ABSTRACT

Title of Dissertation VISUALIZING DYNAMICS DURING
CHEMICAL REACTION DRIVENNON T
EQUILIBRIUM COLLOIDAL AND
NANOPARTICLE ASSEMBLY

Thilini Dissanayake Appuhamillage
Doctor of Philosophy, 2023

Dissertation directed by: Professor Taylor.JVoehl

Department of Chemical and Biomolecular
Engineering

Biological nano and micsiructures existar from thermodynamicequilibrium by
continuousconsumption of energy that allows them to reconfigure or adagtanges in the
local environment. Utilization of these naquilibrium structure formation processes in
synthetic colloidal particland nanoparticléNP) systemss expected to enable unprecedented
control over the dynamics of syntheéictive soft materials and systems that are beyond the
reach of equilibrium self assemblylIn this work weadaptedwo noni equilibrium structure
formation processe®bserved in biological systemslissipative assembly and reaction
diffusion instability to generate dynamic colloidal assemblies andaginized patterns of
nanoparticles

First, we investigated how the surface chemistry and interparticle interactions between

colloids changed duringhemical reaction driven dissipative assembly of polystyceteids



A key result was the first, time dependent measurements of the dynamic colloid surface
chemistry (surface charge and hydrophobicity) during dissipative assembly. Importantly, we
demonstrated that thermodynamic interparticle interaction models typically fmse
equilibrium selfassembly are effective in describifigel driven colloid assembly far from
equilibrium. The interparticle interaction models demonstrated that electrostatic interactions
controlled the concentration of particle aggregates while the strength of hydrophobic
interactions determined whether colloids underwent irreversible aggregatiissgative
assembly.

Next, using a correlative fluorescence microscopy digdid phase transmission
electron microscopfLPTEM) method, we demonstrated thaminated polymeicapping
ligands on metdlPs undergo crosslinking and chain scission reactions as a result of formation
of hydroxyl and hydrogen radicals due to electron beam induced radiolysis of water. We
demonstrated that a hydroxyl radical scavenger can minimize the electron beam induced
reactons in the polymers. Based on this fundamental knowledge, we introduced an instability
to an initially homogenous goMP decorated aminopolysiloxane thin film immersed in water
by scanning TEM beam. Radiolysigwi&n polymer radical reactions of polysiloxane coupled
with diffusion of radicals, polymers, amNPs caused the polymer ahdP to selforganize into
repeating spatial patternse., Turing patterns, with no template or specific interparticle
interactions. Spots, strings and labyrinth patterns that closely resembled Turing skin
pigmentation patterns on various animals were obtained by tuning the chemistry of the system
A series of systematic experiments identified that hydroxyl radicalblBa@s criticaspecies
driving the formation of th&lP patterns. We expect this work could be used as a model system

in establishing design rules for nanoscale pattern formation by readitfasion instability.
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Chapter llntroduction

1.1 Assembly of colloidal particles

Hierarchical assembly of particles in microscale arahoscale has decades
expanding history in bottofinup approach to fabrication. Particles of different shapes and
sizes made with various materials having different surfeltemistrieshave been
manipulated to form larger entitiésAssembly of colloidal particles has enabled
synthesizing nanoscale structures which are smaller than the lowest resolution that could
be reached by top down fabrication methodsWhile topi down fabrication requires
expensive instruments and clean room facilities, the spontaneous assembly of colloidal
particles requires minimal resources most of the time. The serial nature ofdtmpn
fabricationmethods is avoided in colloidal assembly where large number of components
are handled at the same tifAlso, complex materials could be realized by hierarchical
assembly of colloidal particled the topi down approach bulk material isconfigued
into desired structures. But colloidal assemblies present unique magnetic, photonic and
electric properties that is not available to their discrete units or innbat&rialphase due
to plasmon coupling, exciton coupling and magnetic coupling in their assembled| state.
The plasmonic, electrical and magngtimperties could be tuned by simply varying the
spatial distance between particles in the structim, the ability to manipulatoriented
attachmentbetween anisotropic colloidal particles has been usefuhadulating the
opticalproperties of the ensembl&Based on different properties and functions, colloidal
particles assembly has been applied in a diverse range of fields including

