted monomer or oligomeric species, using water for
resuspension of the pellet.

Initial core syntheses (150-1) used a surfactant (Tween 80) to stabilize the
growing particles (0.015 mM Tween 80 based on the total reaction volume). However
most cases, these core syntheses were performed under surfactant-fraenspndit
order to achieve large particles. A small amount of initial APSawasistently used for
all reactions (~0.25 mM APS, based on the total reaction volume) to pratatieely
large particle sizes so that all particles could be compaasdd on the total monomer
concentration of the reaction. In some cases, additional APS was added ¢oreastion
went to completion (although this addition was probably not necessary).

In the case of sample 600-2, a method of delayed monomer addition was used in
an attempt to make larger particles. All of the monomer was mixed toget@0 mL
water; however, the reaction was initiated using only 100 mL of this manstoek at
the outset. The remaining 100 mL was added to the reaction every 30 min in 25 mL
increments. A more comprehensive investigation of synthes¢®thploy this delayed

monomer addition can be found in Chapter 6.

Crystal Sample Preparation.

Dried crystals were prepared by spreading a drop of a concentrateeNIBAmM
aqueous suspension on a glass cover slip (VWR, 22 x 30 mm) over an area of
approximately 2 cm in diameter. These colloidal suspensions pedsgsdymer
concentrations typically between 10-50 mg/mL. This sessile drop vagedllto dry
open to the atmosphere at ambient temperature, which usually took6@s@ditminutes.

This sample preparation was used to prepare dried samples for SEM ancmredlect

spectroscopy characterizations.
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4.2.2 Characterization Techniques

Photon Correlation Spectroscopy

The particle hydrodynamic radius fjRvas determined using photon correlation
spectroscopy using the same instrumental set up as described in thenErpaErsection
of Chapter 2. Samples were prepared using dilute solutions afo-plEPAmM
microparticles and were allowed to equilibrate at the appropriate temperat@fe rfon
before data collection. The data was analyzed with Dynamics Software Version 5.20.05
(Protein Solutions, Inc.) using the Cumulants method for monomodais¢§iaa) size
distribution analysis. Typically, at least three measurements ol#ened at each
temperature for statistical analysis of the Rach measurement consisted of at least 5

data points, each collected using an acquisition (integration) time of 60 sec.

Static Light Scattering

Multi-angle laser light scattering (MALLS, Wyatt Technologyncl) was
employed to determine the radius of gyratiog) (6% the hydrated particles. Asymmetric
field flow fractionation (AFFF, Eclipse, Wyatt Technologggcl) was utilized to achieve
particle separation based on hydrodynamic volume using a sohess-fow?®2° The
AFFF method that was employed first concentrated the sample at one erdAdiRk
channel using the focusing mode, followed by sample elution using a assate of
0.25 mL/min that decreased consistently over a period of 36 min, followed by an
additional elution time of 20 min with no cross-flow. Particle elutionticmed to the
MALLS detector, which was equipped with a Peltier device to maintain a flow-cell
temperature of 25C. Scattered light from a GaAs laser operating at 684 nm was
collected at 16 fixed angle detectors and ASTRA 5.1.5.0 software was used to determine
Ry values using the Debye fit method. Samples were diluted as necessaclig¢ve

appropriate light scattering signals following the AFFF separatiorcettainty in
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calculated Rvalues was determined from the standard deviations of each slice of data in

the Debye plot, using the ASTRA software.

Transmission Electron Microscopy

The particle size and interpat@c interactions of dried p8e-NIPAm core
particles were examined using transnoaselectron microscopy (TEM). Samples were
prepared by placing multiple drops of dilute solutions of particles on TEM copper grids
(coated with either Formvar or Carbon-B Type; 200 mesh, Ted Pella, Inc.) leaving at
least one drop to dry overnight under ambient conditions. A JEOL 100CX Il operating at
100 kV was used for TEM characterizationsrtieke size distributions were calculated

by analyzing each image using ImageJ software.

Scanning Electron Microscopy

A Hitachi S800 field emission gun scanning electron microscope oeEitit0
kV was used to characterize the structural properties of dried samplescoiNdBAmM
particles. Scanning electron microscopy (SEM) samples were prepared by drying a
concentrated suspension of particles on a glass cover slippbigb a 5 nm gold film
was added using a Denton Vacuum Evaporator (DV-502A) equipped with an Inficon
deposition monitor. Samples were placed on a cylindrical specimen reoountaging
the top of the dried sample. To obtain images of sample crossrsec drop of the
particle suspension was dried on a scored glass cover slip. After rnipesdried
completely, the cover slip was broken along a scored line, followedkepgsition of a
gold film, as described above. A“45pecimen mount was used for obtaining images of

the crystal cross-section by tilting the sample relative to thdantielectron beam.

Optical Spectroscopy

The Bragg diffraction peaks of the dried crystals were characterized using

reflectance spectroscopy, since the scattering background wasoofteigh to allow for
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transmission studies. These spectra were collected using a fiber optic spotrabér
(Ocean Optics, Inc., USB2000 with integrated OFLV-3 detector) and OOIBase32
software. A bifurcated source and detector reflectance probe (R400-7-VIS/NIR)
consisting of a bundle of 7 optical fibers was employed by positiohmgobe above

the sample at near-normal incidence. A dark spectrum was obtainedvdryngothe
reflectance probe using the probe cap and a 100% reflectance reference was obtained
using a diffuse reflectance standard. For some of the sampléts) refiectance spectra

were collected during the drying process for further characterization of the selbhssem
process. The diameter of the reflectance probe wasp#@Owhich allowed for the
interrogation of a wide sampling area during these in situ drying experinié¢se data

were collected over a span of 5-10 minutes between the onset of the initial peak to the
stabilization of the final peak, which indicated that the region beingragated was

completely dried.

4.3 Results

4.3.1 Characterization of PS-co-NIPAmM Micropatrticles

Copolymer microparticles composed of polystyreneN-isopropylacrylamide
(pS-co-NIPAmM) were synthesized using different total molar concaatrstof monomer
to yield particles of various sizes. In most cases, the natie of monomers for
styrene:NIPAmM:BIS was 75:24:1, so that these particles would exhibit qualitiegiof b
hardandsoft colloids, which would be advantageous for crystal assembly andtgtabili

Given that the particle size contributes to the lattice spacing ofdallloiystals,
the knowledge of this particle size is essential to gain a compredanmsierstanding of
the properties of the subsequent optical materials. For mosdtsphere systems,
identical particle sizes can be assumed for particles in the wet statd as imethe dry

state (either as isolated particles or as part of a crystalline seudiawen though all of
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the pSeo-NIPAmM particles that were prepared in this chapter contain a majority of
hydrophobic styrene components, the presence of the hydrophilic pNIPAmM component
may have produced swelling of the particle in the wet state and consequently imparted
some degree of softness. This latter feature could also neslittortion of the spherical
shape of these particles under dry conditions. Therefore, the-NE?AmM particles were
characterized by PCS to determine the particle size when fully hydrated and byoTEM
determine the dry particle size. The hydrodynamic radius & 40as also determined

to ascertain if the pNIPAmM constituent had introduced any thermoresponsivihe t
particles. These values are included in Table 4.2 along with the percent \ddorease

that was observed between the swollen and thermally-induced, deswolletepgoth

in the wet state), as well as the percent volume decrease between swollenednd dri

particles.

Table 4.2 Hydrated and dried particle size forggNIPAm particles acquired using
PCS and TEM.

Volume
eDiameter, nm Decrease
(TEM) (PCS @ 25C

Diameter, nm Diameter, nm Volume Decreas
Sample (PCS (PCS (PCS at 25(C vs.
at 25(0C) at 40(0C) PCS at 40(C)

vs. TEM)
150-1 182 (+ 1) 178 (+ 2) 7% 126 (+ 3) 66%
300-1 246 (+ 2) 243 (+ 1) 4% 219 (+ 8) 29%
280-2 278 (+ 4) 270 (+ 3) 9% 203 (+ 5) 61%
500-2 318 (+ 2) 312 (+ 2) 5% 268 (+ 7) 40%
600-1 458 (+ 5) 352 (+ 1) 550 318 (+ 16) 67%
600-2 547 (+ 9) 400 (+ 3) 61% 300 (+ 18) 83%
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For the samples synthesized with the lowest amounts of total neon@s0-1,
300-1, 280-2, and 500-2), only slight thermoresponsivity was observed witeregome
changes between Z& and 400C, corresponding to small decreases in hydrated volume,
ranging from 3-9%. However, there is a distinct decrease in volume betfieebydrated
state at 25C and the dried state for these same particles, ranging from ~30% to over
65%.

For the 600-1 and 600-2 @®-NIPAm particles, a significant change in hydrated
particle size was observed between high and low temperatures, corregptmc
volume decrease of 55% and 61% between this two states for the 600-1 and 600-2
particles, respectively. A detailed examination of the temperature depestageges in
particle size are shown in Figure 4.1 for these thermosensitive par@iclegared to the
initial swollen, hydrated size, the dried particle size showdwemedecrease of 67% for

the 600-1 particles and 83% for the 600-2 particles.

280-| —©— 600-1 pS-co-NIPAm Core
£ —8— 600-2 pS-co-NIPAm Core
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Figure 4.1 Temperature dependent changes in hydrated size for the 600-1 and 600-2 pS-
co-NIPAm particles.
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To characterize the radial mass distribution (or polymer ch@maet density),
the radius of gyration (§f was determined for some of these particles using MALLS and
compared to the observed, Ralues (Table 4.3). For a sphere of uniform density, the
ratio of Ry/Ry is typically ~0.775' The R/R, ratio for fully swollen pNIPAm
homopolymer particles corresponds to this uniform sphere steyethiich has also been
demonstrated by other grouf$® Examination of the 500-2 particles demonstrated a
similar ratio. However, the 280-2 particles possess a loy&, Ralue and the &R, for

the thermoresponsive 600-1 particles is even smaller.

Table 4.3 Radius of gyration compared to hydrodynamic radius fecop8PAmM
particles.

PCS: MALLS:
Sample Ry, @ 25(C Ry @ 250C Ry/Rn
2% BIS, pNIPAm 111 (+ 1) 81.3 (0.2%) 0.74
280-2 139 (£ 2) 87.8 (0.3%) 0.63
500-2 159 (+ 1) 124.4 (0.2%) 0.78
600-1 229 (£ 2) 127.3 (0.2%) 0.56

The dried morphologies of the g8-NIPAm particles that were acquired by
TEM are shown in Figure 4.2. These samples were prepared using dilute suspainsions
the particles. The inset images were used for the particlasagsis. Distinct, spherical
particles are easily observed for all of the samples. However, the 150-1, 300-1, 280-2,
and 500-2 pSo-NIPAm particles show distinctive physical properties compared to the
600-1 and 600-2 particles. The former particles (Panels A-D) exhibit unigragtions

between neighboring particles, such that they appear to stick to rarteen with
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interparticle contacts that display ambiguous edges. Such particles dhadjacent to

each other also appear to deform slightly relative to the positionest thontacts.
Although the 600-1 particles demonstrate similar interparticle adhesion, the 600-1 and
600-2 particles (Panels E and F) both exhibit a type of extended connecticetetw
nearby particles that are not directly adjacent to each other, typified bygatton
threadlike feature. The individual particle interactions at this dimeredfer clues to the
self-assembly process which may influence the final macroteteiand properties for

dried samples composed of different types otpSIPAmM particles.
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Figure 4.2 Images of the (A) 150-1, (B) 300-1, (C) 280-2, (D) 500-2, (E) 600-1, and (F)
600-2 pSeo-NIPAmM particles acquired by TEM. The inset images were used to
determine the dried particle size distribution. Scale bars for theitaeges are 100 nm

for A-D and 500 nm for E and F. For the insets, scale bars are 500 wndo D and 1

pm for B, E, F.
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One sample in particular was prepared for TEM analysis to exdmomenultiple
particle interactions affect the final dried configuration. This damnm@as prepared by
drying a suspension of 500-2 g8-NIPAmM particles that was slightly more concentrated
than those previously used for TEM sample preparation. An image of this dmgtesa
displays a single layer of particles that possess 2D ordering, esvetbsn Figure 4.3.
Particles that are not completely surrounded by neighboring particles appeareto h
smooth edge morphologies along spaces in the layer. However, a mdjthigyparticles
are in contact with neighboring particles and appear to deform considefabgythese
interparticle contacts, such that the edges are not distinct. These close-packéss parti
lose their spherical shape, and the overall configuration displagsrémge, hexagonal

ordering, resembling a honeycomb pattern.

Figure 4.3 Close-packed, 2D ordered array of 500-2¢SHPAmM particles.
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4.3.2 Dried pS-co-NIPAm Crystal Characterization

Colloidal crystals were fabricated by spreading suspensions of theedifigS-
co-NIPAmM particles on to glass cover slips and allowing each sample to dry under
ambient conditions. Images of each bulk crystal were acquired using & cagitera, as
shown in Figure 4.4. Brilliant diffraction colors are observed for the 28042)(I800-1
(green) and 500-2 (red) samples. The 150-1 sample appears slightly purjdendiuas
vivid as the previous samples, which may be due non-visible diffractioaulse of the
small particle size of this sample. These increases in the waveldntité diffraction
colors (as observed by eye) are consistent with the increases in driete psre,
qualitatively following Bragg’s Law. The uniformity of these caldhroughout the area
of each sample suggests high quality crystalline order.6DBel and 600-2 samples,
however, appear white and very opaque. This lack of color may be attributable to the
large particle sizes of these samples or could be a product of low quabtyenrno

crystalline order.
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Figure 4.4 Digital camera images of dried samples of theog$HPAm particles: Top
row, left to right: 150-1, 300-1, and 280-2 samples. Bottom row, left to right: 500-2, 600-
1, and 600-2 samples.

Images were acquired using scanning electron microscopy to characterize the
particle configurations for each of the dried @8NIPAmM samples, as shown in Figure
4.5. The top surfaces of the crystals composed of 150-1, 300-1, 280-2, or 500-2 particles
display closely packed particles, which have adopted a hexagonal eanemyg This
arrangement also persists throughout the tops of these sampdayidgs long-range
order two-dimensional order that is consistent with the uniformity ef diffraction
colors seen by eye. This same hexagonal order is present on the stifaee500-2
sample, but does not occur over the same length-scale as the prammlsss It should
also be noted that this particular 600-2 sample was not prepared under amlaéittngon

but was instead prepared by drying under heated conditions, since these particles were
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found to be thermoresponsiveide infra). There does not appear to be any short nor
long-range particle order at the surface of the 600-1 sample.

Images were also acquired at the cross-sections of some of these samples t
characterize the three-dimensional particle arrangements throughout of tystsds.cr
Cross-sectional images for the 280-2 and 500-2 dried samples are demonstrajacki
4.6. These images show that the particle order persists throughout the z-aimudribe
samples. The p8e-NIPAm particles appeared extremely stable along these crystal wall
which could be an effect of the apparent adhesive interactions that were olosarkzéd

images of discrete patrticles.
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Figure 4.5 SEM |mages of the tops of dried crystals composed of the (A) 150 1, (B) 300-
1, (C) 280-2, (D) 500-2, (E) 600-1, and (F) 600-2 q@SNIPAmM particles. Panel F
displays an image of a sample prepared by heating a suspension of 600-2 particles.
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Figure 4.6 Images of crystal cross-sections, acquired by SEM. Top row: 280e2NiBAmM patic.
NIPAm particles.
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Although SEM is a useful technique to visualize the particle order, it can only
interrogate small regions of these crystals and it is difficulsethese images to confirm
the crystalline order or the extent of these structured layers. ®herebptical
spectroscopy was employed to examine the quality of these criisTdisese samples
were characterized by reflectance spectroscopy, as shown in Figure 4.7, tongetieem
wavelength of Bragg diffraction at near-normal incidence. The 150-1, 300-1, 280-2, and
500-2 samples demonstrated distinct diffraction peaks with strong irengitthough
the dried crystals composed of 600-1 or 600-2 particles did not show cleactbffr
peaks, the spectra for these samples exhibited a slight shoulder at ~700 nm and ~760 nm,
respectively. A further examination of these crystals was peefbrby acquiring the
spectra of each crystal by interrogating the backside of the samplaghtthe cover slip,
using the same reflectance setup. Interestingly, distinct diffrapiiaks were observed
from the backside compared to the spectra obtained when the tops of the saenples
interrogated, as displayed in Figure 4.8. The first order diffraction peaks gréread
for each sample occurring at ~690 nm for the 600-1 sample and ~775 nm for the 600-2
sample, which occurred at wavelengths similar to the shoulders found in Bigura
second order diffraction peak is also observed to the blue side of these peaks, occurring at

~395 nm and ~440 nm, respectively.
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Figure 4.7 Diffraction peaks for the dried crystals composed afod$HPAm particles
using reflectance spectroscopy. (Angle of incidenceGr 90

Figure 4.8 Diffraction peaks of samples composed of 600-1 or 600-2 particles,
interrogated at the top of the sample from the backside of the c(ystgle of incidence

=900
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Since the size of the 600-1 and 600-2 pS-co-pNIPAmM particles was determined to
be dependent on temperature, an assessment was performed to examinecttld effe
temperature on the assembly process by characterizing the diffraction chdiestefis
dried crystals that were fabricated at different temperatures. Since the seetibhs
process appears to be dependent on the interactions between neighboring (lzsetes
on their soft, flexible peripheries), it is possible thag¢ thteractions between these
thermoresponsive particles may be altered based on changewmperature. Different
samples were prepared by spreading the 600-1 or 600e®-N82AmM particles on to
glass cover slips and placing these samples onto a heating block that veadifferent
temperatures ranging from 22-HI. Reflectance spectra were collected by interrogating
either the top of each sample or the backside of each sample, through thdigofar s
the dried 600-1 samples (Figure 4.9) and the 600-2 samples (Figure 4.10). The
reflectance spectra of these samples that were formed while heated tentiffer
temperatures were compared to the spectra shown in Figure 4.8.

The positions and relative intensities for the diffraction peaksatetefrom the
backside of the samples were found to be fairly independent of the drympgregure.
However, the peak shapes changed and the signal intensities increased dharestical
temperature was increased for the spectra that were acquired by interrogatin thie to

the samples.

