SYNTHESISAND APPLICATIONSOF ANISOTROPICCOLLOIDAL DIMERS

by
SijiaWang



A thesissubmittedo the Facultyandthe Boardof Trusteeof the ColoradoSchoolof Minesin
partial fulfilment of the requirementsfor the degreeof Doctor of Philosophy (Chemtal

Engineering,.

Golden, Colorado

Date:
Signed:
Sijia Wang
Signed:
Dr. Ning Wu
Thesis Advisor
Golden, Colorado
Date:
Signed:

Dr. DavidW.M. Marr
Professor and Head
Department oChemical and Biological Engineering



ABSTRACT

Nowadays, anisotropic particles have attracted a lot of attention due to their wide
applications in optical display, emulsion stabiliaa, biomedical imaging, and active materials,
and drug delivery. However, methods to produce anisotropic particles with precise tunability, large
guantity, high monodispersity, and low cost atill elusive. Thichallenge also limits the scope
of studes of those particles in both scientific research and practical applications. This thesis
focuses on a special class of anisotropic particleslloidal dimers. We have successfully
developed a series of bulk synthetic strategies for dimers with geomettarfacial,
compositional, and combined anisotropies based on the modification of seeded emulsion
polymerization.

Dimers with geometric anisotropy show new and rich assembly structures such as Ising
like lattice and chiral clusters under AC electrelds. While dimers with interfacial anisotropy,
e.g., platinurrmpolystyrene dimers, could be used as-patipelling motors in both AC electric
fields and hydrogen peroxide solution. \discovera new type of electrifield driven propulsion
mechanism basedn broken symmetry in electrohydrodynamic flow. Interestingly, our dimers
swim in hydrogen peroxide based on bubble propulsion, which is different from the conventional
self-diffusiophoresis. With additional studies, we reveal the interconnection bethess two
mechanisms, which depends on the surface coating of platinum. Moreover, the geometric
anisotropy of colloidal dimers are crucial to generate circular motion. We also demaomsieaie
concept in making colloidal emulsifiers and phasasfer velctles that are important for
encapsulation and sequential release of small molecules across two different fiha#igswe
explore the possibility to use ngolymerizable swelling agents such as toki@and tetraethyl

orthosilicateand investigate tlieimpacts on making dimers with combined geometric, interfacial,



or compositional anisotropie®©ur method not only simplifies the procedure for synthesizing
dimers but also can be potentially extended to other types ofpatymerizable swelling agents

for expanding the existing catalogue of anisotropic particles.
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CHAPTER 1
INTRODUCTION
This chapter describesir motivation for studying anisotropic particles, and also presents
literature review of current progress on anisotropic particles synthesis and applications

1.1  Motivation and Significance

“Patchy” Anisotropic
Surfaces Compartmentalization
Complex
Architectures

Asymmetric
Shapes

Isotropic Particles

Figure 1.1Schematic of anisotropic particledth differenttypesof anisotropic dimension's.
Reprintedwith permission from ref [1]JCopyright2011Elsevier

Due tosurface energy minimization, particles synthesized on the micron scale are usually
in spherical shapesith homogeneousurface chemistry. The simplicity of this kind of particles
limits their assembly behavior and applicatiofifierefore, prticles with different anisotrap
dimensions (Figure 1.1have drawrextensiveattention recently because of theatential to form
complex assembly structures and diverse engineered properties.

The most well studied applicatiari anisotropigarticles is to use them as building blsck
for selfassemblywith the hopeof fabricaing complex structurewvith tailored propertiesThe
assembly of isotropiparticleshas been studied for a long time which significantly expands our
knowledge in manyspects of material sciencguch a<rystal nucleatiorand glass transition.
Anisotropic particles, in principle, can exhibit a multitude of additional properties due to their

1



complexity in shapecomposition or architecture. For example, an array asaimopic particle
can interact with lightollectivdy and exhibit exotiphotonic propertiesshenthe size of colloids

is comparable t@r smaller tharthe wavelength of visible light.|&ctric field-driven bicolored
display has also be successfutlgnonstrate Metamaterials that can eventually lead to a
revolution of optical microscopes can also be assembledibgtropiccolloids2 Considering our
preliminary results in the electric fieldduced assembly of dimers, it is highly possible for our
system to beisedfor optical applications

Fromthescientific point of viewanisotropic particlesan providea powerful tool to help
gaindeeper understandired molecular interactiongzor example, anisotropic particleave been
used agnodelsystens to predictthe interactionbetweenproteirs*° They can also mimic the
polymerizationprocessy treating each particlas a monoméet! However, there is a knowledge
gap in the relationship betwediiferentproperties of the anisotropic particles andrthesembly
behavior. A systematic stydabout thespecific impacts of each parameisrimportant for
desigrnng particles rationally for targeted assembly into specific structures.

Another research areor anisotropic particless developing artificial selpropelling
micro/nanomotorsNanomadors are ubiquitous in biology in the form of -ARTPase, myosin,
kinesin, bacterial flagellar, etc. Most of them relytbe effectiveconverson of chemical fuels
(such as ATP)into mechanical motion, but the complexity in structures and sensitivity to
ervironment in biomotors severely hinder their applicati@esidesthe propulsion mechanisn
for many motors are not fully understood. Moreoteeytypically havea narrowoperatingange
in temperature They must bepreserved inan aqueous mediurwith proper pH and salt

concentration.As a result, the lifetime of these nanomotoryjscally short®



Artificial motors, in general, can be divided into three categpdegending on actuating
mechanisms(1) motors actuad by deformatiort®°(2) motors actuated by external fields, such
as the magnetic and electric figfd'! and (3) motors actuated bysymmetricchemical
reactions:?

Among different types ofartificial motors, the chemically powered motors have been
extensively studiedThe most commdyg used chemical fuel ishydrogen peroxide (#D>).
However, even for those motors, tgeverning propulsioormechanismcan be quite different
depending on theonstituting materials orthe fabricationprocess.Anisotropic particle are
excellent candidates for propelling mot@sausemultiple compartmentsn themcan perform
differenttaskssimultaneously

Studies of gnthetic nanomotors arestill at the beginning stage; therefore, synthetic
nanomotorsareless competitiveo natural motorsn terms of efficiency. However, considng
the large effort people have already matiey ould reacha stage of real applicatisin near
future, such as active drug delivery, environment sensing, waste water remediation, minimally
invasive surger (MIS), and so ort®14

The third type oapplicatiorsfor anisotropic particles i® stabilize the o#lvaterinterfaces,
as they can be goadimics of molecular surfactast Particles such as silica and clsgrve as
naturalsurfactants to stabilize crude oil emulsions. The stability of those emulsions is usually
higher than molecular surfactants due to a highrggnbarrier of desorptiol.It is, howevey hard
to understand thactualfunction of those particles at interfaces since their surface properties are
inherentlyinhomogeneous. This why there is an arising interest to use anisotropic particles as
colloidal surfactants. One example is thecated Janus particles (named after the Roman god

Janus) in which two hemispheres possess different supfaperties. Recent literature Is®wn



the advantages ofising Janus particles as colloidal surfactartisth theoretically and
experimentally-5 18,

Most Janus particles studied in literature are, however, spherical. Wesprthat the
colloidal dimershave several advantages: they can provide more degrees of anisotropic
dimensionin geometry such as the aspect ratio @ahd length(2) theycan naturally mimic the
structure of molecular surfactants more faithfully by combining both geometric and interfacial
heterogeneitiesand (3) compared with the common twdimensional templatenethod to make
Janus particles, dimecsin bebulk-synthesizedvith good monodispersity.

In addition to the amphiphilic dimers, colloidal dimers that streuli-responsive also
attractlots of attentionColloidal emulsifierghat can change both geometry and hydrophilizyty
varying pH from 2 to 12 haveeen reported recently The advantage of suetkind of system is
that we can studyhe geometry and hydrophobic contrast effesimultaneouslyOn-demand
stabilization or destabilization of the emulsions can also be conveniently achieved.

1.2  Literature Review
In this sectionwe reviewed different types of synthetic methods for anisotropic particles,

and tleir applications irself-/directedassembly, micro/nanomotors, and colloidal surfastant

1.2.1 Synthesis of Anisotropic Particles

In the past decade, wavewitnesgda rapid growth of synthetimethodgor anisotropic
particles. Different types of anisotropic particlesve been fabricated, such as particles with
asymmetric shape&8?! patchy surface® different compositiong®?* or combinedtypes of
anisotropy?® In general, the synthetic ethods can be characterized byo-dimensional
templating methods artireedimensionaprocesses. Bew we brieflyreview differentsynthetic

strategies thdtave beewommonly adopted araterelevant to our work.



Templating method

The most intuitive wayo break the symmetry of spheisgo selectively mas&nepart of
the particlewhile modifying therest(Figure 1.2) For example, one cgorepare a monolayer of
isotropicspheren substrate and then applgirectional flux ofatoms ofmetal or metabxide.
Other strategies includaaskingthe hemisphergby temporary trapping timein a PDMS ge¥ or
melted Parafilri” and microcontactprinting?® (Figure 1.2). The most practicstirategy is to trap
particles atheinterface between two medi@hen the particlsurface can be partially modified
if the reactive agentre present ione medimonly.?° In addition toplanar interfacg thecurved
interface provides opportunitie® overcome the intrinsic limitation dahe two-dimensional
templating methodi.e.,| ow t hroughput. Granickodés group wut
Pickering emulsionsvheremelted paraffin waxvas theoil phase*® Onceoil-in-water emulsios
areformed, the oil phasean besolidified. Then the exposed surfacef silica particlescan be
modified in the aqueous phasAlthough this method has highroughput it is challenging to
provide Janus particles with uniform degree of surface modificatibacause it requirgbatall
particlesgo to the interface andaintain the sameontact angle.

precursor
o particle
‘// \ @
(©

= \“H ﬂ
A =y

substrate substrate

particle

\ /

Figure 1.2Strategies to selectively modify the surface of partiti€&eprinted with permission
from ref [31]. Copyright 2005 Royal Society of Chemistry.
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Controlled surface nucleation and growth

Different crystalline planesn an inorganic particle have different interfacial energies,
which can be exploited to nucleate amdvg materials selectively at certain locations. However,
mostwork done in this area focedon particles of ~1@m, which makem-situ observation of the
assemblyprocess formidablat the current stage. A more feasible approach for making larger
anisotrgic particless to premodify micronsized particle#\ few examples havieeen reported.
For example, calcation ofsilica particlesvith hydrophobic siloxanen their surfacesan induce
the asymmetric growth of silver patch€rganicinorganic hybrid particlesire of partular
interest becausef thdr large contrast in dielectric constanivhich could have potential
application in seHassembly The difference in refractive irides can alsohelp build optical
devices Silica-polystyrene particles can be made by coatmghacryloxy-alkyltrimethoxysilane
on dlica spheres, whicltan promote the growth afidividual polystyrendobeson then*3 By
changing the concentration or size of the silica particles, hgbiididal clusters wth different
morphologies, such atumbbells, tripods and tetrapods, can all be produced. The bottleneck of
this method is that the final productisvays a mixture oflusters with the besyield around 70%
for dumbbells

As we mentioned above, templating methods canrhale Janus particlessAeedsthey
can provide selective nucleation sites, so that the growth of secondary particles chreweda
on one part of the Janus particle surface.
with 3-acryloxypropyl trimethoxysilane, and then etched the particles at the Pickering emulsion
interface?* The protected parts were used to grow polystyrene with various morphologies (e.g.,

caps, sphes, or nanoflowers) because of the vinyl groups.



Controlled phase separation

The incompatibility of two different materials usually resultshage separation. Sundberg
et albuilt amathematicamodel to showhatdifferent morphologies of particlessisting of two
polymerscan be obtainely changing the interfacial tension between two polymers and between
the polymers and deent* This model can be used for predicting the morphology of composite
particles thatrecontrolled by thermodynamic equalium. For example, Okubd al prepared a
mixture of polystyrene (PS) and poly(methyl methacrylate) (PMMA) in toluene and then
emulsifiedthemin water with nonionic surfactaft:>*® By evaporating toluenslowly, PS and
PMMA will phase separateThe poorcompatibility betweentwo polymers andow interfacial
tension of the polymer/water interface help segreg&and PMMA intdwo compartment§.e.,
snowmandlike particles) rather than fornmg a coreshell structure Varying the type or
concentration okurfactang will changethe particle morphologieS’he same principlean be
appliedto produce magnetitanus particle$oo3’ Hydrophobic iron oxide nanoparticles goaly
(styreneb-allyl alcohol)were first dispersed in chloroforrand emuldied in polyvinyl alcohol
solution Duringtheslow evaporation athe chloroform, the iron oxide nanoparticles precipitate
out atthe early stage due tds much lower solubilitythan that of polymer. The magnetic
nanoparticles theaggregaté furtherbecause ofthe van der Waals interaction, laad to the
formation of magnetdiphasic nanocomposites.

Besidessolventevaporation, several otherethod have beemventedto trigger the phase
separation between polymers, such as seeded dispersion poitingt® and in situ
polymerizatiorf:®#! Making anisotropic particles using theesled emulsion polymerization was
first discovered by Sheu et &;**and then improved y We i t 2*Gressligkedpolystyrene

seedqCPS)were swollen by styrenélhe phase separatidretween the monomer and polymer



occurs after swelling. A thermodynamic model to explainghisnomenoihas been proposed by
Sheu et 4/* The chemical potential of the monomer in the partf€®, is expressed ahe
following:

ydy; Yo Yo Yo (1.1)
WhereY'd is thefree energy ofixing betweerthemonomer anthepolymer;¥Y'd is the elastic
energy of the crosinked polymer networlkandY"d is the interfacial tension between the particle
and continuous phase. Substituting the Fldnggins expressidf“*®for Y'd , the FloryRehner

equatiort’ for Y'& , and the Morton equatiétfor Y'®, one can obtaithe followingexpression
Yoy, 24 1p 0 0 RO YYD O -0 qol g A (L2

wherev is the volume fraction of polymer in thewollen seed;  is the monomerpolymer
interaction parameter; N is effective number of chains in the network per unit valunee;

monomer molar volumey,,w is interfacial tension between parti@dad waterandr is radius of
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y

theswollenseed.
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L1 >

T 11

N L~ N

(a) (b) (c) (d)

Surface wetting:

<:| more favorable less favorable :>

Figure 1.3Theeffect ofwettingdegreebetween monomer and the crosslinkeddon the
particle morphology? Reprinted with permission from re49]. Copyright 2008\merican
Chemical Society.

From the above equation, we can codel that temperature, monomer/polymer swelling

ratio, affinity of monomer to polymer, crosslinking densityterfacial tensionand the size of
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seeds, camll affectfinal particle morphology. For instancEigure 1.3 illustrateshe effect of
surface prperties of CP$° Whena, w is largeor 9o m (theinterfacial tension between particle and
monomer) is small, the expelled monomer will tend to cover the whole surface GfPtBe
uniformly (forming a coreshell structurg which is similarto the case of making composite-PS
PMMA particles®*® Hence surface modifcation of the seed is necessary to obtain a desired

particle morphology

Figure 1.4Varioustypes ofdimersthathave been synthesized so fa) PMMA dimers:° (b)
PAN-PS dimers? (c) TiO2 coated PS dimerS.Reprinted with permissiafrom ref [50], ref
[52], and ref [53]. Copyright 201Royal Society of Chemistry2010American Chemical
Society 2012American Chemical Society

So far, seeded emulsion polymerization isdh& method tlat can bepotentiallyscaled
up for industrial applicationsln addition to high throughputthis method also offers other
advantages, such as high monodispersity, low cost, and vers&blitinstance, diverse types of
anisotropic polymer particles, su@asPMMA dimers (Figure 1.4&f and PMMAPS dimerg
have been synthesizetlang et aimack polyacrylonitrilepolystyrene (PANPS)dimersout of a
crosslinkedpolyacrylonitrile shell (Figure 1.4b)>? This work largely expands the dimer species
hypothetically,as long ashe seed particles can be coated with a crosslinked polymeric shell
However, most dimer particles are polymeric. As we mentioned previously, synthesgamiz

inorganic hybrid particles is within our best interest. Gtmategy is to directly coat a functional

layer, such as Tigon the seed befe swelling (Figure 1.4S° However, this method requires that



the thickness of the Tikzoating is thin enough so thi&ie monomer can diffuse through to swell
the polymeric core and the protrusion can also come out of thedioelover, tle morphology
of the protrusion was not in high quality due to aiform coating ofTiO2.

In summary, there are several challenges in terms of synthesizing anisotropic particles with
good monodispersity, high throughput, and great versatility. For exathpleseeded emulsion
polymerizationinvolves multiple steps that are both tedious and hard to control, especially for
people who have little particle synthesis expertise. Even for dimers, we still lack a method that can
achieve surface modification on bdbbes of dimers independently. Although organimrganic

hybrid particles are highly desirable, current approaches have shown limited success.

1.2.2 Applications of Anisotropic Particles

Self and directedassembly

Anisotropic particles are uniqueiltding blocks due to their directional interactipngich
have been adopted to saseml# into complexstructures Relying on depletion interaction,
particles with geometric anisotropies can be assembled into a variety of different striaiures.
exanple,Scannaet almixedspherical particles with a dimple as locks and spheagsnatch the
dimplesize as keyswith the help of depletanthe reversible loclandkey attraction can be used
to produce dimey trimers, tetrames, and even polymers? Kraft et al also investigated the
assembly behavior of dimess whichonelobe isroughwhile the other ismooth2® Theyfourd
that when the depletant size is much smaller than lobe roughnessntlmthlobescan attract
each other due to a larger excluded volwompared with the rough lohethe dimers behave
like molecular surfactastthat can assemble into clusts alove a critical concentration.h&
ACMCoO is affected by t he si s €headsantage of bxploitiwge e n

the depletion force is to make reversible superstructures without delicate surface modification.
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However, similar to the clusring of isotropic particles via depletion interactign the
monodispersity of th assembled structures is low especiallydage clusters.

More specific interactions can also be utilizedassemble particles, especially when the
targeted clusters aréess than 100 nmThiol-metal complexatior® streptavidinbiotin
interactiony” and peptidenybridizatior?® have been adopted to make dinelts or chains based
on surface modifiednetallic nanoparticles. Albeit the asseptbtlustersvia chemical bonding
arevery stable, it is still difficult to control the monodispersity when the clusters are made up of
more than three unitdt is also craial to carefully manipulatether norcovalent forcesvhich

canplayimportant rolesluring the clustering process.

Figure 1.5Assembled structures via hydrophobic interacti@d\etworks of reaction
pathways, all of the clusters have been observ&€B mM NaCF® (b) SEM images of the self
assembled structures in different solvents mixtfikhe insets i@ corresponding schenmat
graphs. Scale bars: 100 nReprinted with permissi@from ref [59], and ref [60]. Copyright
2011 he American Association for the Advancement of ScieB887Nature Publishing Group
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By coating hydrophobic molecules on thegbees of Janus spheres, one can assemble them
intodimers, trimers, and tetrameétsia directed hydrophobic interactions in low salt concentnatio
(Figure 1.%®). The clusters are formada three pathways: monomer addition (black aws),
cluster fusion (red arrows), and isomerization (blue arrowsh increashg salt concentration,
the small clustersan further aggregatato chainlike structureBecause of screenetectrostatic
repulsionbetweerthe hydrophilic hemisphereB) addition, solvent also plays an important role
in controlling the final configuration(Figure 1.%).°° Nie et al preparedcetrimoniumbromide
(CTAB) coated gold namods with two tips attached byhiol-ended PS to generate
superstructures, such as rings, chains, and bundle of civhiok,can be conveniently controlled
by thevolumeratio of good versus poor solveot PS or CTAB

Directedassemblyusingexternal fields is within our interegto. The strength, effective
range, and even sign of fieldduced interactions can be easily manipulated over a much wider
range than intrinsic particular interactionRich assembly phenomenaf Janus spheres
(hemispheres deposited with a thin magnetic ldyave been observethder magnetic fields. The
most intuitive configurationis a linearc h ai n, which can bearaéebt her
depending on the thickness of the magnetic 184%Gr ani ckds group fabricat
hemicylinder of the micron sized silica rechscoated with ~10 nm nickel layer) and discovered
different ribbon configuration® The extra dimension of geometric anisoyroglearly add
complexity to the assdnted structures. Zerrouki et adoptedhe solvent evaporation method to
create magnetic patches on silica spheres and studiecagisembly behavior under magnetic
fields.%* Because of the steric hindranoetweersilica spheres, the assembbahfiguratiors can
be tuned simply bwydjustingthe size ratio between silica spheres and magnetic paihekr

structures weralsoobservedn polymer dimersvhich have magnetic cores encapsulatethe
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neck.®®*Pi ne ds gr edthe sidnificgricd df thehdiamagneperts. They firstpartially
encapsulatednicronsized hematite cubes in polymerized silicarik (3-methacryloxypropyl
trimethoxysilanef® By increasing the size of the diamagnetic parts, the favorable cluster
configurationcanchange frontrimers todimers.

All of the aboveexamples utilized water as tsarrounding medim, while particles are
somehow paramagnetitf.the wateris mixedwith ferrofluids, diamagnetic materials chave
negativedipoles and paramagnetic materia#s/e positive dipoles. Such kind of dipolar particles
can be used for makingore complex structuresvhen ombined withgeometricanisotroyy. As
long as he magnetic materials are not superparamagnetic, the assembled structures can be fixed
because of theesidual magnetismin comparisonelectricfields typically inducestructures that
will disassembly when the field is turned .d8ut selfassemblyunderAC magnetic field is less
interesting beause neither ions nparticles respato uniform AC fields.

Electricfield inducedassembly of anisotropic particles is one of the major research area
in our group. We have studied the behavior of both symoetid asymmetric polystyrene dimers
under perpendiculbr appliedAC electric fields. Symmetric dimers show rich phase phenomena
by varying the field strength and freancy ®’ As shown in Figure Ba, in lower field strength, the
dimers within the aggregate changetioeir i ent at i(otharddiomg i Stoo ALO (1 vy
1 and ALO to Mrkedlydradymamiqg elgotachnd Br@&vnian torques are all
considered tanfluencethe complex phase transition behavior. When the size ratio between two
lobes is not egpl to one,.e., for asymmetric dimers, aattractve interactioncan be induced
between oppositely oriented dimdf&gure 16b), which leads tamrdered assembligacluding
square or trianguldising-like" lattices at high particle concentrat&(r30%9.%8 Those interesting

phenomena can wer be expectenh isotropic particle systems.
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Figure 1.6 Assembled structures undaectricfields from anisotropic particle@) The phase
diagram ofsymmetricpolystyrenedimersunder AC electric field in 102 M KCI. The squares
andcirclesregmsent the boundaries between different

(standing up) and fALO (lying down) two | etter
dimers in aggregates while theter after the hyphen depicts the orientation efdimers away
from the aggregaté$(b)Smal | clusters with different fAmol e

asymmetricdimerswhen they are oppositely orient&(c) Phase diagram of goldolystyrene
Janus spheres in AC electric fiefigrom (a) to (c), the electric field direction is between the
top and bottom of the optical images. (d) Both parallel and perpendicular chaimselatiric
fields are formed by Janus giates with individual 11% gold patché%(e) The Janus particles
with two 25% gold patches form diagonal chaihScale bars: 20 unReprinted with
permissios from ref [67], ref [68], ref [®], and ref [70]. Copyright 20120hn Wiley and Sons
2014Royal Society of Chemistry2008American Chemical Societ010Royal Society of
Chemistry

The above two examples highlight the important role of geometric anisotropy during
assembly. Comprehsive studies about the effect of surface anisotragye performedby
Vel ev 0 8§Theywpplied a perpendicular AC electric figttigold-polystyrene Janus
sphereswith a50% gold patch) solutions (Figure@c).t® Particles aligned inteither regular or
staggered chain8y increasing the field intensitthe attaction between chains kaeae stronger
andtwo-dimensionakrystals formed. At even higher litestrengthsthreedimensionabundles
appeaed Moreover, they studied thdfect of size and number of gold patches on polystyrene

sphere<? For particles with 11% gold patchgmrallel, perpendiular, and staggered chaiase

observed (Figure Bd), which indicatesthatthe induced dipoles between dgdatches and that
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between polymer cores are difet similar magnitudeTherefore there is npreferential chain
orientation However, when the polymer particlegre coated with two 25% gold patches, they
prefered to form diago@l chains as shown in Figure6é&, and the possiblerientations and
magnitude of the induced dipolearedepicted in the inset.

