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Selfassembly ofnanoparticles NP9 into desired structures with precisely
controlled NP organizations crucial to the property discovery and application of
inorganic NPs. Despite tremendous effartade in the past decaddittle progress has
been achieved in controlldderarchical assembly of NPsly dissertation is focused on
the multilevel assembly of inorganic NPs into various hierarchical structbges
tetheringNPs with functionablock copolymers (BCPs).

First, one versatile strategyas developed to design monodisperse amphiphilic
supracolloids with defined valence and chemical patches bgssembly of binary
disparate hybrid building blocks composed of BfuRctionalized NPsThe binary BCP
is composed of a hydrophilltydrophobicblock and a Lewis baseontaininglLewis
acid-containing block. The resulting supracolloids consist of two different types of
inorganic NPs precisely arranged in space, which mimics the geometric shape and

valence of bimolecular compounds containing two el@seBy varying the size,

chemical composition and feeding ratio of NPs, as well as the length of BCP



combinations, supracolloids with different valences, compositions and localized chemical
patches (which are determined by the BCP tethers) were produbirhiyield.

Second, themphiphilic supracolloids were demonstrated to assemtaeirange
of two-dimensional (2Dierarchical structureat the liquid/liquid interfaceDepending
on the quality of solvent, amphiphilic dimers were found to assemhbie petailike
structures with different numbers of dimers. Moreover, amphiphilic trimers underwent
sideby-side or enedo-end association to form ribbon or chain structures, depending on
the arrangement of hydrophilic and hydrophobic domains (chemicdigstc

Third, the effect ofpolymer lengthof BCP tethers within supracolloids was
systematically studied on the ribbon formation of tritilee supracolloids with
hydrophobic center and hydrophilic ends. It was found that longer hydrophobic block and
shorer hydophilic BCP tethers facilitatehe formation of ribbon.The results were
summarized in a product diagram.

Finally, the pH effect on the assembly of amphiphilic supracolloidal trimers was
investigated. A transition of assembly morphologies from aiifsb to chains was
observed, with changing pH of the water phase. This can be attributed to the change on

the amphiphilicity of supracolloidal trimers upon the addition of acid or base.
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Chapter 1: Introduction

Part of this chapter is adapted from the manuscript published in the following book:
Funcional Organic and Hybrid Nanostructured Materials: Fabrication, Properties and
Applications; chapter 1: Zhang, S.; Yang, Y.; Nie, Zontrollable Sel{Assembly of
OneDimensional NanocrystglsWiley publishing, 2018and the article: Yi, C.;
Zhang, S.; WBb, T. K.; Nie, Z.,Anisotropic SeKAssembly of Hairy Inorganic
NanoparticlesAcc. Chem. Re2017, 50,12 21

In the past decades, controlled assembly of seale building block¢éNBBs)
has continuously been a prevailing topic. The tremendous ihteresrganizing
NBBs is mainly stemmed from the potential applications BBHN in diverse areas,
including chemical and biological sensing, energy storage and production, and
optoelectronic device'sFor instance, the strong shifted absorption peak in the optical
spectrum brought about by the close interactions between métBfics very robust,
and can be used iplasmon rulers,jocalized surface plasmonresamance (LSPR)
sensorssurfaceenhanced Ramastattering (SERS) sensingtc? In addition, recent
advances at this frontiare also partially driven by the rapid development in the
synthesis of relatively monodisperseBBl with controlled size, shape and
composition® Recently, various methods have been developed for the organization of
NBBs into funcional structures. In particular, botteap selfassembly approach
offers a more robust, scalable and eeff¢ctive way to fabricate arrays oBBs in a
controlled manner, compared with tdpwn techniques such as electlmgam and
focusedion beam lithogaphy? In this chapter, we classified current satisembly

methods into four major categories, namely, templated assembly;dfie&h

assembly, assembly at inteces and liganduided assembly.



1.1 Templated Assembly

Templated assembly, fittingly, is the assembly directed by a predesigned
template, which governs the anchoring d8B& on (or within) the template. As a
straightforward method, the geometry and pattgrmhtemplates or the distribution
of functional groups on templates dictates the location, orientation, or alignment of
NBBs as well as the association state 88Y. Typically, the templating effect arises
from physical confinement of the templawifferential affinity of NBBs towards
template surface, or chemical bonding between ligands BBsNand templates.
Recent progress at this frontier has allowed one to asseNBEs in various
dimensionsinto longrange ordered structures with high yield, andobtain welt
defined orientation of NBB at single particle resolution. This largely fulfills the
requirement of assemblies on substrates for the applications including biosensors,
optical devices, metamaterials, etin this section, we discuss several categories of

assembly systems, classified based on the characteristics of templates.

1.1.1 Geometrically patterned template

Assembly based on geometrically patterned template utilizes topographical
patterns on a subste to direct the interaction and shape selective organization of
NBBs within the patterns. Representative topographical patterns include periodic
polygonal grooves, discrete spherical poles, parallel channels, etc. These templates
are usually fabricatedybtop-down approaches such as, photolithography, chemical
vapor deposition, inkjet printing, and focused beam (elestramns, laser etc.)
etching® To achieve desired assembly structures BBHN, the geometric parameters

(e.q., size, depth and geometry of patterns) have to be carefully tuned. By using this



method, various types of assemblies have been produced, sddctrase clusters,
one dimensional 1D) arrays, two dimensional ZD) monolayers, andthree
dimensional 8D) supercrystals.

Towardthe end of last century, Blaaderenal. reported the crystallization of
bulk colloidal crystals through slow sedimentatioh silica spheres onto a pele
patterned poly(metfi methacrylate) (PMMA) layef Xia et al. fabricated a series
complex aggregates of polystyrefieS) beads including polygonal or polyhedir
clusters, linear or zigzag chains and circular rings by combing physicphlimg
and capillary force& Thanks to the development on pattern design, great progress has
been achieved ifabricating diverse arrays &fBBs on patterned substrate with high
yield, good scalability anduperior morphology contr8l Recently, Bruggeet al.
realized the capillary assembly of Awmanorods RS into largearea ordered
structures on substrates with egietermined surface patteffisin this work, the
precise control over the organization of Au NRs on the substrate was acceunhplish
by subtlety design the geometry of traps. As shown in Figure 1.1, funneled traps with
auxiliary sidewalls were fabricated to effectively prevent the removal of NRs after
insertion into traps. With the introduction of the sidewalls, the assembly yieklugn
to 100%. The positional control of Au NRs goes down to hanometer scale. As shown
in Figure 1.1b, Au NRs can be selectively placed onto substrate with arbitrary

patterns by using this method.
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assembly of Au NRs onto substrates with geometrical patterns. (b) SEM images of
Au NRs patterns by topographically template capillary assembly. Scale bann250

(Adapted with permissiatf Copyright 2016, Nature publishing Group.)

Apart from directly modulating patterns on a substrate, confinement can be
used to control the organization ofBBs. Typically, a suspension of BBs is
confined between a topologically patterned template at the top and a smooth substrate
at the bottom. The subsequent evaporation of solvent in a controlled manner drives

the formation of orientated array ofB®Bs. The above templates function as both



regulatirg the solvent evaporation and controlling the deposition BB&Nat given
locations on the substrate. Typical templates such as elastomeric
polydimethylsiloxane (PDMS) stamp and highly oriented pyrolytic graphite (HOPG)
have been employed to provide coefinent effect to facilitate the formatioof
closely packed arrays &§BBs.!! In this case, the templates can be easily removed
and recycled, while the assemblies lefe on flat substrates. As an example, Ahmed
et al. reported the formation of perpendicular superlattices of hexagonally oriented
CdS NRs using HOPG templdfeA dispersion of CdS NRs in toluene was trapped
between a block of HOPG and a smooth silicon wafer. Upon the slow evaporation of
solvent, a larga r e a @) ~nnolayen of perpendicularly iented NRs was
formed on the substratéAnother practical confinement comes from the porous
membrane using anodic aluminum oxide (AAQO) template. By functionalizing the
walls, NBBs are able to anchor onto the walls via either chemically binding (such as
covalent bond) or physically binding (such as electrostatic attraction). Rubinstein and
cowor kers fabricated the freestanding
colloids solution through a silanized alumina membrane, followed by membrane
dissolution withbase solution?

In addition to templates with defined shapes, fliké assenblies of liquid
crystals can be used to guide the assembly BBS\ Liquid crystal molecules are
known to assemble into a range of liquid crystal phases such as nematic phase,

smectic phase, chiral nematic or cholesteric phase, cubic blue phase. Thasse pha

can serve as fsof tB8s irgoclangrdngebrdesed structureésr gani z e

Forexample, Smalyukh and coworkers demonstrated thakgtfment of Au NRs in



the anisotropic fluids ofiquid crystalst®> Nematicand hexagonal liquid crystalline
phases of a tertiary mixture composed hefxadecyltrimetplammonium bromide
(CTAB), benzyl alcohol,and water were used to guide the alignment of Au NRs
along the liquid crystal director. When a magnetic field or shearing force is applied,
the orientation of Au NRs can be switched, owing to the realignmentqoid i
crystals under external field. This method allows for unidirectional alignment of NRs
in liquid crystal matrix over large areas (up to millimeters), thus facilitating their
applications as bulk optical metamaterials. Defects in liquid crystal supetsts
can be also used to assembBBY, for example, the topological defect cores within
the selforganized blue phase of 3D cubic nanostructures can provide natural
templates tarap colloidal NBBs® However, to date only few types of NPs have
been assembled by using these 3D topological el

The assembly strategy using geometrically patterned templates allows for the
fabrication of largearea predetermined assembly structures with controlled geometric
parameters. Tése assemblies of BfBs can be readily integrated in a device
supported on a substrate and tailored for a broad range of applications in such as
sensors and optoelectronics by designing the templates. To facilitate the interaction
between template andBBs, this method often requires the surface modification of

NBBs with designed small or large molecules via such as ligand exchange.

1.1.2. Chemically patterned template
Chemically patterned templates such as carbon nanotube (CNT), polymer
matrix and peptide anostructures have been extensively explored for guiding the

assembly of BBs. In this method, the organization oBRs is determined by the



spatial arrangement of chemical functional groups that have strong affinity towards
NBBs. This approach enables awecontrol not only the postin and orientation of
NBBs with singleparticle precision, but also the formation dBBlarrays in a three
dimensional space. Here we exclude assembly templated by DNA nanostructures in
this section and leave this topic iretbection of ligangjuided assembly.

In a simplest scenario, 1D nanor micro-structures (e.g., CNT, nanofibers,
etc.) can be used to template the linear organizatiodB&fs. For example, CNTs are
attractive for temlating the 1D ordering of NB8dueto their intrinsic mechanical,
optical and electronic properties and intensively explored surface modification.
early example of CNT template salésembly of Au NPs was reported by
Fitzmaurice and coworkers, who obtained a close to monolayer covdrégeroAu
NPs absorbed at the surface of CNTs by mixing CNTs with tetraoctylammonium
bromide stabilized Au NP$.Later, CNTs were used to guide the assembly of NBBs
with various shapeshe first example of CNFTemplated assembly of Au NRs was
reported by Liz-Marzan and coworker€ In this work, Multiwall CNTs were
wrapped with poly(styrenesulfonate), followed by depositing positively charged
poly(diallyldimethyl)Jammonium chloride on the surface of CNTs. Au NRs modified
with negatively charged poly(vinylpyrrolidone) (PVP) werpeganized endo-end
into stripes on opposite sides of the CNTs, as a result of the electrostatic attraction
between NRs and CNTs. The etudend organization of Au NRs was attributed to
the anisotropic surface of NRs and a higher electric potentialtiedwt the NR tips
with high curvature than that at the side of NRs. The organization of NRs is not

necessary to be erid-end to form simple chains, when the template possesses more



complex structures. As an interesting example, chiral ribbons assefmdstedeptide

were used to template the sidgside arrangement of Au NRs ingingle helices
chiral arrays® At the early stage of assembly, spherical NPs were bound to the outer
face of the helical ribbon, the situone dimensional growth of s in the presence

of peptide conjugates was limited by the width of the helical ribbon, leading to the
formation of parallel array of retike particles.

Polymer matrix such ashpseseparated BCRIms presents a typical class of
versatile orgaie templae for the assembly dBBs.?! For assembly in homopolymer
matrix, the dispersion and assembly oBB¢ can be mediatethy a series of
parameters, such as volume content &BN, the type and length of ligands on
NBBs, and the length and comgality of matrix polymer?? With increasing
complexity, the majority of these polymeric templates are fulfilled with BCPs that are
capable of assembling into a rich variety of nanoscale nadogies in both solutions
and films.By mixing NBBs with BCPs in appropriate ratiNBBs can be selectively
incorporated into one of the phasegregated nanoscale domains, depending on the
miscibility between the BBs (or ligands on BBs) and BCP blockfathe host phase.
Generally, the spatial placement oBBIs can be realized by controlling the length
and chemical meties of each block of BCB3From the first example from Schrock
and coworkers who demonstrate the generation of plasmonic Nie l@mellar or
cylindrical microdomains of BCP as early 489224 a great variety of NBBs was
anchored within the domains of BCPs with precise control over the particle
localization and arrangement. In a classic example, Bockstelleal obtained

autonomous separation and organization of binary nanocrystals within alternating



arrays in the matrix of BCPs, as shown in Figure118.this work, aliphatic coated

3.5 nm Au NPs and 21.5 nm silica NPs were mixed with poly(stylezt@ylene
propylene) (PSPEP) solutionThe film of BCP/particle mixture was obtained, where
smaller Au NPs segregated to the intermaterial dividing surface between PS and PEP
domains, and bigger silica NPs located at the center of PEP domains. The interfacial
segregation of NPs is dependent the relative size of NPs and respective domain
dimensions. The sequestration of larger NPs dominants the reduction of
conformational entropy of PEP subchains, and the small NPs translational entropy

outweighs the decrease in entropy.

Figure 1.2Bright field electron micrograph of a ternary BCP/Au NP/Si NP mixture
with schematic illustration in the inset. (Adapted with permis&id@opyright 203,

American Chemical Society.)



Chemical patterns generated Ipye-obtained phaseseparated BCPs on a
substrate can be used tdestively absorb and organize NBBIn an early work by
Russell and coworkers, HEPMMA film with channels or pores on a silicon wafer
was used as templates to guide the assembly of poly(ethylene oxide) (PEO)
functionalized CdS&IRs?® The PEO ligand drove the CdSe NRs to migrate from
solution to the water/air interface, facilitating the absorbing of NRs into the
hydrophilic channels or poles of the BCP template. As a result, CdSe NRs were found
to align along the channel walls or aggregated in the pores. Later, more advances
have beemchieved on manipulating the orientation and spacing of NRs by tuning the
particletemplate and/orparticleparticle interactiond’ For instance, Vaiaet al.
demonstrated the control over single and dowdad&imn arrangement of Au NRs with
orientation parallel and perpendicular to template strips of-paiypylpyridine
(P2VP) regions on a substrat&

Compared with geometrically patterned templates, chemical patterns afford
additional flexibility in guiding the assembly ofB8s, due to the selectivity in the
interactions between BBs and templates. Thus, this method eesifaine to control
the spacing and orientation ofBBs. However, assembly using chemical patterns
heavily relies on the chemical interactions between particles and templates. As a
result, this method usually requires surface modification BB&l and molecalr

design of template surfacand mostly these templates canhe repeatedly used.

1.2 Field-driven Assembly

The intrinsic anisotropy in shape, dipole moment, and charge distribution of

NBBs makes them readily to be aligned under external fealgl, @ectric, magnetic
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field or fluidic shearing). The literature is burgeoning with research on the directed
assembly of BBs under external field. In this section, we review several types of
field-driven assembly strategies, including electric or magnetitd-&issisted

assembly, and assembly in fluid flows.