91



Figure 4.9 Reflectance spectra of dried samples of 600-topBPAmM particles
prepared at different temperatures. Samples were interrogated from eithep tfethe
sample (top) or from the backside of the cover slip (bottom). (Arfgtecmence = 90
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Figure 4.10 Reflectance spectra of dried samples of 600-2opBPAM particles
prepared at different temperatures. Samples were interrogated from eithep tfethe
sample (top) or from the backside of the cover slip (bottom). (Arfgtecmence = 90

In situ reflectance spectroscopy was performed to characterize tlassetibly

process during drying. These experiments were performed by positioningl¢atarefe
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probe about halfway between the center and the edge of the sessile drop of psoticles
that the spectra could be collected as the sample changed from its wet statéto its
stable state, which typically occurred on the order of minutes. Figure 4.11 shl®ws th
spectra that were obtained from drying suspensions of the 280-2 and 500-2 pS-co-
pNIPAmM particles represented by curves of different colors comesmp to different

times during the drying process (such thatxt;<ts<ts). For both samples, an initial
diffraction peak is observed (497 nm and 728 nm for 280-2 and 500e?-N82AM
samples, respectively) that is red-shifted compared to the difinapeaks that were
observed for the completely dried samples (Figure 4.7). The iiytefighis initial peak
increases and becomes blue-shifted over time (reaching a maximum yné¢rgIB3 nm

for the 280-2 samples and ~706 nm for the 500-2 sample, without occurrenecohd s
peak). A second peak then appears, first as a shoulder to the blue side of the first peak,
and then increases in intensity over time. As this occurs, teesity of the first peak
decreases over time and continues to blue shift over time. This trarsititre initial

peak occurs at different points for these two samples. For the 280-2 sampitetisity

of the first peak continues to increase during the onset of the second petile 500-2
sample, the first peak begins to decrease in intensity as soon as thepgadohdgins to
emerge. In both cases, the intensity of this second peak becomes stable @arale

has become fully dried. The wavelength of this final diffraction pesatonsistent with

the reflectance spectra of the completely dried samples. In both chsedjnal

diffraction is represented by the black curves.
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Figure 4.11 Reflectance spectra obtained while drying suspensions of 280-2ar{teft)
500-2 (right) particles collected in situ over time (wheret,&ts<ts<ts). The curves
correspond to the onset of diffraction, the continuous the blue shifisaditfraction, and
the emergence and final diffraction stabilization due to crystals composedpletely
dried particles. (Angle of incidence =®0

Since the structured layers that were interrogated using the in fi@ataece
setup were located at or near the air/water interface of the drying drop, it cannot
necessarily be assumed that the peaks are due to diffraction of the 111 plane composed o
crystal(s) possessing homogenous lattice spacing. For instance, iffargnd crystal
lattices may exist due to particles with varying degrees of hydration duaporation
because of contact with air. The lattice planes could also be tilted dweedorttact angle
of the drop as the suspension dries. To further characterize this aspeodelys, another
experiment was performed whereby the drop was interrogated from the backtwe of
sample (through the glass cover slip) as the drop dried. Using this meti®dan be
fairly confident that the particle layers that are interrogated refaaly hydrated since
they exist at or near the glass/suspension interface. The in fictarce spectra that
were collected from the backside of the samples during drying are shovwguime B.12
for the 280-2 and 500-2 particles, as wells as for the 300-1 particles (where

t1<t2<t3<t4<t5) .
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Figure 4.12. Reflectance spectra obtained while drying suspensions of 280)-f()o
300-1 (top, right), and 500-2 (bottom) particles collected in situ over time éwher
t1<t<ts<t4<ts). These spectra were obtained by interrogating the backside of the
suspensions as they dried. The curves correspond to the onset attidiffr the
continuous the blue shift of this diffraction, and the emergence and firfiedctidn
stabilization due to crystals composed of completely driedcesti(Angle of incidence
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4.4 Discussion

4.4.1 “150-1", “300-1", “280-2”, and “500-2” pS-co-NIPAm Particles and Crystals

The dried crystals composed of 150-1, 300-1, 280-2, or 500-20{dBPAM
particles that were formed by simple drying demonstrated good particle ordeunds
using SEM, and exhibited high signal Bragg diffraction, which indicaigt-quality
crystalline structures. Since this crystalline self-assemiolggss appears to be due to the
characteristics of its constituent building blocks, the characteristicyartito the
individual pSeo-NIPAmM microparticles were first investigated. The assessment bf bot
the hard and soft sphere qualities of these particles were of particutatange, since
these attributes appear to affect the self-assembly process and the finity sthtile
crystalline configuration.

Since exceptionally soft spheres, e.g., pNIPAm particles, cannot mainta
crystalline order following drying, the rigidity of the pS copolynsgheres can afford
particle stability throughout the drying process. The integrity of theseo{d8PAmM
particles can be observed in the TEM images of particles in thed shage. However,
the extent of this volume decrease between the wet and dry states is rgten hes
drastic reduction in size is atypical for hard sphere polymeicles in water, which are
normally composed of purely hydrophobic polymer. This change in stiesio the loss
of water from hydrogel, pNIPAm portions of the particle. The presence bfEuldAm-
rich regions suggests that soft interactions can occur between neighbanticles.

As shown in Table 4.2, these particles only show slight temperature e@epend
changes in the particle size in the wet state. Even thoughpbessges swell in aqueous
solution, this result indicates that the low NIPAm concentratibas were used in the
particle synthesis yield particle that do not exhibit the same extreftmes® found in

pNIPAm-only particles. Fortuitously, due to their copolymer identity, cdllthese
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particles maintain a spherical shape in both the wet and dried states asd pasggow
size distribution, which is necessary for crystalline orderguspherical building blocks.

It should be noted that the a larger amount of NIPAm (relative to styrene) was
used in the synthesis of the 280-2 particles compared to the otlherNMIBAM particles,
which may explain why there are slight differences in the characteristics of these
particles. These differences could contribute to differences in the self-assembly process.
First, there is a slightly larger degree pHrticle thermoresponsivity for these particles
(9% volume decrease as indicated by PCS) compared to the other initi@NJBAmM
particles. Secondly, the R ratio is different for the 280-2 and the 500-2 particles,
which were prepared under the same reactionditions. A sphere of uniform density
exhibits an BR, value of 0.775 and the 280-2 and 500-2 p8-NIPAmM particles
demonstrated R, values equal to 0.631 and 0.782, respectively. These results suggest
that both sets of particles possess polymer compositions that are similar to that of a
sphere of uniform polymer density. Hoveg, the slight discrepancy in the/R values
between the two sets of particles may be indieaof variations in the arrangement of the
copolymer composition throughout the pddicSince the 280-2 particles possess a
slightly larger percentage of NIPAm as well as a small#R Ratio, one might expect the
smaller particles to bslightly more hydrated. Indeed, we find that the ratio of hydrated
to dry volumes (61% to 40%, for the 280-2 and 500-2 particles, respectively) agrees at
least semi-quantitatively with the measuredRRratios for these two sets of particfés.
These differences between the 280-2 and 5004 |esrare attributed to the variations in
their monomer feed concenti@ts, yielding variations in the rates of polymerization and,
thus, altering the polymer density profile of these particles. These results indicate that
there may be a larger amount of flexible, lightly cross-linked polymer located near the
particle exterior for the 280-2 particleghich may provide addepolymer OsoftnessO.

Unfortunately, it is difficult to ascertain the true composition of the copolymer
combination in these particles, which seengsiicantly affect the particle properties, as

described above. It is possible that somgrele of phase separation of the two polymeric
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components occurs due to the reactivity ratios and hydrophilicity and hydrophobicity of
the NIPAm and styrene. This rationale has been used in the literature to explain why the
exterior of certain types of p&-NIPAm particles is composed mostly of the more
hydrophilic pNIPAm and the center of therfi@e consists of the more hydrophobic

él,24,35,36

polystyren Therefore, it is proposed that the wet-to-dry change in size is due
primarily to the loss of water from a hydratptlIPAm-rich periphery of the particle,
while the spherical shape is effectivelyeperved as a result of the dense pS-rich
hydrophobic core. The difference in the wet-to-dry particle sizes indicates the extent of
surface flexibility, or softness, that can be realized with these copolymer particles, which
appear to assist in particle self-assembly during the drying process. Despite these
differences, these particular g8-NIPAm particles appear to possess ideal gquantities of
hard and soft polymer to afford easy self-assembly and impressive stability.

Despite differences in this apparent aegof softness of the particles, the TEM
images of the samples that were prepdogddrying dilute suspensions of particles
suggest that there are specific interparticiteractions that occur during the drying
process that may contribute to crystalline stability. Whereas the SEM images (Figure 4.5
and 4.6) indicate the existence of bbuwlrystalline stability of the dried p&-NIPAm
particles using concentrated suspensiadhe TEM images demonstrate the specific
interactions that occur between neighbomagticles. Figure 4.2 shows images found for
each of the p$o-NIPAm particles described thus far. As stated previously, all of the
particles appear to be spherical in shape. However, their boundaries become unclear at
the positions where neighboring particles areoemtered and these particle peripheries
appear to become joined together, sstjgg an adhesive quality. This observation
suggests that there may be interpenetratibthe polymer network located near the
periphery of the adjacent particles. This particle adhesiveness may be due to increasing
hydrophobic interactions between the pNIPAghrregions of neighboring particles as

the water content decreases. The shapes of these conjoined particles also become altered,
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such that particle diameter is not uniform at all positions across each particle. These
particles appear to stretch slightly in the direction of the particle connections.

This feature is evident for the 280-2 and 500-2cp®IPAmM particles shown in
Panels C and D, respectively. In comparigothe position of the noticeably dark regions
located near the center of the particles, a lighter portion of the particles appears to be
stretched towards the adjacent, neighboringtigh@es. This variion in intensity is
consistent with differences in the electromsléy of the material, such that the area of
lighter density becomes redistributed. the case of the image displaying the 280-2
particles (Panel C), the center particle,ichhis entirely surroundkby other particles,
appears to be stretched equally in all dicets. This stretching quality not only suggests
that the soft polymer networks located a¢ tharticle exteriors interpenetrate to form
connective adhesions, but that this quality may sustain particle uniformity in a bulk
crystal. Interestingly, the interstitial spaces between these particles appear devoid of
polymer material, which demonstrates thagrethough the polymer is flexible in the wet
state, the dried polymer only occurs in the vicinity of polymer-rich material.

The more concentrated particle array composed of the 500@-NERAM
particles also demonstrates a marked uniforr(fiigure 4.3). In this case, the particles
that are completely surrounded by neighbopagticles adopt a non-spherical shape due
to compression of the other particles in this array. This array conformation appears to
occur spontaneously due to the flexibiltiy/the particle periphery as these SNIPAmM
particles dry and jmgress into closer contact. The resulting structure is similar to features
that have been observed when crystals composbdrd spheres that have been sintered
by means of thermal annealing techniqti&s’ Likewise, the adhesive quality of the soft
interfaces of these p&-NIPAmM particles seems to facilitate the stability of the final,
compressed configuration. Even the particles at the edges remain secured to the
hexagonal arrangementltdgether, these TEM images demonstrate that the flexibility of

the interparticle interactions assists in the assembly process and that these polymer
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interactions at the particle exteriors factiaadhesive interactions that maintain an
ordered particle configuration.

These discrete particle adhesions appear to preserve the three-dimensimhal par
order that is observed in the SEM images of bulk crystals (Figure 4.6).ofder also
persists throughout the entire cross-sections, demonstraiojtgton the order of tens
of microns in thickness. Considering that the sample cross-seatiere obtained by
fracturing the sample, this particle order is tremendously st@his.three-dimensional
order was also visible at cracks along the sample (Figure 4.6, bottom rigdde difacks,
which were found throughout the span of the dried crystal (Figure 4.13), arelyypica
observed in colloidal crystals as result of the volume reduessociated with sphere
shrinkage®® However, these cracks do not impinge on the long-range order of the crystal

due to the remarkable stability provided by adhesive interactions of the particles.

Figure 4.13 SEM image of cracks in a dried crystal composed of 50@& W8*AmM
particles.
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For comparison, a representative hard-sphere crystal was prepared by drying
polystyrene sulfate latex beads (diameter = 770 nm) on a glass surface and was
characterized by SEM (Figure 4.14). Immediately, one notices the deficiendaxyn
range particle order found at the top of the sample. In regions wherestlh@ng-range
order, disorder occurs along the defect cracks, since these hard spheres are gt secure
fixed in place. This effect is very pronounced by viewing the sample alsngass-
section, where particles are extremely disordered and even appear to falthefflafk
sample, as demonstrated by loose particles to the bottom of the rightByacentrast,
the dried crystals composed of p&NIPAmM particles exhibit structures of enhanced
stability. The reflectance spectrum of the standard polystyrengéakmiso displays
multiple peaks, demonstrating the significant polycrystallinity andnsistency of the

sample.
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Figure 4.14 Images acquired by SEM demonstrating the particle order at the top and
cross-section of a sample prepared with polystyrene sulfate particles

The SEM images that were obtained by observing the tops of the-N82AmM
crystals exhibit particles that adopt a hexagonal packing arrangementydé of order
corresponds to a 111 crystalline plane, which is consistent with face-centere@aibi
hexagonally-close packed (hcp), or randomly stacked crystal structures. Hoivéver,
difficult to use these SEM images to determine the exact crystallinetise and the
extent of the structured layetsSince these arrangements of spherical particles can
exhibit Bragg diffractior} optical spectroscopy is essential to demonstrate the

uniformity of crystalline order.

103



The reflectance spectra shown in Figure 4.7 demonstrate the diffrpetidis that
are exhibited by each dried crystal. These peaks correspond to the uniform diffraction
colors that were observed across the length of the sample by vispattion (Figure
4.4). These spectra also confirms crystallinity for the 150-1 sample, wkashnot
apparent by visual inspection since the small size of these 150-1 particteegso
diffraction in the UV region. The positions of these peaks follow Braggis since the
lattice spacing increases as the dried particle size increases (assumimhg tteanples
possess similar effective refractive indices). The symmetrybaeddth of each peak
demonstrates the uniformity of crystalline order and the lack of addifi@adds confirm
the absence of gross polycrystallinity in these samples, which is typatelerved with
hard-sphere crystal systems unless complex assembly procedures argedn(pigure
4.14). It should be noted that these optical spectra represent diffreloticacteristics for
only a particular number of particle layers that are interrogated usitertagice
spectroscopy (either at the top or bottom of the crystal). Standardmission
measurements demonstrated a high scattering background, mémche indicative of a
higher defect density throughout the thickness of the crystal. This icondiiay be a
result of the many cracks found throughout the sample due to the padiaolme
shrinkage during the drying process.

We can characterize these particular dried crystalline assemblies by cgmparin
the effective refractive index of each final, dried sample. Thesevalan be calculated
using Bragg’s Law. Since the diffraction wavelengths have beemdfexperimentally,
we can assume that the dried samples possess an fcc crystalline strucithieig\the
most common structure for crystals composed of spheres), and we carw dkati the
particle size for the dried crystal approximates the size found using TEM. Aslia tiee
dried crystals for the 300-1, 280-2, and 500-2 crystals possess effective refratities i
of 1.38, 1.41, and 1.49, respectively. The refractive index for these threkesappears

to be reasonably consistent for a crystal that contains theseguaycomponents. These
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differences probably correspond to subtle differences in theod8PAmM compositions
when dried. (The refractive index for the 150-1 crystal could not be calculatedtatgur
due to uncertainties in the determination of the peak wavelength, since this feeaidis
near the limit of the wavelength range of the reflectance probe.) The effeetiactive
index is also a function of the volume fraction that is occupied By individual
components. Since the soft polymer exterior of the particles roeypyg much of the
interstitial void space¥, as observed in the TEM images, the final polymer
configurations could also affect the final volume fraction occupied by theespher

Since the soft properties of the p&NIPAmM particles appear to be integral to the
self-assembly process, in situ reflectance measurements were used dateltbe
process of this crystalline assembly during drying (Figure 4.11). It is woriihgnibiat
repeating these in situ reflectance experiments by interrogagngathples through the
backside of the drying sample demonstrated that this self-assembly processroteirs
same way at the glass/water interface as it does at the air/watéadat(Figure 4.12).
The only disparity is the presence of distortions in the spectrddofirtal, dried state.
This feature is due to thin-film interference because of the existence ofadse aglver
slip between the sample and the light source.

Because a wide area of the sample is interrogated using this reflectareetipeob
coexistence of multiple peaks is observed at certain points during the dryingspiidoes
continual changes in these diffraction curves, as depicted by curves oértifé®lors
over time in Figure 4.11 and 4.12, are presumably due to multiple lattice planes
composed of particles of a broad range of intermediate sizes (padedijygirated) that
lie along this drying zone. Although the presence of the two predominant pdeetan
two different types of ordered states, it is impossible to asteh@ exact crystal lattice
constants since there are continuous changes in the particle size (dgrreasin

effective refractive index (increasing) during this evolution.
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However, we can estimate the particle size for the initial diffraction peaidfou
using in situ reflectance spectroscopy. This value can be calculated U&ng t
experimental wavelength of this first diffraction peak and by appratkig the value of
the refractive index. Since the onset of crystallization occurs at ~0.5 vdllimg
fraction, we can assume that this is the particle volume fraatidime emergence of the
first peak (therefore, ~0.5 volume fraction is water). Since wewktie volume-
deswelling ratio between a fully hydrated particle at room temperature and thesedllap
particle at high temperatures, we can assume that the refractive index of thenswoll
portion is similar to water (1.333) and the refractive index of the deswportion in
similar to polystyrene (~1.5). Therefore, we can approximate the effectnactiee
index based on these estimated volume contributions using Equation 1.G.thisse
refractive indices, shown in Table 4.4, and the wavelength ddliditffraction, we can

apply Bragg’s Law to calculate the estimated particle sizeeabiset of crystallization.

Table 4.4 Estimated effective refractive inde, (lattice spacing d), and particle
diameter (D) at the emergence of initial diffraction for each crystal.

Wavelenath Estimated
of Initialg Diameter at Diameter,
Sample Diffraction n d, nm Initial nm (PCS at
’ Diffraction, 25C)
nm
nm
300-1 538 1.39 193 237 246 (£ 2)
280-2 497 1.37 182 223 278 (£ 4)
500-2 728 1.38 265 324 318 (£ 2)

The estimated particle size for the 280-2 sample and the 300-1 sample are

somewhat smaller than the fully hydrated particles at room temperdtuis result may
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indicate that although these latter particles are mostly hydrated, theysarpaatially
compressed at the state of initial ordering. Since a less dense, flogpmeipreis
suggested by the low g, value for the 280-2 particles, this softer periphery may
become compressed at this state. The estimated particle size for the 5606K2spar
almost identical to the fully swollen size found by PCS. Thisltesuld follow from the

fact that the @Ry, for the 500-2 particles is approximately the same for a uniform sphere.
This larger polymer density profile may preserve the fully hydrated sitese particles

as the sample reaches ~0.5 particle volume fraction.

Upon further inspection, another observation can be made wpeateto the
differences in peak shifts and intensities. While the intensity efirtlial peak nearly
equals the intensity of the final peak for the crystal composed of 500-2 partiwes
initial reflectance peak for the 280-2 and 300-1 particles is of a more moderatatynte
Also, the initial peak for the 500-2 particles reaches a maximum itytgsr to the
emergence of the second peak, and then decreases in intensity as the second peak
increases in intensity. For the 280-2 and the 300-1 particles, the initial pgtalues to
increase in intensity as the second peak appears, and blue shifts steddilynarges
with the second peak. These disparities during the early drying stages may be due to
variations in the extent crystal formation, differences in the degfegadicle
deformation (due to the polymer density profile), or differences in the refactdex
contrast of the particles.