There arestill many unexploredquestionsin the electricfield directedassembly. For
example particles withcombined geometricra surface anisotrgpareworthwhile to investigate
consideringhe synegistic impacts. fieimprovedunderstanding of the fundamental interactions
involvedin theelectricfield assembly requires closeollaboration between experimensésand
theoretcians Such understanding crwcial in order tasynthesizearticles with tailoredanisotropy,
beforewe can build angesiredstructures

Propelling Micro/nanomotors

(@) (b) ()
H*/H,0

<-—| = Au

O, + 4H" + 4e — 2H,0
H0, — O+ 2H"+2e  H0, + 2H" + 2e — 2H,0

Fuvaae F
dive ‘ dra vb

v
motion‘.ﬁ

oxidation reduction

Figure 1.7 Different propulsionmechanisrafor microhanomotors(a) seltelectrophoresiét (b)
self-diffusiophoresis? (c) bubble propulsiof® The schemes of (b) and (c) are adopted from Ref.
[14], the grey sides are catalytic sidBeprinted with permissi@from ref [71], and ref [14].
Copyright 2006American Chemical Societ014John Wiley and Sons

Making selfpropelling motors thatanmove in low Reynolds numbdwhereinertia is
negligible is an extremely difficult task. One approach is to build either a concentmtion
interfacial tension gradienintrinsically along an anisotropicparticle which canpropel inthe
pm/sec or even mm/sec range (Figure7)l. Several mechanisms have been explovduch

includeself-electrophoresiét self-diffusiophoresis? bubble propulsion? selfthermophoresié?!

etc.
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Senet al pioneered in this field by discovering the autonomous movemepiathum
gold (PtAu) hybrid nanorods imnaqueous solution of hydrogen peiae.”” Although they first
attributedthis phenomenoto theinterfacial stress gradient caused by different hydobptity
betweentwo metals)’ they finally concluded that the sadfectrophoretic mechanism is
responsible for the ation.”! Self-electophoresis is a process whexidation and reduction take
place simultaneously at two ends of the.rdde electron flow within the rod leads proton
migration in the aqueous phaseesulting in anelectroosmotic flow (Figure Za). Lots of
experimental evidence strongly support this theleingt, by comparing 15 nanorods with different
metalicc ombi nati ons, Sen0s theelectwopheniical patemtialtdiffescec t he |
betweerntwo metals, the faster the rods md¥a@he propulsion speed can be as high agrés
(15 body length/s) in 5% 4D>. If the surface area is increasedy(,makingrodsmorerough), the
propelling speed can be even fast&Second, by the addition of carbon nanotulre®tAu
nanorodsanenhanced speed (~pdn/s) was observed which can be contributed to the enhanced
electron trangfr rate’® Third, the speed of hybrid nanorod motors can reach s by
substituting the gold segments fAg/Au alloys,° because of thenhancd electron transfer
reaction of HO,. The same group also foutithtthe speed of bimetallic motors incredswe
times when 0.1 mM silver saltas added in the solutidh.Sincesilver candeposit on the more
active Pt end ithehydrogen peroxide solutioit,generateshe similarAg/Au alloy effect.

Of coursearod isnot necessadlly the best geometry for propulsidAWheat et ateported
a comparable propelling ability using auB1 spherical Janus motor wigtsimilar compositiorf?
Both the bimetallic rodandJanus spheregere prepared by a templasssisted method. Thiwo-

dimensionalstrategy leads to an extremely low throughput. Moreover, bimetallic rods cannot
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move in saltsolutions (other than silver nitratejvhich severelylimit their applications in

biologically relevant fluid.
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Figure 1.8 Different parameters that affect the motion ofrBulator Janus particles in hydrogen
peroxide solutionga) Comparison of the velocities of-P§ Janus spheres and coni8

spheres (~1.6 um) in hydrogen peroxide solutions with different conceng&tigr) Speed of
PtPS Janus spheres as a function of the particle size in 20%sblution. Inset is the same
results shown in logpg form® (c) The trajectories of F$iO; Janus particles with TiCarms at
four different length§® (d) Speed of PPS Janus spheres (2 um) as a function of concentration
of CTAB (A), KBr (@), NaCl (©), and NaOH® ). Positive speed means propulsion towards
PS8 Reprinted with permissiafrom ref [72], ref B5], ref [86], and ref [87]. Copyright 2007,
2012American Physical Societ011American Chemical Societ014Royal Society of
Chemistry

The working principle for selélectrophoresis requires that the motors must be made of
electronconductive mateals. To make selpropelling motors out of dielectric materials, different
propulsion mechanisms need to be exploifdte selfdiffusiophoresidakes advantage afself
generated concentration gradient by selective readt@egsH.0. decompositioponone side of

the motor which generates a pressure gradient along the surfacepafrtledeand create solvent
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flow (Figure 17b). The most common system in this category isd@ted Janus particlés’®84
The motor speed is usualtiireebody length per second, which is weaker than thosedbase
self-electrophoresis. Althougtihe propulsionspeed increasavith increasingfuel concentration
(Figure 18a) for a given particle siz& Ebbenset alshowed an inversecorrelation between the
particlesizeandvelocityin the range of 100 nm toln (Figure 18b).8°> More interesting moving
behavior has been observed when a;Ta@n is purposely giwn on the Pt sid& As the arm
length increases, the curvature of the moving trajectory incréaggse 18c).

Although the above experimeriargelysupporedthe selfdiffusiophoresis mechanism, a
recent studyon the effect of several ionic species on the motdmllenges the above
understanding’ It is known that thepropulsionof Janus particleslows dowrnwhenpH neutral
salt concentration increases. But Browhal found thatthe concentration osodium hydroxide
(NaOH) has little effect (Figure &d). When changing the sdibm potassium bromide (KBr) or
sodium chloride (NaCljo CTAB, or varying the Pt film thickness from 5 nm to 10 nm, the
propulsion directia can even be reversed. The authaitgbutel the propulsionmechanism to
selt-electrophoresisyhich isinduced from an ionic current passing between the pole and equator
of the coated Pt filmThe exact mechanism behind thmpulsion of metalliadielectric Janus
particlesis still under debateéMore careful studiesrenecessaryo providefurtherinsights into
the governing mechanism.

In 2002,the Whitesidegroup madanillimeter sized thin PDMS plates mounteith Pt
covered glass filtsrand obsergd the motion of plates at the liquid202 solution)/air interface®®
They attributed the motion to ti@pulse of bubbles generated due to the decomposition@f H

catalyzed bythe Pt. Ever since this study, micro/nanomotors based on bubble prophésien
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gainedtremendous progress, albeit the majooitghe motorausedin this categorys in atubular
structurethe secalled i mi cr ¥jtet s 0.

The tubular structures favor thermation ofbubbles, because the diffusion of oxygen
molecules geerated fron catalytic surfacas confined. Sugequently the oxygen molecules
accumulate inside the tube to form bubblEseythen escape from the larger opanias shown
in Figure 19a. Menjare et al performed@mprehensive theoretical wonkhich shevedthat the
length, the radius of the microjet, and thid.O. concentration are alimportant factors for
propulsion??

Kuhn et al developed a dde method to fabricate bubbfpgopelled micoengines by
electrodepositindPt clustes on one end of # carbonmicrotubes (Figure 19b).°® The relative
position of the Pt cluster on the carbon tube detersnitesther it will have lineaor circular
motion.Another stategy to promote bubble generation is coatingsyrehesized Pt nanopatrticles
on a thin polyrer single crystal filnwith thiol groups on the surfad&Multiple functions can be

integrated into the films bihe coatingof additionalnanoparticlege.g.,FesOs).

|, solution CMT

C
l Pt deposit
5 l 5 \

(a) (b) H,Pt

100 ﬁm

Figure 1.9Bubblepropelled micromotors with different geometr{@y.Tubular PANI/Pt
microengines prepared by cyclopore polycarbonate membfi¢@®sCarbon tubes with
platinum spheres at one endthgelectrodeposition proce&$Reprinted with permissiafrom
ref[73], ref [93]. Copyright 201 American Chemical Societ2011Elsevier

In fact, the energy required for bubble formatiorthis highest orconvex surface and

higher onflat surface than onconcave surfag®® Only one examig of silicaPt Janus spheres
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shows bubble propulsion behavior when plagticle size is larger than 10n. When the particle

size is smallerthe motionis found to becontrolled byself-diffusiophoresis® Therefore there
should be some interconnections between the bubble propulsion and tbd#fisstiphoresis
mechanismsMeanwhile, the strategy to generate bubbles on a convex surface of a small size
particle is missing.

Overall, bubble propulsion can overcome the limitabbiow ionic strengthrequiredin
both self-electrophoresis andself-diffusiophoresis, making motion in biological fluids
possible’% Furthermore,the velocity of bubblepropelled motors can be controlled by
ultrasoundBecausédubbles can be sliupted by an ultrasonic fielthe motors can kerrnedfiono
a n dffoivithin 0.1 £condby using an externaransducef! Neverthelessthe swmmersthat
developedbased on the above mechanssoannot accomplish directional motiotilization of
the magnetic fieR¥ or concentration gradient of the fuel, directional maioan bepossibly
achieved. Thexclusive use of KD, as a fuel hinderthe application okynthetic motorsn the
biomedical field. Another bottleneck ilsatthe synthesis ahicro/hanomotorgypically involves
costly and inefficient twalimensional templating methods.

Colloidal Surfactans

People have realized the special activity of colloids at interfaces for a longtime then,
small particles havéeen usedfor different applications such asthe enhanced oil recovery,
additives infood industry, ancemulsifiers incosmetic$¥1%2 A great deal of work has been
devoted tmobtaininga deepeunderstandingn the stabilization mechanisms for better contifol
emulsions/foamg:®18

It is known that molecular surfactants adsorb onto interfaiderentiallybecause of their

amphiphilic properties. It is, however, not necessary for colloids to be amphiphilic in order to
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adsorb ataininterface. For example, when a particle moves from water to a water/air interface, the
original water/air interfacewill be replaced by twonew interfaces:the particle/water and
particle/air interfaces. The difference between the original and new interfaelgies can be
expressett
Y Al p wEi — o)
whered s the contact angle of the particle at the interfaceparticle radius, anmh ¢s interfacial
tension between wat and airFor a 1um particleadsorbecht the watesir interface o= 72
mN/m), the energy required for removing it can be as high akTLéF d= 9C°. But one should
notice thateds decreases quickly whehdeviates from 90 It is ~kT whendis smaler than 20
or higher than 160 Therefore, the wettability of particles s$ill important to determine tire
stability at an interface. Tis is why commonly used colloidal particles, such as silica or
polystyrene, are always pretreated to tune theirambraingles close to 90efore using them as
emulsifies 103104

Recently, studies using Jamsgheress colloidal surfactants have shown clear advantages
over isotropic particles due thedistinct wettability on two sides of the Janus parti¢fe§3 110
The interfacial propeytof a Janusspherecan bemoreflexibly tuned by changing the relative
hydrophobicityandsurface arebetween two hemispherda considering the inherent anisotropic
propertes of naturalparticles (such as geometrical or chemical defects), Jphesegprovide a
faithful and more controllablmodel Meanwhile, unlike homogeneous particles which only show
high desorption energy when the contact angle is arouhdt®® desorption energy dnus

spherescan still be ~1000 kT even when the average contact angleg§ ((apolartthola)/2)

approach to Dor 180.11!
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However, Januspheresarestill of spherical shapes, which are very differntn their
molecular analogues. The geometric anisotropyeiy limited in Janussphere.!'2 Kim et al
employed amphiphilic colloidal dimers to emulsifyxa€ecane in water and observed Pickering
emulsions in spherical, ellipsoidal, and cylindrical shap€Shey contribute the richness of the
emulsion shapes to the geometfyte dimers considering Janus particles only produce spherical
emulsions.Theoretically,Park et al performed a comprehensivesimulation on the equilibrium
orientation of Janus ellipsoids and dumbbalisoil-water interfacé!* They showed that both
interfacialand geometri@nisotropes have profoun@nmpacs on the equilibrium orientaticaind
effectiveness for interface stabilizatid{ 1’

Aside from simple consideration of the stabilization efficiency of colloidal surfacant
interface,the responseof particlestoward externalstimuli representsanother appealingeature.
Sunds gr ou pz304SeDbnanorods t(F&Od narfespheres coated with silica arms) to
emulsify water in toluene, and they found that the optinmamicle aspect ratido form stable
emulsionsis between2:1 and 4:11*° The magnetic colloidosomes sheavstrong magnetic
response anthey can egnaligned intochains.

Other commonlystudied stimuliwithin the context obiological applcations includeoH
and temperatureAs shown in Figure 10a |, Okubods group -likkelanesl oped
particlesvia the combination of solvent evaporation aa@m transfer radical polymerization
(ATRP)Y” The polymer particles have a grafted poly(dimethylamino) ethyl métacrylate)
(PDM) capwhich can reversibly change between amphiphilic and hydroplstdiesn response
to both pH and temperature. They compared the staltitin efficiency of Janus particles with
coreshell particlesof similar compositionsat 25C and60°C as a function of pHThe Janus

particles demonstraté much enhanced interfacial actty over a widepH range at room
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temperature. In 2014, Lee et showed a fascinating example of pH responsive colloidal
surfactand composed of polystyrene and pdacrylic acid which is capable aémulsifying oil
in-water and watein-oil dropletsby changing the pkh the aqueous phase (FigureGh)L!® This

is because the polha¢rylic acid incorporateccompartment catransforminto different shapeis
response to pH, whicls equivalent tochanging the contact angle of isotropic particlEise
aggregation and dispersion behavior of Janus particles in the range of fHc@also be
potentiallyapplied to generate attractive and repi®mulsions whichanlead to complex fluids

with pH responsive rheological properties.
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Figure 1.10Stimuli responsive anisotropic colloidal surfactiaf) Optical andcorresponding
fluorescenimage ofPMMA/P(S-BIEM)-graft PDMAEMA Janus particles wh a pH and

thermeresponsive PDMAEMA caplhe scheme showsdations of Janus and ceskell

particles at differeamb, pain@daniiOd ednprotade uiiien W\ aV
interfaceo, an d’(dH Maphaogy add surface praperty ¢changel ofy .

polystyrene and poly (teldutyl acrylate) Janus particles in response to solution pH and triggered

phase inversion emulsidfd Reprinted with permissi@from ref [17], ref [19].Copyright 2010,
2014American Chemical Society

In principle parameters such as particle shape, concentration, stufext®nality, and
contact angd, can allimpact the interactions between particles at interfatespredictthe
combined effects of those parameterdothinterfacial behavioand interactionsf particles is

very challenging, which deserves more experimental and theoretical work.
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1.3 Summary

As wehavementioned in the above sectiossyeralkchallenges exist in the synthesis and
applications of anisabpic particles. For instance, tedious procedures involve in the seeded
emulsion polymerization which makes the synthesis timewoimg); methods for generating
organicinorganic hybrid with good monodispersity and high throughput remain elusive;
understanding the swimming mechanisms of micro/nanomotors is in slow progress; the combined
impacts of geometric and interfacial anisotrapyseltpropelling motors are unknown; and the
preparation of colloidal surfactants needs elaborate surface modification. Mom@®wepping
anisotropic particles that can perform multiple tasks as intelligent engines is stiiratingnary
stage This thesis is devoted to address some oabwvechallenges.

In chapter 2, weombined seeded emulsion polymerization and heterogeneous nucleation
to make metabrganic colloidal dimeranddemonstrated their novplropulsion behavior under
AC electricfields. This bulk syntheic strategy makes a family of hybrid dimers with different
metalic compartmentsMoreover, itallows us to tune the geometric and interfacial anisotropy of
dimers independentlyBecause of the competition between the electrohyavaaic flow along
the substrate and the induegltiarge electroosmotic flow along the metallic lobe,grepelling
direction of the hybrid dimer can leentrolledunder electric field The same dimsrcan also be
adopted as chemidglpowered motors. Inhapter 3, we studied the swimming mechanism of
platinumpolystyrene (RPS dimers in hydrogen peroxide solutio/e found that both high
catalytic activities and surface roughness are essential to induce bubble formation on convex Pt
surface. The particigeometryalsoaffects the motion behavidfor example, RPS dimers exhibit
both linear and circular motion depeémglon theposition ofbubbleformationon dimers, while

uniformly coated RPS spheres only show linear moti@urwork is the first to unoverthe link
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between twdlifferent propulsiomechanismgd.e., the slf-diffusiophoresis and bubble propulsion.
The propulsion behavior of the hybrid dimers under AC electricsfaetd hydrogen peroxide both
emphasize the importance ofcombined geomet and interfacial anisotropy on particlds.
chapter 4, we developed a new type of colloidal surfagtauitich can be utilized to encapsulate
active molecules, e.g., organometatiatalyststo deliver them from water phase to oil phase, and
to perfom catalytic reaction in the oil phase. This werkesents the first demonstration of using
bi-compartmental particles for both emulsifier and phase transfer vehidgpatids the category
of colloidal surfactarg simpifies the fabrication process, andn be used as a method ifositu
cracking of the heavy oil undergroundn chapter 5, wenvestigated the impact of different
swelling agents for making anisotropic partgcigith new types ofnterfacialand compositional
anisotropiesThe facile synthetic approachve have developedan fabricate composite particles
with highthroughput, goodhonodispersityand versatility to incorporate different functionalities
Those particles exhibit novel properties such as pH responsive and automotive io feddasri

In chapter 6, we summarize all key conclusions and provide a personal perspective on future

directions.
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CHAPTER 2
BULK SYNTHESIS OF METALORGANIC HYBRID DIMERS AND THEIR PROPULSION
UNDER ELECTRIC FIELDS
Modified from a paper published BCS Applied Materials & Interfaces
Sijia Wand, Fuduo M3, Hui Zhad, and Nng W
2.1  Abstract

Metalorganic hybrid particles have great potential in applications such as colloidal
assembly, autonomous mierabots, targeted drug delivery, and colloidal emulsifiers. Existing
fabrication methods, however, typically suffer fronwléhroughput, high operation cost, and
imprecise property control. Here, waport a facile and bulk synthesis platform that makes a wide
range oimetalorganiccolloidal dimers. Both geometric and interfacial anisotropy on the particles
can be tuned indemdently and conveniently, which represents a key advantage of this method.
We further investigate the sgifopulsion of platinurpolystyrene dimers under perpendicularly
applied electric fields. In OM potassium chloridek(Cl) solution, the dimers exit both linear
and circular motion with the polystyrene lobes facing towards the moving diredtiento the
inducedcharge electroosmotic flow surrounding the metsted lobes Surprisingly, in
deionized water, the same dimers move with an opposéstation, i.e., the metallic lobes face
the forward direction. This is because of the impact of another type of ftber:
electrohydrodynamic flow arising from the induced charges on the conducting subBtete.
competition between the electrohydrodymariiow along the substratendthe induceecharge
electroosmotic flow along the metallic lobe determines the propulsion direction of hybrid dimers
'Reprinted with permission fro®CS Appl. Mater. Interface2014 6, 4560 4569
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under electric fields. Our synthetic approach will provide potential opportunities to study the
combinedimpacts of the geometric and interfacial anisotropy on the propulsion, assembly, and
other applications of anisotropic particles.
2.2 Introduction

Particles with anisotropic properties in geometry, interfacial functionality, or chemical
composition havettaacted a lot of attention recently due to their potential applications in self
assembly, optical display?, emulsion stabilizatiod,molecular probe$,autonomous motorspr
drug deivery® For example, gold nanorods with geometric anisotropy have been used as
biomedical imaging agents due their strong surface plasmon resonance at theiniared
region!/ When colloidal particles are functionalized with DNA patches, they behave similarly to
the multivalent atoms and can sa$semble into a variety of colloidal molecules in a controllable
fashion®

Among different types of anisotropic particles, thetatorganichybrid particle$ are of
special interest because (1) the interfacial properties on the metallic and organic regimes can be
conveniently tailored due to their complementary difference in surface chemistry and (2) they
combine unique properties from both metalknd organic materials such as the electric
conductivity, catalytic activity, plasmonic property, etc. The asymmetric interfacial properties can
be utilized to induce autonomous motion of hybrid particles in agueous solutions based on a
number of differenmechanism&?® For example, a platinupolystyrene sphetécan move
actively in hydrogen peroxide solutions due to theaited seldiffusiophoresist® The platinum
coated hemisphereatalyzes the decomposition of hydrogen peroxide, while the polystyrene
hemisphere remains inert. As a result, there is a concentration gradient of oxygen surrounding the

particle, which generates solvent flow and propels the particle. In addition taffédrercte in
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catalytic activity, metallic and polymeric materials have distinguished electric polarizalildres.
example, golepolystyreneJanus spheres can move laterally under a perpendicularly applied AC
electric field'® due to the s@alled induceetharge electroosmosis!® The external electric field
polarizes the metallic hemisphere amdluces mobile ions in the diffusive layer, which move under

the applied field and generate a net fluid flow towards the-godded part. Previous studies,
however, were mostly focused on Janus spheres, which is still symmetric in shape. The combined
impeacts of geometric and interfacial anisotropy on the-gedpulsion of particles remain elusive

at this moment.