nanoelectronic&® optics!® sensors;! catalysist'*?nanomedicine and drug deliveld



Selfassembly and directed assembly are the widely used strategies for constructing
structures from colloidal particles. Colloidal particles spontaneously associate into
structures during seldssembly through local specific interparticle interactiondirgcted
assembly, colloidal particles are arranged into ordered structures by assistance of an
external stimulus, such as light, electric field, magnetic field, and solvent evaporation,
thereby guiding the process to achieve the desired résiitte goal of self assembly is
to engineer the interparticle interactions between particles as well as the assembly kinetics
to allow the system to minimize the free energy and reach thermodynamic equilibrium to
produce the desired static structut®m directed assembly, external fields induced forces
on colloids that modify the energy landscape and direct particles to assemble into a desired
configurationt’  Equilibrium seltassembly is reversible, with particles dynamically
transitioning between an assembled and discrete state due to thermal fluctuations. At
equilibrium, the concentration, size, and structure of the assembled material does not
change withitme unless the local environment (e.g., temperature, pH, ionic strength) is
changed. However, in living systems such as cells most of the structures and undergo
continuous spatial and temporal dynamics and can reconfigure their structure in response
to changes in their environment through an intricate system of reaction netifiFks.
achieve this purpose, these structures exist far from thermodynamic equilibrium and can
change their position in the free energy landscape by continuous supply of chemical energy

and matter’

1.2Noni equilibrium structure formation processes
Non i equilibrium structure formation processes could be separated into two

classes, dynamic sélfassembly (also known as dubf equilibrium selfi assembly or



dissipative assembly) and selérganization. In dynamic sélfassembly, primary building
blocks are coupled to a chemical reaction cycle that consumes energy, leading to
spontaneous assembly of the building blo®Ks. selfi organization, spatidl temporal

order or temporally stable patterns arise in a reacting system due to interconnected
feedback loops between different types of components in the system. Dynaniic self
assembly is the most basic type of ii@ygulibrium structure formation process and could

be transformed into a self organization by adding a feedback netw8Self i
organization processes are diverse and can expand from simple elementary levels to
hierarchical levels and can be seen in a vast range of systems from biological cells to
galaxies in the universé?? Spatial/temporal pattern formation in reaction diffusion
systems could be categorized under sadfganization as a noin equilibrium structure

formation process, where Turing pattern formation is one example.

1.3 Dissipative assembly

The inspiration to create synthetic dissipative assembly reaction cycles was drawn
from the dynamics of microtubules and actin filaments in biological cells. Microtubules
and actin filaments are part of the scaffold a cell is built on and define the strapture,
and mechanical properties of the &fi*Microtubules assist in various cellular functions,
such as cell division, intracellular transport, and cell motion, which requires them to rapidly
reconfigure their structure to execute a given tddlicrotubules achieve the necessary
structural change, growing or shrinking, by undergoing a dissipative assembly cycle

(Figure 1.19.%
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Figure 1.1. (a) Dynamic instability of microtubuldzigureadapedwith permission from
reference® (b) Dissipative assembly cycleFigure adaped with permission from
reference®

A generic dissipative assembly cycle where the primary building blocks directly
participate in the reaction cycle can be described as follows. Here building blocks could be
proteins, peptides, colloids, nanoparticles, polymers, or small organic moldissielyed
in a solvent. The primary building blocks in their initial state are at thermodynamic
equilibrium and sit at the gl obal energy mw
the system (another molecule or direct energy source), the buildirig btansform from
a Opassiveb6 state to an d6activatedd state t
block chemical structure. Building blocks in their activate state readily undergo assembly
(Figure 1.1b).2° The active building blocks are no longer in thermodynamic equilibrium
and reduce the free energy by assembling through covalent oi nowalent bonds.