Based on the in situ reflectance experiments, a proposed mechanism for
crystallization for all pSo-NIPAm particles is shown in Figure 4.15. Particles in the
suspension initially exist in their fully hydrated state, movirggliy in solution (blue
circles). As the solvent evaporates, theq@SNIPAm particles come into close contact so
as to form an ordered structure (light green circles). Based on the positlo initial
diffraction wavelength, the particle size is estimated to be smhderthe fully hydrated

size (with the exception of the 500-2 particles which appear to maintain a sizg simil
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the fully hydrated size). The observation of the first peak is designatée g@®int in
time at which the particle concentration reaches the minimum teresessary for
entropically driven colloidal crystallization (~0.5 volume fian).***° As the suspension
dries from the outer edge of the drop towards the center, diffraction peaklftaeasd
increases in intensity, due to the decrease in particle size and increasactivesindex
(dark, small green circles). The onset of the most blue-shifted peak is attritout
crystalline regions comprised of completely dried particles (ldackes), since this final
peak increases in intensity with ultimately no variation in wavelengtrparsists after

the drying process is complete.
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Figure 4.15 Proposed scheme for gg&NIPAmM particle self-assembly: The blue circles
represent fully hydrated particles in solution. The light green sinderesent mostly-
hydrated particles that possess particle order such that Bragg diffractioseived. The
dark green circles represent partially hydrated particles that are contine@igading in
size and increasing in polymer density as the sample dries. The black oaptesent
fully dried particles. This scheme correlates with the in gflectance spectra observed

in Figure 4.11.
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All of these pSeo-NIPAmM samples produced crystals in an easily reproducible

fashion. Since the self-assembly process and final, dried state is base¢eupard and

soft polymeric qualities of the particle, the same optical propecaes be achieved
regardless of the precise particle concentration of the suspensiansfore, crystals of
different thicknesses can be achieved by using different particle ¢oattams. Different
shapes of bulk crystals can be also be formed by spreading the suspémsnatch the
desired pattern (Figure 4.16). Two-dimensional arrays of “colloittgdss were also
prepared by drying particles of two different sizes (Figure 4.17), using a design adapted
from approaches used by the Marfdwand Xid? groups. This “barcode” format is useful

for the development of optical tags with discrete optical configustibne simplicity of

this crystal formation and its ability to produce designed configurations denaiessthe
application of these particles as processable photonic “inks” that can be used for the

fabrication of optical materials.

Figure 4.16 “Crystal Graffiti”: Paint-on application of pS-co-NIPAmM suspEns as
processable photonic inks (Left to right: 280-2, 500-2, 300-1 samples).
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Figure 4.17 “Barcode” format of dried red and blue colloidal crystal strips, composed of
500-2 and 280-2 p8&e-NIPAm particles, respectively. Multiple strips were formed by
subsequent drying of each suspension repeatkdly.

4.4.2 “600-1" and “600-2" pS€o-NIPAm Particles and Crystals

Whereas the aforementioned p&NIPAmM particles were able to form crystals
with good order by simply drying a suspension of the particles straighténea00-1
and 600-2 particles did not exhibit this same ease of assembly. Drying thesesisuspe
resulted in fairly opaque samples (Figure 4.4) that demonstrated almost natletect
diffraction when the tops of the samples were interrogated and veayl loiffraction
when samples were interrogated through their backside (Figuré&sth8g the former pS-
co-NIPAmM particles exhibited superior particle ordering throughth&# sample (as
demonstrated by comparable diffraction peaks at both sides of the samptghthut the
drying process), the lack of distinctive optical qualities for the finaddsteuctures of
600-1 and 600-2 particles was attributed to differences in the particle characteristics,
causing deficiencies in good particle ordering when ordinary drying procedures wer
employed.

It appears that the 600-1 and 600-2 particles contain large amounts of pNIPAmM-
rich portions that lend towards a relatively large degree of particleessftisuch that
crystalline order does not remain stable. For pNIPAm particles and therf@®to-

NIPAm particles, this hydrogel identity allows for soft irtetions, providing polymer
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flexibility. This similar type of hydrogel quality is demonstrated byeatarge decreases

in the wet to dry volumes for both the 600-1 (66%) and 600-2 (83%) particles. pNIPAM
particles also possess thermoresponsivity yielding changes in tidepsize due to the
hydrophobic interactions between flexible polymer chains. Whereas the-pSHPAmM
particles that were previously described demonstrated only small temperaturdesteépen
changes in particle volume (ranging from 3-9%), the 600-1 and 600-2 article
demonstrated tremendous volume decreases of 55% and 61%, respectively, with
increases in temperature. Figure 4.1 shows that this change in pazgobven follows a
trend similar to the phase-transition for pNIPAm-only partickdswever, this transition

is considerably broad, which may be due to the complex copolymer netword with

the polystyrene constituefit.

While the shapes of the 600-1 and 600-2cp®IPAmM particles appear to be
spherical in the dried state, the TEM images in Figure 4.2 also demonkatateath
sample possesses unique types of interparticle connections. In the case of the 600-
particles, adjacent particles have broad interfacial connectiosisoam in Panel E. This
feature is especially pronounced in the lower left corner of this image.likage is
unlike the visible connections observed for g&NIPAmM particles, which demonstrate
clear interstitial voids that appear free of polymer (Panel B and @).ditinctively
broad adhesive feature for the 600-1 particles may be unique to such particlesplhgt di
increased flexibility.

Conversely, all of the 600-2 particles adopt markedly separated pogPans|
F). A connection is sometimes observed between nearby particles, which appaars as
long, thin, dark strand. This linkage is also observed for the 600nplas, between
nearby particles as well as adjacent particles. This feature is probably thes dame
polymer adhesiveness that was observed for the initi@lbg$PAm particles due to the
copolymer identity at the periphery. However, since these 600-1 and 600-2 partigies see

to have a larger prevalence of pNIPAm, this adhesive interaction may occumgen lo
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range (compared to the dry particle size) due to the increased swellability oftible.par
As the particles lose water and the particle size decreases, capillary forcesddawnot
the particles together in the same way as the othetoff8PAmM particles become
attached. The lengths of these strands between the particles suggest the distarere b
particles as they dry and become stabilized individually.

Particle morphologies that are similar to these types of interleacontacts have
been observed by the Kawaguchi group, whereby grafted pNIPAmM “hairs” formgrolym
bundles due to their adhesive interactions upon dffifyThese bundles appeared
stretched out from the particle core when dried at room temperature due tertedxt
conformation of the pNIPAmM hairs, and were used to prepare particle arraysspusses
definite spacing. When these particles were dried at elevated temperaturde cdnene
aggregated and appeared stuck to each other due to the lack of extended volume.

A similar effect may occur during the drying of the 600-2 particles. For the initial
pS<co-NIPAmM particles, the particle adhesions may have been due teasnmg
hydrophobic interactions between the pNIPAm-rich regions of neighboringlesras
the water content decreases. Since these hydrated exteriors are not as thilexibteas
as the exteriors of the 600-2 particles, the initialcp}NIPAmM particles are still in close
proximity when these hydrophobic interactions begin to dominate. Cimlyerthe
distinct particle spacing between the 600-2 particles (which possess & ldegrease
in wet-to-dry volume) may be due to the extended conformationeopalticle exterior,
which may remain excessively hydrated during the inception of drying at room
temperature (such that hydrophilic interactions dominate), preventing particléoacdtes
this length scale.

The augmented degree of softness at the particle exterior for the 600-1 particles
was confirmed by comparing the/Rn value for this particle (0.56) to that for a uniform
sphere (0.775). As demonstrated in Table 4.3, this value is also mucarstoatipared

to the 280-2 and 500-2 particles, suggesting that a larger amount of the polymer exists
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closer to the particle center for the 600-1 particles. Since self-assembly wig gieids

much better order for the 280-2 and 500-2 particles, the increased amount of less dens
polymer near the particle exterior of the 600-1 particles may catgrito particle
instability during drying, yielding a lack of particle order as observed by SEM.

All of these characteristics that seem to be unique to the 600-1 and 600-2 particles
appear to be due to an increased hydrogel (pNIPAm) character. The main difference
between these particles and the ones discussed in Section 4.4.1 issitdrably larger
absolute amounts of NIPAm were used in the 600-1 and 600-2 particle syntheses. Since
acrylamides have been shown to be more reactive than styrene ar syniheses using
emulsion polymerization, the consumption of NIPAm monomer may éater during
the initial stages of polymerizatidfh®*"*®*Therefore, there may also be a larger degree
of phase separation between the hydrophobic polystyrene and the hydrophilic pNIPAmM
resulting in the increased flexibility of the particle exterfdr§® producing the
properties that were found for the 600-1 and 600-2 particles. This phase sepauayi
be especially true for the 600-2 particles, since they were synthesized using af f
delayed monomer addition, resulting in the observed disparitiparticle adhesion as
observed by TEM.

These 600-1 p$e-NIPAm particles did not show very good order upon drying,
as shown in the SEM images (Figure 4.5, Panel E). The reflectance spectraeof thes
particles, as well as for 600-2 particles dried at ambient conditions, exioibital
diffraction peak. However, these samples demonstrate a diffraction peak when
interrogated from the backside of the sample. This difference is probably dae to
templating effect of the glass substrate and indicates that some orpessible. It
appears that long-range particle order cannot remain stabilized during drying ssee th
particles are extremely flexible.

Since these particles are thermoresponsive, increasing the temperature during

drying could decrease the particle size during the course of the assembly process. One
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could expect that this change in size would decrease the polymeric ftigxgince the
hydrogel chains would have already become collapsed. Therefore, the paftissso
could be adjusted to control the particle characteristics to obtain a eantierior that
provides an acceptable degree of softness to allow for self-assembly. Eotaneke
spectra of these heated samples show distinct diffraction peaks, dexogsthat
particle order can be achieved and retained once fully dried (Figure 4.9 and 4.10). The
SEM image for the 600-2 particles (Figure 4.5, Panel F), which were assemb&d un
such heated conditions, demonstrates a hexagonal particle arrangsiméat,to the
initial crystalline samples. Since this decrease in particle softresenis extensive
particle deformation, these particles appear to possess an ideal polymerig tthansg
adequate for crystalline self-assembly via drying processes. The resuitseg\aiion of
particle order for these samples may be due to the adhesiveness of the dlyidroph
interactions between neighboring particles since the pNIPAm chains alrgmtlyine
collapsed conformation as a result of the increase in temperatureuld sleonoted that
although the particle size is varied using this heated assembly proceastidiffof these
samples occurs at approximately the same wavelengths for both thd hedteon-
heated samples. Since there may only be modest differences irfetigvefrefractive
index for these dried samples, the observation of these similaactibin peaks
demonstrates that the lattice spacing of the dried particles remaaffecied and,
therefore, the final particle size is fairly constant for allhef tried samples, regardless
of temperature. This result shows that the final optical propergestaolly dependent on

the dried particle size.

4.5 pSeco-pNIPAmM Microparticles as Photonic Inks for Ink Jet Printing

The ability to form discrete optically diffractive materials makies application
of pS-co-NIPAmM microparticles an attractive approach for the formation oigded

patterns. Although the “paint-on” approach described above provided a simple technique
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for fabrication of stable, dried crystals, the patterns were rathephistoated and the
drying process of such large volumes of the dispersions (ever jcstiple of drops)
required a relatively long time for the samples to dry completelgsdtaspects would
need to be improved upon in order to successfully develop the applicati@seft&zo-
NIPAm particles for manufacturing purposes. To this end, the processabitig @S-
co-NIPAmM microparticles was evaluated by preparing dried samples usingtink-je
printing. This process could be used to rapidly prepare distinct designs with high
resolution using of these p®-NIPAmM suspensions as “photonic inks”.

Ink-jet printing deposition methods are not new to materials chgnaisatd have
been used to deposit self-assembled monoldyeusotein arrays, and even cells?
These types of studies have shown that resolution can be attained ab-tmendred
nanometer scaléand that complex microarray patterns could be formed, which would
be extremely valuable for sensing applications for a variety stes>>>* The Moon
group has also investigated the formation of colloidal crystatg usnoparticle “inks”
using ink-jet printing techniques™® They were able to produce a variety of designed
patterns using both silica and polystyrene nanopatrticles, however, certagigm®were
needed to ensure the assembly of particles with long-range order exxididftraction.

For example, most of their samples were prepared with functionalibsttaes or non-
standard materials to yielded variations in the contact angle of thensispewhich
contributed to the particle self-assembly’ Different solvent qualities and particle
concentrations were also investigatéd.

In this study, the 500-2 p&-NIPAm particles were investigated as an “ink” for
ink-jet printing deposition, since these were the largest pS-co-NIPAm partiatesdhe
synthesized which also displayed good self-assembled order via siyipig. d&n Epson
Stylus Photo R220 Series Ink-Jet Printer was utilized for this study, which was equipped
with a tray for printing directly on to compact discs, which provided a usedthod for

printing directly on to the flat, non-porous substrates used in thig. £bashcentrations of
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the aqueous 500-2 p®-NIPAmM suspensions were similar to those used above and no
additional solvent modification was performed. Additionally, stathddass cover slips

were used as substrates. A Continuous Ink System (Print-on-g-Ditrlewas employed

to allow for easy introduction of the Ep®-NIPAmM ink into the printer system. The
suspension was added to one cartridge and the Epson software (Epson Print CD v.1.4A)
settings were adjusted so that printing only occurred using that particttidigsa One

can imagine using multiple inks, with particles of difference simeform crystals with
different diffraction properties, to produce specialized optical dssignthe same
printing step.

A simple, large rectangular block pattern was used as a prototypical shape for
these initial investigations. Figure 4.18 shows an image (acquired using SEM) of a drop
formed in the middle of this pattern using a single printing of thiepatThis structure
adopts a ring shape, due to a concentration of particles at the periphery opthetdict
have been described as dissipative strucfiféssimilar to those that have formed
“coffee-stain” pattern® The effects of the drying forces become more significant as the
initial volume of the drop becomes smalfi&f> A closer look at the edge of this drop
(Figure 4.18, right image) demonstrates particle order due to the self-asséhielyp§-
co-NIPAmM particles. Unfortunately, the concentration of particles thatusad did not
provide for a high surface coverage. This result was probably due to the glmales of
ink used by the printer. Also, the particle order does not appear to persist to the same
length scale that was observed using the standard “paint-on” approaclackto$ order

is probably due to the rapid drying of such small voluffies.
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Figure 4.18 Images of drops of 500-2 @®SNIPAmM particles desposited by ink-jet
printing acquired by SEM. Right: particles at the edge of the drop.

Since printing this pattern one time did not yield a large enough pmputHtpS-
co-NIPAmM particles to yield optimal coverage for long-range particterg multiple
depositions were performed on the same surface to introduce more particles.4Ei§ur
shows images of the layers acquired using optical microscopy (using a 20kva)] As
the number of depositions increases, the drops become combined to cgpeeriaas
and the boundaries of these regions become thicker due to higher concenttions
particles. A visual inspection of these samples shows a reweftthg sample with each
consecutive printing. This process potentially provides mode of re-selfrlding of
particles that have already been deposited, while adding more partithessiygstem. As
more printings were performed, dark regions that possess cracks begin to appéar (f

and 10 printings), suggesting that thicker layers of particles oaned.
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Figure 4.19 Optical microscopy images of multiple depositions of the 500<-pS-
NIPAm particles (10x objective).

The optical diffraction of these samples was measured using reflectance
microscopy, as shown in Figure 4.20. There is hardly any sign of a ddframtak with
only one printing of the p8e-NIPAm ink. However, multiple printings show the
emergence of a peak at ~660 nm, which becomes narrower with successive printings.
These results suggest that the particle order improves with each consecuitivg.pri
This study shows how these p8NIPAm particles can be used as photonic inks and
further investigations of the particle concentration of thé&™and the solvent interaction

with the surface may provide for the formation of patterns of highugsn.
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Figure 4.20 Reflectance spectra of multiple depositions of the 500<b-NE?AM
particles.

4.6 Conclusions

Microparticles composed of p&-NIPAmM have been synthesized used to prepare
stable crystalline materials that exhibit Bragg diffraction throughassémbly via a
simple drying process. These particles exhibit properties that are charactdristith
hard and soft spheres, which fundamentally influence the absepnbcess and
consequent stability of the bulk crystal. The flexible copolymertidecontrols the self-
assembly process through soft, interparticle contacts. TExgility fortuitously occurs
at the particle periphery due to the hydrophilicity of the minor pNIPAmM constitliba
dense polymer characteristics, provided by the predominance of pS component, yield
enhanced patrticle integrity that affords stability of the particle ordeeidrikd state.

Increasing degrees of softness were found affect the flexibility of th&lpart
which can perturb the final particle order as a result of excessive particlendé&bn. In

these cases, this property of increased softness correlated with indesatedf particle
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thermoresponsivity, due to larger amounts of pNIPAm-rich regionasé€tmently, the
flexible polymer characteristics of these particles could be adjusted tde ettab
formation of crystals with stable particle order by taking advantage hef t
thermoresponisive qualities. Further polymer characterizations of thelyowo
composition are necessary to develop a more thorough understanding ofhéow t
combination of NIPAm and styrene affects polymer compositi@hraorphology of the
particle.

In view of the fact that suspensions of thesecpSHPAmM particles can form
crystals using simple drying techniques, this assembly technique is amenable for the
processing of optically relevant materials. Therefore, thesecleartcan be used as
photonic inks to prepare three-dimensional structures with predetermined catibigsir
and patterns. Since these @&NIPAmM particles possess a unique capacity for ordered
self-assembly that is inherent to their hard and soft copolymeratégréhis synthetic
strategy provides a model approach for the design of ordered systems basdtieupo

polymeric identity of the building block components.
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CHAPTER 5
CHARACTERIZATION OF POLY(STYRENE- CO-N-
ISOPROPYLACRYLAMIDE) CORE/POLY( N-
ISOPROPYLACRYLAMIDE) SHELL MICROPARTICLES AND

THEIR COLLOIDAL CRYSTAL ASSEMBLIES

5.1 Introduction

Spherical, microparticle building blocks that possess both hardahpolymeric
properties have proven useful in the design and function of cdlledatals, as
exemplified by the p$®o-NIPAm microparticles discussed in the previous chapter.
Fortunately, those particular particles exhibited an ideal combinafidvard and soft
characteristics derived from a distinct copolymer synthesis to yield Iparttbat
possessed a deformable exterior when wet and structural integrity dvize which
afforded crystalline self-assembly and stability.

Typically, our group’s efforts to achieve microparticlesittipossess multiple
properties are realized using a core/shell archite¢tuBome groups have even applied
this core/shell construct to provide specific properties that infludmeeself-assembly
and properties of colloidal crystdlS.In this chapter, an investigation of this core/shell
design will be discussed, whereby different types of shells comppsetrily of
pNIPAmM were added to some of the SNIPAmM core particles discussed in Chapter 4
for the purposes of creating particles with additional functionalitiat can be used for
the self-assembly of colloidal crystals for a variety of applications

Since colloidal crystals formed using thermoresponsive pNIPAm-only particles
are not stable and lose their order upon drying, the objectives of thimadtiibn were

twofold: to add a hydrogel shell to the hard @&NIPAmM core particles that 1) possesses

129



thermoresponsivityor the purposes of thermo-switchable crystalline self-assenmaly a
2) containsfunctionality that can yield inter-particle cross-links (located at the particle
exterior) to afford crystalline stability during drying. The finalustural stability would
then be realized by the increased particle integrity achieved by the ha@NIBAmM
core, as illustrated by Figure 5.1. To achieve particle furalityn acrylic acid was
included in two of these pNIPAmM shell syntheses to provide a carboxylic acid gedup th
would be available for the addition of cross-linking moietiesh@ugh particular cross-
linking strategies were not explored extensively in this project, theatikin of such
functional groups could be examined in the future. Neverthetbssability to add
functional groups using this stepwise core/shell synthesis demessitsapotential as a
design tool for the production of useful crystal building blocks. Tdieving study
primarily investigates the synthesis and characterization of these/slelt
microparticles, as well as their application as thermoresponsivdinguiblocks for
colloidal crystal self-assembly. Large particle sizes were igagstl so that colloidal
crystals that exhibited infrared diffraction could be fabricated for the pagpof

producing stealthy, optical tags.