1.2.1 Assembly under electric field

Electric field is an ideal external stimulus to drive the organizatioNRBSs
that carry a net charge or permanent/induced electric dipole moment. Under electric
field, NBBs with a net charge align their longitudinal axis along the direction of the
field lines and migrate towards the electrode of applied electric field. When there is
no net charge, the polarization oBRs under electric field induces the digalipole
interaction between NBS which drives the alignment ofB8s parallel to the field

lines. The dipolalipole interactions between particles are denoted as
U=p @S|é:|2 a’E?, where g, is the permittivity of free spaceg, is the solvent

dielectric constantC is the dipole coefficienta is the particle radius, ané is the

field amplitude?® For anisotropicNBBs, the potential energy of orientation is related

to the anisotropy in electric polarizability ofB®s, which is determined by the
electric polarizabilities parallel and perpicular to the main axis of theBBs.?° The

key challenge of arraying BBs from chaotic dispersion is that the dipdipole
interaction has to be strong enough to overcome the thermal daergig assemble
NBBs by this method, electrodes are placed parallel or perpendicular to substrate to
apply a drect current (DC) or alternating current (AC) electric filed. To ensure the

orientation of NBBs, a number of parameters need to be tuned, including magnitude
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of electric field, frequency of the alternating voltage, the sizeRB4$\ the ligand on
NBBs andthe solvent? 3°

Most studies of electric field assisted assembly used spherical NPs as building
blocks. For example, Hmansoret al.reported a class of microwires assembled from
agqueous suspension of metallic NPs by dielectrophoresis. When AC electric field
(=250 V/cm) was introduced to the suspension of Au NPs, microwires of micrometer
diameter and millimeter length weeiobtained quickly with a growing rate up to 50
e 1ts. The formation of wires was explained by the collective effect of electrostatic
attraction and dielectrophoretic foree.Later, the same group accelerated the
formation of closgpacked 2D crystals from colloidal particlesder ACelectric field
generated in a coplanar electrodgstent? In this work, suspension of PS
microsphere was placed between two planar electrodes. Within 2s after applying an
electric field, the fast chaining of latex spée was observed due to the dipolar
interparticle attraction. As more chains formed, the lateral interactions between these
chains induced the formation of hexagonally cipaeked 2D array of particles
(Figure 1.3). The abovmentioned chaining and cry#itzation of colloidal particles
under electric field are mostly reversible: the assemblies of particles disassemsbled
soon as the field is turned off. The same group later developed the permanent
chaining of particles by cassembly of positive and nedge particles under AC
field.3® A binary mixture of oppositel\charged PS spheres was subjected to two
coplanar electrodes, and a figfdluced chaining of random sequence was observed.

Once the electric field was switched off, the break of all chaining between equally
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charged neighbors resulted in permanent altempathains of positive and negative

particles persist due to the electrostatic attraction.

(a) Chaining due to dipole attraction
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Figure 1.3 Directed assembly of polystryrene spheres under AC fileeb) (a
Schematics of twastage mechanism of crystallization. (c) Optical microscopy image
of 1D chains formed immediately after applying field. @ptical microscopy image

of 3D hexagonal crystals aligned by the figldldapted with permissio??. Copyright

2004, American Chemical Society.)

Recent work shows that the anisotropic shape of building blocks can have a
powerful impact on the spatial orientation of NBBs under external field. For instance,
semiconducting CdS and CdSeRBl possess induced and/or permanent dipole

moment due to their noncentrosymmetsiartzite lattice. When an external electric
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field is applied, these NRs preferentially align along the direction of fielcd*lide

study on the relationship between polarizability and size of TO®@redCdSe NRs

in cyclohexane under electric field confirmed the existence of permanent dipoles as
well as the correlation between dipole strength and volume ofNRse unscreened
permanent dipole moments of the NRs were found to linearly increase with increasing
their volume.

When electric field is combined with slow solvent evaporation, the assembly
process produeestructures with closelpacked NRs. Fornstance, upon the
evaporation of toluene, CdS NRs aligned perpendicular to the substrate to form 2D
hexagonalarrays under a DC electric fiell Additionally, the assembly process
produced an AB layered 3D superlattice of NR arrays in which the upper NRs were

selectivdy placed in the interstitial spacing between NRs in the underlying layer.

1.2.2 Magnetic field

Magnetic field has been widely used for organizBBs with permanent or
field-induced magnetic dipole moment. Magnetic field can be generated by
permanent ngnets or electromagnet. The magnitude and spatial distribution of field
can be tuned by changing the position of magnet relative to the building blocks.
Under an external magnetic field, the dipdipole interactions between particles can
be attractive orepulsive, depending on the angle between the magnetic field and the
line connecting the dipoles of particfsFor 1D NRs, the dipoidipole ineractions
between NRs are attractive when the NRs take-teadd configuration, while being
repulsive for sideoy-side configuration. The dipole moment oBRis aligned along

the magnetic field line to form chains when the dipdifgole interaction is aleast
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one order of magnitude greater than thermal endtgyexample, when the NPs are
close enough, a collective effect of dipalipole interactions and van der Waals
interactions direct the chain formation of maghemite NPs by applying a magnetic
field parallel to the substrate of ferrofluid solut@nWhen the concentration of
NBBs increases, the individual chains may become unstbdalding to the formation
of 2D arrays of NBB. Ahniyaz et al induced a magnetic field perpendicular to the
substrate surface of maghemite nanocubes (NCs) during the initial stage of drying
process, leading to the formation of large and defect freetedesuperlattice®’ In
another work, millimeter sized assemblies of aligned cobalt NRs were obtained by
drying a dispersion of the NRs under a homogenous miagfieid.*® When the
concentration of BBs is high, 3D structures can be obtained. As an example, 3D
triclinic crystal structures were produced by assembling ellipsoid&)sF&O, core
shell particles under magnetic field*

In a recent work, Singh and coworkers reported the formation of helical
superstructures by assembling magnetite NCs at Higuithterface with application
of external magnetic field® The magnetocrystalline anisotropy of the magnetic NCs
favors cornetto-corner interactions, however, the shape anisotropy from cubes favors
faceto-face interaction. Threfore, the axes of preferential magnetization [111] do
not respond to any of the direction favoring close packing. As a result of the
competition between shape anisotropy and magnetocrystalline anisotropy, various
types of superstructures were produahending on the density of NO&/hen the
surface concentration of the particley Was around 20% of the monolayer coverage,

1D belts with high aspect ratios were obtained with the crystallographic axes of NCs
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oriented parallel to the long axes of békgyure 1.4a)Whenc > 1.5, the belts folded

intosinglest randed helices, arising from the ori
magnetic field line (Figure 1.4b). Meanwhile, a high valuecaddilso led to the

widening of the helices and eventuallyetiiormation of double or even triple

stranded helices in which singstranded helices wrapped around with each other

(Figure 1.4c,d).

30 nm

Figure 1.4 Selfassembly of magnetite NCs into helical superstructures. (a) SEM
images of 1D belts. (b) TEM image sihglestranded helices. (c) SEM image of an
array of double helices. (d) SEM image of an array of triple helices. Inset: the end of

a triple helix. (Adapted with permissiof?. Copyright 2014, Sciace.)

Shape and constituent anisotropy dBBé can be introduced to control the

assembly pathwato produce new assembled structures. Gragickl. developed a
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magnetic fieldassisted assembly of magnetic Janus rods into a fascinating class of
colloidal ribbons and ring4® Silica rods were coated with a hemicylindrical nickel
layer to provide pemanent dipole and anisotropic interactions. When the Janus rods
were subjected to a strong magnetic field, individual rods align their short axis along
the magnetic field and stack into ribbons. When the field direction was switched, the
ribbons bucked imt rings due to the faster response of ends of ribbon to follow the
reversal field than that of the main body of ribbon. This work demonstrates the
fascinating complexity that can be achieved in a-eguilibrium dynamic assembly

system.

1.2.3 Flow field

As a universal directional force, flow field can be used to direct the assembly
of NBBs, not restricted to BBs with electric or magnetic dipole. The shearing force
imposed by the flow can drive theBBs to align in the direction of the flow, similar
to theflow of river pushing logs parallel to the riverside. Microfluidic technique is
often adopted for assembly oBBs, in combination with confinement of selectively
patterned surface. When a suspension &B8l passes through a microfluidic
channel, the BBs preferentially aligned along the flow direction due to the shear
force?* The alignment and organization oBBs will be destroyed when the flow
field is removed. Thus, chemically patterned surface is used to preserve the
assembled structures through the chemical interactions betvwi®s &hd substrate.
A pioneer work by Liebeet al. showed that parallel arrays of NWs with controllable
separation and complex crods&Ws array can be fabricated by using fluidic

channels® The scheme in Figurg.5 illustrates the assembly process as flowing the
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NW suspension inside a PDMsased microfluidic channel. A variety of NWs with
different dimensions and compositiors.d, galium phosphide, indium phosphide
and silicon NWs) were used as building blocks is tork. With controlled flow rate

and duration, parallel arrays of NWs with up to millimeter length scales were
fabricated. The degree of alignment could be improved by increasiniptheate.

The average separation of aligned NWs exhibited a negativelation to the flow

duration. Moreover, crossed and more complex structure was realized by sequentially

assembling NW arrays with different flow directiandayerby-layer mannef®

(@)

———
| —— ]
(b) parallel array
| o

—
H 12

first layer second layer crossed array

Figure 1.5 Assembly of parallel and crossed NWsing fluidic channels (ab)
Scheme of flow assembly to form parallel NWs array (a) and multiple crossed NWs
array(b) using fluidic channel. (c) SEM image of parallel arrays of indium phosphide
NWs. (d) SEM image of crossed arrays of indium phosphide NW. Scale lsam?2

(Adapted with permissioff. Copyright 2001, Science.)
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The assembly of BBs can bdriggered by varyinghe solvent composition of
fluids, when the surface ofBBs is functionalized with ligands that are responsive to
the quality of solvents. For instance, Nie and coworkers used a midiofflow-
focusing device to assemble amphiphilic BCPs tethered Rs &hd Pt NPanto
Januslike vesicles that can act as vesicular motors for controlled reléasethis
work, PEOb-PS tethered Au NRand Pt NPdispersed in tetrahydrofurafTHF)
was introduced into the central channel, while two steams of water were introduced
from two side channels. Water works as a poor solvent for PS blocks of BCP tethers.
The diffusive mixing of the two fluidic flows along the transverse direction changed
the quality of solvents and triggered the formation of hybrid vesicles. The diameter
and phase domains of Janus vesicles are dependent on the flow rates of fluids and the
relative concentration of building blocks.

As nmertioned above, the fieldriven assembly shows the following
advantages over others. First, it allows effective control over the directionality of
NBB arrays by varying the field direction. Second, the driving ®kassembly can
be readily tuned by controlling the direction, magnitude and spatial distribution of
field. As a result, the fieldiriven assembly can be designed to be reversible and
switchable. Third, when electric or magnetic field is used, the asgemtcess is
independent on experimental conditions, such as pH, temperature and solvent quality,
because there is no direct contact betweBB&Nand resource of field. Last but not
the least, it is scalable and can be used for the fabrication ofdergeassembled
structures. This assembly method, however, has some limitations. The electric or

magnetic fieldassisted assembly requires that the NCs are responsive to the field.
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Additional treatment of resulting assemblies is required to retain the sasicftier
the field is removed. Moreover, as the directionality of most fields is one

dimensional, the diversity of assembly structures is limited.

1.3 Assembly at Interfaces and Surface

Interfacial assembljas been widely explored for assemblingB¢ into 2D
periodical arrays or 3D latticergttures. The organization of NBBs driven by the
reduction in the interfacial energy when patrticles are transferred from one phase to
the interface. Depending on the types of interfaces, the assembly method can be
classified into several categories, including ligliepiid, liquid-air and liquidsolid
assembly. Controlled solvent evaporation is commonly used to confine the particles

within predetermined area.

1.3.1Liquid-liquid interface

The selfassembly of paktles at liquidliquid interface started a century ago
when Pickering and Ramsden observed that ns@ed particles €.g, silica
particles) forned a resistant film at the interface, which is called as Pickering
emulsion*® Later Pieransket al. pointed out that the assembly of spherical particles
at oil/water interface is attributed to the dexse in the total free energy by placement
of a particle at the interface. The reduction in energy can be described using the

following equatiorf®

pE =20 (g0 (g 9T

o/W
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Here, r is the radiusof particle, g,,, . g, » and g,,, are the interfacial tension

between oil/water, particle/water and particle/oil, respectively. 6 s obvi ous t hat
particles can be trapped at the ifaee more effectively, for NP#he thermal energy
iIs comparable to the interfacial energy, while the wettability of the particle surface
can also be tuned to reduce the desorption energy. In a classic work finished by
Russell 6s gr oup, NPOWDa diametdr ofl2i8 nre dispetsd B e
toluene organized at the interfaces of water and toluene, forming a monolayer at the
interface to stabilize the droplt.

For rodlike particles, the interfacial energy change of placing a NR onto the

interface can be divided intDE, and DE,, which correspond to the orientation of a

single NR parallel or perpendiculdo the interfacé' Russell and Emricket al.
studied the assembly of TOR®vered CdSe NRs at toluene/water interface and

found that the NRs preferred to orient gl to the plane of interface at low

concentration. This was attributed to the fact thatinterfacial energy loss &k, is

about 40 times larger thddE. , due to the larger surface area for parallel daigon

of NRs compared with perpendicular orientafténThe assembly process is
dependent on a range of parameters, including size and concentration of NR, the
wettability of particle surfaceand the choice of two liquids. Large area of
smectic/nematic structures of laterally aligned NRs can be obtained by solvent
evaporation from a suspension of NRs in a volatile solvent on top of.%ater

For NWs with aspect ratio much larger than NRs, they are more favorable to
adopt a parallel orientation at the interface. For instance, millinsezed monolayer

of densely aligned & NWs was obtained by spreading oleylarmoated Au NWs
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dispersed in hexane on diethyleneglycol (DEGYhe longrange ordering of NW
arrays can be used to guide the lateral assembly of other small building blocks such as
nanospheres (NSpandNRs in a binary assembly system. For instance;Mazzan

and coworkers reported the binary ssdsembly of Au NWs and Au NSs/NRs at
liquid-liquid interface® A mixture of Au NWs and Au NSs/NRs were dispersed in
hexane and drop cast on the agg of DEG. The evaporation of hexane in a
controlled manner led to the formation of a film of binary assemblies in which the
NWs acted as oriented template to guide the linear organization of NPs or NRs along
the long axis of the NWs (Figute6a, 1.60). In contrast, drying of the same colloidal
mixture on solid substrate led to the formation of 3D NW bundles integrated with
NSs and NRs (Figurg.6c, 1.6d).

The template of liquidiquid interface can arise from the condensation of water
droplets during tl fast evaporation of volatile solvents. Zubaretv al. used
condensed water droplets to template the organization of Au NRs intdikeng
superstructure® Upon the evaporation of solvent, f8ated Au NRs dispersed in
dichloromethane(CH2Cl,) spontaneously assembled into ring structures with high
yield. The ring formation was attributed to the template effect of water
droplet/CHCI, interfaces formed from the condensation of water during the

evaporation of highly volatile solvent.
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Figure 1.6 Co-assembly of Au NWs and Au NSs/NRs at liqtiggliid interface (a-b)
TEM images of linear binary assemblies of Au NS (a) and Au NRs (b)AmitN\WSs.
(c-d) SEM images of Au NSs (c) and Au NRs (d) embedded in Au NW bundles.