This is partially because it is challenging to fabricate matgénic particles in high
throughput with narrow polydispersity, which is cridior practical applications. Conventional
strategie¥1° often rely on templating methodby first depositing a monolayer of particles on a
flat substrate. A thin metallic film is then deposited on the particle array via thermal or electron
beam evaporation. Due to the shadowing effect, the top surface of the particles is coated with metal
while the bottom half stays intact. This technique is inherentlydim@nsional and is associated
with low throughput and high operational cost. A thagaensional templating method based on
Pickering emulsion, in principle, couptoducdarge quantities ofiybrid particles->?°However,
it is usually restricted to spherical particles with careftdijored surface properties in order to
form Pickering emulsions. The geometric and interfacial anisotropy cannot be modulated
independently. Controlled heterogeneous nucleation and ¢rbifitiave also been developed for
making metatorganicparticles. But they are either too sréaff for in situ observation through
optical microscopy or hard to contrible morphologies precisefy?”-28Facile synthetic strategy
to make microscopic metakganic particles with tunable anisotropy in both geometry and

interfacial property is still missing.
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Here we report a bulk synthesis approach to make different types oforgdaic hybrid
dimers wih independent control of the geometric and interfacial anisotropy. Modified from
previously developed seedechulsion polymerizatio®? 3’ we make polystyrene dimers with
well-controlled geometric anisotropy that can be characterized by the size ratio between two lobes
andbond length. The incorporation of functional silanes during the synthesis stage allows us to
combine the sedel chemistr§? and aminemetal complexatiot¥*°to grow a variety of metallic
films on one of the two lobes selectively. Two lalvantageof this synthetiacouteare that (1)
we cansystematically tune thgeometric and interfacial anisotropy between two lobean
independent and prise fashion, and (2) it produces hybrid particles with high throughput and
reasonable monodispersity. We have also investigated thereplilsion of the platinum
polystyrene dimers under electric fields. In higher salt concentrations (&.1)10ve find that
the dimers propel with the dielectric lobes facing the forward direction, primarily due to the
inducedcharge electroosmosis surrounding the metallic lobe. At lower salt concentrations (e.qg.,
in deionized water), they, however, move with the metdtlbes orienting in the propulsion
direction, because of stronger electrohydrodynamic flow along the conducting substrate. Moreover,
the propulsion speed of a hybrid dimer is very sensitive to its orientation, which can be
conveniently tuned by the fregncy. Our studies reveal important impacts of the combined
geometric and interfacial anisotropy on the eledigtd driven propulsion of colloidal particles.
2.3  Experimental Methods

The following section§irst introducethe materialsve usedin this Chapter andafterwards

descrile the detailedexperimenrdll procedureandcharacterization methods
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2.3.1 Materials

Styrene, divinylbenzene (DVB), sodiumvihylbenzenesulfonate, polyvinylpyrrolidone
(PVP, My: ~40,000), sodium dodecyl sulfate (SDS}ainopropyltriethoxysilanefrisodium
citrate,L-ascorbic acidfluorescein isothiocyanatnd hodamine 6Gare purchased from Sigma
Aldrich. 3-(trimethoxysily) propyl acrylate (TMSPA) is purchased from TCI. Hydrogen
tetrachlororaurate(lll) trinydrate (HAug&l 3H0, 99.9+%), silver nitrate (AgN£)99.9+%), and
potassium tetrachloroplatinate(I{K-PtCL, 99.9%) are bought from Alfa Aesar. The thermal
initiator V65 is bought from Wako Chemicals. All chemicals are used as received except that both
styrene and dinylbenzene are purified by aluminum oxide before usage.
2.3.2 The synthesis of polystyrene (PS) dimers

The synthetic route we use to make colloidal dimers is based on a modification of the
methods of Sheu and Kiffi2® Typically, spherical PS seed particles are first prepared by the
dispersion polymerization in methaffahnd are cleaned four times via centrifugation (4000 rpm,
30 mins, IEC HT Centrifuge). After that, a mixture of 4 ml 5 wt% PVP aqueous solution, 0.5 ml
2wt% SDS, 1 ml styrene,@ ml DVB, 0.05 ml functional silanes (such3asimethoxysily propyl
acrylate), and 0.02 g V65 is emulsified using ultrasonication (Branson digital sonifier 450). The
emulsion is then used to swell 1 ml polystyrene seed particles (10 wt% in deionteedfars24
hours. The swollen seeds are then crosslinked in the reactofGitfaiOanother 24 hours. PS
dimers are synthesized via a second swelling stage. Again, we use styrene (with variable amount
to control the size of the second lobe) to swell Tmo$slinked PS seeds (1 wt%) with 4 ml 5 wt%
PVP, 0.5 ml 2 wt% SDS, and 2 wt% V65. Subsequently, polymerization is performe8iGafafO

24 hrs. The synthesized dimers are then cleaned four times via centrifugation.
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2.3.3 Selective coating of gold nanopdicles on the crosslinked lobe

During the synthesis of the crosslinked spherical seed particles, different types of
functional silane molecules are incorporated in the particles to control the bond length of the
dimers. In addition, those silane molecutemain in the crosslinked lobe, which allows us to
further attach (@aminopropyhtriethoxysilane (APS) on it via the silane coupling chemistry. For
example, we mix 0.02 g dimers in 15 ml ethanol solution with @IOAPS and 3 ml ammonia
hydroxide (30% NHOH) and stir the mixture for 24 hours at the room temperatiee particles
are then washed by ethanol for four times andispersed in water. Once the dimers are
functionalized with APS, we mix them with citrad&abilized gold nanoparticle solutions
(Turkevich method?) in a sonication bath for 1 hour. We then use teicked filter papers

(Whatman) to completely remove free gold nanoparticles that were suspended in the solution.

2.3.4 Gold/silver and platinum shell growth on gold-coated dimers
To coat an additional layer eflver, we mix 4ml gold-coated dimers (0.Wwt%) with 0.4

ml 30 mM HAuCk-3HO/AgNOs by sonication for 10 mutes. Then70el formaldehydes added
in the solution while stirring for 10 mimtes. 1 ml NHOH (0.3%) is added within 2 minutes
afterwards The solution is kepttirring for 1 lour andallowed standing for another houfor the
shell growth of platinum, we mix 1 mbig-coated dimers (~f@articles/ml) with 0.3 ml 100 mM
freshly prepared ascorbic acid solution, followed by adding 2 ml 2 G4 within one hour.
If a thicker and more uniform coating is desired, one catoat the dimers with 0.3 ml 100 mM
ascorbicacid and 2 ml 2 mM KPtCL solutions without stirringTwo-stepcoating is necessary
because if a higher concentration of platinum salt is used (e.g., 5 sA¥CIK, we lose the

capability to coat platinum anisotropically on one lobe only.
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2.3.5 Characterization of the hybrid dimers

The surface morphologies of hybrid dimers are characterizedchgning electron
microscopy (JEOL JSMOOOF). The element compositions of both lobes are analyzed by the
energy dispersive Xay (EDX). An inverted microscope (¥npus IX71) is used for brigkteld

and fluorescent microscopy.

2.3.6 Propulsion Pt-PS dimers under electric fields

After synthesis,lte PtPS dimers are first cleaned four times using centrifugation. They
are then dispersed in 101 potassium chlorid (KCI) solution or in deionized water. The dimers
are then injected into the chamber formed by two pieces of intliuoxide (ITO) glasses with
an insulating spacer (~100 pum in thickness) to control the separation between top and bottom
electrodes. Aftedimers settle down to the bottom substrate, A&h electric field is applied
(RigolDG1023. A high speed camera (SILICON VIDE®nonochrome SV642) is used to record
the motion of dimers at 30 frames/sec for at least 30 seconds. We then use*ntageadk the

dimers' movement and obtain their instantarsepositions.

(a) (b)
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Figure 2.1 Two methods for calculation the speed of dim@¥.The accumulative displacement
of a dimer at E=10¥ pp/mm and 2kHz. (b) The meanagiare displacement of the dimer
following the same trajectory.

41



Two different methods habeen employed to obtain the average velocities of the dimers.
As shown in Figure 2.1a, the accumulative displacement of a dimer is plotted vs. time. The average
velocity is then calculated from the slope. This method, in principle, works the best vehen th
trajectory is unidirectional and the propulsion velocity is much faster than the Brownian motion.

We have also employed a second method which was first proposed by etoaféeShown in

Figure 2.1b, the mean square displacement (I\/I<$JDZ)> is plotted as a function of time. When

Dt is much less than the inverse rotational diffusion coefficient of the dimehe curve can be
fitted'* with a quadratic function obx

DL%) = B 4D, t (2.1)
(o)

whereV and De are the propulsion speed and the effective diffusion coefficient of a dimer,

respectively. We confirm that both methods yield very similar propulsion velocities.
2.4  Results and Discussion

We choos seeded emulsion polymerization to bulk synthesize colloidal polystyrene
dimers with both geometric and interfacial anisotropies. The advantage of this method is that we
can vary the coating species on the crosslinked $ohply by changing the metallfrecursors,
which broaden the applications of the particles into diverse fidldseover, we can independently
tune the two anisotropies, which can help study the two effects separaislgowerful synthetic
platform promotes our understanding to aagjextent during ouinvestigationof dimer propulsion.
For the first time, we showed both individual and combined effects from geometric and interfacial

anisotropies on particle propulsion behaviors under AC electric field
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2.4.1 Synthesis of the metkorganic hybrid dimer

(a) geometrical anisotropy
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Figure 2.2The chemical route to synthesizing meteganic hybrid dimers with independently
tunable (a) geometric and (b) interfacial anisotropy.

Figure 2.2 illustrates our overall strategy to synthesizarte@lorganichybrid dimers
with independently tunable geometric and interfacial anisotropy. Polystyrene dimers are first
synthesized via the seeded emulsion polymeriz&tidhin brief, pherical polystyrene particles
are first crosslinked by adding styrene, divinylbenzene, and diffeggras of functional
vinylsilanes The crosslinked seeds are then swollen with styrene again, where the elastic
contraction of the crosslinked polystyrene expels styrene out of the swollen seeds and gives rise to
a second lobe. To increase the stabilitgiofers in water, we have also addeehoonomer sodium

4-vinylbenzenesulfonate so that the dimers are negatively chakgesthown in Figure 2.2, both

size ratio @ =R/ R and the dimensionless bond length=L/(R +R) are immrtant

parameters to characterize the geometric anisotropy.
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Figure 2.3Geometric anisotropy of the dime(a) The size ratio between two lobds= Rl/ F§

can be tuned by changing the amount of styrene used to swell the crosslinicbespadiie
black arrow represents the seed particle, i.e., the original lobe. (b) The dimer bond length

b=L/(R, R) is sensitive to the type of functional vinylsilanes added in the crosslinked seeds:
() no silane (& = 0.3); (ii) styrylethyltrimethoxysilane ¢ =0.7); (iii)

trimethoxysilylpropylacrylate  =0.84); (iv) methacryloxypropytrimethoxysilane ¢ =1).

Scale bar for both (a) and (b): 1 pm

The size ratiod can be controlled by adjusting the relative amount of styrene to the
crosslinked seed particles (CPS) during the second swelling stage. As shown in Figure 2.3a, the
second lobe diameter increases with incrapamount of styrene whiléPS (i.e., the original lobe)
does not change its size significantly. We have also found that the incorporation of functional
vinylsilanes during the synthesis of CPS has a significant impact on the bond length due to different
compatibility between silane molecules and styrene. Shown in Figure 2.3b, when the functionality

in the silane molecule changes from styrene to acrylate, the bond Iengittreases due to an

enhanced phase separation during the mehzation of the second lobe. In the case of

44



methacryloxypropyltrimethoxysilane, styrene barely swells the CPS and the bond length is
approximately one, indicating poor compatibility between methacrylate and styrene. We

hypothesize thathe poorer compdiility between the silane and styrene, more hydrophilic the

CPS surface isyhichincreassthe bond length between the two loBés.

]

Figure 24 Interfecial anisotropy of the dimerga) A SEM image of dimers in which the larger
lobe is coated with €aminopropylitriethoxysilane. (b) The fluorescent image of the same dimer
after itis coated with neutral FITC dye, which couples strongly with amine groups on the larger
lobe. (c) The fluorescent image of the same dimer after it is coated with positively charged
rhodamine 6G, which can absorb on negatively charged surfacas.bar: & m.

In addition to its impact on the geometric anisotropy, the incorporation of functional silanes
in CPS also allows us to create interfacial anisotropy conveniently. For example, we can attach (3
aminopropyltriethoxysilang APS)on the crosslinked ke using the silane coupling chemistfy.
The attachment of APS can be confirmed by the fluorescence image in Figure 2.4b, where neutral
fluorescein isothiocyanate (FITC) are selectively bonded to the amine group on thé (@aigjen
lobe via the isothiocyanatmine reactiof® Alternatively, when we mix dimers with a positively
charged dye rodamine 6G, a stronger florescent intensity is obsertled second (smaller) lobe
because the amine groups partially neutralize the negative charges ayitied lobe (Figure
2.4c).

Since amine groups form complexes with metalg can further coat a thin layer of pre

synthesized gold nanoparticles (r2@) selectively on the lobe with APS functionalization, as

shown in Figure 2.5a and 2.5b. As a comparison, the control experiment shogcraninating
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coating (Figure 2.540i) on dimers with APS functionalization on both lobes. The surface coverage
of gold nanoparticles can be further enhanced by mixing the@dimers with chloroauric (Al

acid and érmaldehyddFigure 2.5c). The additional reduction of gold ions (tayrfaldehydeon

the seeded gold nanoparticles creates more uniform and denisg @vathe hybrid dimers, as
evidenced by both SEM images and the eneliggersive Xray spectroscopy (EDX) resulis

Figure 2.5c.
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Figure 2.5Gold coating on dimerga) A large field of view of golgolystyrene hybrid dimers
where the brighterladb i s coated with gold nanoparticles.
can be selectively coated on either smaller (i) or larger (ii) lobes as long as it is functionalized

with APS. (iii) When both lobes bear APS, gold nanopatrticles are coated ugif@cale bar:

lem. The scale bar is the same for all three
significantly enhanced through a second nucleation and growth stage (ii) on-Bfe Aybrid
dimers (i), as evidenced by the element analysissibg . Scal e bar: 1gm. T

same for both images.

The gold nanoparticles on hybrid dimers could be utilized as heterogeneous nucleation sites
to promote selective coating of other metals, such as silver and platinum. The former is antexcell
candidate for plasmonic materi&lsvhile the latter is an important catalyBy suspending\u-PS

dimersin silver nitratesolutionand usingformaldehydé® or hydroxylamine hydrochlorid€ as
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thereducing agentye can grow ailver shell with thickess~100nmanisotropically (Figure 2.6).

We haveound thathe proper control of the redox speed is critical for selective coating of silver.
Homogeneous nucleation of silver in solution can be suppressed by choosing a milder reducing
agent (e.gformaldehyde, limiting the maximal salt concentration (<5mM), adting ammonia

hydroxide dropwiséo carefully control the solution pH.

(a) (b)
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Figure 2.6 Silver coating on dimer(a) The SEM image of gold nanoparticles coated on dimers.
(b) Silver can be furthrecoated on the A®PS dimer, as shown in the corresponding EDX
anal yses. Scale bar: 1em. Th eus&iformapayimgecEEM ar i s e

samples.

We can adopt a similar strategy to grow a platinum shell on the dimers althouglea mild
reducing agent thaformaldehyddas necessary. Otherwisdabk precipitatesvould form within
five minutes evenat neutralpH. Therefore, we chooseseorbic acidasthe reducing agerft”4°
With properly adjusted pH, reaction temperature, &edconcentration ratio between dimers and

metal salts, we have successfully achieved a selective coating of platinum, as shown in Figure 2.7a.
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Although keeping lower ascorbic acid concentration helps maintaining the anisotropic coating due
to a lower reaobn speed, its concentration needs to be high enough to ensure good colloidal
stability during the shell growth. However, this limited redox speed prevents platinum from
coating acomplete shelh one stepTherefore multiple growth steps are requireddiemse coating.

Both room and low temperatures (e.g., ice bath) yield satisfactory coatings on the selected lobe
during the first step (Figure 2.7a), but low temperature is necessary in the second growth step to
reduce the extent of platinum depositiontlba other lobe (Figure 2.4ieand iv).

(b) (a-i: Pt lobe)
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Figure 2.7 Platinum coating on dimerg) The effect of deposition temperature on the surface
coverage of the platinum coating. Tastep growth made more uniform and denser coating of
platinum if the conditonar e correct, e.g., (i) and (ii1).
all the images. (b) The EDX analysis on the platlmﬂated and polystyrene lob8%e Si
signal arises from the silicon substrated for preparing SEM samples.

In summary, wehave developed a versatile and bsjkthesis strategy to make metal
organic hybrid dimers with tunable geometric and interfacial anisotropy. We demonstrate our
concept by three types of metallic coatings: gold, silver, and platinum, and it should Ibe readi

extended to other types of inorganic materials too. Cordpdth the commonly used templating
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methods for making Janus sphefe¥“4our bulksynthesis strategy has the great potential for
high throughput ash low cost. Moreover, the combined asymmetry in both geometric shape and
interfacial property on our dimers allows us to investiglaggr impacs on the seHpropulsion of
micro-particles in a fluidic environment. In the following, we will report the &iedield driven
propulsion of platinurpolystyrene dimers. The sgdfopulsion of dimers due to asymmetric
catalytic reactions (e.g., in hydrogen peroxide) will be presented in Chapter 3.
2.4.2 Propulsion of hybrid dimers under electric fields

The syntheized PiPS dimers are first dispersed in deionized water. An appropriate amount
of salt (e.g., potassium chloride)then added to control the Debye length. We first examine the
propulsion of hybrid dimers in M salt water under AC electric fieldst A2 kHz, dimers align
parallel to the substrate (i.e., lying dimers) except a few are perpendicular (i.e., standing dimers).
We find that all lying dimers move horizontally, while both standing dimers and uncoated
polystyrene dimers only exhibit Brownianotions. We also notice that a moving dimer always
orients its polystyrene lobe towards the propelling direction. Based on the recorded images, we

calculate the propulsion velocities at different field strengths and frequencies. We find that the

velocity d lying dimers scales well with the square of the field strength,u.'e.Eg.

Our observations can be explaindhsed onthe theory of the inducecharge
electrophoresi$’*® As shown in Figure 2.8, the platinuooated lobe is much more polarizable
than the bare polystyrene lobe because of the metallic conductivity. UndenaXields, the
polarized platinum lobe induces diffusive charges surrounding it. Those ions can respond to the
applied field and generate the-called "induceecharge electroosmotic (ICEO)" flow of solvent
from the pole to the equator of the partidMhile Figure 2.8 only illustrates the solvent flow during

one half period of the AC field, the flow direction does not change during the second half period
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because both the applied field and the indud®atges will change their signs. For a metallic
sphee, the quadrupolar solvent flow does not generate a net movement of the particle because of
the symmetry. But for PRS dimers, the ICEO flow is much stronger along the platiooated

lobe than the dielectric (polystyrene) lobe. Such a broken symidtrythe interfacial
polarizability induces the propulsion dimers along the long axise., thewdirection. Therefore,

the hydrodynamic shear will push the dimer with its dielectric lobe oriented forward, regardless of
its relative sizes. This directional movement is consistent with both ICEO thandyexperiments

for Janus spherés§.

Our chemically synthesized PS dimers, unlike Janus spheres, are anisotropic in both
geometry and interfacial propertyhis combined anisotropy has profound impacts on the
propulsion of particles that have not been observed before. For example, previou¥® st
reported linear motions because the metal film wdme&n evaporated uniformly on one half
surface of the polystyrene spheres. We, however, have obseiheihbar and circular motions
for our dimers (Figure 2.8a). The circular motion could be attributed to potentiaHymfmmm
platinum coating on the lobe. As depicted in Figure 2.8c, if one hemisphere of the small lobe has
slightly denser coating thahe other half, asymmetric ICEO flow along thelirection could also
be generated. Different from the IECO flowdrdirection, thewxdirection flow is perpendicular
to the dimerdés |l ong axi s. Therefore, movet or que
counterclockwise, as shown in Figure 2.8c. Because of the chemical deposition method employed
here, the platinum coating on the smaller lobe is far from perfectly uniform, as can be seen clearly
in Figure 2.7. Even a slight imbalance on the unifoyrnétween left and right hemispheres could
cause the circular motion. In fact, we observe equal populations of clockwise and counterclockwise

motions due to the stochastic nature of coating. This ICEO flow iartlieection is, however, a
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secondary effect compared with the ICEO flow indkdirection, which arises from the anisotropy

in polarizability between metallic and dielectric lobes. Therefore, the circular motion is manifested
more significantly at highdield strengths. Even when dimers underwent the circular motion they
still keep their orientations with the dielectric lobe pointing forward, again because the primary

and strong ICEO flow is along thedirection.
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Figure 2.8Propulsion ofPtPS dimes under AC electric field(a) The linear (100/pp/mm, 2

kHz) and circular (20&,¢/mm, 2kHz) motions of PPS dimers. Several optical snapshots show
the dimer's orientation at different time. The dark sphere represents the platiated lobe.

Scale lars for both trajectories: . The dimer itself is about|2m. The platinuracoated lobe
(R1=0.85¢ mhis smaller than the dielectric lobex®.95¢ m (b) The polarizability difference
between the platinurnoated and polystyrene lobes generates an ICEO flow that propels the
dimer laerally with its polystyrene lobe oriented along the forward direction. ¢/ plane is
parallel to the bottom substrate, and the electric field is applied in-tiection. (c)The

circular motion of dimes could be attributed to the namiform coating of platinum on the
smaller lobe.

After confirming the behavior in high salt concentration, we also investigate {elsiom

of PtPS dimers in deionized watemd behavior of our dimers isiprising Hrst, about 50% of
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the lying dimers orient to the opposite direction now, i.e., the platcweated lobe orients toward

the propelling directiofFigure 2.9a)When we plot the velocity vs. the field strength, it still scales
with E§ Second, although the rest of the dimers still orient in the same dir¢stwhatis
predicted by the ICEO theory (i.e., the polystyrene lobe faces forward), the speed reduces
dramatically.This is unexpected since the ICEO velocity should remain alomzhanged when

the salt concentration is reducéa®
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Figure 2.9Propulsion speed as a function of electric field strength and frequen&selocity of
PtPS dimers in DI water (16 Vpp and 2 kHZhe arrow indicates the propulsion direction,
which isopposite to Figure 2.8b) Frequency dependence of tredocity. The solid curve is the

theoretical prediction based on eq@ ®ith f U 0.0055.

Here wehypothesizahat there exista second type of flow.e.,the electrohydrodynamic
(EHD) flow along the conducting substratecan compete with the ICEQnhd propel our dimers
into the opposite direction undeertainexperimental conditions. The EHDF on a conducting
substrate was first proposed by Trau, Ristenpart, Aksay, and S&villender applied electric
fields, an excess amount of surface charges can be induced within the diffusive layer near the
conducting substrate. Although the external field is perpendicular to the substrate, the polarization
of the particle distorts its localdid and creates a tangential component that is parallel to the

substrate. This tangential field acts on the induced charges and causes an EHDF along the
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substrate. In fact, this flow can be strong enough to entrain all neighboring particles and to form
closepacked aggregatés.