Figure 5.1 Formation of stable colloidal crystals via thermal annealing.desfivollen
core/shell particles. Center: Colloidal crystal composed of swobtee/shell particles.
Right: dried crystal depicting dehydrated shell and dense cores, which assist in
maintaining crystal stability.
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5.2 Experimental Section

5.2.1 Particle Synthesis

Materials

The materials used in this chapter are listed in the Experimentaibi&e of

Chapters 2, 3, and 4.

Shell Synthesis

Thermoresponive pNIPAm shells were added to some of tleapBPAmM cores
(Chapter 4) using a similar “seed and feed” synthesis technique as descltegter 2.

The initial methodology to construct stable crystals using /sloe# microparticles
included the addition of a functional group to the shell that would allowcdoalent
interparticle crosslinking after crystallization so that the iglag would not disorder
during drying. For this purpose, AAc was added as a comonomer in most oftiabdse s
syntheses, which provides a carboxylic acid functional group that can be used to
covalently attach moieties that possess amine groups through EDC and DCC
coupling’®** One potential cross-linking route would be to use the AAc to couple 4-
amino-benzophenone to the particle exterior to allow for photocrossiirkt*

For all of the pNIPAm shell syntheses (listed in Table 5.1), 50 mMriaiabmer
concentration (TMC), containing 1 mol-% BIS, was used along with 0.015 mM Tween
80 and 1.0 mM APS for initiation (concentrations based on fesction volume). For
all syntheses, p8e-NIPAm core particles (which were not cleaned and possessed the
core synthesis stock concentration) were mixed with water andnr@@en a three-
necked reaction flask (reaction set-up described previously), then heated{d while
purging with N and stirring for at least 30 min. The NIPAm and BIS shell monomer
were dissolved in water, and part (monomer-starved conditions for the 150-AAC/

and 300-1 C/S AAc synthesésind or all (monomer flooded conditions for the 600-1

131



C/S synthesidj*® of this solution was added to the core solution prior to initiation
(amounts shown in Table 4.2). Acrylic acid (when used) was added just prior to
initiation and constituted 10 mol-% of the total shell monomdterAinitiation, the
remaining amounts of the shell solution were added to the reaction a¢wiffenes (at

10 min increments for 50 min for the 150-1 C/S AAc and 300-1 C/S sampies)the
600-1 C/S reaction, all of the shell monomer was added prior to initiatienréaction
times are listed in Table 5.1, and all of the core/shell samples werdiland then
cleaned by centrifugation after the synthesis was terminated (~45 min at 1% 460at

25(C).

Table 5.1 pNIPAmM shell synthesis conditions usingcp®IPAmM core particles.

Total Shell
Monomer Water for
Concentration; Core (Shell
mol-% Vol., Water NIPAm AAc monomer) Reaction
Sample Name(NIPAM:AAc:BIS) mL mL g g mL Time
Total: 10
150-1 C/S AAc 50 mM (89:10:1) 20 67.5 0.5028 0.03575 + 1*5) 4.5 hrs
Total: 20

300-1 C/S AAc 50 mM (89:10:1) 40 136 1.0108 0.07180+2*5) 5hrs

600-1C/S 50mM(99:0:1) 20 60 0.5643 N/A Total: 20 5.5hrs

5.2.2 Crystal Formation

Colloidal crystals were prepared using the thermoresponsive 150-1 C/S AAc,
300-1 C/S AAc, or 600-1 C/S core/shell particles via thermal annealing. Since latt
spacing between pNIPAmM-type particles is dependent on the particle concentrat

polymer content was strictly monitored when preparing the suspensions for
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crystallization, and, therefore, reported in terms of the percent polyyneeight (% wt),

where

gramsof polymer

% wt = _
(gramsof polymer+ gramsof solvenj

(Eg5.1)

Accordingly, the polymer concentration of the stock solutions ofigkest was
determined by freeze-drying a small, known volume of the stock soltdio24hrs
(FreeZone 4.5, Labconco) and weighing the amount of resulting dried polyfrer.
prepare the samples, a known volume of the stock particles was centrifuggguresi
weighed centrifuge tubes, typically for ~15-30 min at 20,809 ref at 250C. Upon
forming a pellet, the supernatant was removed without disturbing the pellet, and the
sample was re-weighed to determine the mass of the remaining paycheolvent in
the tube, so that the % wt of polymer could be determined (assumingpthalymer was
extracted with the supernatant). Typically, these centrifuged samplesgassgher %
wt than desired, in which case, water was added to the sampieteotd the desired
final % wt.

Sample cell compartments were prepared by sandwiching a chamber gasket (19
mm x 6 mm, 0.5 mm deep, Molecular Probes) between two glass cover slyes,(E& x
30 mm), as shown in Figure 5.2. The adhesive placed on the gasket during mangfacturin
was first removed by hand and the gaskets were soaked in ethanol to rerevel d
debris. One piece of Scotch tape was applied to each side of the gasket twice to transfer
the tape adhesive to the gasket. Then, two cover slips were placed on either lsede of t
sticky gasket and pressed together firmly using a cotton swab. Tlnedneas the best
procedure to form a stable cell that exhibited no leaking, plus the gaskets coudilybe ea

reused by pulling the gasket out from the cover slips after soaking the celkein wat
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Figure 5.2 Sample cell used for thermal annealing of core/shell particles.

The suspensions of known % wt were heated tolE50 a heating block (Temp-
Blok, Lab-Line), making the suspension less viscous from tpelg®n of water from
the deswollen particles. The suspensions could then be made homodaneougxing
the sample. Hot samples were introduced to the sample cell by syijecien through
the rubber gasket. Typically, both the sample cell and the syringe were heatdt] &s
avoid any drastic drops in temperature that could make the sample more .\Bsraise
direct sample injection increases the pressure in the sample tath(eould cause
leaks), a slight vacuum was made within the cell by extracting a small @@teir from
within the chamber, prior to adding the sample. Once the sample was added, the pressure
could be re-equilibrated by puncturing the gasket, once or twice, wigteasing the
plunger of the syringe. The sample cell was not completelyl fleh sample solution,
allowing a small air bubble to exist in the cell. This was used to homogenizgartime
by shaking it back and forth after heating to ensure low viscosity.s&hwles were
placed on the heating block and covered with a plastic casing linedylags wool to
keep the samples insulated. After heating for about 15 min, the heating blotkrmexs

off, which provided a cooling rate slow enough to achieve crystalline self-alysemb
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5.2.3 Characterization Techniques

Core/shell microparticles were characterized using photon correlation
spectroscopy (PCS) and multi-angle laser light scatteringL(M8) to determine the
particle hydrodynamic radius gRand the radius of gyration ¢R respectively. Detailed
descriptions of these procedures can be found in Section 4.2.2. Additionatimetdie

used for further characterization of the core/shell crystals:

Optical Microscopy

Differential interference contrast (DIC) images were acquisgdguan Olympus

IX-70 inverted microscope using standard DIC optics.

Optical Spectroscopy

Reflectance spectroscopy was performadgia Cary 500 double beam scanning
spectrophotometer (UV-VIS-NIR) operating in the spectral range: 175 nm — 3300 nm
using an integrating sphere accessory thiedaccompanying WinUV software and Scan
package, in collaboration with the Geordiach Research Institute (GTRI). A more
accurate determination of reflectance intensity was obtained using this instrument
compared to the Ocean Optics set-up in Section 4.2.2, by determining the specular
reflectance (or “% Reflectance”)which is found indirectly by subtracting the diffuse

reflectance from the total reflectance (specular + diffuse) at near-normal incidence.

5.3 Results and Discussion

5.3.1 Core/Shell Microparticles

Hydrated particles sizes of the core/shell particles were determined using PCS
(Table 5.2) at temperatures of 25 and 400C to assess particle thermoresponsivity,

since these particles contain principally pNIPAm in the shell. For cosgmarithe
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particles sizes of their constituent core particles are also shown. Segeeisence of
AAc (pKa ~4.25Y% in the shell polymer introduces pH responsivity, which impacts the
hydrogel swelling, formate buffer (pH 3.5; 10 mM ionic strength) was used to prepare
samples of these patrticles for PCS characterization. Non-buffered, agoé@nt was

used for all other samples.

Table 5.2 Hydrated particle sizes for core and core/shell particles acquired using PCS.
(Standard deviations (z) for each measurement are shown in parentheses

Volume
Decrease,
(PCS @ 25°C
vs.PCS @ 40 °C)

Sample R @ 25°C,nm R@ 40°C, nm

150-1 Core 91(x1) 89 (x1) 7%
150 C/S AAC 417 (£ 7) 242 (+ 1) 81%
300-1 Core 123 (£ 1) 122 (£ 1) 4%
300-1 C/ISAAC 297 (¢ 4) 151 (£ 1) 87%
600-1 Core 229 (£ 2) 176 (£ 1) 55%
600-1 C/S 318 (+ 6) 206 (£ 2) 73%
600-2 273 (£ 4) 200 (£ 2) 61%

Since all of the core/shell samples demonstrated thermorespgngivise
particles were used to make crystals via thermal annealing. As discussed in thesprevi
section, the 150-1 and 300-1 p&NIPAmM core particles do not exhibit a significant
temperature-dependent size variation. Understandably, the 150-1 C/S AAc and the 300-1

C/S AAc core/shell particles possessed a larger particle size compared toithe paet

136



of their corresponding cores at both high and low temperatucisatimg that this dense
core structure is maintained. These types of core/shell particlgstirea serve as
potential candidates to offer crystalline stability upon drying, siheg still possess
some degree of core structural integrity (Figure 5.1).

It is worth noting that even though similar amounts of shell m@ncand core
solution were used for the shell syntheses of the 150-1 C/S AAc and 300-1 C/S AAc
particles (50 mM TMC), a considerable increase in shell volumei@estlarger) was
found for the hydrated 150-1 core/shell particles al26ompared to the 300-1 C/S AAc
particles at 25C. The reason for this discrepancy is due to the variability deetwhe
numbers of core precursor particles available in the given volumesref solution.
Larger shell monomer concentrations were examined using the sameatashdseed”
particles. A 60 mM pNIPAm shell (10 mol-% AAc, 1 mol-% BIS) was added to 150-1
pS-co-NIPAm cores and a 70 mM (10 mol-% AAc, 1 mol-% BIS) shell was added to
300-1 pSeo-NIPAm core particles. However, this additional shell monomer utiso
produced particles with slightly higher polydispersity than the corneBpg core/shell
samples described above, resulting in ineffective crystal assefRastynately, the initial
shell syntheses described above provided particles with shellproipgiate thickness to
achieve crystals using thermal annealing procedures. Consequentlyyriiess
conditions for the shell addition should be considered when falmgcatore/shell
particles for the purposes of crystalline assembly, by adjushiegamounts of core
precursor particles or by using different amounts of shell mono&knough the
pNIPAmM core/shell particles described in this chapter possessddthicknesses that
were suitable for self-assembly, increases in the thisknésuch a flexible, hydrogel
shell may cause increased instability of the crystals composed of the&hebparticles
due to shell deformation during the final drying step, as depicted in Figure 3. Hydrated
core/shell particles that have a small shell thickness may deswaatl &ppropriate size

upon drying to retain long-range order (top graphic). If the thicknes®itarge, order
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may become disturbed during drying due to the increased magnitude of hydrogel shell
shrinkage (bottom graphic), although some short-range order may exist etedldpi
templating at the interface with the substrate. This type of midoalized order and
disorder was found for the 600-1 and 600-2 particles for the dried samples destribed

Chapter 4.

Figure 5.3 Implications of shell thickness upon crystal drying. Top graphic: alliostrof
core/shell particles possessing a moderate shell thicknessathahaintain long-range
order upon drying. Bottom graphic: illustration of particles with a largd fhekness
that predominantly result in particle disorder upon drying due to considesalfls in
particle position.

As discussed in Section 4.4, unlike the othercp®{PAmM core particles, the
600-1 and 600-2 core particles displayed thermoresponsivity. This quajitperdue to
the comparatively large absolute amounts of NIPAm used in theseufartaore

syntheses, since acrylamides have been shown to be more reactiverganistgimilar
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syntheses using emulsion polymerizatioand there may be some degree of phase
separation between the hydrophobic polystyrene and the hydrophilic pNfFAm.
Although these cores did not form well-ordered crystals while drying thesielgsr
under ambient conditions, these cores were investigated as componentdoidalcol
crystals because of their thermoresponsive properties. Intetestimg deswollen 600-1
C/S particles at 40C achieve a size smaller than the swollen 600-1 coresiat @like
the 150 C/S AAc and 300-1 C/S AAc core/shell particles, which consist of rathes, den
non-thermoresponsive cores). This mechanical feature is consisith core/shell
particles that possess thermoresponsive core and shell regions.

Figure 5.4 illustrates the temperature dependent volume phase transittbe for
150-1 C/S AAc and 300-1 C/S AAc particles, using a buffered solution (pH = 3.5). The
range of this volume phase transition appears very broad comparedstatp transition

usually observed for cross-linked, pNIPAmM homopolymer particles (Chapter 1)
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Figure 5.4 Temperature dependent changes in particle size: 150-1 C/S AAc and 300-1
C/S AAc.
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Figure 5.5 demonstrates the phase transition for the 600-1 C/S particles, as well as
the transitions for the 600-1 and 600-2 core particles. Again, all of tlodgme phase

transitions are broad compared to typical pNIPAm particles.

340 - =©— 600-1 pS-co-NIPAm Core
—8- 600-2 pS-co-NIPAmM Core
—— 600-1 pS-co-NIPAmM Core/pNIPAmM Shell

Hydrodynamic Radius, nm
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Temperature, °C

Figure 5.5 Temperature dependent changes in particle size: 600-1 and 600-2 Cores and

600-1 C/S.

Let us first consider the volume phase transitions for the 600-1 and 600-2 core
particles. Since the 600-1 and 600-2 core particles were formed using a copolymer
synthesis (adding styrene and NIPAm together), the particularly broaditnasmsitay be
due to these polymer blends forming complex, interpenetrating polyrweonks, with
varying degrees of phase separation. Conversely, the volume phase tfsitite
core/shell particles appear somewhat sharper than the transitiohe &80%-1 and 600-2
cores. This overall sharp transition is probably due to the ratlody; thistinct pNIPAmM

23,24
1

shel although some interpenetration could be occurring at the interface ebfthe
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shell and the denser core polyrfigsjnce curve breadth is maintained for the curve of the
core/shell particles, compared to pNIPAmM-only particles.

The pNIPAmM shell addition to the 600-1 Core particles was also characterized
using MALLS to determine the radius of gyrationg\RTable 5.3 shows the values of
these measurements along with the radius of hydratigna(itl the ratio of Rto R,

including comparisons to values found for 2% BIS cross-linked pNIPAmM pecticl

Table 5.3 Comparisons of radius of gyration to radius of hydratiopNtPAm-type
particles.

DLS: MALLS:
Sample Rn @ 250C Ry @ 25(C Ry/Rn
2% BIS, pNIPAm 111 (+ 1) 81.3 (0.2%) 0.74
600-1 229 (+ 2) 127.3 (0.2%) 0.56
600-1 C/S 318 (= 6) 133.9 (0.3%) 0.42

As discussed previously, a sphere of uniform density yields @R, Ratio of
0.775% The R/Rn value for the pNIPAmM homopolymer particles corresponds with th
uniform sphere structure, which has also been demonstrated by othgrs%r3
Core/shell particles consisting of pNIPAmM as the main monomer canpdor both the
core and the shell also possess similar qualities of a sphengt¢€Bn Some of the non-
thermoresponsive p&-NIPAmM particles that were presented in Section 4.3.1 also
demonstrate these characteristics of a uniform sphere. However/RadR the 600-1
cores is considerably less and thgRR for the 600-1 C/S particles is even lower. Since
Ry is a function of radial mass distribution (or polymer chain segmensitgl the lower

Ry/Rn value for the 600-1 core particles indicates that a larger polymer matssaoser

141



to the particle center. Consequently, this measurement may indicate dagree of
phase separation for the 600-1 core particles, whereby the less-dense pNi&agel

network extends farther into the agueous media, yielding aveatarger apparent R

For the 600-1 C/S particles, this considerably lowgRRagain follows from this radial
mass distribution, since only a lightly cross-linked shell has laeleled (yielding two
distinct polymeric regions), with most of the polymer mas$ stihtained within the
core. From these results, it is evident that the examination/Bf Ran be utilized to
semi-quantitatively characterize the polymeric structural properties & pagscles.

Even though it has been suggested that the hard and soft propertiesmf pS-
NIPAm particles may be due to phase separation (as discussed in Chaptés gl i
difficult to obtain a clear understanding of the exact polymer composition of thelgoar
that explains the apparent localization of polymer flexibility at the iextddevertheless,
these particular studies of the comparisogfkRmay provide more insight as to the

distribution of polymer mass.

5.3.2 Core/Shell Crystals

Crystals composed of different % wt of polymer were prepared using the
thermoresponsive particles listed in Table 5.1, using thermal ampgabcedures. Since
these crystals are composed of swollen particles, the resulting crydtdde vaferred to
as “wet crystals” as opposed to the dry crystals considered in Chapteretvdbss
using optical microscopy can yield an initial indication of pagtiorder. Figure 5.6
demonstrates the long-range order found for a crystal fabricated using 300-1 C/S AAc
particles via thermal annealing (left image). The bright spots thatspmnd to
individual core/shell particles can be easily observed (righgenasince they have a
rather large particle size and because the polystyrene copolymer indreaotibutes to
a larger refractive index contrast with the surrounding aqueous media. Jdnéisles are

also distinguishable from each other, owing to a markedly darker regiwedre
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neighboring bright spots. This observation may be due to a combinatimtlothe low
weight percent of polymer used for this sample (as observed with srgstabosed of
pNIPAm particle®’) as well as the refractive index contrast between the core and the

shell {side infra).

Figure 5.6 Optical microscopy images of crystal formed with 300-1 C/S AAc patrticles,
1.0 % wt. (right image: zoom-in image from image at left). Scale bgum.1

Reflectance spectroscopy was used to determine the Bragg diffraction wavelengt
and reflectance intensities of the wet crystals formed using the cdirpéstiieles (Figure
5.7). The peak wavelengths ranged from the visible/near-IR regiovell into the IR

region, which was encouraging for the objectives of producing stealthy, ldpgsa
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Figure 5.7 Reflectance measurements of crystals prepared using thermoresponsive core
and core/shell particles.