Si multaneously, a back reaction reverses t



other words deactivates the building blocks. The deactivation takes place on both discrete
activated building blocks in the dispersion as well as the activated building blocks in the
assembled structures. Once losing the active state the building bleaxtks sisassemble

from the assembled structures and regenerate the discrete building blocks. Both assembly
and disassembly take place at the same time and the rate of each reaction determines
whether the structures would grow or diminish. A continuouplgupf chemical fuel is
required to maintain an assembled structure. In most synthetic reaction cycles a continuous
supply of energy is not used and a limited amount of fuel is supplied at the beginning. Here
the deactivation reaction rate is designed ¢omuch lower compared to the activation
reaction immediately after chemical fuel addition. When the fuel is consumed by the
activation reaction the assembly rate decreases and the deactivation reaction rate takes
over. In the end, once all the fuel is detpl, the original state is restored. The assembly
cycle could be restarted by injecting the chemical fuel again. The building blocks could
take the form of molecules or colloidal particles. In molecular dissipative assembly
different type of structures we observed such as transient hydrogels made by small
organic molecule$’ peptides®?° and proteins® transient micelles made by assembly of
surfactants and block copolymersi*3? vesicles made by assembly of surfacta#{TP
complexes? transient organic colloid formation by aggregation of hydrophobic
anhydrides? transient emulsion droplets in aqueous medand coacervation with
RNA.3 These various otit of i equilibrium structures of molecular dissipative assembly
occurred through polymerization by covalent bonds, association by covalent bonds

or phase separation.
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Figure 1.2. Chemically fueled dissipative assembly of colloids. (a) Nanoparticles directly
involved in energy dissipation during dissipative assembiyne hydrophilic terminal
groups of the surface ligands react with the chemical fuel and are converted to a
hydrophobic terminal group leading to aggregation of nanoparticles. Hydrolysis of
hydrophobic terminal groups back to hydrophilic groups causesseisily.Figure
adapedwith permission from referencé (b) Temporal variation in solution pH induced
transient assembly of nanoparticlEgyureadapedwith permission from referenc® (c)

Linker molecule mediated transient nanoparticles assenfilyure adapéed with

permission from referencé



In colloidal dissipative assembly, transient assemblies are formed through direct or
indirect means. In the first approach, the colloidal particles directly participate in the
dissipative reaction netwonkia reactions between colloidal particle surface ligands and
chemical fuel. The surface ligands go through activation and deactivation reactions that
change the attractive and repulsive forces between the patfit?dé¢$During activation,
an increase in the magnitude of attractive forces leads to colloidal assembly and
deactivation reactions restore the initial ligand and disassemble the colloids. In the work
by van Ravensteijnet al, a methylating agent, dimethyl sulfate increased the
hydrophobicity of polymer coated colloids by converting carboxylic acid terminated
surface ligands to methoxy groups, which caused patrticle clustering within 2 FRiguire (
1.28).3" The methoxy groups on the surface ligands are metastable in water and hydrolyzed
back to hydrophilic carboxylic acids over 24 hours, causing the clusters to fall apart. In the
second approach, colloidal particles do not directly participate in the reaetiwork, but
the activation and deactivation reactions of other components in the colloidal dispersion
modulate the interactions between collditisor example, Heuser et al. devised a system
where time dependent pH changes in the solution protonated and deprotonated surface
ligands of nanoparticles, which regulated the electrostatic repulsion between nanoparticles
(Figure 1.20).%® In another method, Ouyang et*aland Dehne et &F (Figure 1.2)
exploited bridging between particles through specific binding of a linker molecule to the
surface ligands of the particles. The concentration of the linker molecule was controlled by
a dissipative reaction cycle and production of linker molecule ledidigibg between
particles, hence assembly of colloids. Chemical degradation of the linker molecules led to

disruption of the bridging between particles and caused disassembly. In another method