Although the EHDF is essentially an induedthrge electroosmosis along the electrode,
there are some suétdifferences between EHDF and ICEO on the particle. For example, ICEO
around a dielectric particle is negligible. Although EHDF is initiated from the conducting
substrate, it has impacts on both dielectric and metallic particles, as long as theyeate tties
substrate. Also, the emergence of the tangential field is different between EHDF and ICEO. In
EHDF, the tangential field component arises from the polarization field of the particle's induced
dipole. Therefore, the polarization coefficidft, especially its imaginary pafK" (which
represents the phase lag between the dipole field and the applied field) is an important parameter
in EHDF. Based on the theory of EHDFt can be further shown that the EHDF velocity near a

spherical particle /8

K"kD € ¢E:
w m

Ugnor ~ f (2.2)

where f is a prefactor that depends on the distance between the particle and the electidde and

is the frequencyBased on Eq. 2.2, we can calculate the EHDF velocities acting on both lobes. By
further combing the ICEO velocity on the metallic lobe, the net velocity of the dimer at different
frequencies is plotted by the solid linekigure2.%. Our calculation fits the experimental data
reasonably well. Detailed analyses can be found in our rpaelitation>®
2.5 Conclusions

We report a bulsynthesis strategy to make medafjanic hybrid dimers with both
geometric and interfacial anisotropy. By changing the type of functional vinylsilanes in the

crosslinked seed particles and thmeoant of styrene in the swelling stage, we can tune the
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geometric anisotropy such as the bond len@thy 'Y from 0.3 to 1 and the size ratR)/ R

from 0.45 to 1By takingadvantage of the amirraetal complexation, gold naparticles can be
coated selectively on the crosslinked lobe, forming raagdnic hybrid dimers. Dense metallic
shells such as gold, silver, and platinum can be further grown on theegled lobe due to
enhanced heterogeneous nucleation. Among vatipes of reducing agents, the chemical with
lower reduction speed (e.g., formaldehyde for gold/silver and ascorbic acid for platinum) can make
hybrid dimers with excellent contrast in surface coating between two lobes. With the
complementary differencenisurface chemistry between the metallic and organic lobes, it is
possible to further modify the interfacial properties on asymmetric particles, such as the
hydrophobicity, surface charge, catalytic activity, etc. Such a synthetic platform will alloe facil
tuning of geometric and interfacial anisotropy on a wide range of fmegahic hybrid dimers,
which offers abundant opportunities to study their specific and synergistic impacts -on self
assembly, multtasking and selnotile motors, colloidal emulsifts, etc.

Once having synthesized the platifpalystyrene dimers, we further investigate the-self
propulsion of those particles under perpendicularly applied electric fields. In higher salt
concentrations (e.g., M KCI solution), the hybrid dimers eitfited both linear and circular
motions. This is due to the significant contrast in the electric polarizability betweenooated!
and polystyrene lobes, where the induckdrge electroosmotic flowurrounding the metal
coated lobe propelled the dimeith its polystyrene lobe facing towards the moving directidre
same dimer, however, can move with the opposite orientation in deionized water, i.e., the dimer
orients its metatoated lobe towards the propelling directidithough the velocities in bbhtcases
scale with the square of the applied field, their frequency dependence are rather different. We argue

that an additional electroosmotic flow, the electrohydrodynamic flow arising from the induced
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charges along the conducting substrate, can alsiptioe dimer. Depending on both frequency
and salt concentration, the competition between the electrohydrodynamic and the-cithrged
electroosmosis can influence the orientation of the dimer during its propulsion. Interestingly, the
propulsion speedfdhe dimer can be tuned by its orientation too. When it lies on the substrate, it
moves due to the asymmetric EHD and ICEO flow. The flow asymmetry disappears when it stands
on the substrate (i.e., aligns parallel to the applied field). Therefore, thysyit effect of both
geometric and interfacial anisotropy can be utilized to control both propulsion and orientation of
colloidal dimers.
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CHAPTER 3
SHECTING THE SWIMMING MECHANISMS OF OLLOIDAL PARTICLES: BUBBLE
PROPULSION VS. SELIDIFFUSIOPHORESIS
Modified from a paper published lrangmuir
Sijia Wang and Ning Wd
3.1 Abstract

Bubble propulsion and setfiffusiophoresis are two common mechanisms that can drive
autoromous motion of micrgarticles in hydrogen peroxide. Although midubular particles,
when coated with platinum in their interior concave surfaces, can propel due to the formation and
release of bubbles from one end, the convex Janus particles usualby generate any visible
bubble. They move primarily due to the sdiffusiophoresis. Coincidentally, the platinum film
on those particles were typically coated by physical evaporation. In this paper, we use a simple
chemical deposition method to maketpiumpolystyrene Janus dimers. Surprisingly, those
particles are propelled by periodic growth and collapse of bubbles on the plaitaded lobes.
We find that both high catalytic activity and rough surface are necessary to change the propulsion
mode fom seltdiffusiophoresis to bubble propulsion. Our Janus dimers, with combined geometric
and interfacial anisotropy, also exhibit distinctive motions at the respective stages of bubble
growth and collapse, which differ by six orders of magnitude in tinne s@dy not only provides
insight into the link between setfiffusiophoresis and bubble propulsion, but also revieas
intriguing impacts of the combined geometric and interfacial anisotropy oprsglfilsion of

particles.

'Reprinted with permission fromangmuir2014 30, 3477 3486
Copyright2014 American Chemical Society
’Graduate student afdssistant Professor, respectively,
Department oChemical and Biological Engineering, Colorado School afiddi
2Experimens anc?°data analysis.
S3Author for correspondence
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3.2 Introduction

Nature asembles relatively simple molecular building blocks into sgtefined units of
exquisite complexity and functionality. For example, a white blood cell, the "soldier" in our
immune system, can sense, chase, and engulf bacteria with their delicatelyddesigraecular
sensors and motors. Equally intelligent synthetic machines, although extremely difficult to make,
have been dreamed over long time for targeted drug defesglfmotile sensoré, and
miniaturized surgeorsOver the last decade, a variety of synthetic mioaiors has been
developed based on different propulsion mechanisms, including thdifefophoresi$!®
bubble recoifl1? self-electrophoresis>!* magnetic fielgh>1° the Marangoni effag”® and
enzymatic reaction®?® Detailed studies based on surface science, fluid mechanics,
electrokinetics, and material chemistry have enhanced our fundamental understanding and
advanced this field significantly.

Among different ypes of propulsion strategies, the s#iffusiophoresis and bubble
propulsion, using hydrogen peroxide as the fuel, have been studied Wid&H.For example,
when a Janus platinupolystyrene sphere is immersed in hydrogen peroxide solutions, the
platinumcoated hemisphere catalyzes the decomposition of hydrogen peroxide into water and
oxygen, while the polystyrene hemisphemains inert. The particfgopels with a linear velocity
of ~pm/s.Although bubble propulsiGAwas proposed as a possible mechanism, no visible bubble
has been found using optical microscopy. It is now widely accepted thatrtieéepaotion is
primarily governed by the scalled sekdiffusiophoresi®?’?® The asynmetric reaction
surrounding the Janus sphere generates a concentration gradient of oxygen, as well as a gradient
in interfacial pressure. To balance this pressure gradient, solvent flow ensues and propels the

particle. Contrary to the convex Janus pagscimicretubes, when coated with platinum in their
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interior concave surfaces, were propelled by the accumulation and release of bubbles from one
end%2°Compared with selfliffusiophoresis, the propulsion speed driven bydeibecoil can be

as high as 1 mm/8.Such a high speed is advantageous to overcome the background fluid flow in
blood vessels. Unlike setfiffusiophoresis, bubble propulsion remains powenh high ionic
strengths, which is crucial for biomedical applications.

Although it is relatively easy to understand the accumulation and release of bubbles in a
confined space (e.g., in mictobes), the fate of nanobubbles surrounding convex aphsr
largely unknown. Except one recent report on large particles (~28ima)microscopic bubble
was observed. Coincidently, the platinum films on those particles were typically deposited via
physical (e.g., Ebeam or thermal) evaporation. No chemical deposition has been employed.
Therefore, it remains an open question tke one can tailor the platinum surface so that the
automotion of convex particles can be switched fromdi#flisiophoresis to bubble propulsion.
Besides its potential in applications, a fundamental understanding on the interconnectedness
between seltliffusiophoresis and bubble propulsion is necessary.

Here we show a simple strategy to chemically synthesize plajopolystyrene Janus
dimers. Unlike the physical evaporation method, those particles can be propelled by periodic
growth and collapse of bulds on the platinurcoated lobes. The same method can essentially
switch the autonomous displacement of a convex particle fronrdisiei§iophoresis to bubble
propulsion. We perform systematic studies to show that both high catalytic activity and rough
suiface are necessary for nucleating, pinning, and stabilizing bubble growth on the platinum
surfaces. As a result of the combined anisotropy in both particle geometry and catalytic activity,

colloidal dimers also exhibit complex propulsion behavior. In paldr, they do not move
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monotonically in one direction during the whole cycle of bubble nucleation, growth, and collapse,
because of the combined effects of particle location and fluid flow.
3.3  Experimental Methods

The following sectionfirst introducethematerialsve used in this Chapteand afterwards

describe theletailedexperimeral proceduresnd characterization methods.

3.3.1 Materials

Styrene, divinylbenzene (DVB), sodiumvihylbenzenesulfonate, polyvinyyrrolidone
(PVP, My: ~40,000), sodiundodecyl sulfate (SDS),-8minopropyltriethoxysilanetrisodium
citrate,and L-ascorbic acid are purchased from Sigfidrich. 3-(trimethoxysily)propyl acrylate
(TMSPA) is purchased from TCI. Hydrogen tetrachlororaurate(lll) trihydrate (HAUGH:O,
99.9+%), and potassium tetrachloroplatinate}PtCl, 99.9%) are bought from Alfa Aesar. The
thermal initiator V65 is bought from Wako Chemicals. All chemicals are used as received except
that both styrene and divinylbenzene are purified by aluminum befitge usage.
3.32 Selective coating of gold nanoparticles on the crosslinked lobe

The synthesis of the polystyrene (PS) dimers can be found in section 2.3.2, Chapter 2. We
attach (3aminopropybtriethoxysilane (APS) to the crosslinked lobe in dimersrixing 0.02 g
dimers in 15 ml ethanol solution with 100 ul APS and 3 ml NH40OH (30%) and stirring for 24
hours at the roortemperaturé® The particles aréhen washed bgthanol for four times ana-
dispersed in water. The citras@bilized gold nanoparticles ameade via the Turkevich methdd.
To coat the gold nanayticles on the dimers, we migxml (0.3 wt%) APScoated dimers with gold
nanoparticles (0.05 wt% in 30 ml) in a smation bath for 1 hour. Wiesetrack-etched filter papers

to completely remove free gold nanoparticles suspended in the solution. The coated gold
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nanoparticles on the crosslinked lobe can promote heterogeneous nucleation for further growth of
a thicker metallic shell, such as platin3®
3.33 Deposition of the platinum (Pt) shell on golecoated dimers

We mix 1 ml gold nanoparticlesoated dimer solution (#@articles/ml) with 0.3 ml 100
mM ascorbic acid (freshly prepared), followed by adding 2 ml 2 mMt&L within one hour?
The solution$ allowed to sit for one day. If a thier and daser platinum shelkidesired, we can
re-coat the dimers with 0.3 ml 100 mM ascorbic acid and 2 ml 2 raRt®L without stirring.
3.34 Synthesis of polystyrene particles with rough surfaces

We swelll ml polystyrene seed partict$10wt%) with an emulsion of 4 ml 5wt% PVP,
0.5 ml 2wt% SDS, 1 ml styrene, 0.05 ml DVB, 0.05 m{kf@nethoxysilyl)propyl methacrylate,
and 0.02 g V65 for 24durs.The swollen particles amgolymerized in the reactor at 70°C for 24
hours. The surfacefdhe polystyrene particles beoe corrugated because of the mechanical
buckling durhg the polymerization. If we daot add 3(trimethoxysilyl) propyl metherylate, he
particle surfacesi smooth.
3.35 E-beam evaporation of platinum on polystyrene spheres

We first deposiD.1wt% polystyrene spheres (1.4 um in methanol) on a silica wafer. Spin
coating at 3000 rpm for 50 s n&k submonolayer of particle array# thin platinum film (~10
nm) is then evaporated onto the top surfaces of the particles usirgesamievaporator (Temescal
BJD-1800). After evaption, we removehe platinumcoated polystyrene spheres from the
substrate by rinsing with deionized water.
3.36 Characterization of the platinum-polystyrene (PtPS) particles

We put a droplet of particle solution on a silicon wafer and let it dry naturally for SEM

(JEOL JSM7000F) characterization.d@asionally, an aluminum foiused for energy dispersive
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X-ray (EDX) spectrum amgses. Optical observations grerformed on an inverted microscope
(Olympus IX71).
3.3.7 Propulsion of PtPS dimers in hydrogen peroxide

PtPS particles (spheres or dimers) in solutions with different Iggiroperoxide
concentrabns arepipetted into a chamber, which made of a perforated PDMS gel on a glass
slide (treated ¥ Piranha solution). We obserlarge amounts of bubble generation after sealing
the chamber wi a cover slip. The dimers diteated to the top becausetbe bubble generation,
which preventccurate characterization of their propulsion. Thereforenémt of the experiments,
we leavethe chamber opewithout a cover slip and allowolvent evaporationA high speed
camera (SILICON VIDE® monochrome SV642 used to record the motion of dimers at 300
frames/s for at least 30 seconds and Im#gslised tanalyze the moving behavior of dimers.
Occasionally, an ultraigh speed camergphantom V711) 3 used to capture the motion of

particles up to 680,000 frames per second.

3.38 Measurement of the oxygemproduction rate

We put the same amount ofP8 Janus spheres X 10 particles),both with chemically
and physically deposited platinum shaitp separated vials of 10 ml 5%®kb solution and collect
the generated oxygen by using cylinders filled withter initially. Since the oxygen has a low
solubility in water, it continuouslypushout water in the cylinder. Theolume change in the
cylinder s then recorded periodically.
3.4  Results and Discussion

The actual swimming mechanismaf micron or evennanometessized objectsare often
obscure due to the lack of characterization techniques. Currently, the mechanism of self

diffusiophoresis is still under hot debate because of the inconsistent experimental observations.
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We utilized different platinum depdaion strategies on micresized colloidsandobserved distinct
propulsion behaviorslo the best of our knowledge, the comparison between particles propelled
by seltdiffusiophoresis and particles propelled by bubbles at micron size scale has never been
reported in previous literaturéV/e also reveals novel phenomena at bubble burst moment, when
linear motions behave entirely oppositely to circular motions.

3.4.1 Synthesis of the platinumpolystyrene hybrid dimers.
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Figure 3.1Synthesis of platinurpolystyrenedimers (a) The procedure for making platinum
polystyrene hybrid dimers. (b) A representative SEM of thRe$tlimers. Scale bar: 2 um. Inset:
a polystyrene dimer with one lobe coated by gold nanopatrticles (~20 nm). (c) The energy
dispersive Xray spectrum of the polystyrene dimer where one lobe is coated with gold
nanoparticles (left) and the other lobe is polystyrene (right). The Al signal comes from the
aluminum foil, which is used as a substrate for sample preparation. (d) The energshaisger

ray spectrum of the RRS dimer where one lobe is coated with platinum (left) and the other lobe
is polystyrene (right). The Au signal is below the detection limit of the instrument.

Figure 3.1a illustrates the synthetic route we adopt to makaytapolystyrene (RPS)
hybrid dimers®® We first make polystyrene dimers by employing the seeded emulsion
polymerization®®3’ During the synthesis, functional silane molecules (e.§;
trimethoxysilypropylacrylateare incorporated and they remain in the crosslinked lobe only, which
creates an anisotropy in surface functiogaltietween two lobes. This anisotropy allows us to

further attach (faminopropybtriethoxysilane(APS) on the crosslinked lobe by exploiting the
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silane coupling chemistri?. Subsequently, weoat a submonolayer of gold nanopiétles (~20

nm) since amines can form complexes with metals (inset in Figure 3.1b, EDX results in Figure
3.1C). This precoating step is crucial because those gold particles can promote heterogeneous
nucleation and growth of other metallic materf&lsuch as platinum. By using ascorbic acid as

the reducing agent for potassium tetrachloroplatinate(IbP{8L), we can synthesize S

dimers as shown ifrigure 3.1b. Combined with the EDX results figure 3.1d, it clearly
demonstrates the selective coating of platinum on one lobes in all dimers. It is noted that our
method is a bulsynthesis strategy, where metallic salts are chemically reduced into thin metal
films on particles® Such an approaatan significantly improve the throughput of making self
propelling particles, since previous efforts were typically based on physical evaporation of a thin
platinum film on a templated monolayer of spherical partitlé§ More importantly, our dimers

are anisotropic in both geometry and interfacial property. This combined anisotropy has profound

impacts on the selfropulsion of particles as will be discussed subsequently.

3.4.2 Bubble-propulsion vs. selfdiffusiophoresis of PtPS particles

Figure3.2 shows a summary of the particles we have tested in hydrogen peroxide solution.
They show different propulsion behavior due to different methods of platinum deposition and/or
surface roughness, as we will elaborate laBsfore reporting the seffropulsion of our
synthesized PPS dimers(particle d in Figure 3.2), we perform a control experiment by
suspending PPS Janus spheregafticle ain Figure 3.2) in hydrogen peroxide solutions. The
synthesis of PPS Janus sphes is described in the experimental section. Figure 3.3a illustrates
the trajectory and snapshots of aH® Janus spheredrticle ain Figure 3.2) in 5% hydrogen
peroxide solution. Consistent with the literatifé®we observe an active propulsion of theP

sphere without any detectable bubffégure 34a). We have also found that its motion can be
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characterized by a shetitne linear displacement and a letigie enhanced random motfyn
consistent with the commonly agreed propulsion mechanism: tballsd seldiffusiophoresis®

The calculated propulsion speed (~ 1.7 um/s) is also comparable to previous®éports.

(a) Pt-PS Janus sphere  (b) Pt-PS Janus rough sphere (c) Pt-PS Janus sphere
(E-beam evaporation) (E-beam evaporation) (chemical deposition)

(d) Pt-PS Janus dimer (e) Pt-PS non-Janus sphere
(chemical deposition) (chemical deposition)

dominant mechanism

a) | self-diffusiophoresis

(
(b) | self-diffusiophoresis

bubble propulsion

(c)
(d) | bubble propulsion
(e) | bubble propulsion*

Figure 3.2 A summary of particles that have been tested in hydrogen peroxide solution and their
corresponding swimming mechanisriiite * indicates that the dominant propulsion mechanism
depends on the surface roughness of the particle. Scalk |iar.

Next we suspend our synthesizedP dimersgarticle din Figure 3.2) in 5% hydrogen
peroxide solution under the same experimental condition. To our surprise, we consistently observe
the nucleation, pinning, growth, and collapse of microscopiibles (~312 pum in diameter) on
the platinumcoated lobesAlthough we do observe the growth of multiple bubbles on the same

particle, most of the particles (over 90%) only have one large bubble. In the beginning, many

platinum active sites could generateygen nuclei and potentially pin them. However, once a
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particular site starts to form a microscopic bubble, it will probably attract other small nucleus

through Oswald ripening and grow bigger, as capturechliojtie-high speed camer&igure3.3).

t=0s t=1.1 ms t=2.1 ms t=3.2 ms t=3.7 ms
t=4.9 ms t=9.8 ms t=14.7 ms t=19.7 ms t=27.6 ms

f 6 d 00

Figure 3.3Snapshots ad dimerwith two bubble nucleation siteScale bar: 5 um.

(a) Os 1s
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Figure 34 Trajectories and velocities of PIS Janus spheres andA& hybrid dimers in

hydrogen peroxide solution&) The trajectory of a (physically evaporat®tPS sphere

(particle a in Figure 2) in 5% H202 solution. Scale bar: 1 um. The snapshots show no evidence
of microscopic bubbles. (b) The trajectory of a (chemiaddigosited) RPS dimer (particle d in
Figure 2) in 5% H2O02 ssodpshdtssioow that e dineras plopelled 5
by a bubble that grows and collapses periodically on the platcoated lobe. (c) Velocities of

the dimers and spheres at different hydrogen peroxide concentrations.
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Figure 3.4b illustrates a typical trajectorgf the bubblepropelled dimer with several
instantaneous snapshots. It can be seen that the dimer always orients itself with the-ptaitedm
lobe facing backward. The speed of thé?Btdimers can be as high-a um/s in 10%.0, or
equivalently 2(ody length per second. It is at least one order of magnitude higher than-the self
diffusiophoresis of PPS spheres, which is of comparable size to the dimers. Clearly, the dominant
propulsion mechanism for #&S dimers is due to bubble growth and cokapAlthough
diffusiophoresis could be present simultaneously, its effect is negligible.

Having observed the striking difference between our chemically synthesigsldiiners
and the physically evaporatedP$ spheres, one would naturally wonder whetherdue to the
geometric difference between dimers and spheres. Therefore, we further coat an additional thin
layer of platinum on the evaporated platinum surface of tHeSPspherespérticle cin Figure
3.2), by exploiting our chemical deposition imad in Figure 3.1a. Here the gold coating step is
not necessary, since the evaporated platinum itself promotes the chemical reduction of platinum
on its own surface. Interestingly, we now observe that the né&¥%Rpheres can be propelled by
the periodiggrowth and collapse of bubbles. Therefore, particle geometry is not important.

Bubble propulsion has been observed for mtatmlar particles®?? where oxygen
bubbles are formed within and escaped from a confined space. Our experiments, however,
demonstrate the bubble propulsion on convex particles in open space. More importantly, we
discover a method to leet the swimming mechanisms of Janus particles: from- self
diffusiophoresis to bubble propulsion simply by changing the way of platinum deposition. In fact,
although sekdiffusiophoresis has been widely accepted as the major propulsion mechanism for

JanusPt-PS spheres, nanobubbles should always form in the solution. Understanding the fate of
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those nanobubbles and the interconnectedness betweediffssibphoresis and bubble
propulsion is one of the fundamental questions that have not been explored$befor

As can be seen from the SEM images (Figure 3.2) of the platinum surfaces prepared by
two different methods, the physically evaporated platimirery smooth, while the chemically
deposited platinum consists of percolating nanoparticles (~80 nm). In addition, its surface is far
from perfect with lots of defects and cracks. Based on our observations, we hypothesize that the
E-beam evaporated actiemically deposited platinum have different catalytic activity and surface
roughness. Both could significantly affect the nucleation, pinning, and growth of oxygen bubbles,

which lead to dramatically different propulsion mechanisms.
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Figure 35 The amount of oxygen produced by two types ePBtJanus spheres in separate
vials of 10 ml 5% hydrogen peroxide soluti®article a: the hemispherical platinum ib&m
evaporated. Patrticle c: the hemispherical platinum is chemically deposited. Bestoty
particles have identical sizes (~1.4 um) and similar surface coverage.

To test our hypothesis, we first examine the catalytic activities between two types of
platinum surfaces, i.e., thparticles a and én Figure 3.2. The particles ¢ are madea ehemical

deposition of a conformal layer of platinum on particles a, which have been coated by using the

E-beam evaporation. By examining the SEM images, we confirm that both types of particles have
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similar surface coverage of platinum. We put the samzuat of particle a and particle c into two
separate vials of 10 ml 5%8; solution, and then record the oxygen production rate in each vial
(see details in the experimental section). Our measurement is reported in Figure 3.