Since these observed peaks are a function of the center-to-center distevees bet
particles (from Bragg’s Law), the spectra demonstrate the variabilitiyeirdiffraction
wavelength that can be achieved by changing the particle size, either lgy usin
thermoresponsive core/shell particles of different sizes or byngathe concentration
(% wt) of the polymer, as demonstrated in other w6tR&The wavelengths were easily
tuned by varying the polymer % wt, as shown for the 600-2 Core samplesoAaldy,

when acrylic acid is used in the shell, the particle spacing can be variegubynadthe

pH to change the shell thickness.

In most cases, the Bragg diffraction exhibited intensity peaks that were high
above the baseline (40-65%). This high signal intensity arises ffe increased
refractive index contrast provided by the polystyrene (since blymer polystyrene

latexes typically possess a refractive index of ~1.5f.8)milar crystals formed using
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large pNIPAmM hydrogels showed reflectance of no more than 30% abowagbéne
(data not shown). This limit is probably due to the fact that as hgtirotlhe pNIPAmM
particles are nearly refractive index matched with water.

As mentioned in Chapter 1, photonic materials that offerelaantrasts in their
refractive indices can provide more efficient component®fical devices by reducing
losses in light intensity. For colloidal crystals, the diffl@ctwavelength is also a
function of this refractive index of the crystal, as determined by Bragwy'sds discussed
in Chapter 1. The effective refractive index for a crystal is given by wesigdum of the

individual componenté given by,

- |
neff I_ na a , (Eq 5_2)
a=1

wherengs is the effective refractive index of the sample, based on the refractiveahdex
each component times the volume fractiondf each component. For a colloidal crystal

composed of pNIPAm particles,

Ny =N, @S )+n, (Eq 5.3)

wheren, is the refractive index of the particle angl is the refractive index of the
medium (in this casey, = 1.333 for water), and is the particle volume fraction. Since
pNIPAmM particles are water-swollen gels, they are nearly refractiiex matched with
the bulk water medium, and hence, there is very little refractive indexasbnnh

pNIPAm colloidal crystal§?>**3> Therefore, pSo-NIPAm core/pNIPAm shell particles
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can provide an enhanced contrast as a direct result of their polymer sstompavhich
can provide a means for controlling the optical properties of the resulysiglst

Since the core/shell particles under investigation included acrylicrathe ishell,
the refractive index contrast could be greatly augmented by addingn@i@particles,
which can become bound to pendant acrylic acid grétigsche anatase form of TiO
possesses a refractive index of ~2.5, which would allow for a tremendoeasedn RI
contrast. However, previous studies by our group have suggested that the addition
TiO, must occur after crystallization, since this binding event tends tocendu
aggregation, preventing crystallization. This potential extensiohi®ptoject could still
be implemented by employing different versions of freestandingtadr{ilms, wherein
crystals have been stabilized prior to T&ddition. This initiative is discussed further in

Chapter 7.

5.3.3 Colloidal Crystal “Bar-code” Optical Tag

An infrared optical tag that possessed a bar-code format was consideged us
wet crystal that exhibited Bragg diffraction at ~1550 nm. This particular wavelength is
important to the optical communications industry and its magnitude fal Ufee the
fabrication of stealthy, optical tags. A large crystal composed of 600-2 Qticles
(~10% wt) was prepared via thermal annealing, using a crystal sample cell thayeamnpl
a gasket larger than those previously used. The desired format was to obtain a
“on/off/on/off” configuration, whereby the thermally annealed portion wouldesas the
“on” state. The proposed method for producing the “off’ state was to heatl&éal
area of the crystal to cause particle deswelling, followed by immediate cooliagise a
loss of order by forming a kinetically trapped glassy stafithis localized heating was
performed by applying a hot glass stirring rod to different regions of ttstatryThis
procedure produced an immediate change in the crystal diffractiors @long the length

of this area. An infrared camera was employed to determine the reflectangesiran
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the different regions. Figure 5.8 illustrates the differences in infratedsity along the
crystal using false-color imaging to show intensity changes of thefléttien signal.

The arrows indicate the position of the rod across the crystal sample.

Figure 5.8 False-color image of a “bar-code” optical tag usingcggSHPAM
core/pNIPAm shell particles. (Pink/purple region: low-intensifieotance; Blue region:
high-intensity reflectance).

Surprisingly, the blue region of the crystal (where the hot stirringvasdapplied)
indicates higher reflectance intensity than the pink/purple regiors Odlservation
conflicts with the projected outcome since the region of heating/cooling was expected to
be disordered and, thus, display no or at least a lower reflectanc&tintban the non-
heat-treated region. A further investigation of the crystal using reflectpectroscopy
showed that the heated/cooled portion exhibited a narrow diffraction peak at 1566 nm
with a reflectance intensity of 81% compared to the diffraction of theheated region,
which exhibited a broader peak at 1554 nm with an intensity of only 58%.

The origin of this difference may be due a temperature gradient effect that could
have occurred during the heating procésé Since the glass rod was only applied to one

side of the crystal sample cell, the particles at this surface waaddnte the most
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deswollen, whereas deeper-lying particles may have only partially deswooll®ay not
have deswelled at all. These latter particles may have caused latiggmpffect as the
deswollen particles reswelled, and may have, in effect, “ironed owt”caystalline
defects. This scheme would explain the narrowing of the diffraction pealksiheaated
region. The slight red shift in the diffraction wavelength may be dumdreases in
spatially varied lattice constants that have formed due to this grasimh that particles
in the heated/cooled region that were nearer to the glass surface cooled mdyeagdick

were able to swell to larger degrees due to the localized increase in free volume.

5.4 Conclusions

Core/shell microparticles were prepared by the addition of a soft pNIPAINn she
using hard, pSo-NIPAmM cores as precursor particles (or “seeds”). Such core/shell
particles were found to be thermoresponsive, due to their lightly-tné&ssl, pNIPAmM
shell, which facilitates their use as building blocks for theeri¢ation of colloidal
crystals. The optical properties of such crystals can be tunedanyiny the shell
thickness, polymer concentration, pH, or even temperature (as in thefctd®e “bar-
code” optical tag). This particular core/shell construct also providasga contrast in
refractive index that can be beneficial for the manipulatibhight, which is important
property for producing high-quality optical materials. By addgiagicular functionalities
to the shell, cross-linking techniques have been envisione@tsoryistalline order can be
maintained during the drying of these core/shell crystals, and the haah®Am can
provide structural support for the final stability. This design provides alusehtegy for

the self-assembly of robust, optical materials.
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CHAPTER 6
SYNTHESIS OF LARGE POLY(STYRENE-CO-N-
ISOPROPYLACRYLAMIDE) MICROPARTICLES BY DELAYED

MONOMER ADDITION

6.1 Introduction

Many potential configurations can be employed to form arrays that possess
refractive index periodicities for the purposes of manipulatirghtlifor optical
applications- The organization of spherical micro- and nanoparticles presents an
especially attractive design for these types of materials as a reduwdiircdhility to adopt
a variety of three dimensional, closely-packed arrangements that emalateutitures of
atomic crystalé:® Such crystals can be fabricated without difficulty using self-assembl
procedure®® and a variety of synthesis techniques are available to prepare particles that
possess a range of sizes, which can be used to prepare crystals that exifibibppeal
properties*® Most efforts to achieve high-quality crystals using such particles typically
explore different assembly methods. However, the specific furadiies that are
particular to the particle’s identity can additionally benefit theeasbly process. Such
particle characteristics can be introduced by including a specific comonoe®tydnto
a polymer particle synthesis? or by utilizing the comonomer as a functional group to
allow for post-polymerization modification of the particle. Tednégoes of approaches are
not only advantageous for the purposes of producing crystal building plngkare also
important for the production of functional colloidal particles fany other applications.
Unfortunately, the production of many potentially useful types of polymboid® is
limited because the essential comonomers may disrupt the particle syathean only

be added in small amounts or else risk broad distributions in pasizele
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Winnik and coworkers have found that specific comonomers, which have
ordinarily caused problems when introduced to the polymer gagyeithesis or can only
be added in small amounts, could be incorporated into such cohlditsut disturbing
the particle formation by using a two-stage synthesis techhiguethis approach, the
additional comonomer is added to the synthesis during the parocighgstage, after the
more sensitive nucleation stage is complete, which typically scaur1% monomer
conversion for styrene syntheses using dispersion polymeriZtidités method was
successful for adding dyés, crosslinkers>'® and chain transfer agehts® to
polystytrene particles. In particular, they were also able to addegramounts of polar
monomers, such as carboxylic atidyhich have traditionally been more difficult to add
directly to polystyrene syntheses in large concentrafiéh€

As discussed in Chapter 4, NIPAm monomer could be added directly to the
emulsion polymerization of styrene to form poly(styrene-co-N+3pylacrylamide) (pS-
co-NIPAmM) spherical microparticles with very narrow size distribugio These
copolymer particles possessed both hard and soft polymeric pespartd readily
formed crystalline assemblies upon drying. Large amounts of moneemerutilized for
the purposes of producing large p&NIPAmM particles that could be used to form dried
crystals that yielded Bragg diffraction in the infrared region, so as ¢ dbr the
fabrication of stealthy, optical tags. In these cases, however, coagulued tientbrm
and the particles were found to be thermoresponsive. This thermoresponsi
characteristic indicated the presence of excess pNIPAmM, which yielded a more hydrogel-
like composition that proved to be too flexible to allow for simpleiglaressembly by
drying. Since the NIPAm comonomer has a significant impact on the particle
characteristics, it is also possible that the addition of this molar, pydrophilic
comonomer affects the nucleation stage of particle formation dug hagher reactivity

in aqueous media as a result of its hydrophili€it’

154



In this chapter, the two-stage synthesis method for NIPAm addition is
investigated by introducing the NIPAm monomer at different delay timesigitiie
emulsion polymerization of styrene. Samples of the growing pestiwere obtained
throughout the course of the syntheses. Accordingly, the particle flgrosdld be
evaluated by determining the size of these particles, using photon correlation
spectroscopy. The particles’ ability to form robust, dried crystads suinple drying
procedures was also evaluated by reflectance spectroscopy in an effort toingeterm

which types of particle afforded the largest increases in diffragtevelengths.

6.2 Experimental Section

6.2.1 Synthesis Strategies

Materials

The materials used in this chapter are listed in the Experimentaibi&e of

Chapters 2 and 4.

Particles Synthesis

Large microparticles composed of poly(styreweN-isopropylacrylamide) (pS-
co-NIPAmM) were prepared by emulsion polymerization, using either a baihielayed
monomer addition method. Large total monomer concentsatibhIC) were employed
(either 500 mM or 1000 mM, based on the total reaction volume) in an effoxdager
large particles. All syntheses were prepared using 90 mol-% styrene and 20 mol-
NIPAmM. These syntheses utilized a lower mole-% of NIPAm compared to ritieesgs
for the pSeo-NIPAm particles described in Chapter 4, so that the pNIPAmstitoant
would not impart excessive flexibility to the particles, which canlrdsua lack of

particle order upon drying. Nevertheless, this 90:10 monomer ratio carsdak to
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achieve particles that possess similar hard and soft polymeric properfoesma@dor pS-
co-NIPAm particles>>272°

Although a cross-linking agent was used for the syntheses of the-l[WB2AmM
particles described in Chapter 4, no cross-linker was used in the synthebssef t
particles, since the objective of the current investigation was to exahaneffects of
NIPAmM on polystyrene particle synthesis. The decision to omit thes-irbd®r was
predicated by the work of other groups who have also explored synthesegé stith
NIPAm without the use of a crosslink&f"**and have even shown that NIPAm assists in
stabilizing the growing polystyrene lat&%° The Frisken group has also found that
NIPAmMm possesses the ability to self-cross-link, even in synthdsas ihclude
hydrophobic monomers, such as stry&ne.

The batch polymerization method was employed by adding all of memno
components together prior to initiation, and the delayed monaddition method was
performed by adding the NIPAm monomer at 30 min, 60 min, or 120 min afietiam.
The amounts of the reactants used for the@S{PAmM syntheses are shown in Table
6.1. The sample names correspond to the TMC for each synthesis aymhtketie delay
time that was used for the NIPAm monomer addition or whether the NIPAm was added

prior to initiation.
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Table 6.1 Synthesis conditions for p&NIPAm particles using batch or delayed
monomer addition polymerization methods.

Sample  Styrene, NIPAm, Reaction
Name mL g APS, g Time

500-Batch  5.16 0.5671 0.0052 2%&s

500-30 5.16 0.5660 0.0055 23I¥s

500-60 5.16 0.5683 0.0057 2#&s

500-120 5.16 0.5665 0.0054 2#&s

1000-Batch 10.31 1.1321 0.0053 Zis

1000-30 10.31 1.1334 0.0058 23lss

1000-60 10.31 1.1319 0.0054 2irs

1000-120 10.31  1.1320 0.0055 2its

In all cases, a total volume of 100 mL of water was used. Styrene was added to
~90 mL of water in a three-necked, round-bottom flask equipped with a condenser,
thermometer, and inlet for gas purging the water and the styrene emulsi@nepased
by thorough stirring prior to heating. In all cases, NIPAm was dissolvedOnmL of
water and filtered using a Opn filter to remove any dust particulates that could affect
the particle nucleation stage.

In the case of batch polymerization, the NIPAm solution was also added to the
styrene emulsion prior to heating. While stirring, this monomertisalwas heated to
~70(0C while purging with N for at least 30 min. Next, APS, dissolved in ~0.5 mL water,
was added to initiate the polymerization. A small amount of APSceasistently used
for all reactions (~0.25 mM APS, based on the total reaction @luto produce
relatively large particle sizes and so that all particles could be cethparthe merits of

the TMC of the reaction using the different methods of NIPAm addifidtns same
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procedure was used for the delayed monomer addition; however, the NIPAm monomer
solution was added at the designated delay times after initiation. Whbattimemethod

was used, the solution generally became turbid within about 10 temirafiation. When

the NIPAm monomer addition was delayed, the styrene polymerizatimallydbecame

turbid at least 15 min after initiation.

To characterize the growing particles, ~2 mL aliquots of the reaction solution
were obtained at different points in time during the synthesis. All@tigjof particles
were cleaned three times by centrifugation to remove unreacted moaowigomeric
species, using distilled, deionized water for resuspension of the pellé¢rebi
centrifugation speeds and times were used due to differences in the particle Saese
cases, when aliquots were obtained early in the reaction, phase separatidoserasdo
after centrifugation due to a large amount of unreacted, hydrophobic styrene enonom
The particles visibly partitioned to this styrene phase producing an opaque fitm at
tops of the centrifugation tubes (given that styrene is less demsevtdter) and a large
volume of clear solution underneath. In these situations, a smailra of ethanol was
added to the centrifugation tube to promote styrene dispersion. Subsequefoigedion
resulted in the formation of an adequate pellet at the bottom of tevhich could then
be redispersed and recentrifuged using water alone, since a majotite ctyrene
monomer had been removed. After cleaning for a total of three times Wyfuggiton,
these solutions were filtered using arh filter, since large aggregates sometimes formed
during the reaction. The final product that was collected at the end of the reaction was
filtered using a Whatman filter paper (No. 2) to remove any coagulum and clearesd thre

times by centrifugation.

Crystal Sample Preparation

Concentrated, aqueous suspensions of theseopBPAmM particles, typically

ranging between 5-65 mg/mL, were used for crystal fabrication vialsainpng. Dried
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crystals were prepared by spreading a drop of each suspension on a glass cover slip
(VWR, 22 x 30 mm), to encompass an area of approximately 2 cm in diameter. The
sessile drop was allowed to dry open to the atmosphere, which occurred after 60-90
minutes at ambient temperature. This sample preparation was used to prepare feample

reflectance spectroscopy characterizations.

6.2.2 Characterization Techniques

Photon correlation spectroscopy (PCS) and reflectance spectroscopy were
respectively employed to characterize the particle size of theop8PAmM
microparticles and the optical properties of their resulting ictalacrystals. The details

of these procedures can be found in the experimental section of Chapter 4.

6.3 Results

6.3.1 Particle characterization

The hydrated p8o-NIPAm particle size was determined for samples that were
obtained at different points during the polymerization, as well as fdmteproduct for
the purposes of characterizing the particle growth over the course of the sy(ftimpsie
6.1). Since this data was acquired at ®5 which is well below the volume phase
transition temperature for pNIPAm, the particles exist in their swallemformation.
Particle size data is shown for syntheses that used 500 mM or 1000 mM TM@s us
both batch and delayed monomer addition methods. Aliquots were ednad\3, 4, 6,
6.5, or 8 hrs after initiation and the reactions were ended between 21-24 hrsgAltho
samples were not taken at exactly the same times the trends in paavedb gre easily
observed in this plot. The scale bars represent + one standard deviatibthalauwerage
of three measurements. Indistinguishable scale bars are due to small stenazidn
values that are hidden by the data point markers. It should be natetie¢l500-30 and

500-120 reactions resulted in excessive aggregation prior to the end of the reachon, su
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that the sizes for individual particles could not be determimbd result was probably
due to an accumulation of coagulum on the stir bar, causing stirring to cease amg causi

the reaction to become unstable.

990 - =©— 500 mM - Batch o5 oc| |—®— 1000 mM - Batch
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Figure 6.1 pSo-NIPAm patrticle sizes obtained at different times during the @adbir

the different 500 mM and 1000 mM TMC syntheses using batch and delayed monome
addition strategies. (Due to similarities in the particleesiZor samples that were
collected at 3, 4, 6, 6.5, 8 hrs, the x-axis positions of the data points are ajfsdy &ir
clarity).

Particles that contain NIPAm as a constituent may be thermoré@gpaiog to the
lower critical solution temperature of pNIPAmM (~3@®). This effect was evaluated for
these pSEo-NIPAmM particles using PCS at 4. However, no significant change in

particle size was found for all samples (data not shown).
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6.3.2 Crystal Characterization

The capability of these particles to self-assemble to form crystatgres using
simple drying procedures can be recognized by the presence of Bragg diffraction using
reflectance spectroscopy. The optical properties can also indicate tharticle size
using Bragg’'s Law. Reflectance spectra were collected for crystals that were formed
using the particles shown in Figure 6.1 to evaluate these qualities. Spectra for tha&ch of
dry samples that employed particles that were formed using syntheses with &500 m
TMC are shown in Figure 6.2. The spectra in Figure 6.3 were obtained using tHegartic
from syntheses where a 1000 mM TMC was employed. Each panel showsd¢h@a sp
from dried samples using particles formed using the different ssiatbgategies, which
were collected at different times (as represented by differdatsgdior each of the
different methods of monomer addition. Most of the spectra wetkected by
interrogating the tops of the dry samples. However, when dry samplesfabricated
using particles that were formed early during the polymerization, the crystaedhow
more distinct spectra when the back of the sample was interrogated, wlyichdwate
differences in the structural identity of the particles. Specbtimed using these

circumstances are labeled appropriately.
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Figure 6.2 Reflectance spectra for 500-Batch, 500-30, 500-60, and 500-120 dried
crystals. Particles that were obtained at different times during the reacti@epicted by
curves of different colors.
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Figure 6.3 Reflectance spectra for 1000-Batch, 1000-30, 1000-60, and 1000-120 dried
crystals. Particles that were obtained at different times during the reacti@epicted by
curves of different colors.