Scale bar: 200 nmA@apted with permissiofr. Copyright 2010 Wiley-VCH.)

1.3.2 Liquid-air interface

The assembly of BBs at liquidair interface via LangmuiBlodgett (LB)
technique can produce largeea monolayer of parallelBBs. As shown in Figure
1.7, NBBs dispersed in an organic volatile set €.g, chloroform or hexane) are
spread evenly over wateurface using a LB trough. The NBBform a water
supported monolayer at the interface after the evaporation of the top liquid. The

lateral compression at a controlled speed generated a compactayer of ordered
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NBB arrays, which can be subsequently transferred to desired substrate by horizontal
or vertical lift-off. Largescale assemblies of both closely packed arrays and well
defined patters with low packing density diBBs have been produddy using the

LB technique’” The formation of B arrays can be tuned by varyingetisize,
passivating ligand of NB8 and surface pressure. A pioneer work by Yang and
coworkers reported the fabrication of a monolayer of Ag NW arrays with area over 20
cn? using this technique’® Ag NWs were functionalized with -iexadecanethiol
ligands to render hydrophobic surface and were dispersed in chloroform. The packing
density of NWs increased gradually with the increase of surface tension. Above a
certain surface tension, the monolay@iderwent an insulator to metal transition,
implying a remarkable sidby-side alignment of Ag NWs parallel to the trough
barrier (Figurel.7c-d). Owing to the ease in transferring the assembled film to
desired substrate, mulayer films can be preparedy brepeatedly depositing
monolayer film onto a substrate to produce, rrégh mesostructures with defined
cross angle between layers in a laggflayer fashior?’s °8 It is worth mentioning

that in order to disperse BBs in solvents above the water phase, it is usually
necessary to functionalize B¥8s with hydrophobic capping agent via ligand

exchange.
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Figure 1.7 Assembly of Ag NW using LBechnique (ab) LB NW assembly process
at initial (a) and final (b) compression stage:dfcSEM images of Ag NWs
monolayer at differenimagnification. (Adapted with permissiéff Copyright 2003,

American Chemical Society.)

When relatively short NRs are used, the organization of NRs is largely
dependent on the size, aspect ratio and surface functionality af’ANRsAs in a
study by Yanget al, BaCrQ NRs with small aspect ratio 81) exhibitel an
assembly transition from isolated réike aggregates to 2D smectic arrangement and
further to 3D nematic configuration with increasing surface pres&the contrast,
longer NRs with aspect ratio of ~150 asserdhihto nematic layer with NRs aligned
roughly along the same direction and into bundles of NRs when the compression is
strong. The experimental observation is in good agreement with the simulations on

the phase behavior of hard rods.
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1.3.3 Evaporation méiated assembly on solid surface

Evaporation mediated assembly offers a simple inexpensive method to produce
highly ordered clospacked superstructures oBBEs on solid surface. Typically, a
dispersion of ®Bs is allowed to dry and assemble on solid sabstinto well
ordered structures under a confined geometry and at a controlled drying rate. During
the drying process, if the evaporation of liquid is faster than the diffusioBBENh
liquid, the local particle concentration will be larger in the arght underneath the
liquid surface. The surface tension will drive the -ses$embly of BBs into 2D
monolayer at the surface. Continuous evaporation results in the formation of another
layer on the surface of the first layer. The receding of the evioorfaont pulls the
particles in solution towards the drying front by convection, depositingoxedred
particles in the drying front gradually.

The organization of BBs is largely determined by various parameters,
including shape and concentration NBBs, assembly conditionse.g, solvent,
temperature) and surface propergyg, hydrophobicity) of substraf® Wang et al.
studied the shape dependency of assembly of nanocrystas by solvent
evaporatiorf! Au NRs assembled preferentially into nematic sonectic A phase
(Figure 1.8b, c).When binary Au NRs with different diameters (and different
resulting aspect ratios) are used, the two pommratiof NRs seleparated to form
smectic superstructuréfigure 1.8d) Other shaped\NPs such as polyhedraNCs
and bipyramids formed hexagonally packegtragonally packed and nematic/three
dimensionally ordered structures, respecti&ligure 1.8 eh). Korgelet al. explored

the selfassembly of CdS NRs at a relatively low surface coverage on a substrate. The

26



assembly process produced networks of stripes consisted of NRs packed next to each
other and aligned parallel to the stripe direction, rathen tlosepacked assemblies.
Increasing the concentration of NRs led to the formation of perpendicular orientation

of NRs in a smectic phasé

o=
( CTAB

Au nanorod
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e e evaporation e
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Figure 1.8 Evaporation induced assembly of Au nanocrystals. (a) Schematic
illustration of evaporation mediated assembly of Au NRs on substratg. SEM
image of nematic (b) and smeetic(c) superstructure forndeby Au NRs with aspect
ratio of 4.4. (d) SEM image of the saléparation of smectic superstructure formed by
Au NRs with aspect ratio of 4.4 and 3.8:h)eSEM images of hexagonally packed Au
polyhedral (e), tetragonally packed Au NCs (f), 3D ordered dg)l nematic
superstructures (h) of Au bipyramid®Adapted with permissioft Copyright 2008

Wiley-VCH.)
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The evaporation rate of solvent, which is dependent on factors such as
temperature, partial pressure and volatibfysolvents, is crucial to the formation of
well-ordered structures. In addition, a few other parameters such as polarity and
permittivity (for chargd ligand) of solvent also plan important role in controlling
the solubility and interaction of BBs. As an example, Kostest al observed the
transition of NR assemblies from nematic to hexagonal packing, wheipaian
solvent €.g, toluene) was changed to polar solveng( ethanol or watery

The aforementioned research illustrates the inherent complexity in the
dynamical process of dryingediated selaissembly* For better understanding and
control of assembly, it is necessary to systematicallyinope the assembly
conditions and quantitatively assess the assembled structures. For instance, Alivisatos
et al. aligned CdS NRs vertically on many dewviedevant substrates at centimeter
scale and quantitatively analyzed the orientation distributioNR$ over the entire
film .64 The quantitatie study established a correlation between the assembly
conditions (i.e., temperature, aspect ratio of NRs and substrate) and the overall
orientation of NRs. At the optimal condition, 96% vertical alignment of NRs orn’1 cm
silicon nitride substrate was obtad.

Selfassembly at interface and surface provides a facile and affordable way to
efficiently organize BBs into largearea ordered structures. The assembly method
does not require expensive apparatus. A rich variety of assembly morphologies can be
obtained, including loose or close packing, parallel or verticalyarmonolayer or
multi-layer of NBBs. In this method, solvent and ligands oBB¢$ have to be

carefully selected and assembly conditions need to be optimized beforardeage
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ordered struct@s can be generated. However, the complexity and hierarchy level of
the overall assemblies by this method is restrained by the nature of this method. In
order to achieve more complex organization d@BY, it is usually necessary to

combine this approachithi other assembly techniques.

1.4 Ligand Guided Assembly

Functional ligands capped on the surface BBN or dispersed in solution are
routinely employed by chemists to control the organizationBB&at the molecular
level. Generally, a diverse rangéligands €.g, small molecules, polymeric species
or biomoleculeskan contribute to the assembly oBBIs in the following ways: i)
serve as a linker to guide the assembly via molecular recognition of functional
groups; ii) serve as scaffold to direttetassembly via both spatial and chemical
template; and iii) serve as demdtadditives to drive the assembly via depletion
force. As a result, this assembly strategy allows one to orgaliBs Mto structures

with high complexity or precision.

1.4.1 Smd molecules

In general, small molecules possessing short chains diffuse faster and bind
more efficiently to the surface ofB¥Bs than large molecules. Small molecules have
been extensively expted of guiding the assembly diBBs. A frequent choice of
suchligands is bifunctional molecules of which one group binds to tB8dNand
leaves the o#tr group free to bind another NBBifunctional ligands such astdiol
molecule, thioalky carboxylic acids, cysteine and glutathione can bewsdee the

assemb} of Au and Ag nanocrystaldue to thebridge effect of the ligangf. For
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instance, Novaket al obtaineda series of supracolloids such as dimer, trimer,
tetramer by tethering Au and Ag NPs with thioacégyminatedphenylacetylené>?
Other than covalent or hydrogen bonds of bifunctional linker, a series of molecular
interactions can be employed to guide the assembNBdds. They include solvent
mediated hydrophobicinteractions between alkanethf§l coordination bond
formation of transition metal complex&selectrostatic interactions between charged
NBBs (or between charged linkers anBBs), etc®®

The abovementioned small moleculespontaneously interact to drive the
assembly upon BB collision. In addition, molecular linkers that can be regulated by
external stimuli such as light and pH change are also attractive for the development of
responsive assembly systefrs ®° Liz-Marzan et al. reported the use of a
femtosecond laser irradiation to assist the assembly of Au NRs into dimers while
inhibiting the formation of trimers and longer oligomé¥sin this work, dithiol was
used as molecular linker. Au NRs with appropriate aspect ratio were used to ensure
that the laser wavelength is in resonance with the longitudinal LSPR bands of trimers
and longer oligomers, but above that of monomers andrsiripon irradiation of
800 nm, the localized enhancement of electromagnetic field at interparticle gap led to
an increase in local temperature and the decomposition of molecular linkers within
trimers and longer oligomers, thus leading to a significacitease in the yield of
dimers. The pH dependency of ligands provides another route to achi¢venea
control over the assembly of NRs. For example, Wetrgl. reported a reversible pH
controlled assembly of Au NRs by mixing NRs with a class of bifoneti molecules

such as 3dnercaptopropionic acid, ihercaptoundecanic acidylutathione and
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cysteine®>® The different charge states of these molecules in selective pH range were
assumed to result in the reduction of locally repulsion between NRs and hence the
assembly of NRs.

The addition of a nonsolventghnd, (e, depletant additivexan induce
instability and subsequent assembly @&B$. The depletant additives usually have a
high solubility in the solvent, but they do not interact with the NBBs. When particles
in solution approach each other, an osmotic pressure in the volume begween
the particles arises, which cannot be occupied by the additive. Therefore, the
attractive interaction between the particles is generated to drive the assembly of
particles, refers to the depletion force. Except for the size and concentration of
additives, people can also tune the strength of depletion interaction by the shape, size,
and concentration of colloidal particl&sCao and coworkers reported the assembly
of CdSe/CdS corshell semiconductor NRs into spherical or nekshaped
superparticles with multiple supercrystalline domains by -ceeting NRs with
dodecyltrimethylammonium bromide (DTAB) factants’®® As shown in Figure 1.9,
CdSe/CdS NRs originally capped with octylamine @ctadecylphosphonic acid
(ODPA) was first transferred into water to form NRicelle solution by mixig the
NRs with an aqueous solution of DTAB. Subsequently, continuous transfer of the
NR-micelle solution into ethylene glycol led to the detachment of DTAB molecule
from the NRs and triggered the fast assembly of NRs. The amount of DTAB was
found to affectthe kinetics of superparticle formation and control the size of
superparticles. The selective removal of ligand of NRs can also change the surface

chemistry and drive the anisotropic interactions among.NRecently, an entb-
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end connection of CdSe NRs driven by the ligand desorptisorption equilibrium

at the NR surface was reported by Nakashahal. CdSe NRs were modified with
watersoluble small molecular thiols such as-(dmethylamino)ethanethiol
hydrochloride (DMAET). During static aging of the aqueous solution, the weaker
binding affinity of DMAET at the NR ends led to the formation of amphiphilic NRs
with hydrophobic ends and hydrophilic sides and the consequento-@mdl

association of such NRs due to hydrophobic effétt

W

Octylamine

Figure 1.9 Spherical superparticlesormed by CdSe/CdS NRs(A) Schematic
illustration of the formation of superparticles form CdSe/CdS NRsP)BEM
images of superparticles made from NRs with length of 28amd width ¢ 6.7 nm.

(Adapted with permissioff® Copyright 2012 Science.)
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1.4.2 Polymeric species

Polymers represent an attractive class of ligands for guiding the assembly of
NBBs, as the functionali of polymers can be readily tailored for different
applications® The flexible length, chemical composition and conformation of
polymer species play a more povwrrole on tuning the interparticle spacing and
spatial arrangement of NBBs. This is especially meaningful for increasing the
structural tunability of superlattice, as interparticle distance can be experimentally
tuned with high precision ranging from one several tens of nanometers. For
instance, Yeet al. fabricated 10 different 2D and 3D superlattices byassembly of
binary NPs grafted with polymefé.In this work, Au NPs and R©®s NPs with
different sizes were tethered with thierminated and carboxytrminated PS,
respectively. A rich variety of 2D and 3D binary superlattices were formed by slow
evaporation of toluene solution of mixed particles on topD&G. The use of
polymeric ligands allows precise and quantitative control over the interparticle
distance compared with small molecule ligand.

According to Glotzerds simulati-on wor k:
tethered MBBs can be consideredas@&@w cl ass of fAmacromol ecul e
can be controlled for the generation of new mateffaEhese building blocks have
the features of commdBCPs while show much richer assembly structures due to the
additional features inducday the BBs 6 r i gi dity and geometry,
immiscibility of polymer tethemndNP. For i nst ance, Ni ebs group
of amphiphilic colloidal molecules by tethering Au NPs with amphiphilic block

polymers such as PEBPS’® The change on the solvent quality will drive the
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assembly of the hybrid Au NPs into wekfined tubular and vesicular structures
composed of a monolayer of hexagonally packed Au NPs.

The anisotropy on geometry of the particles will furtihieh the assembly
behavior of the polymer grafted building block¥ake NRs as an example,
amphiphiles consisting of NR tethered with a single polymer at one end can form a
rich variety of phases, including smectic C phase;zawgy lamellar phase, cubic
micelle phase, monolayer/bilayer arrowhead phase, tetragonally/hexagonally
perforated lamellar phase, honeycomb phase, double gyroid phase, and hexagonal
chiral cylinder phasé&* 7 The formation of different phases is strongly dependent on
the relative fraction of polymer tethers and aspect ratio of tethered NR. For laterally
tethered rod, the amphiphiles as®daninto centered rectangular stepdabon
phase, lamellar phase, helical scrolls, honeycomb grid, pentagonal grid, square grid,
and bilayer sheet structures, depending on the length of NRs

The concept of NP amphiphile made from single polymer epaifted NPs is
intriguing. Liu's group realized the monofunctionalization of udtnaall Au NPs (<4
nm) with a single amphiphilic triblock copolymer in a sto@hetric reaction
manner’® The triblock copolymer consists of one hydrophilic block PEO and one
hydrophobic blocks PS at the ends, and an middle block poly(lip@c2atydroxy
3-(methacryloyloxy)propyl estero-glycidyl methacrylate) which can bind with 1,2
dithiolane functionalized Au NPs. The asymmetrically functionalized Au NPs were
able to assemble into micelles, vesicles and rods based on the rich microphase

separation behavior of the amphiphilic surface block.
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However, 1D NRs grafted with single polymer chdmas barely been
demonstrated in experiments date. This is largely due to two reasons: i) the
challenge in the synthesis of such building blocks, andhe mismatch in the
dimension of single polymer chain andPNnstead, researchers selectively modified
NR with many polymer tethers at both ends to construct NP amphiphiles, which can
assemble into various functional structures. As an inspiring examdplaachevaet
al. selectively grafted thielerminated hydrophobic PS to both ends of hydrophilic
Au NRs covered with CTAB at the longitudinal side. The preferential grafting of
polymers at ends can be explained by the deprivation of CTAB ligands dtlthe (
crystal facets at ends of the rods. The resulting building blocks could assemble into a
range of structures including rings, nanochains, bundles, nanospheres and bundled
nanochains in selective solvents, analogous to ABA amphiphilic triblock copolymer
(Figure 1.10).”® The formation of different assemblies was attributed to the
amphiphilic feature of P8rafted NRs which possess hydrophobic ends and

hydrophilic center.
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CTAB - coated gold ranorod

Figure 1.10 Selfassembly of polymer tethered Au NRs in selective solvents) (a
SEM imayes of selHassembled Au NR structures: rin@ and chains (b) formed in
dimethyl formamide (DMF)/water mixture at water content of 6 and 20 wit%,
respectively; side-to-side bundles of NRs (c) and nanospheres (d) fornred
THF/water mixture at 6 and 20 %, respectively; bundled NR chains obtained in
DMF/THF/water mixture at weight ratio of liquids 42.5:42.8: (Adapted with

permission’® Copyright 2007, Nature Publishing Group.)