It is interesting to note #t both particles have relatively small oxygen production rate
during the "incubation" stage, although particle c reaches the constant production rate (~2 minutes)
much faster than particle a (~9 minutes), which may be due to the different oxidativefstiates
platinum?° The oxygen production rate for particle a is ~4.2 ml/min for a total of 4pdificles,
while the same amount of Palé ¢ produces oxygen at a much higher rate of ~16 ml/min. The
decreasing oxygen production rate of particle c at the later stage is simply due to the depletion of
hydrogen peroxide (from initially 5% to 1% after 10 minutes). Based on our measuremean, we
estimate that the oxygen production rate per particle ¢ is4h® | / s, e. g.2% 0.1
Considering the oxygen diffusion coefficient (2.1®t0?/s) and the solubility of oxygen in water
(2.375x10" mol/L), we can estimate that the oxygen diffusion rate from a microscopic bubble
(radius: ~2 um) to the bulk soloti is~10*mol/s Therefore, the oxygen production rate is about
one order of magnitude higher than the diffusion rate for our chemically synthesR&diithers.
Clearly, such a high catalytic activity wijenerates a large amount of oxygen localgysing
supersaturation in the solution. This favors the heterogeneous nucleation and growth of
microscopic bubbles on the platinum surface, wiuslifies our observation.

The enhanced catalytic activity on the chemically deposited platinum could be @ye
the attached surface functionality during synthesis or (2) higher densities of active sites on the
platinum surface. To further elucidate the possible reason, we try five types of corusedly
reducing or capping agents and study their impactseaodtalytic activity. They are ascorbic acid,

formic acid, sodium citrate, polyvinylpyrrolidone (PV®y: ~10,000, and 3mercaptopropionic
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acid. The first three are reducing agents for platinum salts, but they could also remain on the
platinum surface ding the chemical synthesis. The last two are capping agents that can be
attached on platinum after chemical synthesis or physical evaporation. We find that all of the
reducing agents can consistently make chemically deposie8& Pparticles that are preied by
bubbles. When we mix each of those reducing agents with the physically evapor&8d Pt
particles, their propulsion remains to be driven by thedi#flisiophoresis and no microscopic
bubble is observed. The physical absorption of PVP on theichkyrdeposited or physicaly
evaporated particles does not change their dominant propulsion modes and speeds. However, when
we replace the existing ligand on the chemically deposited platinurm®sr&ptopropionic acid,

we no longer observe the bubblepulsion. In fact, the oxygen production rate is significantly
reduced. A similar result is also observed when we attambr8aptopropionic acid on the freshly
evaporated platinum. Those results are expected because sulfur ikaomellcatalyst poisdh?

for platinum. It can chemisorb onto and react with the active catalytic sites. Therefore, our findings
have shown that, except fon3ercaptopropionic acid, other common types of reducing or capping
agent do not affect the catalytic activon both chemically deposited and physically evaporated
platinum surfaces. This leads to the possibility that the different catalytic activities could originate
from different densities of active sites due to two types of deposition methods. It is &ratwn
low-coordinated surface atomic sites is primarily responsible for high catalytic activity due to the
change of local electronic structufég? Since nanoparticles have a much larger sufface
volume ratio than the extended smooth surface by physical evaporation, we expect that the density
of surface defects and kinks (hence the active sites) is higher on the chemically deposited surfaces.

Although full characterization of the active sites on ta¢ipum surface is challenging and beyond
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the scope of this paper, previous experiments and theoretical calculation are consistent with our

argumenf®

Figure 3.6 Platinum coated polystyrene spheres with different surface rougliaeB®elystyrene
spheres are unifromly coated with platinum particles (~40with)differentsurface coverage.
Bubble propulsion is observed on spheres with 60%, 70%, and 90% surface coverage. (b)
Polystyrene spheres coated willtinumnanoparticles of different sizes. Bubble propulsion is
observed on spheres coated with ~150 nm nanopar{icjedRough polystrene spheres coated
with platinum by Ebeam evaporation. Scale bars: 1 pum.

Now we confirm that thehemically deposited platinum has a higher catalytic activity than
the physically evaporated platinum and the former can produce more oxygen After the
bubbles are nucleated heterogeneously, they, however, need to adhere to and grow on the particle
surface without detachment. Not every sites behave equally, as can be clearlyFsgereiB3.

Since it is known that the geometric defeon a rough surface help pin thyglease (gas, liquid,
and solid) contact lineé$;*” we decide to study the effect of surface roughness on the chemically
deposited platinum film. We perform a first set of experiments by tuning the surface coverage of

platinum nanoparticles (~40 nm) that are uniformly coated on the entire surfacksif/gene

spheres, as shown in Figuré&.They are alsparticles én Figure 3.2. Different surface coverage
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is achieved by varying the concentration of metal precursor and the reaction time during the
coating. For spheres with 40% surface coveragejaveot observe the formation of any bubble
that can be detected optically. Bubbles, however, are clearly observed on spheres with 60%, 70%,
and 90% surface coverage. The particles propel vigorously with periodic bubble growth and
collapse although thoseolystyrene spheres are coated uniformly with platinum nanoparticles.
This result itself is significant because anisotropy (which is always difficult to make) is no longer
necessary if the particle is propelled by bubbles. Since the reactivity differaneebet0% and

60% covered spheres is small, this transition from-diflisiophoresis to bubble propulsion
should be attributed by stronger adhesion and larger amount of pinning points for bubble nuclei.
As clearly seen on the sphere with 90% surfaceragee those large geometric voids and defects
could help pin the contact line and prevent the detachment of the bubble.

In a second set of experiments, we first synthesize different sizes of platinum
nanoparticle® and then attach them to polystyrene spheres with similar but relatively low surface
coverage (~30%) as shown in FigurélB.Since the catalytic activity of a nanoparticle depends
on its surface are@m-volume ratic!® small platinum nanoparties should facilitate the formation
of bubbles. On the contrary, we find that only the spheres coated with large platinum nanoparticles
(=150 nm) can generate and pin bubbles on the surface. No bubble is observed for the other two
types of spheres. This pariment further proves that the high catalytic activity is a necessary but
non-sufficient condition for bubble propulsion. Since a layer of larger platinum particles forms
rougher surfaces than smaller particles with the same surface coverage, theyroate pr
heterogeneous nucleation and pin bubbles more effectively. We note that the platinum particle size
in Figure 36a is ~40 nm, which is smaller than 150 nm. However, high enough surface coverage

of smaller particles can still provide sufficient anbsg pinning points. If the surface coverage
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is low, then the particles size needs to be large enough to make a rough surface for strong pinning
as evidenced in Figure@h.

Given the importance of surface roughness, can we switch the motion of physically
evaporated PPS spheres from satfiffusiophoresis to bubble propulsion simply by changing its
surface roughness? We perform a third set of experiments to answer this question. As shown in
Figure 36c, we first make polystyrene particles with rough swe$agsee details in the
experimental section). We then coat a thin layer of platinum on them usingbrenievaporator
(they are als@articles bin Figure 3.2). However, none of them shows the nucleation of bubbles
on their surfaces and they are stilopelled by the selfliffusiophoresis. Therefore, surface
roughness itself is also necessary but not sufficient. Based on our investigations in FigBi&s 3.2
we conclude that two conditions are required for making buytapelledconvexmicro-motors:
high catalytic activity and rough surface on the platinum film. The former is necessary for
generating large amounts of bubble nucleus and ensuring oversaturation, and the latter is important
for pinning and stabilizing the bubbles once they nucleate opatttiele surface. It is noted that,
however, when the motor incave e.g., rolleéup or templated tubes, bubble propulsion is
observed even if the platinum is physically evaporated. This is because oxygen production is
within a confined space, where &cgas concentration can be well beyond its saturation

concentration before oxygen can escape from one end of the tubes.

3.4.3 The motion of PtPS dimers driven by periodic bubble growth and collapse

After illuminating the mechanisms of tunable prapoih on the synthesized-P8& dimers,
we further investigate their motion behawarhich are heavily influenced by the geometric
anisotropy. In general, we observe three fundamental types of motion: the linear, clockwise, and

counterclockwise motion, atlepending on the location where the bubble grows. As shown in
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Figure 37a, when the bubble is grown along the long axis of the dimer, linear motion is observed.
Circular motions typically happen when the bubble is situated away from the axis. As shown in
Figure 37b and 37c, the dimer and bubble together formefhd righthanded mirror images.

Such a broken symmetry generates a torque on the dimer which determines its rotational direction.
During the circular motion, the dimer's orientation keeps cimgnigio. As shown in Figure &.

the speed of its internal rotation is ~6.51+0.27 radian/s, approximately equal to the particle's
angular velocity ~6.56+0.61 radian/s. Therefore, the dimer itself changes its orientation 360° after
one round of rotation. Theoupling between its internal rotation and circular motion indicates that
the torque generated by the periodic bubble growth and collapse is the only driving force for
rotation. We observe approximately equal numbers of clockwise and counterclockwise, moti
since where a bubble grows on the particle is a stochastic probesgeometric anisotropy on

the dimers plays an importamie heretoo. When we use a FRS sphere, we only observe linear
motions. It is expected since the center of the bubbleyallies on the axis of spherical particles.
Therefore, our dimers are fundamentally different from the Janus spheres because of the additional

geometric anisotropy.

(a) (b) (c)

bubble

o J N VO
o &9 2%
o oP Qo:d_

Figure 3.7 Three types of motion of thePtS hybrid dimers(a) linear, (b) clockwiseand (c)
counterclocwi se moti on. Scale bar: 5 gm.
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Figure 3.9The time dependence of the bubble radius during both linear and circular motions.
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For both linear and circular monhs, the growth of bubbles follows a master time
dependence curve, as shown in FiguBe Bhe fitting reveals a power law relationstip: t>*.
The exponent i9.44 +F 0.02 (with a 95% confidence interval), close to, Which suggestthat
the bubble growth is diffusion controlled. Here we develop a heuristic theory to explain it. We
assume that the bubble growth is due to the diffusion of oversaturated gas (generated by platinum
coating surrounding the pinning point of the bubbleyaas the bubble. Applying the

conservation of mass to the microscopic bubble of rd]iusae obtain

I _ 4oR?DHC (3.1)

dt W r=R
wherell is the number of moles in the bubblB, is the diffusivity of the gas, an@is the
local gas concentration. The diffusion flux can be approximat@@S IR, WhereCs is the gas

solubility. The number of mole’ can be related to both pressure and volume by applying the

ideal gas law

dn_d(Pv) dgR +29/R4 R
dt KT 3KT

(3.2)

where P, is the atmosphere pressugeis the liquidgas interfacial tenisn, k is the ideal

gas constant, andl is the temperature. Here, we have assumed that the pressure inside the bubble
is in equilibrium with pressure outside and Laplace pressure, i.e., the viscous stredsudaible
interface is neglected.

Combining Equation (3.1) and Equation (3.2), we obtain a differential equation that
governs the bubble growth

dR _ 1‘92kTDCS 1

dt  R,R 2(R+49/3R,P) 53
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Equation (3.3) has been ndimensionalizedwhereR=R/ R_ and =t/t,. without
solving Equation (3.3), we can learn some characteristic information about the bubble growth. For

example, the time scale for bubble growﬂ“é iIs related to ther parameters by

t,~ R’..P / 2KTDG. If we assume that the maximal bubble radig is ~5 um, ; is then on
the order of one second, which is close to our experimental observation. As a com{heisore

scale for bubble collapse is ~ R,/ / P according to the Rayleighlesset equaticf

0 i L QY o QY T[:;Q_'Y q o8
v @ ¢ Qo Y Qo0 Y

where P ,”, andt are the pressure inside the bubble, the densityater, and the viscosity of

water, respectively. For a microscopic bubble of ~5{ns on the order of micrsecond, which

is also confirmed by us with the help of an ultiigh speed camera. Therefore, the bubble growth

and colapse time are different in about six orders of magnitude. A second interesting feature from

Equation (3.3) is the paramet@=4 g 3R, R , which is essentially the ratio between the Laplace

pressure and the atmosphere pressure. Wherp, the surface tension effect is negligible, and
dR/ di” R'. Clearly, in this situation, one recovers the 1/2 law, R&., T%2. In our experiments,
a is about 0.2. Therefore, the surface tensis important especially during the initial growth
stage where the bubble radius is less than one micron. Aayawigible & will make the radius
growth deviate from the squareot-of-time relationship, which perhaps explams exponent of
0.44.

After discovering the enormously different time scales between bubble growth and collapse,

we decide to use a high speed camera to investigate the motion of dimers, which reveals an

interesting phenomenonThe linearly propelleddimer does not move in one direction
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monotonically. During the whole cycle of the bubble nucleation, growth, and collapse, the dimer
moves forward most of the time except when the bubble collapses. At that moment, the dimer is
pulled back. In Figure 30a, we plot both bubble size and the instantaneous particle displacement
vs. time. The particle displacement remains largely positive until the moment when the bubble
radius shrinks to zero. A large negative displacement at that specific time simply na¢&hs th
dimer is pulled back, presumable due to the backflow of the sdfvBetause of the extremely

short interval for bubble collapse, the displacement of 3 um means a velocity of ~3 m/sec, an
extremely high speed. However, when a dimer moves circularly, we observe the opposite
phenomenon. As shown in Figurd@, when aubble collapses, the circularly propelled dimer

is pushed forward, characterized by a large positive displacement. The striking difference between
the "pulkback™" and "pustiorward” movement during the bubble collapse moment is intriguing.
We confirm thathey are closely linked to whether the particle undergoes the linear or circular
motion by examining more than twenty videos for each type of motion. Before attempting to

explain the difference, we report another finding based on our image analyses.
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Figure 3.10The plot of the bubbles radius (circle) and the particle's instantaneous displacement
(triangle) versus tima (a) the linear motion and (b) the circular motion.

Figure 3.1 shows that the accumulative movement of the dimer as a functibmenf

accompanied by the radius growth for both linear and circular motion. We find that during the
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bubble growing stage, the center of the bubble remains stationary. Therefore, the dimer is passively
pushed forward during the bubble growth. In Figure®,the accumulative displacement of the
linearly propelled dimer follows the bubble growth curve closely, which indicates that the dimer

is located close to the central plane of the bubble,g.€ 90 . Therefore, when the bubble grew

to a bigger size than the dimer, the dimer would be lifted from the substrate. However, for the
circular motion (Figure 31b), we find that the dimer's displacement follows about one third of

the bubble radius increase, which indicates that the dinestiglly located below the central

plane of the bubble. With an angje- 20, it is located very close to the substrate. ©pécal
observationslso support thiargumensince at the later stage of the bubble growth, the dimer is

located at a different focus plane compared with the central plane of the bubble.
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Figure 3.11The accumulative displacement of dimers (triangle) and the bubble radius (square)
versus timdor (a) linear motion and (b) circular motion. The insets show diséipn of the
dimer (black: the platinursoated lobe; yellow: the polystyrene lobe) relative to the bubble. The
green represents the substrate.

The different locations of linearly and circularly propelled dimers could explain their
distinct behavior athe bubble burst moment. As illustrated schematically in FiguiZza3since
the bubble is close to the solid substrate, it will collapse asymmetrically compared with an isotropic
shrinkage in the bulkl>? It is known that this asymmetric collapse is accompanied by the
devebpment of a hi g4 e4°paethedatet stageuThediquid jet will eveally
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penetrate the interior surface of the bubble and cause an impulsive impact to the substrate (Figure
3.12b). In fact, this micrget is the reason why high speed turbines can be damaged by bubble
cavitations>* Immediately after the bubble disappears, therebeila development of vortex rings

5% hecause of the micet, as illustrated in Figure 2&. Therefore, the dimer that is close to

the substrate (during circular motion) will experience an outward water flow, which pushes it away
from the center of the bubbtéFor a lineally propelledimer, it is far away from the substrate.

So it will experience an inward water flow, which pulls it towards the center of the collapsed

bubble.

Figure 3.12A schematics showing the solvent flow during the moment of the bubble collapse.
Red arrows idicate the solvent flow. (a) The bubble collapses asymmetrically due to the
influence of a solid substrate. (b) A miged is developed, which will eventually penetrate the
interior surface of the bubble and cause an impulsive impact to the substrdtet€g)rings
form immediately after the bubble collapses. Depending on the relative locations of the dimers,
they can be pushed away or pulled towards the center.

Since the bubble collapse takes on the order of microseconds, we utilize-tghltsped
camera (phantom v711) with 680,000 frames per second to capture the motion of dimers. Figure
3.13a and b show a few consecutive snapshots during and immediately after the collapse of bubbles
for both linearly and circularly propelled dimers. Their acalative displacement are calculated
based on the image analyses and are summarized in Fig8r&Rarly, the dimer exhibiting a
linear motion has the largest negative displacement between 0 ps gusl 1, immediately

following the bubble collaps&he dimer exhibiting a circular motion, however, shows continuous

positive displacement long after the collapse of the bubble. This difference in timing of the "pull
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back" ahdr wpudd iithouw schemadtics in Bigute 2.Whe inward wadr flow

can initiate earlier, while the outward flow along the substrate happens after the bubble collapses.
It is also interesting to notice that the appearance of the bright spots and the development of shock
waves when the bubble collapses. Such a drarlaange in pressure (and possibly temperature)

within an extremely short interval can release a large amount of energy.

i 1.5us . i 4. 4is i 7. 4is
(c)

3

3 ¥ ¥ ¥ x ] 1 ] L] | L I
=k
° .’ )
% 2} ‘ iy
5 ] -m -
SoF = ]
0 . .
® -
o .
Q-2 L -
©

2 | -
s 4F ' EREE K m -
£

3 -1 0 1 2 3 4 5 6 7 8
2 Time(us)

Figure 3.13Bubble collapse momentaptured by maultra-high speed cameia linear and

circular motionsSnapshots of the diméuring and immediately after the bubble collapse in (a)
linear and (b) circular motions. (c) The accumulative displacement of dimers vs. time. The solid
squares represent the circularly moved dimer, while the triangles correspond to the linearly
propelled dimer. Scale bar: 5um.
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3.5 Conclusions

We utilize a bulk synthesis method to fabricate platimotystyrene dimers chemically
and study their sefpropulsion in hydrogen peroxide solutions. Simply by changing the way of
platinum deposition, we can geh the dominant swimming mechanism of the Janus particles from
seltdiffusiophoresis to bubble propulsion. When the platinum is physically evaporated, the
particle moves without any visible bubble, consistent with thedsiifsiophoresis mechanism.
When the platinum is chemically deposited, the particle is propelled by periodic growth and
collapse of bubbles. Through series of systematic investigations, we find that the chemically
deposited platinum has higher catalytic activity and rougher surfacthhnphysically evaporated
platinum. Both properties are important for making bulgstgpelled convex micrmnotors. The
former is necessary for generating large amounts of bubble nuclei and ensuring oversaturation,
and the latter is crucial for pinning asthbilizing the growth of bubbles once they nucleate on the
platinum surface.

Because of the combined anisotropy in particle geometry and catalytic activity, our hybrid
dimers exhibit linear and circular motions, depending on the location where the Buglown.
Both motions share some common features during the bubble growth stage. Since the center of the
bubble remains stationary, particles are passively pushed forward. The growth of bubbles follows
a squaregoot relationship with time, indicatingdiffusion-controlled process. However, the dimer
is lifted away from the substrate during linear motion and is close to the substrate in circular motion.
This difference causes the dimers behave distinctively at the moment of the bubble collapse, which
occurs within microseconds. The dimer is pulled back if it undergoes a linear motion, while it is

pushed forward in the circular motion. This is because when the bubble collapses asymmetrically

86



due to the influence of the solid substrate, vortex rings devélee resulting solvent flow could
push or pull the dimers depending on the particle locations to the substrate.

In summary, our study reveals a simple method to select the propulsion mode ef micro
motors, as well as the intriguing impacts of the combgeometric and interfacial anisotropy on
propulsion. The hybrid polystyrer@atinum dimers also represent a new type of ramotors.
Compared with Janus spheres and tubular particles, the additional (polystyrene) lobe can be
conveniently modified to empsulate drugs or reactive agents. Combined with the bubble
propulsion, the dimers could be an excellent candidate for building smart vehicles for targeted
delivery through active propulsion. We are currently investigating along these lines.
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CHAPTER 4
BICOMPARTMENTAL PHASETRANSFER VEHICLES BAED ON COLLOIDAL
DIMERS
Modified from a paper published &/CS Applied Materials & Interfaces
Sijia Wang and Ning Wd
4.1  Abstract

Colloidal particles have been used extensively for stabilizingvaiér interfacesn
petroleum, food, and cosmetics industries. They have also demonstrated promising potential in the
encapsulation and delivery of drugs. Our work is motivated by challenging applications that
require protecting and transporting active agents acrossaieeail interfaces, such as delivering
catalysts to underground oil phase through water flooding fsitu cracking of crude oil. In this
paper, we successfuljesign, synthesize, and testigique type of bcompartmental targeting
vehicle that encapdates catalytic molecules, finds and accumulates-ataiir interface, releases
the catalysts towards the oil phase, and performs hydrogenation reaction of unsaturated oil. This
vehicle is based on colloidal dimers that possess structural anisotraj@ehdtvo compartments.

We encapsulate active species such as fluorescent dye and catalytic molecules in one lobe which
consists of uncrosslinked polymers, while the other polymeric lobe is highly crosslinked. Although
dimers are dispersible in water inltya the uncrosslinked lobe swells significantly upon contact
with a trace amount of oil in agqueous phase. The dimers then become amphiphilic, migrate
towards, and accumulate at thewdter interface. As the uncrossted lobe swells and eventually
dissdves in oil, the encapsulated catalysts are fidlgased. We also shdhat hydrogenation of
IReprinted with permission froMCS Appl. Mater. Interface2014 6, 20164 20170.
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unsaturated oil can be performed subsequently with high conversion efficiency. By further creating
the interfacial anisotropy on the dimers, we can reduceatadyst release time from hundred
hours to thirty minutes. Our work demonstrates a new concept in making colloidal emulsifiers and
phasetransfer vehicles that are important for encapsulation and sequential release of small
molecules across two differerfhgses.
4.2  Introduction

Colloidal particles that are partially wettable to both oil and water tend to adsorb at an oil
water interface. Once adsorbed, they are very stable due to the high energy barrier of désorption,
which offers a great advantage over molecular surfactants. As such, amdneaneparticles have
long been used in the petroleum, cosmetic, food, and pharmaceutical inddstdgestabilize
emulsions and foams against coalescehlmevever, the stabilization ergy of a particle with
homogenous surface properties depends sensitively on its contact angle at the fAieHmbeis
often difficult to tune precisely.