6.4 Discussion

The data acquired using PCS at 25 °C demonstrate the increases incitre pS-
NIPAm particle sizes during the course of both batch and delayed mononigsradd
polymerization methods (Figure 6.1). Since the particles show no sudlstdnainge in

size at 40 °C, the implementation of the 90:10 styrene to NIPAm ratikediavell to
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avoid the production of particles with thermosensitivity. It is twonoting that
thermoresponsivity was also not present when the NIPAm monomer was added
delay times (120 min), which would have been the most likely catelith show this
property due to the possibility of concentrated pNIPAmM homopolymer ®&gion
Consequently, this result suggests that copolymer chains are stilhgpewen at 2 hrs
after initiation.

Figure 6.1 displays noticeable trends in particle growth, demonstratingraase
in the particle size over time until the particle size stabilizes, indgateaction
completion. For the 500 mM TMC reactions, the 500-Batch particles posgess s
similar to the 500-30, 500-60, and 500-120 reactions at early times during the synthesis,
but remain comparatively small at later times in the synthesis as thdegaidioned by
delayed monomer addition become larger over time. A similar resfiitund for the
particles formed using the 1000 mM TMC. The final particle size for the 160€hB
reaction is significantly smaller than the particles formed frioen1t000-30, 1000-60, and
1000-120 reactions. These data indicate that particle growth may become hindared as
result of the presence of NIPAm during the nucleation stage or due to a prevalence of
pNIPAm, since NIPAm has a higher reactivity than styrene. Continuous pa@riigh
may be disrupted during batch polymerizations due to the poorer accessitslijyerie
to swell a particle that is composed mainly of hydrophilic pNIPAM>**?Surprisingly
in quite a few cases (500-Batch, 500-60, 500-120, 1000-Batch, 1000-60), there is actually
a slight decrease in the particle size at longer times. This effect may be domeo
degree of phase separation occurring late in the copolymerization process.

Based on the swollen particle size, the largest particles fd@OhenM syntheses
were formed using a 30 min delay time. The particle sizes for the 500-30, 500-60, and
500-120 reactions are fairly similar at 8 hrs after initiation. These delays suggesieth
growing particles are relatively stable at the point of NIPAm additiony sbat the

NIPAmM does not severely inhibit the particle growth and may even assist inzgtgbili
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the growing particle at that point in time. Although the 500-30 and 500-120 particles
aggregated during the prolonged reaction time, the last comparison between the 500 mM
reactions can be made at 8 hrs after initiation. The 500-30 particles actheViarigest

size, with the 500-120 sample possessing a slightly smaller size. The 500-60 sample
demonstrated the smallest particle size at 8 hrs among the particlesl fasmg delayed
monomer addition, and did not become any larger even at longer reactisn Tilese
comparisons indicate that the particular delay time has a partioytact on the final
particle size and, conceivably, on the final copolymer identity.

Similarly, the delay time also influenced the final particle size feri®00 mM
reactions, with the largest particles formed using a 60 min delay time. Gaipathe
30 min delay that yielded the largest particle size for the 500 m\hessaxs, this longer
delay time required to form the largest particles using 1000 mM synthesgsbe
because longer times are needed for the formation of stable polystymnespr
particles using such large initial monomer concentrations. As thwéhbatch methods,
introducing NIPAm too early in the particle formation may cause a aheal-iphase
separation due to the higher degrees of NIPAm reactivity. Differences in théepsidss
using the different delay times may also be due to variations in the avmiustyrene
monomer that remain at the point of NIPAm monomer addition.

The extent of potential phase separation may also vary due to the
hydrophobic/hydrophilic character of the particles at different timeshoPi@and
coworkers have shown that phase separation may be restricted due tatyviscos
differences within the growing partictd These conditions could affect the final hard and
soft characteristics of the particles if there are larger degrees of localizexpdigmer.
Interestingly, the 1000-60 particles are much larger than the partictasofsth 1000-30
and 1000-120 syntheses at 8 hrs after initiation and actually becomé sighller after
>20hrs, whereas the 1000-30 and 1000-120 particles become slightly larger over time.

These results demonstrate yet again that the timing of the presence of NIBAm ha
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significant effect on particle growth and that the hydrophilic/hydrophatiractions
may have a significant impact on the particle characteristics over thrgsecof the
reaction.

It is important to note that although the particle sizes are diffévetite different
types of reactions as well as for the different sampling times, these gataerd the
hydrated particle size. The optical properties of crystals formed by dryingnsicpe of
these pSo-NIPAm particles are dependent on the fulty particles size, as discussed in
Chapter 4. Bragg's Law tells us that the diffraction wavelength israkgnt on both the
refractive index and the particle lattice spacing. Because differenc® ieffective
refractive index (which may only be slight since the same coemisrare used in each
synthesis) contribute to a lesser degree to the diffraction wavelength ealrtpathe
particle size, we can make correlations between the diffraction wavelerdytinedry
particle size. Any such estimates require the assumption that the paatidpt an fcc
crystal structure (as were found for the driedgeSNIPAmM crystals that were previously
described in Chapter 4) and that the spectra are obtained at near-normal écidenc

The reflectance spectra for the samples indicate that crystals &@miee using
simple drying procedures for all of the particles obtained from the 500 mM and 1000 mM
reactions. The fabrication of crystals using this assembly process sutigdstbese
particles possess similar hard and soft characteristics to tlwe-lWB2Am particles
described in Chapter 4, which were derived from the same type of copolymezssynth
In most cases, the Bragg diffraction peaks shifted to higher wavelengthshasitaed
particle size increased. This result also suggests that the dry pargciecseases, since
this shift in wavelength indicates that lattice spacing inceeasethe particles were
obtained at later times during the synthesis. In some cases, the peakgosie found
to stabilize, such that these crystals that demonstrated a constant diffreatielength.
This result indicates that there is probably no significanhgdan dry particle size, in

those cases.
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In the cases where the hydrated particle size actually became smallemayer t
the diffraction peaks did not exhibit a concomitant blue shift that would hase be
expected given a reduction in particle size, but instead these peaks also rerabieed st
For instance, PCS data demonstrates that the 500-Batch, 500-60, 1000-Batch, and 1000-
60 particles became slightly smaller during the full extent of the ogagtinging from a
3-7 nm decrease in hydrodynamic radius), but the diffraction wavelengthihd
corresponding crystals do not change. These results indicate that althoeghalyebe
differences in the polymeric architecture of these particles in thgirated state,
demonstrated by incongruities in particle size, the final dry partiéedsies not vary. In
other cases where the hydrated particle size continued to become larger (1000-30 and
1000-120), the diffraction wavelength also remained stable. This résuluggests that
these variations in the polymeric identity that occur later in the rea@bionhese
syntheses probably contribute little to the final, dry particle sizte#a, the dry particle
size is characterized mainly by events that occur earlier in the sytRestunately,
these changes also do not affect the ability of these particles to self-assencieng.

In the cases for both 500 mM and 1000 mM total monomer syntheses, the lowest
final diffraction wavelengths were found for crystals formesing the batch synthesis
method. This result is consistent with the small hydrated pagizés found for these
same particles. Diffraction occurred at longer wavelengths using the delayeimer
addition methods and could be continuously red shifted using particles that wanedb
at later times during the synthesis. These data suggest that the paréitlpesdess a
large size in the hydrated state particle also show a larger dry particlbasied on these
continuous red shifts in diffraction wavelength. Therefore, theseyetklanonomer
addition strategies can be used to enhance particle growth and the lardespsides
that are attained can influence the optical properties of the resultinglsrys

The longest diffraction wavelengths occurred for using a 30 min delay of NIPAm

addition for the 500 mM syntheses (~580 nm) and a 60 min delay for the 1000 mM
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syntheses (~800 nm). These results correspond to the observatioeshabdlrticles also

show the largest hydrated particle size. Since the longest diffractionengtied that

could be attained for the 500-Batch and 1000-Batch syntheses occurred at ~430 nm and
~590 nm, respectively, the large shifts in Bragg diffraction foundtHer500-30 and
1000-60 crystals demonstrate that these particular delayed monomer aueitims are

useful for producing large, stable g&NIPAmM particles that can be used to form
crystals with an improved range of optical properties. Although theegtedégrees of

Bragg diffraction were obtained in the near-IR region, the kedgé gained from these
synthesis methods is beneficial for further synthesis investigatmachieve even larger
pS-co-NIPAm particles that could be used to fabricate dried crystals that exhibit IR

diffraction.

6.5 Conclusions

Delayed monomer addition strategies were found to be useful faréparation
of large pSeo-NIPAmM particles by adding the NIPAm monomer at different timesr af
the initiation of the emulsion polymerization of styrene. Bgiagd NIPAm later in the
reaction, the polystyrene nucleation and initial particle grovejest remained stable and
the subsequent copolymerization with NIPAm occurred more effiigi than the batch
polymerization method to form large micropatrticles.

All of the particles could be used to form dried crystals via simple drying
processes, suggesting that all of the particles possessed hard and softripolyme
characteristics that afforded particle self-assembly and stability. Tlalgptoperties of
these dried samples varied based on the method of delayed monoitien addl the
reaction times, which corresponded to changes in hydrated particle size. Hoamesdbr,
changes in particle size that occurred towards the end of the synthesat difiect the
diffraction properties of the resulting crystals, which suggested that the tigjepsize is

characterized mainly by events that occur early in the synthesis. Tinactain
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wavelengths of the resulting dried crystals were also found to be mucér higdgn
crystals formed from particles synthesized using batch polymenzatethods. These
results demonstrated that these innovative synthesis stmataggebeneficial for the

fabrication of the crystalline materials that possess desirable lqptiqeerties.
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CHAPTER 7
FORMATION OF ROBUST, TUNABLE CRYSTAL FILMS BY
CROSS-LINKING OF POLY(STYRENE- CO-N-

ISOPROPYLACRYLAMIDE) MICROPARTICLES

7.1 Introduction

In Chapter 4, the investigation of the synthesis and characterizdtip8-ao-
NIPAmM spherical microparticles demonstrated their significaasebuilding blocks
towards the fabrication of robust colloidal crystals. Simple drgihguspensions of these
particles allowed for the fabrication of high-quality optical malerithat could form
defined patterns. The enhanced processability of these particles provides advantages f
many applications. This attribute of the p&NIPAmM particles has been exploited to
form advanced crystalline configurations, e.g. optical tags using a 2D barcode, format
and to develop “photonic inks” by employing ink-jet printing deposition technidiles
fabrication and subsequent stability of such assemblies was attributieel tcoexisting
hard and soft qualities of the particle inherent to its copolymetitgen

However, the stability of such constructs depends upon the interparticléoadhes
that are maintained in the dry state. Since this structure is a resulft,opaymeric
linkages that consist of hydrogel components, the crystalline order casilpedessiupted
by the introduction of aqueous solvent, which will redisperse the partieladting in a
loss of optical properties and film dissolution. Although tingperfection may not be
particularly detrimental when these crystals are used in a controllecbmment, this
factor limits their use in many potential applications. This slooning is unfortunate
since stable colloidal crystals composed of hydrogels can offer unique advantages due to
their fundamental permeability of their polymer networks, which is udefusensor

applications in liquid settings.
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Many designs have been investigated to fabricate robuste-dnrensional
colloidal crystals for optical applications that require stable nad$eriThe goals of such
approaches are to not only stabilize the particle order, but also to allownédniliy of
the optical properties for the purposes of creating functional miatevlast fabrication
methods that have been explored employ the introduction of someftyaroc between
neighboring particles that, in effect, “glues” the particles togetférding stability of
the preformed colloidal crystal. Polymerized colloidal crystal arrays f25J@ave been
investigated extensively by the Asher group whereby a hydrogel polymer is used to
“lock-in” the preexisting particle order, which preserves the optical propetid¢ke
colloidal crystalt® They have employed a variety of polymeric components and
crystalline building blocks to increase the functionality of sustical material$.” The
Xia group and others have also stabilized polystyrene or silica particlesliogting the
crystal with an elastomer polymer matfix: By swelling these assemblies using an
organic solvent, the optical properties can be tuned. Such assewdlleesecommended
as constituents for the fabrication of photonic papers or inks. How#dwercrystal
fabrication methods and the post-crystallization stabilizing proceduresheanuite
complex, since many ingredients and production steps are required.

Physical cross-linking between neighboring particles has also beeputampo
stabilization technique. One particular advantage to this approach is that no atdition
materials are necessary to establish robustness to the particle ustigy only the
functional characteristics of the particle to accomplish this iatégte cross-linking.
One distinct design that has been explored to achieve this stability tateedaapk of the
glass transition temperatur@g) of the particle’s composition. By heating the crystal to
temperatures near thg of its material components, the particles can effectively be
melted togethel>?° The subsequent changes in particle morphology provided by this
interparticle sintering process can also offer a means to produce isdi@stapossess

different optical properties. Core/shell particle morphologiese also particularly useful
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for producing stable crystals based on fthgs of the discrete componenits?®
Kumacheva and coworkers have applied this method to form stalteustsicomposed

of core/shell building blocks where the polymer shell possesses a Tgwiean that of

the coreé? In this way, crystals could be stabilized by annealing the samples at
temperatures betweely's of the core and shell to form a continuous, stable matrix
around the sturdy core particles. This simple procedure can be employed to produce
functional crystalline constructs based on the functional idesif the particle building
blocks??? Although this methods is particularly useful for quick stabilaratof the
crystal based primarily on the particle identity, such strestuend to form a rigid
framework that does not allow for the permeability required by mangirsg platforms

and other valuable optical materials where tuning of the opticakpiep is key.

This method of thermal modification was applied to the driecc@S{PAmM
colloidal crystals described in Chapter 4. Cross-linked colloidal crystals produced
via simple heating of the structures to temperatures near the glassamnaresiperature
of polystyrene. These crystal films not only remained stable velpnsed to aqueous
solvents, such that the diffractive properties were retained, bubptical properties
became altered due to swelling of the hydrogel network. This simpleisgntgproach
avoids the numerous, complicated post-crystallization steps dhatldieen employed by
other groups, since the fabrication is based solely on the yetihe particle building
blocks. The hydrogel character of the @&NIPAmM particles provides a useful construct
for many potential applications, such as in situ sensing in liquict@ments. Functional
cross-linked colloidal crystals were also explored by using core/shell partiges th
possessed localized functional groups in the polymer shell. Thetgtabithese cross-
linked crystals combined with inherent processability of these particle=nisficial for
the purposes of designing many useful optical formats (such as cngstaliitilayers’)

that can be used in many diverse optical applications.
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7.2 Experimental Section

7.2.1 pSeo-NIPAm Patrticle Synthesis and Crystal Cross-linking

Materials

Most of the materials used in this chapter are listed in the Expeaahections
of Chapters 2, 3, and 4. Additionally, buffered solvents, which were adjusped 80,
3.5, 4.5, or 6.0 (formate or MES; 10 mM ionic strength), were used to characterize the pH

responsive properties of the samples.

pS-co-NIPAm Microparticle Synthesis

Four of the polystyrenee-N-isopropylacrylamide (p®o-NIPAm) core particle
sets used in this study were prepared as described in Chapter 4, which included the 150-1,
300-1, 280-2, and 500-2 particles. Purified suspensions of these particles were used
without modification. Two additional types of particles were prepared with dsbetke
morphology using a “seed-and-feed” synthesis, whereby theopd8PAm core were
prepared using methods similar to those described in Chapter 4, and a poty(pbP
acrylic acid (pNIPAmeo-AAc) shell was added using the same synthesis methods that
were described in Chapter 5. The AAc was initially included for the purposes of
interparticle cross-linking using covalent attachments to stabilize tledadlcrystals (as
discussed in Chapter 5); however, the AAc also imparted pH responsivigy paurticles.

The presence of this functional group as a constituent of particles was\estgated as
a way to achieve functionality of the cross-linked crystal films.

The pSeo-NIPAm core/shell particles were prepared by first synthesizing core
particles using the same g8-NIPAmM synthesis procedures described in Chapter 4. Two
types of core particles were prepared using 75 mol-% styrene, 24 mol-% NIPAm, 1 mol
% BIS, using total monomer concentrations (TMC) of 200 mM (“200-1") and 500 mM

("500-1), using 200 mL total volume of water. The amounts of the syntt@siponents
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are shown in Table 7.1. It should be noted that a smaller amount of APSed for the

200-1 synthesis for the purposes of trying to achieve larger patrticles.

Table 7.1 Synthesis ingredients used for the core and core/shell partycieeppations.

Tween 80,
Sample Styrene, g NIPAm,g BIS, g AAqL mM APS, g
200-1 3.127 1.0854 0.0629 - e 0.0013
200-1 C/S AAc ------ 1.4240 0.0227 96 0.015 0.0456
500-1 7.187 2.7225 0.1543 - - 0.0114
500-1 C/S AAc  ------ 1.4166 0.0226 96 0.015 0.0459

The shell polymer, which consisted of 89 mol-% NIPAm, 10 mol-% AAc, 1 mol-
% BIS (70 mM TMC based on 200 mL total reaction volume) was added to both of the
200-1 and 500-1 p8e-NIPAmM core particles, to yield the 200-1 C/S AAc and 500-1 C/S
AAc core/shell samples. The synthesis procedures for the shell adchiiobe found in
Chapter 5, and the specific synthesis components used for both of thnelse s
polymerizations are listed in Table 7.1. For the shell synthesis on th @8@o-NIPAmM
core particles, 40 mL of non-purified 200-1 core stock solution, 7.5 mL of NIBRAdn
BIS monomer (dissolved in 20 mL water), and Tween 80 (0.015 mM based on the total
reaction volume) was added to 135 mL of water. This reaction solution was heated to 70
°C and purged with Nwhile stirring for ~30 min. AAc was added to the reaction mixture
prior to initiation with APS (1.0 mM based on total volume), vahicas dissolved in ~1
mL water. The remaining shell monomer solution was added to the reactman us
monomer starved conditioA$py adding 2.5 mL to the reaction at 10 min intervals, for a

total of 5 times. This shell synthesis was allowed to react for 17.5 hrs.
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This same procedure was used to add the pNi®?AAc shell on to 500-1 pSe-
NIPAmM core particles, although only 5 mL of the shell monoméutism was added
prior to initiation. The remaining shell monomer was added ugiagsame monomer
starved conditiorfé by adding 2.5 mL increments every 15 min after initiation. This
reaction continued for ~6.5 hrs. All core and core/shell particles described aleoe
cleaned by centrifugation for ~45 min at 15,400 cf at 250C, three times using water

for the resuspension of the pellet.

Formation of Crystal Cross-links

Dried colloidal crystals of p8e-NIPAmM particles (150-1, 300-1, 280-2, and 500-
2) and pSeo-NIPAm core/pNIPAmM shell particles (200 C/S AAc, 500-1 C/S AAc) were
formed using the exact same methods as described in Chapter 4. Brieflydrops of a
suspension of the particles was placed on a glass cover slip and spreadawet tanc
area of ~1-2 cfy and these samples were allowed to dry at ambient conditions. Cross-
linking was achieved by placing these dried crystals in an oven on a flat glasighet
These samples were baked using two different temperatures (~110 °C or 140 °C) over

extended lengths of time, between 1-7 days.