1.4.3 Biomolecular ligand

DNA strands are extremely attractive in precise positind organization of
colloidal NBBs owing to their programmable bapairing interactions, ease in
introducing different functional groups, and readily automated synthesis. Single or
numerous DNA strands can be bonded to the surfac@B&No gude the fabcation
of discreteclusters or welbefined superlattices via DNfecognition interaction®’

Mirkin et al. proposed a set of basic rules for designing nine crystallographic

symmetries using DNA as a programmable lifkét. at e r |, Gangbs group
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general approach to create heterogeneous NP superlattices-dgsernbly of
multifunctional single stranded DNA capped N¥sTikhomirov et al. reported the
seltassembly of quantum dot complexes with various valence using CdTe NPs
capped with wetdesigned DNA sequenc&sDNA functionalized CdTe nanocrystals
were synthesized via a opet process. The DNA ligand was composed of three
domains: a quantwdotbinding domain which can tune the spectral properties and
the valence of the quantum dots during synthesis, @sgantaining phosphodiester
linkages which can tune the interparticle distance, and a-DiN&ing domain which
hybridize with the complimentary domain from another particle. As shown in Figure
1.11, CdTe NPs with 5 differemalencesand brightness werebtained, which can
further assemble into a variety of quantum dot complexes using similar core quantum
dot but with different valence (Figure 1.11b). More intricate structures were also
obtained including linear ternary complexes and cebsgped ternargomplexes, as

shown in Figure 1.11c.
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Figure 1.11 Quantum dots complexes formed by DMApped CdTe nanocrystals.

(@) Schematic illustration of synthesizing DNA coated CdTe nanocrystals with
tunable spectral property and valence, and their further &bgémo quantum dots
complexes via DNA hybridization. (b) Quantum dots assemblies using same red
particle with valencesof 1-5 to bind with different number of green patrticle. (c)
Symmetricbinary system made from the same green patrticle (left); lineaarte
complex (middle) and crosshaped ternary complex (right) made from three different

dots. Adapted with permissioft. Copyright 2A.1, NaturePublishing Group
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The shape effect of BBs on their assembly behaviongere studiedusing a
series norsphericalNBBs. It was found that the shape NBBs strongly dictates the
resulting crystallographic symmetry of assembled superlaffice. 2D supedttice
assembled from Au NRs exhibited long range hexagonal symmetry. In contrast,
triangular nanoprisms, with length and width greater than its depth, assembled into
1D lamellar arrays with particles stacked anfaceto-face configuratio? This
anisotropic shape largely facilitates the directional bonding interactions by
maximizing DNA linker interactions to reach the most stable structure. The
complementary interactions between DNA ligands are reversible, thaisliren
responsie assembly of NB8 and tunable properties of assembled structures. For
instance, assembly and disassembly of BidAfted Au NRsin response to
temperature variation can be used to reversibly tune the plasmonic circular dichroism
response of the systéthGanget al. fabricated 1D laddelike ribbons with sideby-
side arrangement of Au NRs using singteanded DNA as molecular link& The
reversibility of DNA hybridization allows the temporal evolution of tiBbons into
3D morphology at later stages of assembly.

Folding programmed DNA sequence into intricate geometries constructs DNA
origami which can be used as template to program the positioBB$.& The DNA
origami is formed by folding a long scaffold strand with the help of hundreds of short
60stapled strands i nt aefired shapeshygically, Dindn@ D and
regions are incorporated intbet origami to capture particles bearing complementary
DNA sequence. Sophisticated superstructures with precisely positiBiBs can be

constructed by designing the pattern of the capturing strands on the st&ifoiyk
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et al. designed a DNA origami with 2HBelix bundles which contains nine helically
arranged anchoring site for Au NPs coated with complementary strgleded
DNA.®" The conjugation of Au NPs with the attachment site results indaft right
handed nanohelices composed by nine Au NFBing et al. constructed a
nanoplatform by assembling single Au NR on the surface of triangular-@igami
structures with DNA capture strands extended from one arm of the teffiplate

Other biological molecular recognitisr(e.g, antibodyantigen interactions)
have also been utilized to assemiBBs. Take the assembly of NRs as exampte, i
a pioneering work by Murphet al, biotinrcoated Au NRs assembled etodend
upon the addition of streptavidi Kotov and coworkers assembled Au NRs carrying
MC-LR antibodies or its ovalbumin antigen in both sideside andendto-end
modes in a controlled manm&More complex assemblies can be generated when the
presence of proteins is localized. Rostance, goldipped CdSe NRs immobilized
with avidin and biotin on the Au nanodomain organized into dimers, trimers and
flowers of NRs, depending on the ratio of biotin and avidin to.NRs

Ligand-guided assembly offers plenty of room for chemists to tune the
assembly oNBBs. This methodd easy to perform and most of the assembly can be
fulfilled in solution phase without the use of special instrument. The assembly of
NBBs is driven by interparticle forces, which owns a great variety of directionality
and specificity of interactions. Excefor the use of DNA origami, the ligarglided
assembly usually does not offer good directionality as-fieiden assembly or high

precision in the organization of NBBas templated assembly.
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1.5. Scope of the dissertation

As discussed in the previogections, alf-assembly oNBBs has proven to be
an efficient way to create a vast range of nanostructures with desired properties in a
predetermined manner. Ret@alvances in the synthesis of nanocrgshalve offered
us a large library of building bl&ks for assembling functional materials, whilee
development of novel assembly approachesomes more significant in order to
exploit the properties and applications of these matelidlave chosen NPs modified
with functional BCPs as the starting lliig block fori) the facile synthesis of
polymer with weldesigned chemical composition and length; ii) the flexible
conformation of polymer ligand on the surface of NPs and their interaction softness
on directing the assembly behavior and tuning thecstre; iii) the incorporation of
NPswith functionality with polymers to form various superstructures with collective
properties The objective of this dissertation is to stuglyselfassembly of BCP
tetheredNPsat multiplehierarchy levek by designingdifferent functional block ii)
the effect of polymer length, particle size and environmental stimuli (such as pH) on
the selfassemblyat each levebf hierarchy

Chapter 2 describes the design of amphiphilic supracolloids with defined
valence by ceasembly of binary BCP tethered NPs. The Lewis acid/base containing
blocks of these BCP tethers drive the assembly of NPs via acid/base neutralization of
the polymer chain. The size, shape and composition of NPs and the length of BCPs
were tuned to study thessembly mechanism and to enlarge the family of
supracolloids. Chapter 3 describes the hierarchical assembly of amphiphilic

supracolloids obtained in ChapterThe assemblynpcess was triggered by placiag
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solution of supracolloids in tetrahydrofuran mp of immiscible salsaturated water

and evaporatinghe solvent. As a demonstration, amphiphilic supracolloidal dimers
and trimers with controlled chemical patches were used as building blocks to further
assemble into hierarchical structures, includipetatlike structures, chains and
ribbons. Chapter 4 describes a systemic study on the formation of ribbon structures
from amphiphilic supracolloidal trimers with hydrophobic center and hydrophilic
ends. The lengths of hydrophobic and hydrophilic bloclBBGP tethers were tuned

for understanding their role of polymer length and conformation on the assembly
process. Chapter 5 describes the pH effect on the hierarchical assembly of
amphiphilic supracolloidal trimers. Different amount of acid or base weredaidtb

the bottom water phase during the further assembly of trimers, in order to study how
the change in the amphiphilicity and the competition between hydrophobic force and
electrostatic interaction influence the formation of different structures. &pt€h6, a

brief summary of completed work was given and recommendations for the future

work are also presented.
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Chapter 2Designingnanoscale amphiphilic supracolloids with
valence byco-assembly obinaryhybrid building blocks

Overview.We report the design of amphiphilic supracolloids with defined valence by
co-assembly of binary hybrid building blocks. Two types of functional BCPs
containing either Lewis acid or base in one of their blocks were attached to two types
of NPs (different irsizes or compositions) separately to form binary hybrid building
blocks. The reaction between the Lewis acid and base moieties of BCPs on
complementary NPs drives the saffisembly of NPs to form bimolecular compound

like supracolloids with various geomiets and valences, which resembles

bimolecular compounds, such as HF,£CBFR;, XeFs, and alternating copolymers.

A manuscript based on this chapter and chapter 3 is in preparation to be submitted to
Nature Materia) and another manuscript partially based this chapter is in
preparation to be submitted zience

2.1Introduction

In a classic talk given by Richard P. Feynman at the annual meeting of the
American Physical So dheetingipleiofphysics,m®farashie pr op
can see, do napeak against the possibility of maneuvering things atom by atom. It is
not an attempt to violate any law; it is something, in principle, that can be done; but
in practice, it has not been done because we are to@ bigAf t er al most 6 0
atomic maniplation of chemical is still in its early stage. Inspired by this, the
construction of colloidal molecules from colloidal NPs, just like building molecules
from atoms, has attracted great interest for fundamental understanding of colloidal
interactions, asvell as property discovery and application development of inorganic

NPs!® Assemblies of inorganic NPs often exhibit unique physical and chemical
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properties beyond their bulk counterpart or individual NPs, which makes them
atractive for usan plasmonic devices, solar energy harvesting, biological detection
etc2 %2 For instance, & p | a s mo ncancbe designesl todestimate the interparticle
separation of AUNSsS based ornthe plasmonic band shift due to the interparticle
spacingdependent plamonic coupling between closely plggadmonicNPs The
relative shiftof plasmonic baahis well approximated by an exponential decay, which
is correlated with the edge-edge separation between tN€s and the diameter of
NPs 23

Currently, there are two major strategies for the fabrication of plasmonric NP
based colloidal molecules: tafmwn nanofabrication tdniques, and bottomp self
assembly of colloidal NPs. Electron beam lithographic patterning, a highly practical
top-down method, has been widely used to fabricate-gflhed plasmonic clusters
with precisely controlled NP shape and size and interpadistance* However, the
reliance on clean rooms and specific instrument along with the challenges associated
with the fabrication of 3Dstructures largely limit the applicability of this technique.
Conversely, the prosperity on wet chemical synthesis of NPs has greatly diversified
the bottomup selfassembly of colloidal molecules. A variety of approaches have
been developed, includingterfacial assemblymolecular ligand(small molecules,
polymer, protein, DNA etc.) assisted assembly, templated assembly and external field
directed assembf? 5°° Among others, DNAbased assembly has been used to
fabricate NP clusters with controlled valence by tethering Wik specifically
designed complimentary DNA sequenée$® In this case, NPs are sipecifically

functionalzed with defined numbers of DNADespite the amazing complexity of
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assemblies that can be achieved, DBDibd¥Sed assembly shows limitations, such as
sophisticated purification process, relatively low yield of production, lack of
mechanical propertgf assembled structures (i.&ew work was reported to tune the
mechanics of 3D DNANP assemblies). Nevertheless, there is urgent need for a
simple yet robust strategy for assembling NPs into -Qiglity supracolloidal
molecules (i.e., clusters with pisely positioned multiple types of NPs) in high

yield.

In this chapter, we describe a new strategy for the fabrication ofgoiglity
supracolloidal molecules with controlled valences byassembly of binary hybrid
building blocks. As a demonstrationuANPs with different sizes were used as a
model system. As shown in Figure 2.1, the NPs were sunfiackfied with one of
the binary BCPs with one block containing complementary functional groups that can
react. A typical combination of BCPstisiol termnated poly(ethylene oxidd)lock
poly(N,  N-dimethylaminoethyl = methacrylatestyrene) Abbrev: PEOb-
P(DMAEMA-r-St}SH) and polystyrenblockpoly(acrylic acidr-styrene) Abbrev
PSb-P(AA-r-St}SH). The corresponding BCgrafted NPs are referred to as
building block A andB. The block of randomly copolymerized styrene and a proton
donor (carboxylic group) or acceptdeitiary amine groupallows for independently
tuning the block length and ratio of reactive moieties, thus the interactions between
binary building blocks. The assembly process was triggered by mixing binary
building blocks in a favorable solvent for the BCPs, such as THhipr.aSolloids with
defined valence were formedin high yields through theneutralization reaction

between thdinary particles as giant spherical Lewis acids and Lewis bases. A variety
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of supracolloids with defined valence were produogduning the length of polymers

and size of NPs. They include dimeAB(), trimers BA.> and AB>), tetramers BAz

and AB3), pentamersBA4 and AB4), and alternating chain®\B)». (More complex
supracolloidal molecules have been also demonstrated in a separated project in the
group). These supcolloids exhibit amphiphilic surfacghich is determined by the

local polymeric patch (i.e., theE® or PS block of BCPs on the building blo&kand

B).
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Figure 2.1 Schematic illustration of building supracolloidal molecules with valence
by coassembling binary hybrid building blocks composed of inorganic NPs

functionalized with complementary BCPs.

46



2.2 Experiments

2.2.1Materials

Gold (Ill) chloride trihydrate (HAUGI 099. 9% t r a csediunmet al s

citrate tri basi)cirondll) kehiodde enéxahydrat® 9FedEH,0),
sodium oleate (NaOL)leic acid,silver nitrate (AgNQ), potassiumadide, ascorbic
acid, PVP, THF, DMFwere purchased fronsigma Aldrich and were used as
received Styrene(St) and N, Ndimethylaminoethyl methacrylate (DMAEMAyere
passed througltan Al>Os column to remove inhibitors. dkylic acid (AA) was
distiled under vacuum before use.Azobis(isobutyronitrile) (AIBN) wa
recrystallized from ethanoPEQis-CTA, wassynthesized by couplingoly(ethylene
oxide) methyl ether (PE&OH, molecular weight 2 Kg-md) with 4-cyanc4-
(phenylcarbonothioylthio)pentanoic acid (G®Rthrough esterificaon according to

our previouslyrepored method® Deionized water (Millipore MiliQ grade)with

resistivity of 18.0 Mq was wused in al

2.2.2 Synthesis of thikerminated BCPs

The thiotterminated PE&-P(DMAEMA-r-St}SH and P$-P(AA-r-St}»SH

for modifying Au and Ag NPswere synthesizedeparatelysing reversible addition

fragmentation chaiiransfer (RAFT) polymerizatianThe synthetic procedures are

illustrated in Figure 2.2 (The synthetic routdsBCPsfor modifying FeOs NPsare

shown in Figure 2.S1).
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(a) Synthesis of positively charged polymer PEO45-b-P(DMAEMA,-r-Stq_,)m-SH

o \(@ DMAEMA, St Butylamlne o
o. s
! o !
4 VZ;OM AIBN /( WOJV\H/Y XM % VTOM ﬁt
CN S
/N\
PEO-CTA PEO-b-P(DMAEMA-r-St)-CTA PEO-b-P(DMAEMA-r-St)-SH

(b) Synthesis of negatively charged polymer PSy-P(AAy-r-Sty_y),

CN St AA St Butylamlne SH
—» NC Jn s " n
AIBN AIBN NG DMF NC b y 1y

K Ho N0

PS-CTA PS-b-P(AA-r-St)-CTA PS-b-P(AA-r-St)-SH

Figure 2.2 The synthetic routes dfiiol terminated BCPs: (a)BD-b-P(DMAEMA-r-

St}SH and (b) PS$-P(AA-r-St)SH.