Better control of the particle wettability can be achieved if its surface can be tailored
differently on two sides of the particle, i.e., thecalled Janus particfé'l’ For example, when
one side is coated withydrophilic molecules and the other side is hydrophobic, the Janus particle
can mimic theamphiphilic nature of molecular surfactants faithfullyedent work usinglanus
spheres as colloidal emulsifié¥2° hawe shown significant advantages over isotropic particles.
The spherical geometry, however, is still far from idétais widely known that the geometric
balance between the hydrophilic almgophilic parts of molecular surfactants largely dictates
differert morphologies that they can pack irdad influences their emulsification behawvibr.
Motivated by this, ery recently, Park and L&&® performed theoretical calculations on the

attachment energy of colloidal dimers, whose interfacial and geometric asymmetry can be, in
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principle, tailored independently. They have found that amphiphilic dimers can adopt upright or
tilted orientations athe oilwater interface, depending on the relative difference in both diameter
and hydrophilicity between two lobes. Recent experiments appear to support the theoretical
findings242°

Although most studies focused primarily on the adsorption of particles -atatat
interfaces, in many applications it is also importantrémsfer species such as molecules and
nanoparticles across the interf&€é® For example, drugarrying vehicles that can enter various
types of biological barriers from plasma can revolutionize modern diagnostic and therapeutic
technologies. Our research here is motivated by a similar problem facing the petroleum industry
in extracting unconventioh&ydrocarbons such as heavy 3iln spite of its immense resource,
only 15% percent of yearlgil production is from heavy oil due to its notoriously high viscosity.
Conventional water flooding fails becausss$ viscous water can easily find pathways to flow
through a reservoir (i.e., the fingering effect) and leave pockets of oil bé&ved.ifheavy oil is
extractedo the surface, its viscosity must be kept low for transportation in pipelines. Therefore,
the Society of Petroleum Engine®rd has recently identiéid that downhole delivery of
nanocatalysts foin-situ conversion of heavy oil into a lighter grade could be a gemamging
technology.The central task for realizing-situ cracking is the delivery of catalytic species into
the oil phase through downleoporous media. This process has two competing constraints: the
catalysts must first be dispersed in water and then delivered underground through water flooding;
later they need to accumulate in the oil phase for subsequent catalytic reactions such as low
temperature oxidation or partial hydrogenation. It is particularly challenging for catalysts since
they usually are not amphiphilic in nature. Surface functionalization could be detrimental to their

catalytic activities’
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Here, wedesign, synthesize, and testraque type of bcompatmental targeting vehicle
that can fulfill this challenging task for gahase delivery of catalysts. As shown in Figure 4.1, the
targeting vehicle is designed based on atempartmental polystyrene particle where one-non
crosslinked compartment encafegas the catalysts. The other compartment consists of highly
crosslinked polymer. Although the vehicle is hydrophilic and dispersible in water initially, it can
become amphiphilic because the rwosslinked compartment swells in oil easily. This will
enadle the vehicle to transport through the aqueous phase; seek and then attach teéates olil
interface. Furthermore, the nanosslinked compartment is designed to swell significantly and

dissolve in oil eventually, which will facilitate the targeted aske of catalysts into the oil phase.

(@) (b) (c)

oil-swellable and soluble aqueous
compartment % & phase H, & K H,
o: oo.o HZ: ... on
o. .. . oil .. : Hz : ﬁ
@’ R Gl g
catalysts e . 2, .. H”
e . o . 2 (e L] 2.

crossllnked and hydrophilic s . H
compartment & " S ’

Figure 4.1 A schematic of the btompartmental vehicle (colloidal dimer) targeted for delivering
catalysts to oil phase undergroufa). One compartment is hydrophilic and highly crosslinked,
while the other one ison-crosslinked and oiswellable. (b) The vehicle transports through water
flooding, adsorbs at the eiater interface, and swells significantly in oil. (c) The hydrophobic
compartment eventually dissolves in oil and releases catalysts for subseglregehgtion.
4.3  Experimental Methods

The following section§irst introducethematerialsve used in this Chapteand afterwards

describe theletailedexperimeral proceduresand characterization methods.
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4.3.1 Chemicals

Styrene, divinylbenzene (DVB)yodium 4vinylbenzenesulfonate, polyvinylpyrrolidone
(PVP, My: ~40,000), sodium dodecyl sulfate (SDS)arBinopropyltriethoxysilane, Oil Red O,
chlorotris(triphenyl phosphi ne) pdiagidm(l) na¢etae (t he
(Pd(OAc)), andn-dodecyltriethoxysilaneare purchased from Sigr#ddrich. 3-(trimethoxysily)
propyl acrylate (TMSPA) is purchased from Tokyo Chemical Industry (TCI). The thermal initiator
V65 is bought from Wako Chemicals. All chemicals are used as received except thiyreoth s
and divinylbenzene are purified by aluminum oxide before usage.
4.3.2 Synthesis of polystyrene dimers

The synthetic route we use to make colloidahers is based on seededulsion
polymerization®®> We prepare the seed polystyrene (PS) spheres by dispersion polyme#ffzation.
After we clean the PS seeds four times via centrifogait 4000 rpm (30 minutes), we can further
use these seeds for making crosslinked PS spheres. In brief, we use a tip sonicator (Branson digital
sonifier 450) to make an aqueous emulsion. ddpgeous phassonsists o4 ml 5 wt% PVP and
0.5 ml 2 wt% SDS. fie oil phase is made up of 1 ml styrene, 0.05 ml DVB, 0.083-ml
trimethoxysily propyl acrylate, and 0.02 g V65. We mix the emulsion with 1 ml PS seeds (10 wt%)
for 24 hours, then put the swollen seeds in an oil batliC)7@or another 24 hours for
polymerzation. We then clean these crosslinked PS via centrifugation for four times again. By
further swelling the crosslinked PS with an emulsion of styrene, PS dimers can be formed. We can
tune the size of the newly formed lobe (i.e., the second lobe) byiagjtts# amount of styrene to
swell the crosslinked PS seeds. Finally, we perform polymerization°& @0ernight to solidify

the second (noeorosslinked) lobe.
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4.3.3 Dye/catalyst encapsulation

To encapsulat®il Red O, palladium(ll) acetate, or the Mitnson catalysts in the nen
crosslinked lobe, we m&.5 ml styrene, 2 wt% V65, and variable amounts (from 20 mg/ml to 100
mg/ml) of the above molecules. They are emulsified in an aqueous solution of 4 ml 5 wt% PVP
and 0.5 ml 2 wt% SDS. The emulsion ignthused to swell 1 ml crosslinked PS seeds (10 wt%)
for ~ 24 hours. Subsequently, polymerization is performed at 70 °C for another 24 hours. The
synthesized dimers are then cleaned four times via centrifugation.
4.3.4 Surface modification

The incorporatia of vinylsilane molecules (e.g., TMSPA) in the crosslinked lobe allows
us to modify its surface properties after the dimer encapsulation and synthesis. For example, we
add 1 ml 0.1 wt% dimers and 100 ptodecyltriethoxysilane into an ethanol/water migt(05:5
vol%), with stirring for 24 hours at room temperature. We then wash the particles by methanol
four times via centrifugation (2000 rpm for 20 minutes).
4.3.5 Rhodamine 6G coating on polystyrene dimers

We mix 1 ml dimer (0.5 wt%) with 12.5 pl Rhodara 6G solution (0.25 wt%) overnight.
Then we centrifuge the particles four times before taking fluorescent images.
4.3.6 Biphasic delivery

We putequal amount (R ml) oftoluene and water in a glass vial. Dimers with different
encapsulated molecules @hen injected to the water phase. Typically, the vial is sit on the bench
without disturbance during the delivery. Occasionally, we put the vial on a rotator with constant

rotation of 50 rpm to accelerate the delivery time.
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4.3.7 Hydrogenation of oldin

We mix 40 pl octene, styrene, or butyl acrylate with 2 ml toluene, as the oil phase. After
the catalyst molecules are released from the dimerssoNect 1 ml of the upper oil phase, dilute
it 10 times with toluene, and carry aile hydrogenation retions in a closed chamber, where
hydrogen gas is injected at 2 bar. The hydrogenation takes place at 80 °C for 1 hour.
4.3.8 Characterization

The morphologies of conventional dimers are characterized by scanning electron
microscopy (JEOL JSMOOOF). Toensure dye encapsulation, dimexe also imaged by
fluorescent microscopy. The encapsulation efficiency of the Wilkinson's catalysts in the dimers is
determined by the following procedures. Since the equipfif€OES PerkirElImer Optima
5300 DV)we uses only capable of quantifying the metal ion concentration in aqueous solution,
we need to dissolve the metal salts in water. After all the catalysts in the dimers are delivered to
the oil phasewe take 10 pl liquid from the oil phase and dilute it wiB0ul toluene. We then
evaporate all toluene in 1 ml of the above solution (with 100 times dilution of the original oll
phase) at 50 °C. Subsequently we add 5 ml water and 2 ml 30% hydrogen peroxide in the vial and
heat for 1 hour (100 °C). This process d@ repeated for multiple times until a clear solution is
obtained, when the organic compounds in the catalytic molecules are fully decomposed. We then
add 10 ml 2% HN®@Xo dissolve the metal ions in aqueous solution. Afterwards, we use inductively
couplal plasmaoptical emission spectroscopy (IGPES PerkirElImer Optima 5300 DV) to
measure the metal concentration in the solution. Finally we calculate the catalyst encapsulation
efficiency based on the amount of metal salts delivered to the oil phaseeamddunt of particles
we injected in the vial. In the calculation, we assume that all catalysts in the dimers are released to

the oil phaseTo quantify the degree of conversion of olefins, we use a Gas Chromato@/fashy
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Spectrometry (GEMS Varian 1200L)with triple quad analyzer to analyze the compositions of the
oil phase after the hydrogenation experiments.
4.4  Results and Discussion

For the first time, we utilizg@articles without any surface modification to act as colloidal
surfactarg. Different fran conventional application as colloidal emulsifiers, colloidal polystyrene
dimers with swellability contrast between two lobes, perform phase transfer delivery of active
agents. This is onennovative demonstration amongumerous applicatian of colloidal
surfactarg, and can be one of the solutions for enhanced oil recovery. Meanwhile, the preparation
of this bicompartmental phase transfer vehicle is quite facile, low cost, and high Spalso
develop different approaches to improve the phase tragffifgency of the colloidal polystyrene
dimers.

4.4.1 Dimer synthesis and activeagent encapsulation

Figure 4.2 summarizes the synthetic routes we follow to make both conventional
polystyrene dimers and those encapsulated with different kinds of agewes. The conventional
dimers are synthesized based on a seeded emulsion polymerization #é&tAdwe first swell
polystyrene spheres with styrene, divinylbenzene, and a small amount of vinylsilane-(e.g., 3
(trimethoxysily) propyl acrylate) to make crosslinked polystyrene spheres, i.e., the seeds. In the
second stage, styrene is used again to swell the seeds.

As shown in Figure 4.2a, the elastic energy of the crosslinked polymer prevents itself from
isotropic swelling, induces a phase separation between the monomer and the seeds, and gives rise
to the second (monomer) lobe. Further polymerization will sgli#i€ second lobe and generate
dimers with high monodispersity. To prevent dimer aggregation in water, we add a small amount

of ionic monomer (e.g., sodium-vnylbenzenesulfonate) when synthesizing the crosslinked
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seeds. Interestingly, when we swell theeds with styrene again, some poly(sodium 4
styrenesulfonate) chains migrate towards the second lobe. This is evidenced by the fluorescent
image in Figure 4.2a, where the positively charged fluorophores (Rhodamine 6G) are absorbed
uniformly on both lobesThe surface charges arising from sulfonate functional groups stabilize
polystyrene dimers in water. Although the dimer has very similar surface and bulk compositions
in both lobes, their physical properties are inherently different. One lobe is madghbf hi
crosslinked (e.g., 5920%) polymer while the other lobe primarily consists of linear chains. Later

we will exploit this property for oiphase delivery of catalytic molecules.

As shown in Figure 4.2b and 4.2c, the synthetic recipe for conventianalgican be
conveniently modified to encapsulate different kinds ofsoluble molecules in the second and
non-crosslinked lobe. As a proof of principle, we mix styrene with a fluorescent molecule Oil Red
O (ORO), which is then used to swell the crosdohiseed particles. The fluorescent image in
Figure 4.2b clearly demonstrates the selective encapsulation of ORO in the second lobe.-The large
field SEM image in Figure 4.2b also shows that the encapsulation does not interfere with the dimer
synthesis in geeral and the particle monodispersity can be preserved. We further apply the similar
synthetic strategy to encapsulate two other types of molecular catalysts Pd(@#k)
RhCI(PPh)s. Both of them are common catalysts for hydrogenation of alkenes. Whei®sl(
is loaded close to its solubility limit in styrene (~5 mg/ml), the second lobe undergoes significant
buckling (Figure 4.2¢) during the polymerization stage. This is probably caused by the poor
compatibility between polystyrene and Pd(O&€)The morphologies of dimers that encapsulate

RhCI(PPR)3z), however, are similar to conventional dimers (Figure-#)2c
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Figure 4.2 The synthetic route of polystyrene dimers encapsulating different mole@)les.
Synthesis of conventional polysgyre dimers. Fluorescent image shows that the negatively
charged dimers absorb positively charged fluorophores (i.e., Rhodamine 6G) uniformly. (b) The
fluorescent image shows selective encapsulation of Oil red O in the uncrosslinked lobe. The
SEM image showthe largdield view of polymerized dimers. (c) Encapsulation of two

molecular catalysts in the uncrosslinked lobe. Scale bar for all images: 2 pm.

4.4.2 Structural emulsifier

We first study the behavior of the conventional polystyrene dimers (withoyt
encapsulation or surface modification) in a mixture of toluene and water. Since the dimers possess
a uniform distribution of sulfonate groups on their surfaces, they are well dispersed in the aqueous
phase initially (Figure 4.3a). They sediment to isétom of the vial within ~1 day because of

their large sizes (~1.6 um for both lobes) and higher density (~1.05)dlan water. Afterwards,
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they surprisingly migrate to the watuene interface. After ~72 hoursp particle is left at the
bottom andboth oil and water phases are clear. Essentiallyimiérs are trapped at the interface.
To understand what happens, we examine the shape of dimer particles using an optical microscope.

(a)

— g e
ane/hefill oy ciohdilhexane

I

T g

———— .

- U

120 hr

Figure 4.3Conventional polystyrene dimers oil-water biphasienixture.(a) Time evolution of

the conventional polystyrene dimers in water/toluene biphasic solution. The scales on the ruler

are in inches. (b) Optical image of dimers at the interface in different time. Therosstinked

lobe absorbs oil significahty . Scal e bar: 2 em. (c) Oil phase
polystyrene dimers towards the interface. At time zero, the upper phases in three vials are (1)
50%:50% mixture of cyclohexane and hexane, (2) 100% cyclohexane, and (3) 100% hexane,
respectively. The bottom phase is water (with dimers) in all vials.
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Figure 4.3b shows that the dimers are symmetric initially. As time progresses, one of the
lobes becomes significantly larger due to swelling by toluene, while the other lobe barely changes
its size. Therefore, the autonomous movement of our dimers towards the 4whtenénterface
can be understood by the physical anisotropy in the dimers. Toluene, although immiscible with
water, has a small solubility of 0.52 g/L at 25°C. The trace amotirtbluene in water
preferentially swells the necrosslinked lobe because of the much favorable mixing enthalpy
between toluene and linear polystyrene ch&ifdwWhen sufficient amount of toluene is absorbed
in one lobe, the dimer not only becomes amphiphilic but lighter than water. For instance, if the
noncrosslinked lobe doubles its size frdn® um to 3.2 um due to swelling, the dimer density
will change from 1.05 g/cfto 0.91 g/cm. Buoyancy can drive the particles towards the toluene
water interface. Since the crosslinked lobe issw@nllen and remains hydrophilic, the dimers stay
at theinterface.

Our experiment demonstrates that the conventional polystyrene dimers can be used as
colloidal emulsifier even without modifying its surface property. We note that it represents a
different kind of emulsifier than other kinds of colloidal sutéents, which often need to have a
contact angle close to 980173843440yr dimers are hydrophilic initially and they can be easily
dispersed in aqueous phase. They, however, quickly convert into amphiphilic particles by
absorbing even a trace amount of oil. In fact, the amphiphilicity becom&ssfrong since oil
essentially soaks into one of the lobes while the other remains hydrophilic. Because the behavior
of our dimers is primarily due to the structural difference (i.e., crosslinked vscrasslinked)
between two lobes, we coin them stural emulsifiers. Another noticeable difference between

our dimers and conventional emulsifiers is the buoyancy effect since theaien particles can
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become lighter than water, which helps them find the oil phase under natural conditions in
undergraind reservoirs.

We notice that the structural emulsifier works under two conditions: (1) colloids need to
be swollen by oil at least partially; (2) oil must have some solubility in water. When we change
the upper oil phase into linear hydrocarbons, siechexane, our dimers remain settled at the
bottom of the vials because of its negligible solubility in water (9.5mg/L) and poor compatibility
with polystyrene (Figure 4.3c). However, when the oil phase is an equal volume mixture of toluene
and hexane, oryclohexane and hexane, the dimers are able to move towards theolvater
interface. Since crude oil is often a mixture of linear, cyclo, and aromatic hydrocari®osy
dimers could find potential applications in enhanced oil recovery. Moreover, the concept presented
here can be extended to otherwdter systems if the particle is made of copolymers with both
linear andaromatic repeating units, so that it can be swollen by both types of hydrocarbons.
Furthermore, unlike conventional colloidal stabilizers whose interfacial properties are
homogeneous, the surface properties of two lobes on the dimer particle can besdnodifi

independently, which will be discussed later.

4.4.3 Oil phase delivery and hydrogenation

The initially hydrophilic nature of our dimers makes them easily dispersible in water. This
is advantageous because those dimers can be transportegromagthrough water flooding,
which is commonly used tdisplace residual oil in reservoir formation. With encapsulated
molecular catalysts in the namosslinked lobe, our dimer becomes a delivery vehicle that can
both find oil and release catalystshe bil phase foin-situ cracking. To demonstrate this concept,

we first test the oiphase delivery of dye molecules.
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Figure 4.4 0il phase delivery bgye encapsulated dime(g) Time evolution of the Oil Red O
encapsulated dimers in a mixture diiene and water. (b) When t=0, both fluorescent and
brightfield microscopy images show that the dye is encapsulated in the large and non
crosslinked lobe. At t~177 hrs, the rorosslinked lobes eventually dissolve in the oil phase.
Scale bar for all imags: 2 um. (c) 1H NMR spectra of both oil and water phases. Note that the
peak around 7.24 ppm in both images corresponds to the solvent chloroform we use for NMR
characterization. The peak near 1.55 ppm corresponds to the residual water.

Shown in Figuret.4, the dye is initially encapsulated in the fuoosslinked (larger) lobe,
rendering the water phase red. The particles gradually move towards the interface when they are
swollen by trace amount of toluene in water. Once they are at the interfacgeth®ldcules
diffuse out of the noferosslinked lobe into the oil phase. 100% phase transfer is complete after ~
one week when the water phase becomes clear. By examining the particles at the final stage (Figure
4.4b), we find that the necrosslinked lobg eventually disappear, indicating that they dissolve
completely in the oil phase. The NMR spectra shown in Figure 4.4c further demonstrate that
polystyrene chains (as characterized by the expected resonance for the aromatic protons peaks near
7.1 and 6.6ppm) can be found in the oil phase but not the water phase. We note that the
dissolvability of the norcrosslinked lobe will allow potential encapsulation and release of much

larger species such as catalytic nanoparticles in addition to molecular catalyists will be

tested in future.
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Figure 450il-Phase delivery of the Wil kins@nos cat al
RhCI(PPh)s encapsulated in dimers is transported from water (bottom phase) to oil (top phase).

The glass vial was (i) put anbench without disturbance or (ii) put on a rotator with a constant

rotation speed of 50 rpm. (b) Schematics illustrate thplake delivery and hydrogenation

using dimers. Red dots represent the catalysts. The insets show corresponding microscopy

images of the particles. Scale bar: 2 um. (c) GC mass spectra of the substrate (styrene) and

product (ethylbenzene) before and after the hydrogenation of styrene.
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We further investigate the gilhase delivery of organometallic salts which can catalyze
the hydrogenation of olefins. Although two salts (Pd(OA@nd RhCI(PP¥)s3) have been
encapsul ated successfully, we primarily focus
it has higher solubility (10 wt%) in styrer@e inject dimer particles intthe aqueous phase in a
vial where oil is separated on the top. We then use two different methods to testpiaseil
delivery of catalysts: a static process where the vial sits still on a bench (similar to the dye release
experiment, Figure 4.5 anda dynamic process where the vial is put on a rotator and is subject
to a constant rotation speed of 50 rpm (Figure-#f)5&learly, rotation induces a mild degree of
mixing, which significantly decreases the amount of time (10 times faster) for comgbetee of
the catalysts. In fact, this release time can be further decreased by at least two orders of magnitude
when we modify the surface property of the dimers, which will be shown later. The amount of
Wil kinsonds cat al ys ersmined by thenduetivedyicduplea plassapticat an b e
emission spectroscopy. For 1 ml 1 wt% dimers, they deliver ~ 486 ppm catalysts in 2 ml toluene.
This corresponds to ~ 12%ncapsulation efficiency. Considering that many small polystyrene
spheres are formatlring the second stage of the dimer synthesis (because of the homogeneous
nucleation effect), we believe that catalysts are also encapsulated in these small particles which
are then separated from dimers during centrifugation.

After the catalysts are livered into the oil phase, we perform the hydrogtion reaction
for three di folefias ieen styrefeias a soded for aldmatics, octene for linear
hydrocarbons, and butyl acrylate for unsaturated esters. 40 pl of olefins is each dissolved in
separated vials of 2 ml toluene where the Wgkn catalysts have already been delivered through
dimers (see experimental methods for details). The mixtures are then heated to 80 °C under 2 bar

of hydrogen gas (Figure 4.5b). After one hour, we stop the reaction and take the oil phase for GC
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mass spdgcometry. As shown in Figure 4.5c, we find that both styrene and octene reach 100%
conversion to ethylbenzene and octane, respectively. For butyl acrylate, its conversion to butyl
propionate is ~84.5%. Clearly, the high conversion rates prove that oursyistem is capable of

performing oitphase catalytic reactions by delivering the encapsulated catalysts from water to oil.

4.4.4 Dimer surface modification

(a) surface modification

0" NCH;,

HgC’\o—fi—CHz(CHz)mCHs

}) \0
4§ chvo ® e
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Os 8s 11s 16 s 30 mins

Figure 4.6 Adding amphiphilicity to polystyrene dimers to shorten the release (an&eéctive
attachment of {tlodecyltriethoxysilane on the crosslinked lobe renders the dimer amphiphilic.
Fluorescent images show the absorption of Rhodamine 6G before and after surface modification.
Scale bar is the same for both images: 5 |(im.Dye releasérom the amphiphilic dimers. The

first four snapshots show that the amphiphilic dimers accumulate at the interface immediately
after injection. All encapsulated dye release to the oil phase within 30 minutes.
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We notice that, in our previous experimentdakes at least several days for dimers to
migrate towards the ewater interface. The time depends on the diffusion of toluene through water
phase towards the particles, which sediment at the bottom of the vial. Due to small solubility of
toluene, its dfusivity D is ~ 9.2 10° cmé/s in water. If the height of water phableis ~1.5 cm,
it will take t~H? /D~ 50 hours for toluene to diffuse through, which is consistent with our
experimeral observation. This time significantly delays the process for complete release of the
encapsulated agents. Although we have shown that this process can be sped up by introducing
agitation to mix toluene with water (Figure 4ibaa more efficient way iso modify the surface
properties of the dimers, so that they are amphiphilic on surface property.