7.2.2 Characterization Techniques

Photon correlation spectroscopy and transmission electron noproseere
employed to determine the hydrated and dried particle sizes for tbe-lE2Am core
and pSeo-NIPAm core/pNIPAmeo-AAc shell particles. Reflectance spectroscopy was
employed to characterize the Bragg diffraction for the wet and dry crystals. Tlikcspec
procedures for these characterization techniques can be found in the Experimental

Section of Chapter 4.
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Differential Scanning Calorimetry

The glass transition temperatures for the some copolymeo-pBPAm particles
were determined using differential scanning calorimetry (Mettler-Toledo DSC820
system). Dry samples were prepared using freeze-drying methods (Chapter 5) and 1-5 mg
was placed in an aluminum sample pan and heated/cooled between 25 °C taliié®g °C

times using a scanning rate of 10 °C/min.

7.3 Results and Discussion

Particle Characteristics

The sizes for the pSe-NIPAmM core and pS$o-NIPAmM core/pNIPAmec-AAC
shell particles are shown in Table 7.2. The sizes have been determimpedtides that
are in their fully hydrated state (PCS at 25 °C), their collapsed hydratedBGH at 40
°C), and in their completely dried state (TEM). Particle sizes weceabtained for the
core/shell particles using pH 3.5 and 6.0 buffers, demonstrating an increasearticle
size of these core/shell particles. These data confirmed the presence ofqisivaspof
these particles. Figure 7.1 also demonstrates the temperature dependent pagscies s
the 200-1 C/S AAc and 500-1 C/S AAc samples (pH = 3.5). As discussed in Chapter 4,
pS-co-NIPAm particles that possess too much polymer flexibility canltresudried
samples that lack long-range particle order. As shown in Table 7.2, the 2AAC
particles possess a relatively thick shell and, in contrast, ihemy a thin shell on the
500-1 C/S AAc patrticle. As discussed in Chapter 5, even though the shell TMBemay
identical, the extent of the shell thickness can depend on the numberegbarticles
available for seeding, as well as the initial core size. Regardless of thesee particl
characteristics, the resulting dried crystalline films still iged diffractive properties,

which indicated that the particle order had been retained.
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Table 7.2 Particle sizes for g®-NIPAm core particles and p&-NIPAm core
/IpNIPAmM shell particles in their swollen and deswollen hydrate@sst@nd their dried
states.

Volume Volume
Decrease (PCSDiameter, Decrease
@ 25 °Cv. PCSnm (TEM) (PCS @ 25 °C

Diameter, Diameter,
Sample nm (PCS atnm (PCS at
25 °C) 40 °C)

@ 40 °C) vs. TEM)
150-1 182 (x1) 178 (x2) 7% 126 (+ 3) 66%
300-1 246 (£2) 243 (x1) 4% 219 (+ 8) 29%
280-2 278 (x 4) 270 (= 3) 9% 203 (+ 5) 61%
500-2 318 (x2) 312 (x2) 5% 268 (+ 7) 40%
200-1 136 (+3) 134 (x1) 50
200 C/SAAC L
(pH=3.5) 177 (x4) 139 (x2) 51%
200 C/ISAAC o
(pH=6.0) 230 (z 4)
500 C/SAAC L
(pH=3.5) 194 (x1) 187 (+2) 11%
500 C/SAAC o

(pH=6.0) 217 (+1)
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Figure 7.1 Temperature dependent hydrated particle sizes for the 200-1 C/S AAc and
500-1 C/S AAc patrticles (pH = 3.5).

The glass transition temperatures for the 500-2@8iPAmM core particles were
determined by DSC, as shown in Figure 7.2, by performing three thermal heatimgycool
scans between 25-165 °C. By zooming in at the appropriate range, two dismsg¢idn
temperatures become apparent, but only for the first run (Figure 7.2ghop By taking
the derivative of this first scan, the transition temperatures werendieéer to occur at

111.5 °C and 134.5 °C. The second and third runs did not show further glas®transit
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Figure 7.2 DSC curves for the 500-2 p&NIPAmM core particles. The top left image
displays the three thermal scans were performed between 25-165 °C. The topagght im
is a zoomed-in portion of these scans. The derivative of the first thecarais shown in
the bottom image.

The glass transition temperatures for polystyrene and pNIPAmM hoynogol
occur at about 105 °C and 134 °C, respectif®Igopolymer blends composed of
polystryrene and pNIPAmM have demonstrated slight differences i thdses, and these
measurements have been used to determine the extent of homo- apndpblsteer
regions in materials that contain these comporféitsThe two distinct glass transitions
found for the 500-2 pSe-NIPAm particles suggest that the particle is comprised of two
distinct polymeric regions. Since the secdids almost that same as tiigof pNIPAm
homopolymer, there are probably large regions of pNIPAmM homopolyBeeause the
first Ty for the 500-2 particles is higher than thg for pure polystyrene, this result

suggests that p&-NIPAmM heterocopolymer or blend also exists. Since there is no
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evidence of a4 during successive heating scans, the individual polymeric particles are

probably irreparably destroyed due to the high maximum temperature of 165 °C.

Cross-linked pS$o-NIPAmM crystals

Based on the glass transition temperatures for a typicebd8PAm patrticle, the
dried crystals composed of 150-1, 300-1, 280-2, and 500-2 particles were baked in an
oven at ~110 °C to determine if such an annealing process would as$igsitapcross-
linking of the particles. Examples of oven-baked and non-oven baked saonpfared
from dried 280-2 crystals are shown in Figure 7.3. The sample on the left was baked in
oven at ~110 °C for ~5 days and the sample on the right was not baked. As the
photographs indicate, wetting the samples with aqueous solvent producekaldynar
different outcomes. In the case of the non-baked sample, the diffractior is
immediately lost as the particle order is disturbed due to redispersion of tickepafl he
baked sample, however, not only remains diffractive, but the coldsassaifted from
blue to green. This latter sample appears very stable and does not break up and disperse
like the non-baked sample. As the solvent dried from the wet, oven-bakgdesahe
blue diffraction color of the original dried sample is restored.

This reversibility in diffraction color is demonstrated in Fgit4 where a dried
crystal formed using 300-1 p&-NIPAm particles (baked at ~110 °C for 48hrs) was
wetted with water and allowed to dry at ambient conditionsalhyitithe crystal displays
a green diffraction color in its dried state. The crystal turns orangeapipdying water,
then returns back to its original state when re-dried, exhibiting a green diffractior
once again. This feature of reversible optical tuning was found for aleadwbn-baked

pS-co-NIPAm crystals.
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Figure 7.3 Photographs of oven-baked and non-baked crystals composed of 280-2 pS-
NIPAm particles. The top images display the dry crystals and thenb@&mples were
wetted with water.

Figure 7.4 Reversibility of wet to dry diffraction colors using a dried crystal ceeapof
300-1 pSeo-NIPAm particles (baked at ~110 °C for 48 hrs).

The conservation of the optical diffraction suggests that the padider is
preserved even when the sample is wet. These crystal films also remaineedatatie

glass substrate, which not only demonstrates the robust stabilltg ofoss-linked film,
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but also shows that the particles at the bottom of the film adhehe tglass interface.
The obvious shift in diffraction color suggests that the dry hydrogel coem becomes
rehydrated and swells when exposed to liquid, yielding an increase in thel taitgte
spacing, while the overall particle order is retained due to intergampolymeric

interactions that result from the baking process.

Reflectance Spectroscopy

Reflectance spectra were collected for each of the oven-baked samples to
determine the precise extent of the changes in diffraction colohoassn Figure 7.5.
All of the samples exhibit a red shift in Bragg diffraction under the wet tionsli This
data confirms the increase in particle spacing, based on Bragg’'s Law. In mostlwases
spectra for the oven-baked dried crystals appear to be slightly blue-shittechparison
to the spectra for ordinary, non-oven-baked dried crystals. Tieist enay be due to
interparticle sintering as a result of the high baking temperatsueh, that the particle

lattice spacing decreases slightly®
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Figure 7.5 Spectra of dried, non-oven baked crystals and oven-baked crystals (we) asthgrhe 150-1, 300-1, 280-2, arfaD=2
pS-co-NIPAm particles.
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The 150-1 and 280-1 samples show diffractions shifts of 80 nm and 85 nm,
respectively, when swollen with water. Additionally, theftsin diffraction wavelength
for the wet crystals was found to be dependent on the length of the bakeagFom
example, the 300-1 crystal that had been baked for 48 hrs demonstrated a peak shift of
220 nm with the addition of aqueous solvent, and the crystal that had been bakétl for
hrs only displayed a shift of 130 nm under wet conditions. Tlosteshshift that was
realized using longer baking times indicates that the swelling capacitg patticles is
hindered, due to smaller lattice spacing, which may be due to an increased degree of
interparticle cross-linking. The wet-to-dry wavelength shift waso found to be
dependent on the temperature level. For instance, a 500-2 crystal that was heated for 144
hrs at 110 °C demonstrated a peak shift of 160 nm when wet, whereas the same type of
crystal that was heated at 140 °C for only 24 hrs displayed a shift of only 5¢/imem
this elevated temperature was used to bake 150-1, 300-1, and 280-2 dried crystals, the
resulting films appeared transparent and neither the dry nor wet states exhibited
diffractive properties. This outcome suggests that the particle film gctosdlted
together due to the high temperature, such that discrete particles wergy@ogdcesent.
It is clear from this data that the polymeric interactions at temperataegstime glass
transition temperature affect the physical cross-linking of the partibte These
interactions depend significantly on the heating process that is esdpésywell as the

individual copolymeric identity of the particles.

In Situ Reflectance Spectroscopy

The wet-to-dry transition for these cross-linked crystal films wasacherized
more thoroughly by collecting in situ reflectance spectra as the aqueowemntsol
evaporated from the oven-baked samples. Figure 7.6 displays the in situ spiettad
for some of the same crystals shown in Figure 7.5, including the 150-1 avystal

baked for 144 hrs at 110 °C, the 300-1 crystal oven-baked for 48 hrs at 110 °C, the 300-1

188



crystal oven-baked for 144 hrs at 110 °C, the 500-1 crystal oven-baked for 144 hrs at 110
°C, and the 500-1 crystal oven-baked for 24 hrs at 140 °C. The drying of these cross-

linked crystals occurred on the order of minutes, whereA< t; < ts.
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Figure 7.6 In situ reflectance spectra collected during the wet-to-dry transition for 150-1,
300-1, and 500-2 crystals that were oven-baked using specific times and temperatures.
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Figure 7.6 (continued)

When the sample is entirely wet, only one diffraction peak is apparenstat fi
which is shifted to longer wavelengths compared to the original difraédiund for the
dry oven-baked sample. Generally, as the sample dries, the wtermsthis peak
decreases and blue shifts, and eventually the diffraction peak of the drigde sam
dominates once the solvent has completely evaporated. However, thelseoddtase

transitions vary for each of the oven-baked samples.
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For the 150-1 crystal, the initial peak found for the wet sample simplyshifts
and decreases in intensity, while the final, dry diffraction peak emerdas araintained
after the solvent completely evaporates. The transition for the 50Gt2ldppked at 140
°C shows a similar trend. Interestingly, the 500-2 crystal baked at 110 °C shewss th
distinct regions. The initial peak intensity at 810 nm decreases and blte Hieh
increases in intensity near 700 nm, and then decreases in intenbiblue shifts yet
again while the final diffraction peak emerges at ~660 nm.

In the cases of the 300-1 cross-linked crystals, the intensity of thé etk for
the wet sample diminishes completely as a second peak emerges that located just to the
red side of the final, dry diffraction peak. Shortly after the emergence ceitusd peak,
a third peak appears at the same wavelength of the final, dry crystal. Attedise,
the intensity of the second peak diminishes and blue shifts until it lescarshoulder to
the red side of the third distinct peak. Finally, the shoulder disappearseteinpind the
final diffraction peak for the dried sample dominates. These trends argadiéot both
of the 300-1 oven-baked samples, which had been baked for 48 hrs or 144 hrige with t
exception of the location of the initial diffraction peak, as discussederearl
Consequently, it is surprising that the emergence of the intermediakeat ~530 nm is
identical for both cases. This occurrence is also identical toitla reak found using in
situ reflectance spectroscopy to track the drying process of particlensiems (Chapter
4, Figure 4.12). A similar type of correlation was found for the 500-2 crystaivdsit
baked at 110 °C (Figure 7.6), where the peak at ~700 nm became dominant for a short
time during drying. A peak was also found at this wavelength using in siactaite
spectroscopy when suspensions of individual 500-2 particles wer@ @lapter 4,
Figures 4.11 and 4.12). The analogous locations of these peaks suggest that two distinct
drying phases are occurring during the drying of these oven-baked crystal fildsdmas
the configuration of the interparticle associations within the filine Tinal transition

appears due to the gradual reduction in the size of the individual particlesy alythe
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while maintaining an ordered configuration, as discussed in Chapter 4. Aitelytine
initial peaks for the wet, oven-baked samples are indicative of particiebdve become
completely swollen, while remaining cross-linked, or are even barely cexdnattheir
peripheries (based on the extent of the wavelength shift). The drastic decre¢hse in
intensity of these initial diffraction peaks may be due to the rapid decreaseticie
spacing due to the sparse interparticle connections formed during heating.

Although the particular interparticle linkages of the cross-linkedgBNIPAmM
particles were not investigated in detail, the specific impact of the p&tidentity on
the precise lattice spacing of the particles provides a unique method of tunimgitché o
properties based on the copolymeric characteristics of the partisleémipartant to recall
that the samples are heated to temperatures near thégfifsit was observed for the
500-2 pSeo-NIPAm particles (Figure 7.2). Thidy is associated with the denser,
hydrophobic, styrene-rich regions that are probably located close pathcle center (as
discussed in Chapter 4). This polymer blend may have the opportunity tdrdlowits
initial position and fill in the spaces between the parti¢fesreating durable interparticle
connections upon cooling that are comparable to the durability of the copolymeer co
Further characterizations are necessary to determine how these particles yare trul

connected.

Functional Cross-linked Crystals

Cross-linked crystal fabrication by the implementation of simple ngaki
procedures avoids the need for complex post-crystallization modificstBps to achieve
particle stability. However, many such modification methods lpageen useful for the
introduction of particular functional groups that can be used to tune tlcalqpperties
of the crystal, which is particularly advantageous for many optical Gpplns. This

functionality can be afforded to the cross-linked crystals, descriere in, by
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introducing functional groups directly into the synthesis of the gharbuilding blocks.
This method simplifies the fabrication of tunable colloidal cigsta

Dried, oven baked samples were prepared using the 200-1 C/S AAc and the 500-1
C/S AAc particles. Acrylic acid has been routinely used to impart pH respprie
hydrogel materialé*?°*° Protonation and deprotonation of the AAc groups can be used
to cause swelling or deswelling of the hydrogel, due to the changes in the Coulombic
repulsion of nearby AAc groups. Since the acrylic acid groups are located in the shells o
these particles, these moieties will be situated presumably withigontinuous matrix
of the swollen, cross-linked film. Therefore, this matrix may becewellen and
deswollen based upon changes in the pH of the solvent used to hydrate the dry, cross
linked core/shell particles. This responsive property was investigated asire rioe
tuning the optical properties of the crystal films. Since pig for AAc is ~4.25%
buffered solvents that had been adjusted to different pH’s (3.0, 4.5, angleBeDlised to
swell these crystalline films. Figures 7.7 and 7.8 demonstrate the reflestsatea for
the 200-1 C/S AAc and the 500-1 C/S AAc crystals, respectively, which had beeh bake
in the oven for 7 days at ~110 °C. Spectra that were acquired when the diffeferg buf
were employed are depicted by different colors. Reflectance spectra for thakszh-b

dried core/shell crystals is also shown, for comparison.
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Figure 7.7 Reflectance spectra of oven-baked crystals composed of 200-1 C/S AAc
particles in the dry state and swollen using buffers of different pH’sniflea were
interrogated at the top of the crystal or through the back of the ¢crystaligh the glass

cover slip).
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Figure 7.8 Reflectance spectra of oven-baked crystals composed of 500-1 C/S AAc
particles in the dry state and swollen using buffers of different pH’sniflea were
interrogated at the top of the crystal or through the back of the ¢crystaligh the glass

cover slip).

Both 200-1 C/S AAc and 500-1 C/S AAc oven-baked crystals demonstrated pH

tunability, whereby the diffraction peaks shifted to longer waglenas the pH became
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more basic. These transitions in diffraction wavelength suggest that tisdepaand/or

the continuous matrix swell to an increasingly larger degree, thereby ingraas
center-to-center distance between particles, as more acrylic acid groups become
deprotonated. The dried, oven-baked samples also demonstrated a slight blue-shif
compared to the non-oven-baked dried crystals. This effecsinalar to the shift found

with the baked and non-baked p&NIPAmM cores crystals, which suggests that the
particle lattice spacing also decreases slightly upon baking. Intgtgstoifferent
spectral characteristics were found when these samples were intedréogan the back
compared to the top of the samples. Whereas the dried-pE?Am crystals that were
interrogated from the back side in Chapter 4 demonstratedsbght blue shifts in the
diffraction wavelength, the peaks for the 200-1 C/S AAc and 500-1 C/S AAc particles
exhibit larger discrepancies. This disparity is particularlyceatble for the 200-1 C/S

AAc particles when the pH 6.0 buffer is employed, demonstrating a differeneg&0of

nm. Since both sets of these particles have very flexible polynedlr estieriors, this

effect may be due to irregular cross-linking density throughoucrystal, such that the
swelling capacity of particles located towards the bottom of the $ilimndered, while

the particles nearest to the top of the crystal can swell unabatedly. Conbkgdhen

effect demonstrates that these cross-links must be thoroughly characterael®n to

fully understand the optical properties of these crystal films.

Crystal Multilayers

The ability to use oven-baked g8-NIPAmM dried crystals as a substrate for
subsequent crystal formation was also investigated, so as to form crydti&yens.
Crystals were prepared by deposition ofq@NIPAmM particle suspensions (150-1, 300-
1 or 500-2) on top of an oven-baked, cross-linked crystal composed of 28@¢ pS-
NIPAm particles. Reflectance spectra for the resulting multi-layeretatsywe shown in

Figure 7.9. The spectra for each multi-layer region demonstratectlidiffiaction peaks
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at the wavelengths typical for 280-2 dried crystals, as well as for theoaddlitrystals.
This example demonstrates the versatility of these cross-linked crystasl &s

advantageous materials for designing constructs for optical applications.

Figure 7.9 Crystal multi-layers formed by drying 150-1, 300-1, or 500-20g8PAM
particles on top of a dried, oven-baked crystal composed of 280-G-N8AM
particles. Left: Photograph of the 300-1 (green), 150-1 (violet), and 500-2 (re@d<rys
on top of the 280-2 (blue) crystal. Right: Reflectance spectra of eachlageltierystal
region shown in the photograph.