2.2.2.1Synthesis oPEO-b-P(DMAEMA-r-St)}-SH.

BCPs of PEGb-P(DMAEMA-r-St}CTA were synthesized using PECIA as
the first block. UsSindPEQis-b-P(DMAEMA.40-r-Sh.e0)a1e-SH as an example, briefly,
0.2 g of EO-CTA, 7.29 g of styrene, 4.76 g of DMAEMA and 1.64 mg of AIBN
were mixed well in a 20 mL flask. The reaction mixture was degassed under vacuum
for 10 min and refilled with Argon for 30 min. Then the flask was placeaniail
bath at 65 for 30 hours. Ater polymerization, the polymer was purified by
precipitating in hexane ancefroleumether three times and dried under vacuum for
24 hours. To obtain thigerminated polymersassynthesized dithioestéerminated
PEOb-P(DMAEMA-r-St)-CTA were dissolvedn DMF with excess of-butylamine
(50eq), and the mixture was stirreshder nitrogen for 2 hours. Tipeoductwas then
precipitated in hexanehree times to remove excessbutylamine and then dried

under vacuum for 24 hours.
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From the!H NMR spectrum(in CDCk, see Figure2.S2, the'H NMR-based
molecular weightMn(NMR) is 54.5 Kg-mol!, by comparing the integrals of the
resonance peaks of aromatic ring of PS block-1634ppm), the methylene groups of
PEOCTA (3.62-3.66 ppm) and methyl groupsf DMAEMA block (0-1 ppm). By
varying the amount of AIBN and reaction tinfeEO-b-P(DMAEMA-r-St)-SH with

different length and charge rasiweresynthesizedas Isted inTable2.1.

2.2.2.2 Synthesis of macroRAFT chain transfer agent (E3A)

Briefly, 66 mgof CPDB, 2.46 mgof AIBN and15.6 gof Styrene were added
into a 50 mL flask. The mixture was stirred underfor 30 min, and then reactealt
85 for 23 hours The polymer was precipitated in hexane 3 times and dneer
vacuumfor 24 hours. From the GPQive (in THF, see Figur.S3), theGPGbased

M, is 27.9Kg-mol?, andthis polymer isdetermined to b®Ss~CTA.

2.2.2.3 Synthesis of thiderminated PSb-P(AA-r-St}SH

BCPs of PSh-P(AA-r-St)-CTA were synthesized using RSTA as the first
block. Briefly, 0.95g of PSs~CTA, 0.972 g of acrylic acid, 3.276 g of styremad
0.74 mg of AIBN were dissolved in 6 g of dioxaridhe mixture was stirred under
Argon for 30 min, and then reacteat 75 for 24 hours.The polymer was
precipitated in hexane andktpoleumether 3 times and driedndervacuumfor 24
hours.

To convert the terminal group from dithioester to thiRb-P(AA-r-St}CTA
wasdissolved in DMF with excessloutylamine (50eq), ard the mixture was stirred
under nitrogen for 2 hours. Then the mixture was transferrecamize bath,with a

dropwiseaddition ofexcess 37% HCio neutralize and precipitate the produthe
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polymer was then washed several timath water, to remove esidual acid and salt,
andwasprecipitated in ptroleumether twice and dried under vacuum for 24 hours.
From GPCmeasurement@~igure 234), the polymer sample hashn(GPC)of 57.7
Kg-moltand a polydispersity indesu/M») of 1.07. From the'H NMR spec¢rum (in
DMSO-d6, see Figure2.S4), the molecular formula i®Se+b-P(AAo.32r-Sty 68318

SH. The parameters oPSb-P(AA-r-St}SH and other BCPs used in this chapter are
listed inTable2.1

Table 2.1Characterization of BCPs*.

sample Compositions Charge M, Ro
ratio NvRiGPCS (M)
(Kg-mol?)

P1  PEQsb-P(DMAEMA( 32-r-Sty.68)9e-SH 0.32 13.9 7.9
P2  PEQsbP(DMAEMAo4rT-SlosgiseSH  0.41 21.6 9.9
P3  PEQsb-P(DMAEMAo4oT-SlhedaieSH  0.40 545 157
N1  PSob-P(AAo31-r-Stheg)273SH 0.31 35.1 12.6
N2  PSi1-b-P(AAo0.31-r-Sto.eg)289-SH 0.31 38.8 13.2
N3  PSuob-P(AA0.31-1-Sto.eg)27e-SH 0.31 40.9 13.6
N4 PSe7b-P(AAo.32r-Sto.68)318-SH 0.32 57.7 16.1

*. The molecular weight of PE®-P(DMAEMA-r-St)}-SH is calculated from'H NMR
measurements. The nuattaverage molecular weight for REP(AA-r-St) is determined by
GPC. Mean square eitd-end distance for PS blod® is calculated fronRy=N’%b, whereb
is the Kuhn lengthb=1.8 nm for PS) anill is the number of Kuhn segments.

2.2.3Synthesis of inorgaic NPs

2.2.3.1Synthesis of Au NPs

Au NPs withdifferent sizes (~18, 24, 30, 36, 40 nmyere synthesized using
methodspreviously reported”™ Using 15 nm Au NPs as anexample 10 mg of
HAuCls was dissolved in 500 mL of water and tezhto boiling under stirring. 10 mL
of a sodium citratesolution (1% w.t.) was quickly added into the solution, and the

solution was kept heating for 30 mifihe 15 nm AuNPs were used as saefbr
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further growth of larger AUNPs in the presence of sodiumi t r at e at 90
varying the concentration ¢1AuCls, Au NPs with different diameters between 18
nm and 40 nmwere obtained accordinglyThen the AuNPs were collected by

centrifugation

2.2.3.2Synthesis of FgD4 NPs

FesO4 NPs of about 20 nm were shetsized according to previously reported
protocol®® First, the precursor, iron oleate, was synthesized as follows: 5.4 ¢
FeCk6H.0O and 18.25 g NaOL were dissodven a mixed solvent containing 40 mL
ethanol, 70 mL hexane and 30 mL distilled water. The reaction mixture was stirred
for 4h at 70°C. Then the organic layer was extracted and washed three time with
water, followed by the removal of organic solvents tigto rotary evaporator and
drying under vacuum over 5 to obtain dry iron oleate. For the synthesis afze
NPs, 9.0 g iron oleate, 1.4 g oleic acid, and 40 mL octadecene were mixed in a 250
mL 3-neck flask under stirring and protective Argon. The lieactemperature was
elevated to 310C after 30 min and maintained for another 30 min. Afterwards, the
reaction was cooled to room temperatureCeéNPs were precipitated by adding 500
mL of ethanol into the reaction solution. After purificationg®G£NPs were dissolved

in THF for further ligand exchange.

2.2.3.3Synthesis of Ag NPs

Ag NPs with diameter around 20 nm were synthesized following procedures
previously published after minor modificati8h.Briefly, a 2.0 mL of aqueous
solution of sodium citrate (34.0 mM) was added into 2.5 mL of water under stirring,

continuously followed with addition of 0.5 mL of an aqueous salutd AgNGs
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(29.7 mM) and 2 mL of aqueous solution of potassium iodideg(3y After 5 min
incubation at room temperature, the mixture was injected into 95 mL of boiling
agueous solution of ascorbic acid, which was prepared by adding 1 mL of 10 mM
ascorbic acid solution into 94 mL of pbeiled water. The reaction solution was
further boiled for another 1 h under strong stirring to form monodisperse spherical Ag
NPs. To expand the library of inorganic building blocks, Ag NWs were also
synthesized using methods previously reported with slight modificdtibhe SEM

and TEM images for the inorganic building blocks can be found in Figuke 2.S

2.2.4Surface modification of Au NPs

Au NPsweregrafted with thiolterminated BCPsia ligand exchangéhrough
Au-S bond Taking functionalizationof 20 nm Au NPs with Lewis basecontaining
BCPs as an example,15 mg of thiolcappedPEGb-P(DMAEMA-r-St}SH were
dissolved in 10 mL of DMAn a 20 mL vial 2 mL of Au NPs dipersedn DMF (~2
mg/mL) wereslowly added into the above solution under sonication. Aftersyaret
mixture was sonicated for lobr and incubated overnight to complete the ligand
exchange. The polymer modified AlPs were further purifiegtia centrifugingwith
DMF and THF. The asodified hybrid building blocks were redispersadrHF (~1

mg/mL) as a stock solution

2.2.5Co-assembly oBCPsmodified Au NPs to form supracolloids

The asembly ofsupracolloidsvas triggered by mixing binary building blocks
in agood solvent, i.e. THFDue to the good solubility of both PEO and PS block in

THF, thereaction of building blockA andB was driven by the neutralization of the
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Lewis acid and base containing blodlake the formation of ABor example,1 mL

of 20 nmA NPs (0.05mg-mL?) were direcly mixed with 1.7 mL of 24 nm B NPs
(0.05mg-mL?) in THF. The mixture was sonicated for 20 sec, and then inculfated

2 hr. The sample was imaged by SEM and TEM to statistically analyze the yield of

supracolloids.

2.2.6Sample preparation for characterizations

'H NMR 'H NMR spectra were recorded using Bruker-A®0 MHz high resolution

NMR spectrometer.

Gel Permeation Chromatography (GP@PC measurements were performed on a
Waters GP& (1515 HPLC pump and Waters 717 Plus autoinjector) equipped with a
Varian 380LC evaporéive light scattering detector and Waters 2487 dual
absorbance detector. PS standards were used for molecular weight and molecular
weight distribution calibration, and THF was used as the elution solvent with a flow
rate of 2.0 mL-mirt. For PSb-P(AA-r-St), the random block of AA and Stas
converted to poly(methyl acrylatestyrene) with trimethylsiyldiazomethane before
measurement.

Thermogravimetric Analysis (TGAXGA was used to characterize the grajt
density of BCPs on the surface of the NPs.50 mL stock solution of building

blocks was centrifugedo remove lhe supernatanhexane was subsequently added,
and the sample was centrifugedtil a pellet formed. The pellets were dried an
vacuum oven for 24 h to remove the solvent residues before TGA measurement. The
experiments werearried under a@n , with a smalfroat 50f 2%

1000 . During the scan pro@dssl@0OBOhe t empe
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min to further remove moisturelhe weight fraction of polymer ligands was
determined by using thEBA Universal Analysis software package

Zeta potential The zeta potential of hybrid building blocks and supracolloids were
measured usingetaPALS (Brookhaven Instruments Corporation, JSA

Dynamic Light Scattering (DLSPLS measurements for hybrid building blsc&nd
supracolloids were conducted on Zetasizer Na8asystem (Malvern), equipped with

a HeNe 633 nm laser as the light source

UV-vis Absorption SpectroscopyAbsorbance measurements of samples was
conducted in a PERKIN LAMBDA 35 UV/vis system.

SEM andTEM imaging. The morphologies of assemblies were obtained using a
Hitachi SU70 Schottky field emission gun Scanning Electron Microsccope {FEG
SEM) and a JEOL FEG Transmission Electron rdiécope (FEGTEM).
Supracolliodakamples for SEM and TEM analysi®re prepared by depositing ~10
uL of solution on silicon wafer and 300 mesh copper grids covered with carbon film,
respectively. The samples were dried atoom temperature before imaging

measurement.

2.3 Results and discussion

2.3.1Hybrid building blocks

Figure 2.1 illustrates the structure of binary hybrid building blocks. The grafted
BCPs are designed to have two functional blocks in whiighouter PEO or PS
blocks provide both building blockaind final supracolloi@ with extra steric
stabilization while the innerrandomblock consistingpf styrene and a reactive proton

donor/acceptomoiety enableshe controlled association of complementary disparate
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NPs viastoichiometricreaction betwedrCOOH andi NMez2. Such hybrid building
blocks can be considereds analogies of giant spherical Lewis polyacids and
polybases during the sedssembly Here Lewis basecontaining AuNPs with a
hydrophilic ouer layerof PEQ, are shown as blue particles (denoted gsandLewis

acid containing AuNPs coated witha hydrophobic outr layer of PS are represented
by redparticles(denoted a83). The size of Au NPs was expressed by the subscript.
For instance A2 represents 20 nm Au NPs capped with polymer P3, wBile
represents 24 nm Au NPs capped with polymer P4a(fi3P4 are the polymers used
most frequently in this chapte®A and B capped with BCPs other than these two
polymers will be specially explained). U¥s spectroscopy was used to characterize
the Au NPs before and after the surface modificgtbased orthe direct correlation

of absorption bands and aspect ratio of Au NPs. After the grafting of BCPs on NP
surfaces, a slight reshift (~6 nm) of was observed for bo#po and B24, which
indicates an increase on particle size due to the capped pdgyeeon the surface

of Au NPs(Figure 2.3).
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Figure 2.3 UV-vis spectrum of AuUNPs beforeand after surface modificatioria)
UV-vis spectrum of 20 nm Au NPs in aqueous solution/Aandn THF. (b) UV-vis

spectrum of 24 nm Au NPs in aqueous solution Bidn THF.