The bicompartmental nature of dimers allows us to tune the interfacial hydrophobicity
easily. As illustrated in Figure 4.6a, when making the crosslinkedss we purposely add a small
amount of vinylsilane molecules, i.e., th€tBmethoxysily) propyl acrylateThis incorporation
allows us to modify the surface properties of the crosslinked lobe after the encapsulation of active
agents and dimer synthesiRor exampleyia the conventional sajel coupling reactidt we can
attach n-dodecyltriethoxysilane molecules on the crosslinked lobe so that it becomes more
hydrophobic. Since the nesrosslinked lobe remains hydrophilic daeise of the sulfonate
functional groups (Figure 4.2a), the surfawedified dimers are amphiphilic. We further prove
the amphiphilicity by absorbing positively charged fluorophores on dimers before and after the
surface modification. As indicated by thmages in Figure 4.6a, the modified dimers show a
significant decrease in fluorescence intensity on the crosslinked lobe due to its hydrophobic
surface As Figure 4.6b shosy these amphiphilic dimers go to the-wiéiter interface immediately
even when we ject the particle solution into the water phase. This also significantly reduces the

amount of time for agent release, which takes place less than 30 minutes after the injection.
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4.5  Conclusions

We develop a new type of -bbmpartment and phase transfehieke for molecular
catalysts based on colloidal dimers. The polymer in one lobe is crosslinked while the other one is
not. Because of this structural anisotropy, we show that dimers can be surface active. Although
they are initially dispersible in watehe dimers migrate to the easater interface upon contact
with a trace amount of oil. This is because the uncrosslinked lobes can be swollen significantly by
oil, rendering the dimers amphiphilic. By further encapsulating active species such as fliorescen
dye and catalytic molecules in the uncrosslinked lobe selectively, we demonstrate that the dimers
can be used as a delivery vehicle to transfer catalysts from water to oil. The successful release of
catalysts is further confirmed by hydrogenation of tunsded oil with high conversion efficiency.
Moreover, the phasgansfer time can be significantly reduced when we combine both interfacial
and structural anisotropy on the dimer vehicles. The advantages of this new type of colloidal
emulsifier and delivey vehicle include: (1) the initial dispersity of particles in water ensures high
particle stability and sufficient loading of catalysts or active molecules; (2) the particles do not
release materials until they are located at the interface. The actieeutad are fully protected
until they reach the destination; (3) compared with isotropic particles, the surface properties of our
delivery vehicles can be tuned anisotropically on two lobes. Our work demonstrates a new concept
in making colloidal emulsifiss and phas&ansfer vehicles. The {mompartmental particles
developed here could find applications for encapsulation and sequential release of small molecules
across two different phases.
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CHAPTER 5
THE IMPACT OF SWELLING AGENT ON THE SYNTHESIS OF ANISOTROPIC
PARTICLES AND THEIR APPLICATIONS

We investigate the effecof two non-polymerizable swelling agesn anisotropic particle
synthesis and expand the capabilities of seeded emulsion polymertpapogpare anisotropic
dumbbells with either interfacial or compositional anisotrapies
51 Introduction

Synthesis of anisotropic particles has been an aptivguit for the past decad®articles
with either norspherical shapes or namiform surface propertiesave shown unprecedented
assembly structures amhase behaviodriven by different kindsof directional interaction$?
However, facileand scalable synthet@pproaches thabn producenisotropic particles with high
quality are still limited®” The seeded emulsion polymerization is one of rtfeest promising
strategy for making monodisperse colloidal dimers in high throughlduthis methods based
on sweling crosslinked polymespheres@PS)with its own monomer such as styreAéhough
the enthalpy of mixing is negativehd increase in elastic energy the crosslinked polymer
prevents the sequhrticles from swellingisotropially. Instead, the monomes squeezed out of
the seed and forms a second lolkhich can be solidified through an additional step of
polymerization.Since this isa bulk synthais in liquid phase, the quit can be very highn

addition, thesize of the second lobe can be easilyed by controlling the amount of swelling

monomerGeometric anisotropy in terms of both size ratio and bond length between two lobes can

be controlled preciseff:°

However, the above swelliqgplymerization method has a number of limitationsstFit

can only be applied to certain types of monomers, which need to be compatible with the
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crosslinked seeds (the most common one is polystyrene). Therefore, most dimers typically consist
of polymers on both lobé§.2° Organicinorganic hybriddimerswith compositional anisotropy
have only beenfabricatedwith limited size range omonodispersity'?® Second, most work
reported so far focreating interfacial anisotropy involves modifying the surface of the original
lobe by adding functional monomers in CIF8t exampleKim et. al added glycidyl methacrylate
and showed that the epoxy groups can be reacted witllefofleneimine)selecively on the
original lobe!® Tanget. al.performed a more sophisticated studyfibst making polyacrylonitrile
(PAN) hollow spheres and then using the® seedso swell with styrene and divinylbenzene
(DVB) mixture to makePAN-polystyrenedimers!’ PAN can be further hydrolyzed and modified
to attain more functionalities. Our previous work utilized silane chemistry to coat different types
of metallic nanoparticleson the original lobe making metatorganic hybrid particles in high
quality.** There is, however, no concrete evidence showingubeessfufunctionalization of the
second lobegwhich might be inherently related to the monomer sngliprocess. Although a
functional monomer as the swelling agent would mostly form into the second lobe, it can still swell
the original lobe slightly. Once polymerized, both lobes can contain the same functional polymer,
hence reducing the degree of ingeifl anisotropy-1° Last but not least, as can be inferred from
literature and the above examples, the surface modification based @edtid emulsion
polymerizationtypically involves multiple steps, which i9oth time consumingand hard to
control4.23

In thiswork, we explore the possibility to use npolymerizableswelling agentsuch as
toluene and tetraethyl orthosilicafEEOS), and investigate their impacts on making dimers with
combined geometric, interfacial, or compositional anisotropy. Both the simipénstoluene and

solgel precursor TEOS can swell CPS into dimers. Surprisingly, by quickly extracting the excess
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toluene, we can obtain dimers with novel properties such as the asymmetric distribution in both
interfacial charges and surface roughnessals utilize the hydrolysis/condensation reaction to
convert the TEOS lobes into silica, making polystyrsitiea hybrid particles with compositional
anisotropy. These particles exhibit novel propelling behavior under a perpendicular applied AC
electricfield. Our method not only simplifies the procedure for making dimers but also can be
potentially extended to other types of Aoolymerizable swelling agents for expanding the
existing catalogue of anisotropic particles.
5.2  Materials and Experimental Methods

The following sectionfirst introducethematerialsve used in this Chapteand afterwards
describe theletailedexperimeral proceduresnd characterization methods.
Materials

Styrene, divinylbenzene (DVB), sodiumvihylbenzenesulfonateolyvinylpyrrolidone
(PVP, My: ~40,000 and ~10,000), sodium dodecyl sulfate (SB&minopropyltriethoxysilane
(APS),potassium chloride (KCI), trisodium citrate, cetrimonium bromide (CTAB), ascorbic acid,
N-Isopropylacrylamide (NIPAm), ethidium bromidé N 6 bi sacryl amide,
Rhodamine 6G, tetbutyl acrylate, trifluoroacetic acid, formic acid, tetraethyl orthosilicate,
polyvinyl alcohol (PVA, M.: ~13,00023,000), and +octylamine are purchased from Sigma
Aldrich. Toluene, and -8trimethoxysily) propyl acrylate (TMSPA) is purchased from TCI. The
thermal initiator V65 is bought from Wako Chemicals. Hydrogen tetrachlororaurate (lI) trihydrate
(HAUCls - 3H0, 99.9+%), and potassium tetrachloroplatinate (HRtCL, 99.9%) are bought
from Alfa Aesar. All chemicals are used as received except that styrene, divinylbenzene-and tert

butyl acrylate are purified to remove the inhibitors by aluminum oxide before usage.
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Dimer formation by swelling with toluene

Sphericalpolystyrene (PS$eed particleare firstprepared bydispersion polymerization
in methanol and are cleaned four times via centrifugation (4989 B0 mins, IEC HT
Centrifuge)?* After that, a mixture of 4 ml 5 wt% PVP aqueous solutionn@l.2wt% SDS, Iml
styrene, 0.03 V65, varying amount of DVB, arg@ttrimethoxysily propylacrylate aremulsified
using ultrasonication (Branson digital sonifier 450). The emulsion is teed to swell Iml
polystyrene seed particles (@% in deionized water) for 24 hours. The swollen seeds are then
polymerized andarosslinked in the reactor at 70°C for another 24 hdvob/styrenedimers are
formed from the crosslinkeablystyreneseedgCPS)via a second swelling stage. We use 0.7 ml
toluene to swell 1 mCPS(1 wt%) with 4ml 5 wt% PVP, and 0.5 ml &t% SDS for 3 hours at
different temperatures. Once dimers are formed during swelling, we then remove the excess
toluene via two differennethods The slower way i evaporatéoluenein an open viabvernight
while the faster one #hrough centrifugation with ethandlo stabilize the dimers, we add 5 ml
Pluronic F127 (2 wt%) in the original PVP and SDS solution.
Functionalization of the second lobe with PNIPAmM

We dissolve 0.1 g NIPArand V65(0.01 g/m) in 0.7 ml toluene andmulsify themin 4ml
5 wt% PVP and 0.5ml #t% SDS solution. fie emulsions then used to sweCPS for 3 hrs
Subsequent polymerization is then carried oti0&C overnight.
pH responsive dimers

The procedtes are similar to those for PNIPAfnctionalization.We replace NIPAm
with 50-100 pl methacrylic acidAfter polymerization, centrifugation is performéalr times at

2000 rpmfor 20 minseach.
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Synthesisof PSSiO; hybrid particles

We emulsiy 300 pl tetraethyl orthosilicat@EOS)in 4 ml 5wt% PVA solution and mix
it with 1 ml CPS (2 wt%) solutiarWithin 30 mirutes, the additional TEOS lobe appears on CPS.
Wethenadd 100 pl roctylamine tocatalyzethe sotgel reactiorfor hydrolysis and condensation
of TEOS into silicon dioxideAfter one hourthe reaction is stopped and particles are cleaned via
centrifugation in avater/ethanol mixture for four times at 2000 tpFo further grow a thin silica
layerselectively on the silica lobe, we dispelsml of PSSIiO; particle solution (~5 mg/ml) into
10 ml of ethanol/ water mixture (95/5 v/v) containin@20 NH4OH (30%) with ultrasonication
A mixture of 1 ml TEOS and 1 ml ethanol was then added dropwitdeetabove solution under
magnetic stirring at 20C with arate of 1 mL/H?>
Synthesis of metallic nanoparticles

We follow previously reported methods to make CPARBNd citrate stabilized gold
nanoparticles, respectively. We also synthesitzate’® and PVE® functionalized Pt nanoparticles
based onwet chemical methods
Characterization

Thesize and morphology of all synthesizmatticles are characterized by scanningtedec
microscopy (JEOL JSMOOOF). Both brightield and fluorescent images are tak®na color
camera Retiga 2000R connected toan inverted microscope (Olympus 1X71). Zeta sizer
(Brookhaven 90PIlus PADSs used to measure the zeta potentigasticles
Electric-field induced propulsion

We inject10 ul PSsilica dimersolutionbetweerntwo indium tin oxide (ITO) glass slides
separated bg~100 umpolyesterspacer. Subsequently, we apph AC eledtic field (Rigol DG

1022) and usa high speed camef8ILICON VIDEO monochrome SV642) to record the particle

121



motion at 30 frames/sec. We follayur previously reportethethods to calculate th@opulsion
speed?
53 Results and Discussion

We first enploy toluene as a swelling agent, aystematically study different synthetic
parameters that would affect the formation of polystyrene dimetls various interfacial
anisotropies. We successfully incorporate pH responsiveness into our polystyrengydismaras
well. In the meantime, we also try an inorganic precutstraethyl orthosilicatas the swelling
agent and find polystyrersglica hybrid particles can be easily obtained at the right synthetic
conditions. We also observe quite rich and intearnggohenomena of the hybrid particles under AC

electric fields.

5.31 Using toluene as a swelling agerior making dimers
Formation mechanism

The onventional methodor making dimersis based on swelling ofhe crosslinked
polystyrene spheres (CPSJith styrene®!® Becauseof its negativemixing enthalpy with
polystyrenestyrenehas a tendency to ent€PSandto swell theminto largersphers. However,
the polymer matrixnside CPSs mostlycrosslinked, there will be an increase in elastiergyif
CPS expands uniformly. As a compromibe, excess amount of styrene will be expelled and form
a second lobe attaicly to the original CPS.This second lobe needs to be sdietl by another
step of polymerizationMore details about th conventional styrenswelling meéhod has been
discussed previoushy.

Styrene is not the only swelling agent to make dimers. For dgaotpher monomers such
as methyl methacrylatand n-butyl acrylatehave been used to synthesize heterogeneous PS

PMMA and PSPBA dimerst®In principle, one does not need to use monomer eiffselong
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as theswelling agent has enough miscibility with polystyrene, it should be abieeibthe CPS
and form a second lob¥/e have tried a series of simple ligwdth differentHildebrandsolubility

parametedi ncl udi ng 169 de cymre ol x-methys t( Wir=eld.4, a(di =

t ol u eld.®. We findthatwhentheliquid has a solubility parametetlosetos t yr ene (U=

it can svell CPSand form a second lob&inear hydrocarba) such as decane andddoane,
cannot swell CP&t all due totheir poor mscibility with styrene Among theliquids mentioned
above, toluene is most efftiveto swell a wide range of CPS with differembsslinking densities
probably due to itsery similar chemical structure styrene However, previous work does not
use tolene to make dimers because the toluene lobe cannot be polymerized or solidified. In this
work, we demonstrate our surprising results that one can conveniently make dimers with novel
anisotropic properties simply by removing the excess toluene in a prager w

Figure 5.1a shows the scheatic roue we have followed.We first crosslinkpre-
synthesized polystyrene spheres (with sulfonate groups based on seeded emulsion
polymerization** TheCPS are thn swollen byoluene droplets/hich are preemulsified in water,
forming a second lobe. Under the optical microscopy (Inset of Figure 5.1b), we observe dumbbell
shape particles on which the second lobe is much larger than the original one and appgears to b
filled with toluene. In the final step, we remove the excess amount of toluene by centrifuging the
dumbbells in ethanol. What surprises us is that the dumbbells do not change back to the spherical
shape of CPS as the toluene lobe is removed completlyeaobtain monodisperse polystyrene
dimers (Figure 5.1bMoreover, these new dimers look very differently from conventional dimers
where both lobe surfaces are smooth. Instead, Figure 5.1b shows that one of the two lobes is

consistently buckled, while ¢hother surface is smooth, i.e., the rosgiooth dimers.
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Figure 5.1 Dimers formed bygwelling CPSwith toluene.(a) The £hematis for ourtoluene
swelling-extraction methodb) A large fieldview of monodisperseoughsmoothdimers after
toluene extaction. Scale bar: 2 um. Insétn optical image of the CPStaf swellingwith
toluene but before the extractiorcae bar: 5 um. (cEquationsshowing the volume of two
intersecting spheres. (d) Both swelling temperature and toluene removahfpesthe dimer
morphology. Scale bar: 1 um. @p °C and fast centrifugatigr{ii) 70 °C and fast centrifugation;
(i) 70°C and slow evaporatiorie) SEM of (i) the CPS of dimers shown in Figéréd; citrate
gold nanopatrticles coated (ii) APS modifiedresponding dimers in Figuteld-ii; (iii) APS
modified corresponding dimers in Figusd.d-iii. Scale bar: 1 pm.
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Equations in Figurés.1c show the volume oflimersthat are made of two intersecting
spheresBased on which, we caompare therolumes othe initial CPS particles and the resulting

roughrsmooth dimers. It is interesting to note that the dimer volums 1020% less than the
volume of CPSv., which indicates that some polymers are lost dutive centrifugation step.

This can be understood sint@ueneis a good solvent of uncrosslinked polystyrene. Potentially
some polymer chains can be dissolved in toluene which are then removed by centrifugation. We
also find that the speed of removinduene can affect the particle morphologies significantly. In
addition tousingcentrifugatiorto remove toluengquickly, wehavealso tried to evaporate toluene
naturally in an open viat room temperature overnigfithis slow process can only produceytin
protrusionson CPS and thearticle shapés close toa i s n o wma B.5dii)( Whilegtsl r e
volume is equal to the volume of initial CPS. Interestingly, the particle surface is smooth too.
Another interesting observation is that theermorphologydepends on the swelling temperature
too. For example, if wawell CPS with toluene at room temperature and directly yastirifuge)
themwith ethanol, weobtaina mixture of spheres and dimers (Figbred-i). It is clear thathe
contactbetweenwo lobes on those surviving dimers is very littteaking them easily separated
under weak sonicatiobetween sequential centrifugation steps. Whenswelling temperatuiie
increasd to 70 °C, the bondingbetweentwo lobesis much strongeand no single spheris
observedFigure5.1d-ii). Hence the ideal conditi@for makingdimers with distinct lobes are at
ahigh swelling temperature andth fast toluene removal speed.

One notable morphology of our dimers is that one lobe is rough but the other is dimooth.
is therefore important to find out which lobe is from the original CPS sphere. Since silane
molecules TMSPA) are incorporated during the synthesis of the original CPS spheres (Figure

5.1e-), we can detect their positions following qareviously repaed method* In brief, we first
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attach3-aminopropyltriethoxysilanéo the dimers based on silane chemistry, and then mix the
modified particles with gold nanoparticles. Clearly, gold nanopastitiainly coat on the rough
lobe surface due to amimeetal complexation (FigurB.leii), which indicates the location of
TMSPA. Therefore, the rough lobe comes from the original CPS sphere. As for the dimers
generated with slow evaporation, the biggeelblave majority of the gold nanopatrticles. This is
also consistent with our observation ttreenewly formed lobe islways smaller than theriginal
lobe.Based on our findings, we propdabatsome of the uncrosslinked polymer chains (typically
locatedin the core of CPS) migrate to the toluesveollen lobe. When the toluene removal speed
is slow, e.g., through natural evaporation, most of the chains can migrate back to CPS and only a
small protrusion is left when toluene is evaporated completely. Itrasbhwhen the toluene
removal speed is fast through centrifugation, there is little time for the polymer chains in the second
lobe to migrate back and a significant second lobe is preserved. On the CPS lobe, there is a
mismatch in terms of elastic modbktween the shell which is primarily composed of crosslinked
polystyrene and the core (less crosslinked). Therefore, a mechanical buckling develops during the
fast removal of toluene, leaving rough surfaces on the original lobe. The similar mechanism has
also been employed to create higfdjded microsphere¥.
The effect of CPS composition

We also systematically stug other parameters thatan influence themorphologies of
dimers for optimizationThe first criticalparameters the CPScomposition. Figuré.2a shows
the swelling stage of a series of CPS wdifferent crosslinking densities (amount of DVa)d
amounts ofunctional silane (trimethoxysilylpropylacrylate, TMSRA)gure5.2b representshe

same partigds afterthe removal of toluene througklow evaporation. Crosslinked polymer
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network is necessary for creating elasti@ssduring swelling’ while the hydrophilic silanalso

promotes dewetting dblueneon CPS,maintaining itself a distinct lob&.

(a) CPS swollen with toluene
10%DVB, 0% TMSPA 10%DVB, 10%TMSPA 10%DVB, 20% TMSPA

U'O.)" ( (ii) QW

c%loc

20%DVB, 0% TMSPA 5%DVB, 10%TMSPA 0%DVB, 20%TMSPA

RSO (VI) O
W& 2 .

s Me i Q\J

(b) toluene removed via slow evaporation

(i) (i)

o

-

8

Figure 5.2 Theimpact of CPScompositiors on dimer morphologiega) The morphology of
CPS swollen by toluene depends on both the crosslinking density (%DVB) and the amount of
TMSPA in CPSScale bar: 5 um. (BEM images of the corresponding particles after slow
evaporation ofoluene. Scale bar: 1 pm.

The first row in Figures.2a listsall toluene swollen CPS that have 10 vol % crosslinking
densites but with an increasing amount of silan&/hen there is no TMSPA in CPS, we do not
observe the formation of second lobe (Figbr2ai). When the CPS crosslinking density is

increased to 20 vol%-{gure5.2aiv), a small lobe shows up during swelling but disappears after

127



toluene evaporation. Therefore, the incorporation of silane is essential to form dimers, which is
different compeed with theconventional gtyreng swelling method, where CPS without silane is
still able to for m iHowevey @RSWith sdahealpisndtsufficentt i c | e s
either. As shown in(Figure 5.2avi and 2bvi), although a small protrusioshows upduring
swelling it disappears after toluene evaporati@verall, Figure5.2 reveals that theptimal
composition of CP%or makingdimerswith distinct lobes should have sufficiearhouns of DVB

(O 50l %) andTMSPA( O ¥0D%) to createa high elastic modulus for the polymer matrix inside

of the CPSHowever, too much DVB willead to a highly crosslinked polymer matrix, which
makes the migration of thatcrosslinkedpolymer chaingo thesecond lobdlifficult. Therefore,

only relatively small second lobe can be obtained (particles ii and iii). So far, CPS in%Rpire

v shows the best morphology of the dimer after toluene evaporation, which have 5DXdB %

and 10 vol % TMSPA. Farestof the studies, we use CPS that has shene composition as the

one in Figurés 2av.

(b)

Figure 5.3 Stabilization of dimerga) Fusion between toluene lobes making triangular colloids
but reducing the monodispersity of dimgi®. The aldition of pluronc F127during swelling
enhance patrticle stability dramatical§cale bas: 2 um.

When pure toluene is used as the swelling agentsrttanthsecond lobean beeasily

fused toanotherunder centrifugationforming triangular particles shown in Figuse3a. To
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enhance the stability, taiblock copolymey Pluronic F127, can be added a costabilizein the
toluenein-wateremulsion. During swelling, the hydrophobic segmauily(propylene glycol) of
Pluronic F127 embesdnside thetoluene dropletwhile the hydrophilic part poly(ethylene glycol)

lies at the interface as a steric stabilizer. This strategy was first developed for stabilizing
polystyrene spher&sand it workswell for ourdimerstoo (Figure5.3b).