Bian et al. exploited assembly of colloids through oppositely charged ions in solution by
tuning the ion valence with a dissipation cycle, where multivalence resulted in nanopatrticle
aggregation and moriovalence resulted in nanoparticle disasserfiblyaste molecular
products are produced during reaction of chemical fuels during dissipative assembly;
accumulation of these byproducts in the system with subsequent dissipative assembly
cycles can ultimately lead to irreversible aggregatiofhis drawback of chemical fuels

can be avoided by using light as the energy source for dissipative assembly.
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Figure 1.3. Dissipative assembly energized by light. (a) Tians conformational change

of azobenzene based surface ligands manipulated for dissipative assembly of gold
nanoparticlesFigureadapedwith permission from referenéé (b) Solution pH mediated

by illumination of photoacids for transient cluster formatiofrigure adaped with

permission from referenc¢@

UV and light irradiation were used in both direct and indirect means for colloidal
particle dissipative assemit§#¢4° Azobenzenes are commonly used in dissipative
assembly cycles by exploitation of the light induced trialess conversion. Klajn et al.
coated nanoparticles with an azobenzene ligand in its stable trans conformation and used
UV illumination to convert théigands to the unstable cis conformation and clustering of

8



the nanoparticles. Clustering was reversed by removing the UV irradiBiipme 1.37).4

Light induced ring’ closure of a spiropyran based photoacid was utilized to temporarily
vary pH in solution, controlling protonation/deprotonation of charged surface ligands of
nanoparticles Kigure 1.3). Time dependent electrostatic interactions between

nanoparticles controlled clustering and disasserftbly.

1.4 Interparticle interactions mediating colloidal assembly.

Prediction of the outcome of molecules based dissipative assembly systems is
possible through modelling reaction kinetics. Whereas, both reaction kinetics and
aggregation kinetics should be considered for colloidal systems as energy dissipation is
controlled by reaction kinetics while aggregation kinetics preside over colloidal assembly.
This makes it harder to determine the right experimental conditions for dissipative
assembly in a colloidal system and to discover new colloidal systems exhibiting dissipat
assembly. During colloidal dissipative assembly, the particles assemble or disassemble
through mediation of interparticle interactions, irrespective of their direct or indirect
involvement in the energy dissipation reactions. Therefore, keen intecestl e given

to interparticle interactions mediating aggregation kinetics during dissipative assembly.

1.4.1 Pairwise interaction potential

The characteristics and magnitude of the interactions between colloids can be
expressed by the energy of the interactions. Pairwise interaction potential function
represents the energy between two interacting colloids arising due to different physical and
chemical phenomena. A negative potential indicates a net attractive interaction while a

positive potential indicates a net repulsive interaction. Earlier interpretations of colloidal



interactions accounted for attractive van der Waals interactions and repulsive electrostatic
interactions in the famous Daguin, Landau, Verwey and Overbeek (DLVO) theory.
DLVO theory presents pairwise interaction potentigl ( ) as the summation of
electrostatic potentialy( ) and van del Waals potentidg ( ) as follows>°
B B B . (1.1)

Additional norDLVO interactionsbetween particles in addition to these two
interactions were identified and included in the interaction potential to explain colloidal
stability. Some of these interactions include steric interactiogs () and

hydrophobic/hydrophilic interactiong ().

B B B B B . (1.2)
Physically, nteractions between two colloids manifestragulsive or attractive
forces between the colloids in a solutiofhe interaction potentiall{) relates tothe
interaction force™Q acrosghe distance of closest approd@ as follows.
B L oaQ (1.3)
While theinteraction force indicate the magnitude of the net attractive/repulsive
interaction between particlethe interaction potential represents more informative metric
to assess the colloidal stability and aggregation kinetisscolloidal dispersion will not
necessarilyindergo aggregatiomhenexperiencing attractive forces between particles due
to existence of energy barrgthat cannot be overcome by thermal energy. Expression of
interaction between two colloids as a potential aloomparison of interparticle
interactions withthe thermalenergyof particles which has a characteristic scale@fY

whereQ i s Bol t z ma.nAls@ snteraction poteatial tgives useful information
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about stability of the dispersion and whether the dispersion is more prone to reversible
assembly or irreversible assembly.