7.4 Conclusions

Cross-linked, colloidal crystals composed of @BNIPAmM particles were
produced using simple baking procedures. Whereas non-baked-NM®Am crystal
films fell apart when exposed to agueous solvents, these cross-linkeg| ditgss
remained stable and continued to exhibit Bragg diffraction, indicating tbapdrticle
order had been preserved. The wavelength of this diffraction wahifeeld compared to
the optical properties of the dried crystal, which suggested an increase anystal
lattice spacing that could be attributed to swelling of the hydrogel network of the
particles. This optical shift between the wet and dry statesfauas to be reversible,

which exemplifies the robustness of these cross-linked films ag stabable crystals.
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The copolymer characteristics, baking time, and baking temperature all atentrib
to the precise lattice spacing of the cross-linked crystal, whichdaswva means for
varying the optical properties of these crystals. Since the fabrication efdtess-linked
crystals is based solely on the identity of the particle builditarks, numerous
complicated post-crystallization steps to achieve crystalilisgaban be avoided. The
swelling capacity of the p8e-NIPAm hydrogel network also provides a advantageous
construct for many diverse potential applications, such as in ligems$irgg. The
permeability of this hydrogel matrix afforded the opportunity to itabe functional,
cross-linked colloidal crystals using core/shell particles that posspsteesponsivity.
The ability to add such functional groups directly to the particle synthesishalps to
avoid complex modification steps. Crystal multi-layers could aks@repared by using
dried, cross-linked crystals as substrates for subsequent crystaltitor. The ease of
assembly, inherent processability, and enhanced stability affordedebg structures

provides an attractive approach for designing a variety of useful opticaliatet
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CHAPTER 8
PROBING COLLOIDAL CRYSTALS COMPOSED OF POLY( N-
ISOPROPYLACRYLAMIDE- CO-ACRYLIC ACID) MICROGELS

USING SILVER NANOPARTICLES AS TRACERS

8.1 Introduction

Colloidal tracer particles have been successfully used to probe the
microenvironments of many experimental systéthsThe thermal diffusion that
originates from the intrinsic Brownian motion of these colloidal pladi can be
investigated using particle tracking experiments based on passive microrheeitgds
that employ video microscopy? Many different types of tracer particles are
commercially available for these types of applications. Polys¢yparticles are widely
used due to their spherical shape, low polydispersity, and their ability $egsosultiple
chemical functionalities that can be incorporated during théclgaglynthesis. It follows
that knowledge of the specific chemical properties of the particle isatrieciavoid
unfavorable interactions with the system that is being pr6b€ertain provisions may
also be necessary to ensure adequate stability of these particles in the entpérim
environment. Also, tracer particles must be large enough to observe usiuarst
bright-field optical microscopy techniques or must possessirtgitaperties, such as
fluorescence to allow for visualization.

Unfortunately these requirements severely limit the range and the tiwrshe
microrheology experiments that can be accomplished, since particlealitypeed to be
>500 nm in size for standard optical microscopy experiments and smalletesattiat
possess fluorescent groups have a tendency to photobleach over tineerorhigh
intensity light sources are employed. The passive microrheology dsetiat are

employed in these types of particle tracking experiments are also dependeatfizad
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amount of thermal energy associated with Brownian motion. Therefoasunegnents of

the diffusion of large particles is limited by the detectiesotution of the microscopy
setup’® Consequently, smaller tracer particles will move faster with the semars of
thermal energy, and if such tracer agents can be easily observed and are imert to t
sampling environment, they would prove to be particularly beneficial baree the
scope of experiments that employ particle-tracking microrheology.

Silver (Ag) nanoparticles can provide a unique alternative to standard tracer
agents due to their high efficiency for scattering IgHt. As discussed in Chapter 3,
interaction with an electromagnetic field can cause Ag nanoparticlexhibit surface
plasmon resonances. These surface plasmons (surface-charge oscillaidnsg)tarboth
non-radiative absorption and a near-field interaction that evolwes far-field
scattering®*'’ As the Ag particle size approaches the wavelength of light, the
contribution of scattering increases due to the multipolar characteéheofsurface
plasmong>'’*® The Ag particle size that is necessary to achieve these high isgatter
efficiencies is significantly small (20-80 nticompared to the sizes of the tracer agents
that are regularly employed for microrheology experiments. Agpatioles can provide
additional advantages relative to other tracer agents, since they hHeabitity to
withstand high intensity radiation without photobleaching and aréveia chemically
and physically robus?’

Such particle tracking techniques described above have proven useful for the
investigation of the particle dynamics of colloidal crystals, withthe use of tracer
agent$?® These experiments were been performed by directly tracking the individual
particles that comprised the crystal lattice. In the present study, theemvironment of
colloidal crystals was investigated by tracking the movements of swé&l (m in
diameter) Ag nanoparticles incorporated into crystals that weemassd with large
(~800 nm diameter) microparticles composed of pbigOpropylacrylamideso-acrylic

acid) (pNIPAmeo-AAc). The Ag nanoparticles could be easily dispersed in concentrated
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samples of pNIPAnto-AAc particles to form a binary mixture. Upon crystallization via
thermal annealing procedurés’ the small Ag particles were located in the interstitial
spaces between the soft hydrogel particles and the positions of the Alepasere
found to shift substantially, while the pNIPAoo-AAc particles maintained in their
ordered configuration. The particle trajectories of the Ag nanoparaeid the pNIPAmM-
co-AAc microparticles for colloidal crystals that were fabricated usiffgrént polymer
weight percentages of the soft spheres were examined to iaestithe
microenvironments of such tunable systems. This study alsessasva proof-of-concept

for using Ag nanoparticles as tracer agents.

8.2 Experimental Section
8.2.1 Sample Preparation

Materials

The materials used in this chapter are described in the ExperimentahSedtio

Chapters 2 and 3.

Colloidal Crystal Fabrication

Large, thermoresponsive particles that were used for the fabniaatticolloidal
crystals were prepared by surfactant-free, precipitation polymerization usirgeddeal
monomer concentration (TMC) of 150 mM. The comonomer, AAc, was iaddaded in
the synthesis of these particles so that Coulombic repulsion othéwged groups
increases the degree of particle swelling to yield particles large enough toilge eas
observed using bright-field microscopy. It should also be ndtadthe AAc functional
groups introduce pH responsivity, which can be used to tune particle size, can
additionally result in attractive forces between nearby particfésThe pH of the stock

solutions of pNIPAmMEo-AAc was ~3.6, which is below thpK, for AAc (~4.25)%
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Therefore, the AAc groups are mostly protonated and can allow for crystal feor iciat
thermal annealing procedures to cause particle deswélfffig.

The monomers for the particle synthesis consisted of 88 mol-% NIPAS4E
g), 10 mol-% AAc (0.206 mL), and 2 mol-% BIS (0.0925 g). The NIPAm and BIS were
dissolved in 200 mL of water and transferred to a three-necked, round bottom flask
equipped with a condenser, gas inlet, and thermometer. The solution was hi&&éa t
and purged with Plgas for 45 min. Since AAc tends to autopolymerize, this comonomer
was added just prior to initiation. The microgel synthesis wasteutiasing 0.0103 g of
APS dissolved in ~1 mL (0.25 mM, based on total volume). The reasts allowed to
proceed for ~4 hrs and the particles were cleaned by centrifugation three times 4@ ~30-
min at 25 °C using a centrifugation speed of 15,4Q0¢t.

The procedures that were used to fabricate the pNIP&#&Ac colloidal crystals
can be found in the Experimental Section of Chapter 5. Three differeplesamere
prepared in which the particle concentrations were varied by adjusgngercent of
polymer by weight (% wt) to 2.0%, 3.0%, and 6.0% (using Eq 5.1) by centidagaf
the particle solution and removal of the supernatant, followed by catargiaddition of
water to attain the desired concentration. These variations in %evtige to differences
in the effective volume fraction of the particf@sThese concentrated dispersions of
pNIPAmM-co-AAc particles were made homogenous by vortexing. Nextpl3®f Ag
particle stock solution (which was first sonicated for ~15 min to break up possibl
aggregates) was added to each sample and each sample was vortexed once again. These
binary mixtures of particles were thermally annealed, by heating to ~50 °Cdiotr Hb

min, followed by slow cooling, to produce the crystalline assemblies.
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8.2.2 Characterization Techniques

Microscopy and Particle Tracking

Most of the procedures used for the sample observations via videcsooigyo
and the subsequent patrticle tracking analysis can be found in the ExpéerBaetian of
Chapter 3. Tracie Owens and Jae Kyu Cho, members of Breedveld Group at Georgia
Tech, assisted in performing all of the particle tracking experimentshifo study. All
movies were collected using the Hamamatsu C9100 CCD camera (1000 x 400 pixels)
with a frame rate of 30 frames/second. Additionally, the movieth®particle tracking
of the pNIPAmMeo-AAc particles were obtained using bright-field optical microscopy,
whereas the movies for the tracking of Ag particles were collected using reflectance

microscopy.

8.3 Results and Discussion

Figure 8.1 demonstrates the microscopy images that were acquired for the
pNIPAmM-co-AAc microgels (bright-field microscopy) and the Ag nanoparticles
(reflectance microscopy), using the 3.0% wt sample. The pNIP&®XAC particles
adopt a hexagonally ordered arrangement, while the Ag particlearafgpbe randomly
dispersed. Movies were collected using both microscopy techniques to tra¢iastiof

particles.
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Figure 8.1 Images of the 3.0 % wt crystal collected using bright-field (left) and
reflectance (right) microscopy.

The patrticle trajectories for both the Ag nanoparticles and the pNIEAAAC
microgels in the 2.0% wt, 3.0% wt, and 6.0% wt crystals are shown in Figure 8.2, 8.3,
and 8.4, respectively. The images are superimposed so that the positioagaititie
movements can be correlated. There are obvious differences irotlements between
the two types of particles. The pNIPAso-AAc particles for all of the samples remain
relatively stationary, maintaining their hexagonal arrangementeMer, the shapes and
sizes of the trajectories for these particles are different in each Farséhe 2.0% wt
sample, the pNIPAnco-AAc particles appear to move, while retaining their respective
ordered positions in the assembly, as demonstrated by the large shape ofitle par
trajectories. This effect is due to more free volume available dubetdow particle
concentratiorf> As the % wt increases, the size of these trajectories decreases and the

spacing becomes smaller, due to compression of the soft, hydrogel particle
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Figure 8.2 Particle trajectories for the Ag nanoparticles and pNIB&AAc microgels
for the 2.0 % wt crystal.

Figure 8.3 Particle trajectories for the Ag nanoparticles and pNIB&&AC microgels
for the 3.0 % wt crystal.

210



Figure 8.4 Particle trajectories for the Ag nanoparticles and pNIB&mAc microgels
for the 6.0 % wt crystal.

On the other hand, the Ag nanoparticles have a larger range of motisn. Th
movement is clear for both the 2.0% wt and 3.0% wt samples, where the Adepart
appear to move around the large pNIPAmAAC particles in defined patterns. These
confined movements demonstrate that the Ag particles are located inideebgtween
the large microgel particles. Remarkably, this movement doedisrapt the order of the
pNIPAmM-co-AAc particles. This effect may be due to attractive forces between the
microgels due to their AAc side groups. This aspect has been demonstratedshyrenio
crystal samples of pNIPAme-AAc microgels where the effective volume fraction is
much lower than the that typically found for crystalline phases usimg sphereS.
There is a slightly noticeable difference in the Ag trajectorieshiese samples in that the
movement of the Ag particles appears to be slightly more constrained 810%tewt

sample than for the 2.0% wt sample, as demonstrated by more defined mitsverhes
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effect could be due to the reduced amount of free volume available to the Ateparti
the 3.0% wt sample.

Pockets of localized Ag movement also exist in both samplespasndegated by
areas of concentrated trajectory movements, which appear round in shape. These
observations suggest that the Ag particles occupy the space available atefexts in
the crystal structure. These trajectories have a more defined shape for thevt3.0%
crystal, suggesting that one or more Ag particles is kinetically “trappettieircrystal
due to the large amount of free volume available at the point defects conbpaied
other interstitial channels. There are fewer of these areas in the 2.0%gstatl, which
may suggest that the interstitial volume throughout the cristarge enough to allow
for release of these Ag particles.

The trajectories for the Ag particles are extremely differentie 6% wt crystal
(Figure 8.4). Almost all of the Ag particles are stationary, with onlfgva particle
displaying slight lateral movements. Additionally, the pNIPAmAAcC particles also
remain stationary, and even though the concentration of pNIEARAC particles is
very high for this sample, the particles still demonstrate tange order due to the
compressibility of the soft hydrogel. The extent of this particle packimggn (pNIPAmM-
co-AAc effective volume fraction) reduces the interstitial volume lghsa large degree
that Ag movement is effectively hindered.

Figure 8.5 shows graphs of the mean-squared displacement of these paticles v
the lag time. All of the data for the three pNIPA®AAC movies demonstrates that
these particles are effectively trapped in place. There is a small slope towhdocihe
2.0% wt sample, which indicates that there is some particle movelputrgince this data
plateaus quickly, all of the particles are essentially stationary. #dthahe exact
effective particle size was not established for the pNIRAMAC particles in these
crystals, the MSD levels at the positions of the plateau regions candepthe extent of

pNIPAmM-co-AAc particle spacing (i.e. size). As the % wt of the pNIPAorAAC

212



crystals was increased, these MSD values decrease, demonstrating ¢higtdalaecrease

in the spacing of the pNIPAms-AAc particles at higher particle concentrations.

Figure 8.5 Mean-squared displacement of the Ag and the pNiébMwAc particles over
time.

The MSD curves for the Ag particles demonstrate the high degree of fmtion
the particles in the 2.0% wt and 3.0% wt samples, which is due to both fasignoare
free) and caged particles. The motion of Ag particles is fluid-like dteetability of the
particles to move freely through the interstitial voidtween the rather stable pNIPAmM
particles. However, the MSD eventually plateaus and movement of the Adesaisic
restricted to certain directions as demarcated by the order of the pNIPAM pantictds

is attributed to a caging effect of the partict®’ Furthermore, the MSD data for the
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6.0% wt crystal indicate that Ag particle motion is almost compleibktructed by the
high effective volume fraction of the pNIPAco-AAc particles.

It should be noted that the free volume that is availabteeAg particles is not
necessarily empty volume. Such lightly cross-linked pNIPAm particleso26 BIS in
this case) have been shown to possess a radial distribution cficksssuch that there
are more loosely cross-linked polymer chains near the periphery of the pafdsles
discussed in Chapter 2). Although the chains of the pNIRS&HAC particles probably
extend into the interstitial voids of the crystals, the lower g polymer density near
these interstitial spaces may allow for movement of the Ag fetuntil the effective
volume fraction is sufficiently increased. The particle trackinthe$e Ag tracer particles
provides a unique method for characterizing the tunability of these pNidANAC
colloidal crystals, especially for the purposes of producing binary systestisiciures.

Fortunately, the Ag nanoparticles that were employed in this studyssessa
particle size (~ 70 nm diamter) that was appropriate for movememnite interstitial
spaces of these rather large pNIPB®AAC crystals. The softness of these ordered
particles also allowed for enhanced freedom of movement of the Ag partehee the
method that was used synthesize the Ag nanoparticles can be used to lcemeoticle
size!’*! one can imagine fabricating even smaller Ag tracer particles to prob&abllo
crystals where the lattice building blocks are too small to be observed usidgrdtan
microscopy techniques. Further, investigations are still be smgeso determine the

limit of the Ag nanopatrticle size for these applications due toedses in the far-field

scattering for smaller Ag particles.

8.4 Conclusions

Small (~70 nm) Ag nanoparticles were investigated as a new type of tracer agent
for particle tracking experiments by using these particles toactaize the interstitial

spaces of colloidal crystals composed of large pNIRAMAC microgels. The Ag
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particles were easily detected using reflectance microscopy due to the high scattering
efficiency of the Ag, and the movements of both types of particles wemorded by

video microscopy. These observations demonstrated that variations pNIPAmMeo-

AAc particle concentrations led to changes in the available freeneolthin the crystal
structure as well as the detection of point defects. This study demongteershanced
capabilities of Ag nanoparticles as highly resolvable, rotaser agents as a result of

their scattering character and composition.
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CHAPTER 9

FUTURE DIRECTIONS

This body of work demonstrates that many advanced colloidal crystatiatsate
can be developed through the implementation of creative design techniques, lgdpecial
employing the core/shell topology. Many suggestions for further develdparen
presented throughout the work. However, some specific, fundamam&sswould be
valuable to obtain a greater understanding of these materials and topdéveir
application in a number of different fields.

Chapters 4-7 discuss how p8-NIPAmM microparticles can be used for producing
stable, robust colloidal crystals that are easily processable. Morenfanti studies of
the synthesis of these particles would provide more control over thalagsef these
materials. Specifically the hydrophobicity/hydrophilicity of theolystyrene and
pNIPAm-rich regions should be explored to determine what effects these copolymer
syntheses have on the final particle identity. Different types ghperization techniques
could also be explored, such as dispersion polymerization using difserlwents (such
as ethanol), which may lead to the development of more stable and latggegar

The processability of these particles allows for more coxfieee-dimensional
designs and creative microstructures (such as inks for fingengriapplications). The
ability to form cross-linked, robust structures using these particles whalmingt their
hydrogel features provides an excellent construct that can be applieddor seategies
in liquid environments or in constructing colloidal crystal membs However, more
experiments need to be performed to ascertain the origin and form of thesdirdks, as
well as extent of the cross-links throughout the z-dimension diflthe These features
can be ascertained by a more in depth characterization of tbe-lWEAmM particles as
well as methods development of the baking process. The core/shell cooatraso be

used to introduce different types of functional moieties or othempooents into the
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colloidal crystal. The investigation of their interactions whileaged in this structure can
be useful for producing interesting optical materials. Intrtdncof such components
can also be used with the cross-linked crystals to form innovative seretiegats.

A few advancements have been made in the generation of binary dallystals
where two types of particles that possess different sizes have been usediuoe pr
structures that resemble atomic structures other than typamalsthuctures found using
traditional colloidal crystals. The simple self-assembly technique aodegsability
afforded by pSo-NIPAm particles may allow for the fabrication of such strugsursing
pS-co-NIPAm particles of different sizes. Similarly, the ability to incorporateesi
nanoparticles into the interstitial spaces of colloidal crgsf@hapter 8) demonstrates
how such binary structures may be accomplished using soft spheiesomfiguration
would allow for the modification of the size of the interstitiald®by tuning the size of
the crystal building blocks by a variety of means. This capability pnave useful for
providing a controlled location for reactions to occur to, in effecidyece ordered arrays
of microreactors. This design may also be useful for the faioncaf multifunctional
particles with distinctly positioned regions of functionality oe frarticle surface. The
ability for the silver particles to move within the interstitiplases demonstrates the
potential for using colloidal crystals as a separation system, where tRApNlarticles
could possess functionalities that interact with an analyte while the Separhannels
could be controlled by adjusting the pNIPAmM volume fraction.

Additional syntheses could be performed to scale up the amount of silve
core/pNIPAm shell particles that were discussed in Chapter 3islwdy, the ability to
form colloidal crystals via thermal annealing procedures using ttieAsN shell could
be evaluated. This would allow for an investigation of the coopenalagmon modes of
the ordered silver particles based on their interparticle distanceascertain their

properties and use them to prepare interesting optical materials.
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