Anisotropy insurfacecharge distribution

We are also interested in examining the surface charge distribution on our newly formed
polystyrene dimers. Our original CPS particles are negatively charged becatise aafded
sodium 4styrene sulfonatenonomerduring thesynthesis oteed polystyrenspheres, which is
intendedto enhance their stabilitieim water. Therefore, we mix our dimers with positively
charged dye Rhodamine 6G*

As shown in Figure 5.4a, the much stronger fluorescence intensity on the larger lobe
indicates thahegative chargeremain on the original lobe and they do not migrate to the second
lobe. In contrast, we find th#tie dimes produced vigheconventional methad.e., swelling with
styrene and subsequent polymerizatibaye symmetriccharge distribution omoth lobes As
shown in Figure 5.4b, thisiform charge distributiois consistently observed for both symmetric
andasymmetric dimers regardless of the relative size ratio between two Téiesdicates that
the charged polymer chaifise., ply(sodium 4styrenesulfonate)) CPSdo migrateto second
lobe posdily during the polymerization stage. By avoiding theitoldal step of polymerization
with toluene swelling, we make dimer particles with a new type of interfacial anisotropy, i.e., the
anisotropy in surface chargddiis is an exciting result because particles with asymmetric charge
distributions are consided important building blocks for directegsembly that can behave very

differently from isotropic particles under external electric fields.
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(a) new polystyrene dimers
(i) (i)
O

(b) conventional polystyrene dimers
(i) (ii) (iii) (iv)

Figure 5.4 Surface charge characterization on dim@¥sBright-field and corresponding
fluorescent imagesfmew polystyrene dimers (based on the tolugnelling-extraction method)
coated withRhodamine 6((b) Fluorescent images of conventional polystyrene dimers (based
on the styrenswelling-polymerization method) coated wiRhodamine 6GImages-iv are
dimers with increasing size of the second lobe, from (i) smaller than the orginal lobe to (iv)
larger than the original lob&cale bar: 5 pm.

This anisotroly in surfacecharge distribution camlso be utilized forfurther surface
modification based on chge-charge interactiongzor example, wean coatpositively charged

CTAB-gold NP<® (zeta potentiak ~64 mV) selectively on one lobe (the original lobe) of the
dimers, as shown in Figubebai. Following the samerinciple,other types opositively charged
nanoparticleer moleculesanalso be selectively coated on one lobes. In comparisoQ, TAS-

gold NPs are coated uniformly on the conventional dimers with both symmetric and asymmetric

geometres (Figure5.5&ii and iii). This demonstrates a significant advantage of new dimers
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because our previous strategy to make anisotropic 1oegahic hybrid dimers relied on surface

modification of TMSPA on the conventional diméfsyhich requires multiple and tedious steps.

(a) dimers coated with CTAB-gold NPs

() (il (i

B

(b) particles coated with citrate-gold NPs

(ii)

Figure 5.5 Metallic nanopatrticles coating on dimefs) Coating of positively chargedTAB-
gold NPs or(i) new dimers, (ii) conventionalsymmetric dimersand(iii) conventonal
symmetric dimers(b) (i) New dimers with negatively chargeiirate-gold NPs coating(ii)
Same particles in (i), but after one time centrifugation by w8tle bar: 1 pum.

In fact,even negatively charged metallic nanopartioteg.(citrate.gold NP$’ and citrate
Pt NP<® can be selectivelgoatd on the original lobeof our dimers(Figure 5.5b-). The
interaction betweerimers and citratgold NPsis, however, weak. The metal nanoparticles
coating can be easily washed off after angetcentrifugation (Figuré.5b-ii), different from the
strong electrostatic interaction between CFédppedgold NPs andour dimers.To find out the
origin of the weak interaction,@have tried to coat the citragwld NPs on both smooth and rough
PS spharssynthesizedvith silane groupsBoth can be coated withanoparticlesuccessfully
Thus we can rule out the possibility thfe surfaceaoughnesson the original lobe mightause
nanoparticle adsorptiodnd we mixPVP-capped platinunNP<® with our dimersand find that

no nanoprticle coaton the dimersWe also find thaho gold NPscan be coated on particles

without silane functionalizatiorTherefore, we concludihat theweak interaction is frongitrate
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and silanefunctional groups which helps the adsorption of citrageld nanoparticles on the
original lobe selectively, since the second lobe does not have silane functional groups as proved
by our previous methotf.In summaryusing toluene as a swelling agent cahonly simplify the
syntheticprocedursfor makingdimers, but alssimultaneouslygreate asymmetric distribution of
surface charges and other functional molecules on the same dimer. This approach also presents a
significant advantage for further attaghimetallic nanoparticles to make inorgaarganic hybrid
dimers.
Functionalization of the second lobe

Although our dmers exhibit various unique properties compared withcthreventional
dimers, the tunability in terms of the size and surface furalitynof the second lobe is still
limited, which can be overcome by dissolvimgétional monomers in toluene and polymiegg
the second lob& presence of toluen&or example, by increasing the concentration of methyl
methacrylate in toluene, the sipé the second lobe gradually increasehile the CPS lobe
maintairs its size. Monomers, such as styrene, methyl methacrylate, methyl acrylate, methacrylic
acid (MAA), and terdbutyl acrylate can all be polymerized in the second lobe with the coexistence
of toluene.

However,depending on theompatibility betweenmonomer andoluene the amount of
the monomer can be polymerized into dimers varies. FiggGeeshows dimers incorporated with
a small amount of hydrophilic monomer;isopropylacrylamide (NPAm). The addition of
NIPAmM not only improves the stability of the particles, but also enhances the roughness of the
original lobe (Figuré.6ai). Moreover, the surface charge contrast is still preserved (Figtae

iii). We suspecthat the enhanced roughsearises fronthe mechanical buckling induced by the
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polymerization of NIPAm. It most likely takes place at the parwedger interface due to its

hydrophilic nature.

Figure 5.6 Functionalization of the second lol{e) (i) SEM; and (ii) brightfield optical image

of dimers with NIPAm incorporated via toluesevellingpolymerizationextraction method. (iii)
Fluorescent image of the samedrscoated with Rhodamine 6Gcale bar: 2 um. (b) Dimers

with both NIPAm and a fluorescent monomethidium branide-N , N6 bigacryl ami de
incorporatedvia tolueneswellingpolymerizationextraction method(i) Optical imageand (ii)
thecorresponding fluorescent image. Scale bar: 5 punDif@ers withboth NIPAm and

ethidium bromideN , N6 bi sacr yl damstyreneswellimppalymerizatioa t e d

method. (i) ptical image; and (ii) corresponding florescent image. Scale bar: 5 pum.

Since the amount of NIPAm added is small, it is difficult to directly probe the location of

PNIPAmM based on the size change of deneith temperature. Thus we use indirect method.
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Ethidium bromideN , N6 bisacrylamide is a fluorescent
structure with NIPAm. We dissolvatrace amount of ethidium bromidé¢, N6 bisacryl ail
NIPAmM and mix thenwith toluene After polymerization, wedind that mostof the fluorescent
monomes are located othe smaller second lobe (Figuséb). For better clarity, we purposely
showthe area whera trimer is formed by the fusion of two dimers. As Figbgb dispays, the
fused second lobe showsuch brighter fluorescence. Accordingly, NIPArshould also be
polymerized at the surface of the second lobe to inctegd®philicity of the dimer, whichalso
explains the improvestability of the particles. Consideritige previously mentioned stabilization
strategy incorporation of Pluronic F127, we conclutiat these two approaches empilogy same
concept to enhance the particle stability in aqueous phase: adding hydrypiutional groups
on the particle surface we substitutehe swelling agent toluene fetyrenepoth the fluorescent
intensity and its contrast between two lobes are much weaker (Bdige indicating little
incorporation of the hydrophilic PNIPAm on particl@he comparison between Figus.6b and
Figure5.6¢ reveals thabur toluene swelling method can promote shueface modification of the
second lobe with hydrophilic and potentially stimgsponsive polymers, which is a significant
challenge in dimer synthesis.

Encouraged by the abe success, we have also tried to incorporatergsidonsive
polymers such as polylethacrylic aciyi(PMAA) into dimers with the goal to create anisotropy
in hydrophobicity. We first mix different amounts of monomer MAA with toluene, which is then
used teswell CPS particles. Figue7a shows the SEM images of dimers after polymerization. It
is clear that the polymerization of MAA in toluene induces significant mechanical buckling and
the second lobe morphology (i.e., collapsed shell) is dramaticallyrehtférom conventional

di mers when the MAA concentration is relativel
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polymerization might only take place at the interface between toluene and water due to the

hydrophilic nature of PMAA.

pH=2 pH=7 pH=12 pH=2 pH=7 pH=12

Figure 5.7 Synthess and interfacial activity of pH responsive dimd&es. Dimers with different
amount MAA incorporated during swelling. (i) 12.5 vol% MAA in toluene; (ii) 10 vol% MAA in
toluene; and (iii) 6.7 vol% MAA in toluene. Scale bar: 2 um. (b) Interfacial actfiimers at
different pH. (i) PMAA (12.5 vol%) incorporated dimers in hexaveer mixture. The dy@il
Red Qis added in the hexane phase. (ii) Optical image ehewNater emulsions formed at pH
12. Scale bar: 100 pm. (iii) Dimers without MAA incorpted in a hexarevater mixture.

The morphology difference between the original and second lobes in bigaiendicates
the possible interfacial anisotropy where the buckled lobe consists of primarily PMAA and the
original (spherical) lobe is made pblystyrene. To test this possibility, we add the particles in a
mixture of (50:50 vol%) hexane (with dgl Red Q and water at different pH by vortexing them
for 5 minutes. After that, the vials are kept still on bench. And the emulsion stabilities are
examined. As shown in Figuge7b-i, at pH 2, the carboxylic groups in PMAA are protonated.

Therefore, both lobes of the dimers are more hydrophobic and they prefer to leave the aqueous

phase. At pH 7, some of the carboxyl groups on dimer surfaces aedlyaeprotonated since
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the pKa of PMAA is ~5.5° Therefore, more particles can be suspended in the water phase. But
they cannot stabilize emulsions. After vortexing, oil and water are {segsgated. At pH 12,
essentially all carboxylic groups are deprotonated and the PMAA lobes are hydrophilic. The
contrast in hydrophobicity between the polystyrene and PMAA lobes becomes significant enough
so that oHin-water emulsions (Figute7b-ii) can be stabilized over a period of at leas¢ month

In comparison, the dimers without PMAA incorporated in the sebamel do not show any pH

responsiveness and canistabilize emulsions either.

5.3.2 Synthesis ofpolystyrene-silica hybrid particles

Inspired byour work using toluene as the swelling agent, we have also tried another type
of swelling agent, theetraehyl orthosilicate (TEOS)with the aim to make hybrid particles
composed of polystyrene and silica. We choose TEOS because of its compatibility with styrene
and it is a commonly used precursor for silica synthesis vigedoteactions®3’ As shown
schemnatically in Figure5.8a, we first prepare emulsigrof TEOS in polyvinyl alcohol solution,
which arethen usdto swell CPSThe TEOS lobe shows up shortly after swelliafjer swelling
for thirty minutes weaddan organic bas@ctylaming to initiate andcatalyze the segel reaction
of TEOS which eventually converts into solid silica via hydrolysis and condensatierhawe
tried several different types of base includirgnmonium hydroxide triethylamine, and
octylamine We find that bothre propery and amount of base are vital. A hydrophilic base such
as ammonia hydroxide typically leads to dissolution of the TEOS lobe in water. Therefore, a
relatively weak organic base suchaasylaming is necessary so that the TEG@&densatioran
take place athe TEOS/water interfacedigh amount of base or base with high strength

(triethylaming causes particlaggregation due to faSEOShydrolysis.Meanwhile, insufficient
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amount of base leads to incomplete hollow silica shells, which are fragile and sanvioe

during the separation (e.g., cenigation and sonication) stage.

tetraethyl octylamine
@ orthosilicate U —Solgel ™

(c.)

Figure 5.8 PSsilica dimer synthesis and characterizati@). Schematlc of theyathetic route
for making PSsilica hybrid particles. (b) Large field scale of hybrid partclParticles with {i
acornand (ii)dumbbell shapescale bar: 2 um. Insets are corresponding TEM images. Scale
bar: 1 um. EDX analysis of (iii) silica and (iv) B&bes.(c) SEM ofthe hybridparticles(b-i)
with additional growth of thin silica filmScale bar: 1 um. ED)analysisof the (ii) PS andiii)
silica lobes(d) SEM of the remaining silica lobes after annealing at Z0(Btale bar: 1 um.
Underthe appropriate conditiongsee experimental for detail$)Ssilica hybrid particles
with different shapes such aornand dumbbelican be formed (Figur&.8b). The energy
dispersive Xray spectroscopy (EDXin Figure 5.8b-iii further confirms thatthe brighter and
porous compartment is rich bothsilicon and oxygen sigmnalthe signal of gold eoes from the
sputtering fo SEM sample preparation and has beebtracted as background in elenaént
analysi3. In contrastthe darker part iprimarily polystyrendthe oxygen signahightcome from

sulfonate groupsdded during the synthesis of polystye seeds The TEM images (insets in

Figure5.8b-i, ii) also showhatthe silica part is brighter than polystyrenéhich is opposite to
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previous report€ This could be attributed to two reasons: (1) the silica lobe is porous and (2) the
polystyrendobe is crosinked. In fact, the distinct polystyrene and silica compartments can also
be clearly observed in brighield optical microscopy. Shown figure5.10b or Figures.12b, the
silicalobe ismuchmore transparerihan the polystyrene lobe because its refraahdex (1.45)
is closer to water (1.38). We also note that the silicadbbevs a high perogage of carbo(~11.3
at%o). It is possible that some polystyrene chains have migrated from CPS to the silica lobe. In
addition, onsidering the amount of octyhine (C/S+3.6in mole) added we also suspecthat
someresidualorganic base areapped in themorphous silicpores during solgel reaction We
also notice that its crucial to minimize the swelling time of TEQ®vhich helps create an
asymmetric digibution of silica. When the swelling time tisree hours, the silicon signah ¢the
polystyrene lobe&an be as high as 24%.

To further enhance the compositioaaisotropy, wéave also tried tgrow an additional
thin layer ofsilica on hybrid dimes. We usethe particles shown in Figufe8b-i as seeds and
ammonium hydroxide athe catalyst.The transformation of particlmorphologyis noticeable
since the silica lobe becomes less pol®ugure5.8c-i). Moreoverthe carbon signain the silica
lobe disappeas (Figure5.8c-iii); while the silicon signabn the 5 compartmenis below 5 at%
(Figure 5.8c-ii). We alsoanneal thehybrid particles(Figure 5.8b) at 200 °Cto remove the
polystyrene compartment. Under SEM images (Figud), theremainingsilicalobes aren the
form of dimpled sphese which areconsistentwith the TEM imagesshown in Figure5.8b.
Therefore oumethodcan make not only hybrid PSilica particles but also dimpled silica particles

which are important building blocks in tetudy ofii | o ¢ k  anteichctidng y 0
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(a) CPS composition

(ii) (iii)

(v)

&~
(b) mass ratio TEOS/CPS

0]

Figure 5.9 Morphology study of PSsilica dimers(a) The impact ofCPS compositioon the
formation of PSsilica hybrid dimers(i) T (iv) CPS with increasing DVB concentration (®,

15, and18 vol%); CPS incorporated with (v) 10 vol% DVB and 10 vol% MMA; and (vi) 10
vol% DVB and 10 vol% MAA. Scale bas the same for all image$ um. (b)The impact of
TEOS/CPS mass rat{@€PS aresynthesized witl10 vol% DVB): (i) 28:1, (ii) 14:1, and (iii) 7:1.
Scale bars the same for all image$ um.

The morphology ofPSsilica particles can be tuned by controlling eithéhe CPS
composition or the relative amount of TEOS to CIFgure5.9a (i-iv) show theimpact of
increasing thecrosslinking density of CPS from 5 to 18 vol%learly, a higher crosslinking
density yields adrgerelastic modulusn CPS andcreats more distinct lobes (from acorto
dumbbel). The surface hydrophilicity of CPSs important, too. Because it determines the

wettability of TEOS on CPS. For example, mixing TEOS with CPS that having a hydrophobic
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monomer nethyl methacrylatéMMA) incorporated yields distinct lobes of silica and polystyrene
(Figure5.9a-v) since the hydrolyzed TEOS wets poorly on hydrophobic surfdtesomparison,
when we add a hydrophilic monomeethacrylic acidMAA) into CPS synthesis, the silica shell
almost encapsulates the polystyrene lobe (Figi®eevi). We havealso vaiedtherelative amount
of TEOSto CPS.As shown in Figuré.9b, higher TEOS/CPS mass ratio leadsitarger silica
lobe We note thathe absolute amount GEEOSused for swellingshouldbe keptrelatively high
(300 ul), since it also diffuses into water during hydrolysis. Therefbyeadjusting theCPS
composition and TEOS/CPS mass ratiorseeded swellingondensatiosynthetic routallows
convenient control forboth the morphology and size ratio between polystyrearel silica
compartments
5.3.3 Propulsion and assembly of PSilica hybrid particles under AC electric fields

The synthesizedPSsilica particles possess combined getmceand compositional
anisotropy. They are excellent model systems to shati the propulsionand assemblyf
asymmetric particles under electric fields. We use the sexperimentalsetup as we have
described in Chapter 2. A thin film (~100 um) of palé suspension is sandwiched between two
ITO glasses, where an AC bias is appliddder sufficient fieldstrength (>5/), we find that the
particles propel vigoroushon substrate Higure 5.10d). We emphasize that the observed
propulsion is different fnrm conventional electrophoresis and dielectrophoresis, where the electric
field usually dictates particlesd trajectorie
the field gradient (dielectrophoresis). Our asymmetric particles, influencead byform AC
electric field, move in a direction perpendicular to the applied field. Such a feature allows them to
potentially perform other intelligent tasks (e.g., sensing and cargo delivery) independently.

shown in Figureés.10a, he propulsionvelocity is proportional to the square of the applied field

140



strengthin low frequency (500 Hajegardless of the particle morphology. Such a relationship is a
characteristic of thelectrohydrodynamidriven propulsionas we have discovered in Chapter 2
for metl-organic hybrid dimersWhen the particles arelose tothe conducting substrate, the
induced dipolalistorstheverticallyapplied electric field and creatatangential fieldwhichacts

on the induced charges near the substrate and drives sotwegnBécauseboth the amount of

induced chargeg and theangential electric fieldg, are proportional to applied electric fiek],
the particlevelocity U~ gE is proportional toEZ .3°

The frequency dependence of the particle propulsion is more interesting. We find that in
the low frequency regime (568000 Hz), particles always moweath the PS lobe facing forward
(Figure5.10b). However, at higher frequencies {580k Hz),the motion direction is reversed,

i.e., the silica lobe orients forward.aMypothesizéhat the propulsion of the PSlicadimers is
caused by an unbalanced electrohydrodynamic (EHD) flow surrounding the particles. The fact that
PS spheres, SiOspheresand symmetric PS or SiQdimers do not propel under the same
experimental conditions is consistent with our hypothesis since the EHD flow surrounding those
particles are expected to be symmetric. Moreover, the propulsion velocity scalekenfitbid
strength squarednd decreases with increasing frequency. Both are characteristic features of the
EHD flow, based on previous experimg and modeling for spher&sTo probe the EHD flow
surrounding our dimet we purposely immobilize them on the substrate and use small fluorescent
polystyrene spheres (=500 nm) as tracAtdow frequencies, & find that tracerare attracted
towards the polystyrene lobe and ejected away frorsilicalobe. As a result, thyeare surrounded

by a concentration and a depletion zone, respectit/ue5.10ci). The similar phenomenon is
observed for acorshape particles too. Based on which, the EHD flow profile can be depicted in

Figure5.10ciii.
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Figure 5.10Propulsion ofPSsilica dimers under AC electric fiel@g) Velocity of the PSsilica
hybridparticles with different shapes at different field strengths 890n DI water). (b)
Frequency dependencetbt particlevelocity (10 V) In low frequency, the hybrid pirles
movewith its PSlobe facing forwardwhile athigh frequencythe particleseverse its moving
direction.(c) (i) The distribution of small tracer particles surrounding an immobilizedilRa
dimer and a PSilica acorn shape particle at low fteapcy. Scale bar: 3m. (i) Schemes
indicating the surroundinglectrohydrodynami¢EHD) flow. The black arrow indicates the
dimer propulsion directior(d) Linear and circulatrajectoriesof PSsilica dimer(12 V and500
Hz). Insets are the phasent@st optical images of thearticles at different time. Scale bar: 5
pm.
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Figure 5.11A simple dumbbell model to explain the propulsion of polystyshea dimers.
The red sphere A represents silica, the blue sphere B represents polystyrene, asitiiie po
moving direction is towards right.
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We attempt to explain the complex propulsion phenomdooour synthesized dimer
semtquantitatively by using a dumbbeatiodel shown in Figurb.11. We consider two spheres of
types A and B, which are connectby a long but negligibly thin rod. If two spheres are not
connected, under an AC electric field each will move due to convective entrainment in the EHD
flow initiated from the other. For example, the repulsive (attractive) EHD flow surrounding sphere
B will push (draw) sphere A away from (towards) it with a lateral veldgity Similarly, sphere
B experiences an EHD flow initiated from sphere A and acquires a lateral velgcigoth U ,
andU, dependsensitively on the sphere diameter, zeta potential, material property, as well as
field conditions (strength and frequency). When two spheres are connected, however, equal and
opposite forces F on two ends of the rod keep them from moving relative to each other, so that
the rigid dumbbell moves with a velocity.

U=U, -F/I6p R, B, H6 Ry (5.1)
where R, and R; are radii of sphere A and B, respectively anid the solvent viscosity. Solving
F from Eq. 6.1), we obtain

U=(UR, Y,R)/(R R (5.2)

Although the dumbbell shown in Fid@l is different from oursynthesized ithers, their
propulsion behavior should be perturbatively similar. This simple model allowsexplin the
propulsion direction of PSilica dimers basedn the EHD flow surrounding individual lobd=or
example, based on the flow tracing results in Figut®c,”Y  mfor polystyrene andyY Tt
for silica. Therefore, lhe overall propulsion directiaghould be towards the left following Eq. (5.2),

i.e., the silica lobe pushes the polystyrene lobe. This propulsion direction is consistent with our

experimental observation. At higher frequencies, the propulsion direction is reversed. This can be
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explained by the change of either magnitude or sigw pfand U, as frequency changes.

Although quantitative validation of Eq. (5.2) for our synthesized dimers needs further experimental
investigation, it has been tested and proved on a series of other typegisf pariormed by one

of our lab members F. Ma.

Figure 5.12Assembly of PSilica hybriddimers under low frequencymages (a), (b), and (c)
are the structures formediow frequences(8V and800Hz). (a) (i) A phase contrast optical
image oftheclusters formed bthree or four PSilica hybrid dimers The brighter lobe is
polystyrene and the darker one is siligg. The schematic illustratindpe unbalancediow
surroundingwo dimers, which leads to the aggregation of dim@rsBright-field images of the
symmetric and chiral doublets dimers. The more transparent lobe is silica. Scale bar is same
for all images: 2um(c) Large clusters formday multiple dimers (i) A short staggered chain.

(ii) A large silicaspheres pushed by seversalirrounding dimergiii) A static cluster where a
largesilicaspherewas encirclediniformly by dimers.(iv) A schematic reveals the flows around
silica and hybrid particles.

The unbalanced electrohydrodynamic flow surrounding asymmetrgilie® dimers can
also induce assembly of multiple particles intwvel structures. Figurgl2ai shows symmetric
clusters formed by three or four dimers. Interestingly, all silica lobes on the dimers are located in
the peripheral regime of the clusters. This is can be understabe lhematic shown in Figure
5.12aii. The attractive flow surroundintye polystyrene lobegaws all hybrid particles together
while the repulsive flovon thesilicasideprevens the contact of silica lobes with others. We also
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