The thermodynamic modelling of interaction potential between two colloidal
particles with separation distance results potential energgurvethat typicallyshows a
primary energy minimum and a primary energy maximum. The primary minilsum
located at the point of particle contact argpbresents irreversible aggregation of the
colloidal solution due to strong attractivéan der Waaldorces between particle$he
primary maximum represents the energy barrier preventing aggregation of the colloids and
in system with only DLVO forces is due to the balance between electrostatic repulsion and
Van der Waals attraction. The height of the primary maximum compared to the
characteristic thermal energy of the colloids defines whether the colloids are kinetically
stable or unstable. In other words, if the primary maximum height is much greater than
"Q"Ythe colloids will be stable against aggregatiorsome cases, the interaction potential
curve show a shallow secondary minimuat particle separations greater than primary
maximum, which can result in reversible clustering in the solution when padiget
trapped in the secondary minimufigure 1.4). Here, irreversible aggregation occurs in a
two-step process where first a reversible cluktems inthe secondary minimum would
transform into an irreversible aggregate after gaining enough thenergyeto cross the
energy barrief? The reversible aggregation associated with the secondary minimum
presents the possibility of using equilibrium colloidal interaction models to interpret
colloidal assembly during dissipative assembly cycle. In the following section we discuss
some commorinterparticle interactions between colloids that is necessary to explain

particle assembly behavior.
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Figure 1.4. Pairwise interaction potential of two colloidal particles.

1.4.2van der Waalsinteractions.

Earlier works into deviation of gaseous systems from ideal gas laws paved path to
first identifying van deWaals attraction forces between molecules and atbhesstrong
attraction forces between colloids during colloidal aggregation made the researchers
identify a similar force acting between macroscopic bodies as well. vaWabds forces
are also behind several physical phenomena such as condensed phase separation,
wettability of surfaces, capillarity due to surface tension and surface adsdfpt@amder
Waals forces are a type of foscgcting between neutrally charged atoms and molecules
due to polarity of the electron clouds. There are three types of van der Waal's forces, namely
Keesm forces, Debye forces and London dispersion ford@pole i dipole interactions
between molecules with permanent polarized electron clouds such as water molecules give
rise to Keesom forces, forces acting between a permanent polarized molecule inducing a
dipole in another nonpolar molecule refers to Debye ¢es and induced dipotenduced

dipole forces acting due to charge fluctuations in electron clouds of twc potar
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molecules are London dispersion foré€¥ Not only in between atoms and small
molecules, van daiaals forces acts between larger molecules such as biomacromolecules
and polymers, particles (colloids and nanopatrticles), surfaces and even in bulk materials.

When the size scale becomes larger from simple atoms or molecules to a cluster of
atoms or molecules such as colloids, the contribution from the first two van der Waals
forces become less important and London dispersion foessmeshe most important
force.Therefore, in most texts the van der Waals forces in colloidal systems are referred to
as London dispersion force$€:>**Even though non polar molecules hava zero net
dipole,the instantaneous charge distribution fluctuales to electron orbital moticand
the resultinglipolefields fluctuate. At a given time locations of orbital electrons may give
rise to a momentary polarity in a molecuded the arising electric field will interact with
arother non- polar molecule in close proximity. The charge distribution of the other
molecule changes in response and gives rise to this electrodyattiaitiveforce 305155

Using pair wise additivityapproximation to atomic/molecular systems Hamaker
estimated the van der Waals' interaction energy for two macroscopic bodies and this force
was found to be longer range than molecular van der Waals forces. The van der Waals
interaction energy varies depémgl on the geometry of the two bodigdhe material
properties of the interacting bodies as well as the distance betineéno bodiesFor a
simple colloidal system consisting of equally sized sphitiresan der Waals interaction

potentialis given by,

B 2 & &

@

Hereo is the Hamaker constari@is the distance of closest approach between the

spheres and r is the sphere radiuhe Hamaker constant encompasses the material
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properties that decide the magnitude of the van der Waals integdtioluding primarily