TGA was performed to quantify the amount of grafted polymers on NPs
(Figure 2.4). TakeAx as an example, the weight loss was observed at elevated
temperatures above 20C, due to the thermal degradation of BCPs into volatile
products. Based aihe measured weight of grafted polymers, the grafting density (
of polymers on NPs was estimated using the following forndla:

f3N, 3 d
S = ,
62 M_ 1 f)

Equation 1

Where f is the weight fraction of the polymer determined by TGy is the
Avogadr o0 sis theobuls deasiytof the NP core (the formula is under the
assumption tat the density of Au NPs is identical to the density of the bulk gdid),
the diameter of Au NP core, andh is the numbeaverage molecular weight of the
BCPs determined by GPGrom the TGA measuremenf2o and B24 showed a

weight loss of 10.48% and.X%%, respectively. Following the abovementioned
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procedures,ii of polymers was calculated to be 0.0833 chaif/rand 0.0812
chain/nm. It is well known thatd plays an important role on the conformation of
polymer chains. From the calculatég the average distancé) (between adjacent
ligand anchoring point can lestimated by assuming the effective footprint of each
individual polymer chain is a circular area withiaaius equal to half of the distance
between adjacent chains. Theetween polymer ligand of2o andB24 is estimated to

be 3.91 nm and 36 nm, respetively. Theradius of gyratiorfor each corresponding
BCPs can be calculated using the form@ja(Ro?/6)'? (Rocan be found in table 2.1).
The ratio ofRy/l is estimated to be in the range of 1.6 to 1.7, which suggests that the
BCPs on Au NPs adopt asttyf | exi bl e fbr uFguré 2.3605°Tieor mat i or
polymer chains extend far away from the particle surface to avoid steric
overcrowding. In the vicinity ofhe particle surface, the polymer brushes are expected
to take a more stretched conformatiomhich will become more relaxed with
increasing distance from the surface This conformation facilitates the
interpenetrations of complementary BCP brushes framighboring Au NPs and

deformation of flexible brushes, which benefits the inteigla reactions.

el

A, -10.48%

200 300 400 500 600 700 800
Temperature (°C)
Figure 2.4 TGA curvesof hybrid building blockA2o andB2a.
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A series of hybrid building blocks with different sized Au NPs wen@duced
and used in the construction of supracolloids (see characterization of size and charge
in Table 2.2). The zeta potential analysis shows a negative charge for building block
B (i.e., Au NPs tethered witRSb-P(AA-r-St)-SH) dispersed in THF. Thisan be
explained by the proton transfer betwesamboxylic moiety oBCPs and citric acid
originally on the surface of NPs during the ligand exchange in THF solkeist
interesting that the zeta potential oA (i.e., Au NPs tethered withPEOD-
P(DMAEMA-r-St)-SH) is closeto zero. This can be attributed to the suppressed
protonation of amine group in organic solvehihe hybrid building blocks all exhibit
a larger size compared with the size of Au NPs in aqueous solution, which suggests a
successful moditation of polymer brushes on Au NPs.
Table 2.2Zeta potential and hydrodynamic diameter of hybrid building block A and

B.
Hybrid Building blocks Zeta potential (mV) Hydrodynamic diametginm) PDI

Ao 4.75+1.99 63.98 0.372
Azq 0.04+ 3.49 75.12 0.032
Aszo 1.19+0.62 82.47 0.166
Ase 0.72+2.62 83.54 0.142
Bis -68.9+3.63 65.01 0.245
B24 -58.3+7.93 67.35 0.271
Bso -56.1+7.91 79.22 0.156
Bss -63.9+5.50 88.37 0.1

2.3.2Amphiphilic supracolloids

Co-assembly ofA and B in THF produced different types of amphilic
supracolloids in high yield. The type of supracolloids is determined by the NP sizes,

and feeding ratio oA and B. For examplethe co-assemblyof Ao and B2s at a
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number ratio ~ 1:1 generatéd dimers as the major supracolloidagure2.5). As
shown in the ttistical analysis in Figure 2.5c, tyeeld of dimerswas abover0%
without any purification. This purity is higher than that obtained by any methods
previously reported(The highest yield of Au dimers obtained from previously
reported wrk was around 60%, by a complicated solid phase approaches, polymer

encapsulation approach BDINA origami assisted approaélfier intricate purification

processf°
b
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Figure 2.5 Supracolloidal @ners (AB) formed fromA2o and B2s4. Representative
SEM (a) andTEM (b) image of dimeAB after the reaction betweéxyo andB24. The
parameters of the building blocks were summarized in Table 2)3.Yield

distribution of supracolloids generated by miximpo and B24. (d) Hydrodynamic

diameters of\2o, B2sanddimer AB.
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The interparticle distance between NPs in dimers is measured t8.&.6
nm which explains the slight reshift on UVtvis spectrum (See Figure 2.S7d@he
hydrodynamic diameter before and after assembly monitored by DLS (Figure 2.5d)
and zeta potential (Figure 2.S7) also indicates that the reaction occurred in THF
instead of during the drying process.

This versatile method allows for the preparatiorspracolloids with tunable
parameters by varying the size of NP cores, as well as the feeding ratio of building
blocks (BCPs foA andB were fixed to be P3 and N4 polymer). At the same feeding
ratio of A and B, tuning the size of Au NPs generates dimeith different domain
size (Figure 2.6@&). It is worth noting that the supracolloids are amphiphilic wth
capped with hydrophilic outlayer polymer block (blue particle) 8ndapped with
hydrophobic outlayer polymer block (red particl®y tuning the é€eding ratio,
supracolloidal trimers withwo NPs bondedo the oppsite sites of one centralNP
were produced. In our systefarther tuning thenumber ratio ofA/B createsa series
of trimerssuch asAB, and BA2. When the feeding ratid\/B is around 1:2AB>
structureswere formed witha hydrophilic centeiA and two hydrophobic end3, as
shown in Figure Be-g. However,whenthe concentration oA NPs is twice that of
the B NPs, the assembly producdA,-type trimerswith a hydrophobic centeB and
two hydrophilic endsA (Figure 26 i-k). These plasmonic trimers are expected to

show remarkable optical propertis.
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Figure 2.6 Amphiphilic supracolloids fored byA andB NPs with different sizea
c) SEM images oAB formed fromA2s andB1s (@), A2o andB24 (b), andA2o andB3o
(c). (eg) SEM images oAB> formed fromA2s andBzs (€), A20 andB24 (f), andAzo
andBso (g). SEM images oBA; formed fromA2o and Bss (i), andA2o andBao (j),
andA2o andB24 (k). Scale bar: 100 nnid,h,l) Yield distribution ofAB, AB», and

BA: respectively.

For all the supracolloids, the yield of the major product all reach around 70%
or higher, this higtyield qualifies the pstine product being used as building blocks
again for the further selissembly to hierarchical superstructureapracolloidal
molecules of a yield above 86% have been achieved after optimization of polymers in
a separated project in the group, whicmas the focus of this projecAccording to

the theoryin that work high yield supracolloidsould be achievedhen the overall

61



functional group ratioof A and B compensate each other.However, in current
systemwe can always obtain high yield of supoégids. This is mainly attributed to
the longPSblock on B particle, which functioaas a buffer owr shellto protect the
untreated Lewis acid/base containiolgck in the innedayer. When thelLewis acid
containingblock onB is not fully reacted with_ewis base block®n A NPs, the
residuereactive brushesanbe stabilizedvhen protected by the thick PS shélpon

the formation of supracolloigdshe overall zeta potential (initially + 60 meV forB)
significantly increased (final+14 meV forAB, ~120 meV forAB> and ~0 meV for
BA>), indicating the assembly of supracolloids in solutions. The increase in the
hydrodynamic diameteof particles in assembly system before and after assembly
further confirmedhe formationof supracolloids in THF (see ke 2.3).

Table 2.3Zeta potential and hydrodynamic diameter of supracollaBIsAB., BA>.

Building Mobility Zeta potential Hydrodynamic
blocks ( e @m1EY) (mV) diameter(nm)  PDI
a:AzsBis -0.2003+0.04686 -13.7+88 103.5 0.217
b: A20B24 -0.2122%9).04259 -14.5%+2.9 91.46 0.2
C: A20B3o0 -0.2085+0.1070 -14.2+7.3 107.3 0.158
d: B24A36B24 -0.2799+0.03353 -19.1+23 176.7 0.211
e:B24A20B24 -0.2939+0.04222 -20.1+2.9 114.0 0.178
f: B3oA20 Bao -0.3486+0.09017 -23.8+62 127.3 0.161
h: A20B3s A2o 0.021'P+0.04052 15+28 178.2 0.157
i- A20B30 A20 -0.06249+ 0.04246 -4.3+2.9 135.6 0.085
J: A20B2a A20  -0.03349 £ 0.007722 -2.3+0.5 111.5 0.176

Supracolloids with higher valance were also obtained by tuning the length of

each BCP and the size of NPs. Aswhan Figure 27, tetrames (BAsz andAB3) and
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pentames (BA4 and AB4) with tunable surface chemistry (i.e., the relative location of
hydrophilic and hydrophobic domains) were created by varying building block
parameters (see parameter3 able 2.S). With the decrease length of PS block®n
particle, the supracolloid&Bz andAB4 were obtained, due to weaker steric repulsion
from the long PS block oB particles. With the decrease length of BCPs/Aon
particle, BAs and BA4s were obtained resulting from theshorter Lewis base
containing block onA particles consuming lesselvis acid block orB particles.
These supracolloids with higher valence also appeili symmetric geometry
tetramers mostly showettigonal planarshape, and pentamers mostly had plana
square morphologyvhichis risen fronthedirectional interactions between A and B.
The tetramer and pentamer structures would be of great interest in the development of

negative index metamateriaf&.

Figure 2.7 Supracolloidstetrames and pentamerformed from A and B. (ad)

Representative SEM imagesAiB 3, AB4, BAs, BA4, respectivelyScale bar200 nm.
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It is interesting thathese supracolloidare highly symmetric in geometry,
resembling symmetric (or ngwolar) biomolecular compounds, such as>CBF;,
and Xek. This also means that the hydrophilic or hydrophobic ipelyc patches
(defined by the outer block of BCPs Aror B) are arranged with high symmetfor
instance, he above trimers all exhibat linear arrangement of Au NPs, which is likely
attributed to the directional interactions between opposite binary &iustrated in
Figure 28. Based on the zeta potential we measuigdyarticles carry negative
charge from thé COO group,A particles are nearly neutral in THARhenA andB
were mixed, the collisiommong particlexcreatedthe bonding betweeA and B.
After the binding of on® particle withA particle, part of the unreacted chargesBon
was relocated to the gap betweeandB. When anotheB particle was bonded from
other direction, the residual charges from the se@particle would be distritted
to anothergapT he r epul sive interaction between twv
two particles symmetrically distributed at opposite side of the central particle, which

leads to the formation of linear trimers.

Figure 2.8 Scheme of forming liear trimer.
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2.3.3Multi -component supracolloids

Compositionally heterogeneous supracolloids were also readily synthdsized
simply replacing Au NP cores with other inorganic NPs, sagAg or iron oxide
(Fe0a4). Figure 29 (ab) show the TEM images anihe corresponding element
mappingof trimers and tetramers from Au and Ag NPs. Similarlyassembly of Au
NPs and Ag NVs were also obtained by replacing Au NP cores with AifsNas
shown in Figure 2.S8. For the surface modification ofCkeNPs, phosphaate
terminated hydrophobic BCPs were utilized to replace the anchoring group thiol for
Au NPs. See the synthetic route of the phosphonate terminated BCPs in Figure 2.S1.
As a result, dimers and trimers of Au anck®@eNPs were obtained, as shown in
Figure 2.9¢d. With rational design of reactive BCPs and control of assembly
conditions, it is conceivable to expand the family of supracolloids by integrating other

metallic or oxide NPs into the supracolloids.

e

Figure 2.9 Compositional heterogeneous supramds formed by ceassembly oAu

NPsandAg NP or FeO4 NPs. (a) TEM and elemental mapping of trimers formed by
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two terminal Ag NPs and one central Au NPs. (b) TEM and elemental mapping of
tetramers formed by three surrounding Ag NPs and one central Au(®)PrEM and
elemental mapping of dimers formed by®eNPs and Au NPs(d) TEM and
elemental mapping of trimers formed by two terminal Au NPs and one ceni@al Fe

NPs.

2.3.4pH-responsive of building blocks to form alternating chains

The hybrid buildhg blocks also show pH responsiveness duringassémbly,
originating from complementary reactive moietig€g@OOH andi NMe». Utilizing the
parameters to form dimers, adding a trace amount of acetic acid (5/1000 vol. ratio)
into the system led to the foation of alternating chains in which the dimers
behavior like dipoles to connect with each other in a fteddil manner. We presume
that the addition of acid triggers the protonation of the reactive blocks, which largely
reduces the stability of formedngers. Therefore, the more reactive end will further
grow into long chains upon collisions. Figure 2.10 displays the alternating chains
formed by a combination & andB with the parameter of building blocks shown in

Table 2.S1.

Figure 2.10SEM imagse of dternating chais formed by adding acid t& andB.

66



When the size of Au NPs increases, NP shape turns into more irregular because
of the presence of random crystal facets. The irregular shape (vs. spherical) of NPs
induces the formation of kinks (curvatures) of alternating chains (Figure 2.11). The
angle of the nospherical NP¢dr) and the curvature of the alternating chduof
were quantitatively analyzed. The statistical analysis on the dependetiaynafs
implies that a majority of points (87.4%) fall into the range between a fit of y = x and
y = 2x, which means the cunwae of chains is amplified by the angle of the non

spherical NPs.
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Figure 2.11Relationship of the curvature of chain and the shape o{&§FSEM
image of an alternating chain formed Ay andB2s. The angle of the nespherical
NPs and the curvaturd the alternating chains are illustrated in the image. (b) Chain

angle dependency on the particle angle.

2.4 Conclusion

In this Chapter, we demonstrated the generation of various supracolloids with
defined valences by tethering Au NPs with complemegmnizeictive BCPs. Tunable

domain sizes and various valences were realized by tuning the size of Au NPs and the
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length of BCPs. The obtained supracolloids all feature high yields and symmetric
geometries, which qualify these structures as building blockstimer selfassembly.

The heterogeneous chemical composition of supracolloids was also achieved by
replacing one type of Au NP with Ag or && NP, which largely expanded the
diversity of supracolloids. Such colloidal molecules are of great scientifiortance

in designing directional and specific interaction between NPs, and can serve as
building blocks for hierarchical superstructures in plasmonic devices, such as LSPR

and SERS sensing and single molecule deteétion.
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Chapter 3Seltassembly oharscaleamphiphilic
supracolloidsonstructed from binary nanoparticles at the
liquid/liquid interface

Overview. Controlled assemb} of NPs into ensembles with increased complexity
and hierarchyis crucial to the property discovery and application develmnof
inorganic NPs. Despite tremendous efforts made in the past several dedatdes
progress has been achieved in the contragesembly of NPs into structuresth
multiple hierarchy levelsHeran, we developed a novel strategy to achistepwise
assembly oNPsinto a class of welbrdered superstructuréy tethering NPs with
designed BCRdn the first level assembly, a seriesaofiphiphilicsupracolloids with
well-defined valanceand chemical patchesere fabricatedn high yields by co
asserbling a combination of binary hybridbuilding blocks (chapter 2) The
amphiphilic supracolloids were demonstrated to assemble into a variety of defined
structures with tunable optical properti@sis stepwise assemblgtrategy provides a
robust and effient way to generate high ordered superstructurdtat are not

readily achievedhroughtraditionalapproaches.

A manuscript based on this chapter and chapter 2 is in preparation and to be
submitted td\ature Material

3.1Introduction

Throughout the Istory of sefassembly, researchers have drawn inspiration
from the natural world, where vast arraysubfquitousand functionaimaterials have
been produced throudherarchicalorganization of molecular or colloidal building
blocks!? 1% |n manmade system, the multep assembly of molecules hiasen

demonstrated for the preparation of complex structures. For instance, BCPs can be
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designed to assemble into patchy or blocked micelles in which defined chemical
patterns provide directional interaction to guide their further assembly at a higher
hierachy level!®* Despite he molecular design over polymer composition allows
fascinating control over the spatial organization, these soft assembly structures
usually do not possess unique physical and chemical properties of their inorganic
counterparts.

To achieve precise or niustep assembly of NPs, one commeatiopted
concept is to encode NPs with directional or anisotropic interapatternsby site
specific functionalization of NPs with chemical patches or defined number of
molecules (e.g., DNA)For example,Pine et al uncovereda new direction of
creatingfi p a t pahigled via encapsulating PS clustasinga two-stage swelling
and polymerization approach. The spatial patches were subsequently decorated with
DNA oligomers to introduce specific interactions betweatcipy particle$>® In this
work, colloidal moleculesthat mimic atomic bonding in moleculesere fabricated
via complementarynucleic interaction ofpatches onthe NP surface Although
intelligent is designthis strategy still requires further purification process to separate
particles with different patchy number, and the size of patchy particles were limited to
micro-size Another solution to endow chemical tph is modifying NPs with
controlled number of ligands on patrticle surface. For instadd&e NPs capped with
varying number of DNA sequenceg&re formed in a onpot process, the number of
DNA on NPs were controlled by varying the length of the quantembihding
domain. The combination of CdTe NPs with different DNA sequence led to the

formation of quantum dot complexes with various valefiteDespite the initial
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success of patchy particles, the specific functionalization of particles remains
challenging, specifically for nanoscale particles with size below 100 nm.
Nevertheless, there remains a grant challengeorganize mammade colloidal
particles in a way thahimics assemblyathwaysobserved in nature.

Here we reportthe assembly of amphiphilic supracolleid which are
constructed from binary NPs, to form defined structures ligher hierarchy level
The stepwise assembly of NPs relies on tihesignof BCP ligands on the surface of
NPs in such a way thaach block responds specificallydoe stimulus at a specific
stage In detail, he BCPs were designed to haveaamdomblock consistof styrene
and a proton duaor/acceptommoiety, whichprovide theLewis acidity/basicitywith
tunableratios to trigger the first stageof assemblyof forming supracolloidsThe
secondPEOor PS blocks of the BCPs was designed to protect bditichNPs and
finally-formed supracolloid by providing extra steric stabilizatioMoreover, they
define the anisotropic surface chemistry (hydrophobic/hydrophilic) of the obtained
supracolloids, which triggers specific interactions between supracollwidecond
step assemblyAs shownin Figure 3.1, level one assembly was construction of
amphiphilic supracolloids from hybrid building blocks and B, as described in
Chapter 2 obtained structuremclude amphiphiliadimers (AB) or trimess (BAB and
ABA). Therefore, thamphiphilicsupracolloidsvereable toserveas building blocks
for the next stage of assemblyhe second step assembly was triggered by changing
the solvent quality of supracolloids at ligdiduid interface, where hydrophobic
interactiors, induced by the PS block on the B particles, are utilinetitigger the

association of supracolloidét this stage, we assembl¢he dimers into petallike
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structures, with a tunable number of peta{®B)n, andthe trimers into eitherribbon
structures (ABA)n from sideby-side stackingof ABA or chain structure (BAB)n

from endto-end connection dBAB.
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Figure 3.1 Scheme of ierarchical assembly of amphiphilic supracolloids

3.2Experiments

3.2.1Materials
BCPsPEOb-P(DMAEMA-r-St)}-SH and PSb-P(AA-r-St}SH, Au NPswith
diameterranging from18 to 36 nm were synthesized by the sammethod described

in Chapter 2 The length and symbol for BCPs can be found in Table 2.1.
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Hydrochloric acid (36.88.0%), sodium chloridewere purchased fromSigma
Aldrich and used aseceivedunless otherwise notedDeionized water (Millipore

Milli -Q grade) with resistivity of 18.0 & was used in all the experiments.

3.2.2Preparation of hybrid building blocks
The preparation of hybrid building blocks is referred to experimental section in

Chapter 2 (section 2.2.2.2.4).

3.2.3Levell assembly: Preparation of amphiphilic supracoltts

Assembly of BCP tethered Au NPs was triggered by mixing binary building
blocks in THF.Due to the good solubility of both PEO and PS block in THF, the
reaction of building blocl\ andB was driven by the neutralization of Lewis acid and
base containinglock, so only particles carrying opposite acidity eakicity can
react with each other during collisiohake the formation of AB as examplemL of
20 nmA NPs (0.05mg-mL?) direct mix with1.7 mL of 24 nm B NPs (0.05mg-mL
1y in THF. The mixture wasonicated for 20 sec, and then incubated Tlhe. sample

was imaged by SEM and TEM to analyze statistically the yield of supracolloids.

3.2.4Level2 assembly: Liquidiquid interfacial assembly of supracolloids

The assembly of amphiphilic supracolloid@™ step assembly of inorganic
NPs) was performed at liquitiquid interface. Briefly, 1 mL ofsupracolloids
dispersed in THF waplaced on top ofa mixture of 4 mL of saturated sodium
chloride solution and 1 mL of 1M HCI aqueous solutiém interface wa formed
between two liquids due to thecompatibility of THF and dense salt solutioAs a

poor solvent for the PS blocks of B particles, the aqueous phase triggered the
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hydrophobic force and drove the red particles to associate with eachTdtearthe
mixture was capped and incubated until all of the THF was evaporated. Afterwards, a
film of ensembles was floating on the surface of salt solufidre liquidliquid

interfacial assembly is shown in Figure 3.2.

3.2.5Dissipative particle dynamics (DPD)raulation

Simulation was performed by our collaborator to understand the system.
Dissipative particle dynamics (DPD) simulation technique was proven to be a suitable
and efficient method in the studies of saéisembly of NPs. In DPD method, the time
evoluion of the interacting coarggrained (CG) beads is governed by Newton's

equations of motiof{®

' av, .. T r r r

%:\r/i —:a(FCij+FDij+FRij):fi

dt , dt 7, (1)

Inter-bead interactions are characterized by pairwise conservative, dissipative,

and random forces. They are

| ro r .0 .r r
FSi =a; (-1 /r)g FP =-gn® (r; (e d, € FR =5WR(rij )G, € (2)

i

. . I V I .
i » cis the cutoff radius, anst; =V, - v;. g, is a

I 1 I M I
Here,r, =1 - I,,T; —‘r..‘ g =1 /r

random number with Gaussian distribution and unit variaageis the interaction

parameter between beadsand j. The weight functionSND(rij) and WR(rij) of

dissipative and random forces couple together to form a thermostat. Espafiol and

Warren showed the correct relation between the two functtns,
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In this work, we adoptg particles forthe bigger Au NPsandy patrticles forthe
smallerAu Psto form the composite systeAxBy, (Ax)2By, Ax(By)2 in which m=x+y
CG beads form a spherical rigid bty We simulate thévierarchical assembly of
amphiphilic supracolloid®y dissipative particle dynamics (DPP} using a coarse
grained (CG) modeh our previous work®. To map onto the experimental systems,
we choose an appropriate coagsaining level for AuNPs and solvents C and
solvents D The interactionUhg=46-52, Unc=Uhp=Usc=Usp=50, Ukp=100, Uha=40/0,

Uke=0/40andUtc=Ubp=25 are used in our simulations.

3.2.6Sample preparation for characterizations

The characterization of supracolloids is referred to section 2.6 in Chapter 2.
UV-vis Absorption Spectrospy. Absorbance measurements of samples was
conducted in a PERKIN LAMBDA 35 UV/vis system. For absorbance of hierarchical
assembly structure, the sampémgembledloating on aqueous phase after interfacial

assembly) was transferred onto a transparasisgilide before measurement.
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SEM and TEM imagingThe morphologies of assemblies were obtained using a
Hitachi SU70 Schottky FEGSEM and a JEOL FEGEM. Hierarchical assembly
samples for SEM and TEM analysis were prepared by lifting the film from the
suface of aqueous phase to silicon wafer or copper grids, and gently rinsed with
deionized water to remove the excess salt. All the above samples were dried at room

temperature before imaging measurement.

3.3 Results and discussion

Co-assembly oA andB with different size, polymer length and feeding ratio
in THF generate various amphiphilic supracolloids high yields Supracolloids
designed in Chapter 2 (see Table 3.S1 for the parameters of supracolloids) were used
for studying their further assembly athigher hierarchy level in this Chapter. As
mentioned earlysince the surface chemistry was peacoded using incompatible
polymer blocks, thesupracolloiddormed during levell assembly was endowed with
an amphiphilic patchy surfacei.e, AB (hydrophlic/hydrophobic), BAB
(hydrophobic/hydrophilic/hydrophobic) andBA (hydrophilic/hydrophobidiydro-
philic). For easy characterization, the initial study was focused ordtmensional
assembly of supracolloids confined at the liquid/liquid interface. @absembly
process was triggered by placing a dispersion of supracolloids in THF on top of
saturated sodium chloride aqueous solutwhich is immiscible with THF and
evaporating the volatile solvent of THIFhe aqueous phase is a poor solvent for the
PSblocks on particleB, but a good solvent for theEO blocks on particleA. The

change of solvent quality destabilized the hydrophobic polystyrene d&kwithin
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supracolloidsand induced thassociation of the hydrophobic domamminimize the

unfavoralte interfacial energy betwedhand aqueous phase.

3.3.1 Assembly of amphiphilic supracolloidal dimers

The amphiphilic supracolloidal dimers were well dispersed in THF. In this case,
the thick polymer shell provides steric stabilization to prevent theegggon of
supracolloids in the solutiorDuring the second step assembillge dimers were
forced to contact with water at the liquiduid interface which drove the association
of B particles Meanwhile, during the THF evaporation, the concentratfairoers
close to the interface was increased, which also facilitated the aggregation of dimers
in defined interfae domainIn the endB NPs tendedo aggregate while leang the

A NP in the outlayer, which resalin the formation of petdike structue, as shown

in Figure 3.2.
)
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Figure 3.2 Schemeof liquid-liquid interfacial assembly and the association of dimer

into petallike structures.
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A20B24 supracolloidal dimers were used as the building blocks for the
interfacial assembly. They were obtaineg ¢o-assembly ofAzo: 20 nm Au NP
tethered withpolymer P3andB2s: 24 nm Au NP tethered witpolymer N4(seeFigure
2.5 for the characterization 8koB24). To further facilitate the formation of pethite
structure, acid was addedto saltaqueoussoluion. Upon theaddition of acid, the
residual charge from carboxyl group Bnparticles was reducedue toprotonation
with additional H, thus weakening the repulsion amdBigparticles and facilitating
the formation of petal structuréfter slow evaporabn of THF, the hierarchical
assemblies was formed on the surfacthefiqueous solution. Figure3aj) shows a
panel of representative SEM and TEM images petallike structure (AB)n
assembled fromA20B24 amphiphilic dimer. In the petalike structure the
hydrophobic unitsB, converge forming an inner ring, whillee hydrophilic particles
A form anouter layer.Large area TEM image of the petiile structure can be found
in Figure 3.S1Figure 33k shows he angle distribution betweelimers withinpetals
The angles were found to 1%8.4+16.87 118.7£12.67 89.6+9.35 70.7+10.47 and
58.8+10.3°for (AB)2, (AB)s, (AB)s, (AB)s, and (AB)e, respectively.The highly
symmetric arrangement of dimer units within each type of petals suggests the
presence ofong-range epulsive interactions between dimeosforce them separate
equally in spaceWe presume thathe high symmetrycan be attributed tthe steric
repulsion of polymer brushes @nand theresidual charge oA from the protonation
of residualamire groupin acidic environmentThis is also supported by the fact that

the measuredngledeviated more frontraditional polygon geometriess the number

78



of petals decreaseduye toreduced repulsiofor particlesA with a largerinterparticle

spacing
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Figure 3.3Petallike structure formed from amphiphilic dim@B. (a]) SEM (ae)
and TEM (fj) images ofetatlike structure formed from20B24 with aggregation

number of dimerérom 2 to 6. Scale bar: 50 nm. (k) Angle distributions of pkkal

strucures.
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3.3.2 Mechanism of forming petélke structure

To understand the formation mechanism of pk#el structure, ontrol
experimers wereconducted with hydrophiliéB (both A andB are hydrophilicyand
hydrophobicAB dimers (bothA andB are hydrophoic). The interfacial assembly of
them both led to the formation of alternating chaif#sgure 3.4). Howeversome
hydrophilic AB dimers still remained as individual, whileydrophobicAB dimers
tended to formangled andranchedong chainsAs shown in kgure 3.4e, wheAB
dimers was placed on top of aqueous phase, the introduction of water favored the
ionization of the Lewis base/acid containing blosksengtheningthe electrostatic
attraction between the oppo$jtehargedblocks onA andB, thus, thedimers could
prefer an heatlb-end connection to form alternating chains driven by electrostatic
attraction betwee andB (blue arrow). Meanwhile, introducing water also trigger
the hydrophobic force, which favor the aggregation of hydrophobic domaih (re
arrow). Therefore, for hydrophilidB (no hydrophobic domain), the electrostatic
force is predominant, resulting hetatail connection ofAB to form chains. For
amphiphilic AB, both electrostatic forceand hydrophobic force existedhe
predominant hyaphobic force led to the aggregationBparticle to form petalike
structure. While for hydrophobi&B, the hydrophobic attraction applied for bath
and B (favoring AB, AA and BB aggregation), together with the electrostatic force
favoring AB connecton. Therefore, the collective effect of hydrophobic attraction

and electrostatic attraction gave rise to the formation of tangled chains.
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Figure 3.4 Interfacialassembly ohydrophilic and hydrophobiéB. (a) SEM image
of hydrophilic A2oB24, the BCPs sed for surface modification aplymer P3and
PEQsb-P(AA03r-Sth.7)326SH. () SEM image of chains formed frorfurther
assembly otydrophilic A2oB24. (c) SEM image of hydrophobiB2oB24, the BCPs
used for surface modification aR&73-b-P(DMAEMAo.3-I-Sto.7)300-SH and polymer
N4. (d) SEM image of tangled chains formed frédunther assembly ofiydrophobic
A20B24. Scale bar: 500 nme) Scheme of interactions between dimA&B during

interfacial assembly

When initial building blockA and B were diredly subjected to interfacial
assembly without the formation of dimers, this process led to the formation of
irregular aggregats of the NPs (Figure8.5). In this case, the individud@ particles
would aggregate at the interface, while hearticles wouldust disperse around the

aggregated patrticles, thus leading to the aggregation of particles without obvious
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order or pattern. These results further confirm that the multiple steps of assembly and

the amphipHicity of AB dimers are crucial to the formati of petallike structures.

Figure 3.5SEM image of film formed after liquitiquid interfacial assembly from

Azo andB24 without first step assembly. Scale bar: 500nm.

3.3.3 Effect of acid on the formation of petals

The protonation oftrace amount fotertiary amine group in the presence of
acid generates weak chargesfoparticle, resulting in theymmetricgeometry of the
petatlike structures with minimal repulsive interaction energy betw&egparticles.
For better understanding of the assembiycpss, we studied the effect of acid on the
assembly of dimers into petals. First, zeta potential of hybrid building Blesknd
B24 with theaddition of acidwas measured, as shown in Figure 3.6. In order to avoid
the effect of introducing water, acetacid was used as the source of acid. With the
gradualadditionof acid, the zeta potential for bo#t»o andB24 gradually shifted from
a more negative value towards positive potential, which suggests the protonation of

tertiary amine groupofAzg andcarboxyl groups of Boa.
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Figure 3.6 Zeta potential oA20 andB24 in respond taddition of acid.

Second, amphiphili&\20B24 dimers were assembled in the presence of different
amount of acids in the saturated salt solution. K feand that thaveragenumberof
dimers () in petals(AB)n increased with the addition of more acid (Figure 3.7).
With no acid added, the majority of the assemblies is petal structures with two dimers
(~60%).The value oNN gradually increased from 3.t 3.6, and finally to 4.1, when
the concentration of acid in agqueous phase increased from 0.1 M to, 0.2, 0.4 M,
respectively (Figure 3fy. This can be explained by more acidic environment
facilitate the protonation of COOH group onB particles, which ncreased the

hydrophobicity ofB due to weaker electric double layer.
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Figure 3.7 Tune theaggregatiomumber ofdimers in petastructureby adding acid.
(ad) SEM images ofAB)n formed byA20B2s4 with [H*]=0M, 0.1M, 0.2M, 0.4M
respectively. Scale bab00 nm.(e) Yield distribution of (AB)n formed byA20B24
under different [H]. (f) Averageaggregatiomumber of dimersN) in petalstructures

(AB)~ under different [H].
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3.3.4Effect of size ratio on the formation of petals

The number of petals cansal be adjusted by changing the siaéio of the
hydrophobic coref B/hydrophilic core ofA and hencehe strength ofhydrophobic
attraction among\B. Figure3.8 shows the petdlke structure assembledtom AB
with different size rati® of B/A. The avelageaggregatiomumber ofdimers inpetals
increased withthe increase in size ratio 8fA (Figure3.8a-c). We define D(x/y) as
the size ratio oB particle with diameter of x nm aml particle with diameter of y
nm. The majority of assemblies weréAB). with yields above 70%for D(18/25)
(Figure 3.9a). With increase size ratio to D(24/28)greater population ¢AB)3z and
(AB)4 was achieved while the population o{AB)> was found to greatlydecrease
Further increasing the size ratio to D(30/20) ledigher ratio of(AB)s and (AB)s.
(Large area SEM images can be found in Figu&2) This is due to the increased
hydrophobicity to hydrophilicity balance &B dimers with increasing size ratio of
B/A, which gradually strengthened the hydrophobic fetoetween dimer#\ gradual
red-shift of UV-vis spectrunfrom 549 to 575 to 583 nm was observed when the size
ratio increased from D(18/25), tD24/20) and to D(30/20), respectivelyifure
3.99. This can be explained by increasing aggregation nunftdimers and smaller
interparticle distance with increasing size ratio, suggesting the ageement

between structure and optical property of péka structures
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Figure 3.8 Tune theaggregatiomumber ofdimers in petal structudey changing the
size ratio of B/A. (ac) SEM images ofAB)n formed byA2sB1s (a), A20B24 (b), and
A20B30 (€). Scale bar: 200 nm. (dggregation numbedistribution of (AB)n in
Figure 4 (ac). (e) UV-vis absorption spectrum @B and correspondin¢AB)n with

different sizeratio of B/A.