the dielectric constant of the colloids colloidal assembly, particles interact through a
solventand particlei solventinteractions should be accounted fioraddition to interi

particle interactiondarticleinteractiors with theinterveningsolventdecrease the Van der
Waalsinteractiors andcan berepresented by an effective Hamaker constahich is not

only a property of the particles but dependssolvent propertiesas well*® The presence

of electrolytes and other molecules in the medium between two bodies can have a
considerable effect on the van der Waals attraction forces a8 \Beil.estimating these
deviations is nasimpleandrequiregime consuming experiments. Therefore, ia gtudies

of colloidal assembly in aqueous solutiotite Hamaker constantd colloids materials

with water as the intervening mediuare assumedVhile most of the time van der Waals
interactions are attractive, in some cases it can take a repulsive form which would be
included in the Hamaker constant as a negative vakricles composed of the same
material interadhg througha solvent or vacuunalways give rise to attractive van der
Waals forceswhichis the case for the scopetbfs thesis.

In the context of dispersion forceat longer separation distances there is a
significant time delay betweethe point of emission oélectromagnetic wagsgrom an
induced dipoldo the point ofreceival of response electromagnetic field from the second
body, during which the electromagnetic field from the first Bdighpleinduces a dipole in
the second body with favorable configuration for attractive forces. During this time delay,
the orientation of the dipole in the first body changesiam longerin line with the
second bodywhich weakens the attractive forces between two bodies. This is called

retardation effects and a correction factor should be included in the interaction potential to

14



account for the reduction ofan der Waalsattraction at larger separatiot¥s® The

correction factor fotwo interacting spheres is as follows,

Q p ™oy pmlip (1.5
The resulting equation after including the correction factor in equatiéniglused

for estimation of van der Waals contribution to the interaction potential between two

colloids.

B 00 - i (1.6

1.4.3Electrostatic interactions

To maintain a stable dispersion without aggregatibere should be a repulsive
force arising between particldsat balanceattractive van der Waal's forces. As described
by the DLVO theory this repulsive force is electrostatic in nature and originates due to
particles acquiring a surface charge. There are several ways for particles to gain a surface
charge such as loss/gain of electrdinem crystal lattice, adsorption of charged molecules
on the surfaceandionization of surface functional groups. The commonly used method to
stabilize particles in a gation is coating the surface witbrganicligands to introduce a
surface charge and repel similarly charged particles from coming together.

In an aqueous particle dispersjpositively and negatively chargéee ions exist
in addition toparticles and water molecules. When a particle carrying a surface charge is
suspended in solution, the surface repels free ions with similar chardejons’, and
attracs oppositely charged ions, 'counterions’, from solytwinich creates a distribution
of ions in thevicinity of the particlehatis different from that of homogenous bulk solution.

Counterions tightly pack a fewnanometeregion neathe surface of the particle due to
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attractiveCoulombicforces and this region is calléde Stern layerBetween stern layer
and bulk solution there exists another regaepleted inco i ions and enriched in
counterionsThis 'diffuse layeris dynamic asdnsat equilibriumfredy move in and out

of this region.As counterions in stern layer are not sufficient to neutralize the surface
charge, moreaunterions feels drawn to the surfabat also get repelled by the similar
charges in theStern layer which creates alistribution of courdgrions with a high
concentration neahe Sernlayer thatgradually reduces concentratiorwith increasing
separation from the surfack contrastthe concentration oo’ ionsstart to grow from
lowest concentration nedne surface tahe bulk solutionconcentration at the end of the
diffuse layer. This charge distribution profile around a particle consistiad3eirn layer
andadiffuse layer is called electric double lay€he thickness of thiglectricdouble layer

is characterized by h Beby@ length Whichdepends on the properties of gwution and

the temperatureThe Debye length is calculated from the ionic strength and dielectric
constant of the solvent. The standard expression for the Debye length for a 1:1 electrolyte

is as follows.
I _— (1.7)

Hereb isAvogadrods number, R i™¢ds the absoluten i v e r
temperaturg,] is the absolute permittivity of the solutidflis the elementary charg€
is the ionic strength of the solution in molar umitalll is the Debye parameter.