It is worth noting thatarger irregular aggreges rather than wetlefinedpetal
structures were obtainedhenA2oBzs was usedFigure3.9). This can be attributed to
the combination effect of increase in the hydrophobic contact areaedie®v
particles and decrease in the repulsive interaction betegarticles. As shown in
Table 3.1, the number of grafted BCPs on NPs increased with the increase of NP
sizes, although a trend of decrease in the grafting deinsifyBCPs was observed.

See Figure 3.S3 for the TGA curve féx and B particles with different sizes. This
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suggests a larger volume of hydrophobic segmen® particles and hence a higher
hydrophobic interactions for dimers with larger hydrophobic core. Moreover, the
larger sepation distance betweef particles (caused by the presence of lamger
particles in the center of petals) weakereglrepulsiorbetweerA (assuming that the
same amount of residual charges is presentell) pthusweakeningcontrol over the

valence

Figure 3.9SEM image ofaissembledtructure formed from20Bzs.

Table 3.1Grafting densityll and average number of BCP ligands per Au NP for
hybrid building blocksA andB with different size.

Hybrid building blocks Ao Bis Boa Bzo Bss
Gr aft i ng(chdiregnnds | 0.0833| 0.0833| 0.0812 | 0.0690| 0.0562
Number of BCHigandsper NP | 105 85 147 195 229

Interestingly, theinterparticle distance betwee-B (dss) and A-B (dag)
appears to be largely dependent on the siz& ahd B NPs. Figure3.10a shows a
representativecheme and calculation ofgdand ds for threepetal structure. Figure

3.10bindicates a summary of interparticle distance(fB)n with different size oA

87



andB, as well asaggregation numbeX (The actual number of interparticle distance
is shown in Table 3&. Taking (AB). as an examplaVith the increasing of the size
of B NPsfrom 18 nm to 36 nmdss decreases gradualfyom 9.94:2.42 nm to

7.44£1.45 nmdue to the thinner polymer shell from low grafting density

C>

dAZBZ dA3B3

dAB=(dAlBl+dA2B2+dA3B3)/3

dgp=(dp1p,+dprp3+dp153)/3

Figure 3.10(a) Scheme of interparticle distance(@B)z and the calculation ofsd

and &g. (b) Interpaticle distancedas anddss in petal structures.

3.3.4 Assembly of BAB hydrophobic/hydrophilic/hydrophobic trimers into

chains

In addition to the formation gietatlike structures fronAB dimers theuse of
trimers  (e.g., hydrophobic/ hydrophilic/ hydrophobic BAB and
hydrophilic/hydrophobic/ hydrophili@dBA) enables the generation of more diverse
hierarchical assemblieswhen BAB trimers in which one hydrophilic A is
sandwiched between twwydrophobicB NPs to form linear C®like structures, were
used, the entb-end association of hydropholicin the presence of water led to the

production of linear chains with alternative arrangement of Basnd oneA at the
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interface (Figure 3.11) The same linear assembly of alternating chains was not
observed for trimers with the same sized NPs but solely hydrophilic outer block of
BCPs, and the assembly of hydrophobi®AB led to dsordered aggregation of
trimers The result cofirmed that the amphiphilic surface anisotropy is essential for

the chaining oBAB. (Figure3.4)

o@Qe

Figure 3.11 Scheme oéndto-endassociation oBAB into chain structure.

Figure 3.12 (a-c) showsdifferent chainsassemt#d from BAB trimers with
different size of A and B NPs (See large area SEM images in Fig8&h).
Interestingly, irreasing the sizeatio of B/A of the trimers from B24A3sB24 to
B24A20B24 doesidi changethe sequentiathain structureonly affect the interparticle
distance (Figure3.S, Table 3.2).However, Further increasing the size ratio to
B30A20B30, thechains oftrimers begin taonnect forminga network structurevhere

the branchpoints arecomposed of three or moBAB trimers We define theverage
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chain length as the mber of BAB between twonearest branching points (See
scleme in Figure 3.9). Figure 3.12d shows the length distribution of chairs
assembled from trimers with different size ratiosBsA from 24/36, to 24/20 to
30/2Q An increase in the average interpee distance betweeB particles with the
increase in the size ratio wadbserved (Table 3). Upon the chain formation, an
obvious reeshift in UV-vis spectrum was observed for all chains (Figure 3.13e). It is
interesting that he redshift of chains cortinuously increased withdecreasing
interparticle distance, indicatirg strongeidependence of plasmonic coupling the

interparticledistancerather than the lengtbf chains.
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Figure 3.12 End to end connection &AB with tunablesize ratio ofB/A. (a-c) SEM
images of(BAB)n formed by B24A36B2s4 (@), B24A20B24 (b) and BzoA20Bzo (C)
respectively. Scale bar: 100 nr(d) Chain length distribution fathe chains oBAB.
(e) UV-vis absorption spectrum d8AB and correspondingBAB)n with different

sizeratio of B/A.
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Table 3.2Interparticle distance BAB)n with different size of Au NPs.

Sample das dss
(B24A3zeB24)n 6.49+1.33 nm 8.1A41.46 nm
(B24A20B24)n 9.46t2.04 nm 8.9t1.5 nm
(B30A20B30)N 8.05+2.09 nm 7.42¢1.84 nm

3.3.5Assembly of ABA hydrophili¢lydrophobic/ hydrophilic trimers into

ribbons

As discussed earlyhe surfacechemistryof trimers can be tuned to produce
amphiphilicABA supracolloidsn which onehydrophobicB is locatedbetweentwo
hydrophilicA NPs ABA trimers dispersed in THF wepaced on top of a saturated
NaCl aqueous solution, and an interface was formed due to the immiscibility of THF
and the dense salt solution. The interface provides a platform for the assembly by
specifically changing the solvent condition for trimers closéhe interface, as the
agueous phase serves as a poor solvent for the PB patticles. The association of
B particle led to the sidby-side assembly of trimers to reduce the unfavorable
interface between PS and the aqueous phase. After the slpara&tian of THF, the
ensembles was obtained on the surface of the aqueous phase, where trimers stack into
ribbon structures, protecting the hydrophobic center in the inner back bone and
leaving the hydrphilic ends as the outer winganalogous to peptidébbons.(Figure

3.13).
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Figure 3.13 Scheme osideby-side stackinggf ABA into ribbon structure.

We studied the effect of relative size ratioBfA on the assembly of ribbons at
the interface. As shown in Figure 8.Xac), with the decrease in DY from
D(36/20 to D(30/20) to D(24/20) A20BzsA20 A A20B30A20 A A20B24A20), a
gradually increase on the ribbon length and the interparticle distance was observed.
(See Figure 3.&for large area SEM images.)Thggregation numbe\ in the ribbon
structues (ABA)n increased from 3.6 to 3.7 to 7.3 based on the distributidh iof
Figure3.14d. The increase in ribbon length was accompanied with an increase in the
rigidity (i.e., decrease in the flexibility) of ribbons and decrease in the defects along
the ribbons. This can be attributed to the smaller size ratiB/Af strengthens the
rigidity of ABA. Moreover the residual charge d NPsalso play an important rgle
for larger B NPs, the stronger residual charge repels the attachirgpmbaching

ABA which prevents the foration of longer ribbons.The interparticle distance
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betweenB NPs in the ribborwas also investigated, whicdhows alarger distance

with decreasing sizeatio of B/A, as shown in Figure 34&. SeeFigure 3.3 for the
calculation of ineérparticle distancegd. The trend of interparticle distance observed

in ribbon structure is in agreement with that observed in petal and chain structure,
which is &g is in positive correlation with the grafting density of BCPs, suggesting
that the constent adjustment on the interparticle distance is feasible in our system
The UV-vis absorptionspectrumis shown inFigure 3.14f, it appears that the ribbons
formed fromABA with higher size ratio oB/A have a stronger red shifiyhich is

due to the clogenterparticle distance.
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Figure 3.14 Side by side connection oABA with tunablesize ratios oB/A. (ac)
SEM images ofABA)n formed byA20B3sA 20, A20B30A20 andA20B24A20 respectively.
Scale bar: 100 nmd) Aggregation nmber distribution ofABA)~ with different size
ratios of B/A. (e) Interparticle distancegg in ribbon structures with different size

ratios of B/A. (f) UV-vis absorption spectrum &BA and correspondingABA)n

with different sizeratiosof B/A.
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3.3.6. DPD simulation of hierarchickassembly

We simulate thehierarchical assembly of amphiphilic supracolloithy
DPD'% using aCG modelin our previous work®. In the simulation, theA and B
building blocks were represented as blue and red parti€las.DPD simulation
resultsarein good agreement with experimental observatidiepetatlike structure
(Figure3.15 (a-b) is assembledtom AB, ribbonstructure is assented (Figure3.15c)
from ABA and chain structure is assembled (Figgutsd) fromBAB. Comparing the
petatlike structure in Figure 35a and b, the transition in aggregation numkan
(AB)n comes from the different size ratio BfA. As the size ratio ecrease from
Figure 3.1a to b, the average aggregation number also decrease accordingly, which
is in well agreement with our experimental results. The different assembly geometry
of trimers in Figure 38c and d results from the different surface ampligty,
hydrophilic/hydrophobic/hydrophilic trimers further assemble into ribbons, while
switch the surfac@ydrophobicityled to the formation of chains, which is the same as
the experimental results. Our simulatgoconfirm that amphiphilic sugcolloids can
further assemble under hydrophobic driven, and the aggregation number can be tuned

by the size ratio of NPs.
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Figure 3.15 Simulation of forming petal like structure (a,b) frokB with different

size ofA andB, ribbon structure (c) froPABA and chan structure (d) fronBAB.

3.4 Conclusion

In this Chapter, walemonstrate that amphiphilic supracolloids that are produced
from binary assembly of inorganic NPs can further assemble into a variety of
superstructuresincluding petalike structures, ribbon structurs, and chainsat the
liquid/liquid interface. It was found that the assembly is largely driven by the balance

of hydrophobic attraction betwedd particles and electrostatic repulsion between
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similarly charged NPsThe formation of different @&mbly structures is, therefore,
determined by the relevant parameters such as the size raBéApfthe pH of
agueous phase and the amphiphilicity of supracolloids. It is particularly striking that
the switching of hydrophobic/hydrophilic arrangement tedthe change in the
association mode of trimers from sig-side to endo-end, which suggest that
anisotropic hydrophobicity serves an important role in the assembly process. This
multi-step assemblgtrategyis simpleyet versatile. lopens up avenseo construct

newensembleshatare difficult to obtain via traditional assembly.
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Chapter 4The length effect of block copolymer tetherstbe
ribbonformation of supracolloidal trimers

Overview. The sideby-side assoct@on of amphiphilic ABA trimers with one
hydrophobic centeand two hydrophilic erslwas demonstrated to be a feasible way
to producecolloidal ribbon structurein the last chapter. The hydrophobi@eraction
originated from hydrophobic polystyrene bloskof BCPs on theentral NPs was
considered to be thdriving force for theside by-sideassociation of trimers. Here, we
report a systematic study on tlkeéfect of BCP length on the assemidy ribbon
structuresfrom amphiphilic supracolloidaltrimers. A series ofamphiphilic BCPs
with different lengths of constituent blocksere used tofunctionalize NPs to
constructA andB hybrid building blocksThe resulting supracolloidal trimers consist
of hydrophilic and hydrophobic chemical patches of hairy poignaad hence local
domains with tunable hydrophobicit product diagranof assemblywas obtained
to summarize theritical boundary conditions for the ribbon formatiobhe result
providesnot onlyguidance for the better fabricatiomnribbons, but alsmew insights

into the assembly mechanism of supracolloids at the interfaces

A manuscript based on this chapter is in preparation and to be submiftadnal of
the American Chemical Society

4.1 Introduction

Building blocks with anisotropic shape dnamistry are generally created to
achieve directional and/or specificeractiondor controllable assembly of functional
materials The unprecedentedrogress inthe synthesesof inorganic NPs with

controlled size, shape and composite in the past debaddsasticallybroadened the
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library of building blocksthat are available for assemBl The concept of shape
anisotropy has been proposed to assemble shaped NPs into complex structures. To
achieve controllable assembly of spherical NP&wigh precision, it is crucial to
break the symmetry of NP surface. Various strategies have been developed to
decorate the surface of -agnthesized NPs with defined chemical patches or
controlled number and position of ligands, such as wmtte surfee
functionalization, phase separation of ligands,*gtcThese methogshowever,are

either complicatedgostly, or unscalable. Nevertheless datesymmetrybreakingof
spherical particle still remains a challengeédere westudy the generation oABA

trimers (hydrophilic/hydrophobic/hydrophilichy co-assembly ofbinary Au NPs
tethered with functional BCPs and their further assembly into ribbon structures by
tuning the amphiphilipatchesThe lengths of binary BCPs tethers ArandB were

tuned to study the effect of hydrophobic and hydrophilic brushethe formation of
ribbons. A transition from nenbbon to ribbon formation was observed with
increasing the length of hydrophobic polymer and decreasing the length of
hydrophilic polymer. Inspired by these results, v®nfirmed the essential driven
force of ribbon formation as central hydrophobic block and the critical boundary
condition of BCP length for the ribbon formation. Tkigstematical studprovides

new insighs in understanding the controllable ribbon formatiand the assembly

mechanism ofigracolloids at the interfaces
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Figure 4.1 Scheme obelfassembly of amphiphilitrimers into ribbonsincrease the
length of hydrophobidlock of BCPs onB particle facilitate the ribbon formation,
while increase the length of hydrophilic BCPs Anpaticle impede theribbon

formation.

4.2 Experiments

4.2.1 Materials

The BCPsthiol-terminated PE&-P(DMAEMA-r-St}SH and PSh-P(AA-r-
St}SH, were synthesizedseparatelyusing RAFT polymerization Au NPs with
diameterof 20 nm, 24 nm, 30 nm and 36 nm wesynthesized by the same method
described inexperimental section itChapter 2 Hydrochloric acid (36.88.0%),
sodium chloridewere purchased from Aldrich and used raseivedunless otherwise
noted. Deionized water (Millipore MilkQ grade) with resistity of 18.0 Mg was
used in all the experiments.

See Figure 4.S1 and 4.S2 for representaiVéNMR spectrunmfor PEQs-b-

P(DMAEMA32-r-Stoeg)es-SH, and GPCurve for PSCTA andPSb-P(AA-r-St)-SH
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