When the particle freely moves through the solution a layer of liquid fixed around
the particle moves with it as a single entity. Bugeof this layer is called h dippiag
planeas itthe any fluid flow velocity goes to zero at this plahlee location of the slipping

plane is within electric double layer and most of the time coincides with the edge of Stern
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layer. The potentialenergyat slipping plane is callethe &eta potential 6 whi c h i
measure of the electrochemical potential at the surface and is related to the colloid surface
charge density. The zeta potential is important because it can be experimentally measured
using light scattering, while the true surface potenfighe colloids is difficult to directly
measure. At higher surface charge density, the zeta potential is also higher, which reflects
a stable particle dispersion. Dissociation anatgmation of surface functional groups is
affected by solution conditions, e.g. pH, which alters the surface charge density.

When two particles approach each othkie electric double layers around the
particles overlap and creaeepulsive force. The electrostatic repulsive potential depends
on both surface potential and Debye length, and exponentially decreases with increased
particle separation. The interaction potential arising from electric double layer overlap
between two chaed spheres with identical size and surface charge is calculated as

follows:>’
B — o0 We — Q , (1.8)
whereQ is the Boltzman constanijs the valence of the charged groupsfani surface

potential. The surface potential was approximated by the experimentally measured zeta

potential — .

1.4 .4Steric interactions

Electrostatic stabilizatiors not effective at high salt concentratiahge to a small
Debye lengths, which allows attractive Van der Waals forces to cause aggrégatsm
lack of free ions in organic solvents prevent development of a double layer around particles

which results inveak repulsiveelectrostatic force® Particles in these instances can be
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stabilized by introducing polymérushaonparticle surfaces. Here tepatialinterference

by these bulky molecules on two approaching surfaces gives rise to a repulsive force and
prevents particles from aggregating, hence called St#ecactions Colloids could be
stabilized in a solution solely depending on steric forces by using neutral polyngers (e
polyethylene glycqglor with both electrostatic forces and steric forces by using charged
polymers (&., polyelectrolytes).

Polymersareattached to surfaces in three different ways. Adsorption of polymers
onto the surface of particles is one methbdtabilizing particles in a solution. Here some
segments of thpolymerchain are physisbed on the particles surface while the rest is
suspended in the solveitThe layer of adsorbed molecules is dynamic and reversible
depending on the solution chemistry as molecules are not permanently attached to the
surface. Aother way of achievingolymer attachment to colloids is to utilize polymers
with two chemically different segment®ne endof the polymer is poorlgoluble in the
solventandbr has astrong affinity towards the particles surfastile the rest of the
moleculeis soluble®® Thesemolecules assemble on particles with the segment soluble in
the solvent stretching out into the surrounding medale the other endnchorsonto the
particle surface. Here the attachment of the molecules to particles is much stronger than in
adsorption. Surfactants and blockpalymers to decorate particle surfaces are examples
of this methodThe third method is tethering a polyn@rainonto the particle surface by
a functional group at one end of the chaihichis covalentlybound to the siface®®

When two particles approaelach otherthe polymer®nboth particle surfaces are
crowded togetheWhenpolymers are not permanently attached to the surface,isiteee

possibility of polymers moving away from the area of interactiordesorptionand
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solubilization in the bulk solutioff. Also when two particles approach clos@mpolymer
chain adsorbed on one particle might feel attraction to the other particiecashdilatch

onto the other particlesurface as well. This bridging between two particles leads to
flocculation in the dispersion which is the reverse of steric stabiliz2tiSin chemically
anchored polymers, the grafting density rentainstanaind polymer liganddonot desorb
depending orthe solution conditions. In the scope of this thesis, we have used both
polymeric and metallic particles with polymer ligands chemically grafted on the surface
and steric interaction for this scenariasgonsidered when estimating interactpmtential
between particles.

Polymeri solvent interactions are important in steric stabilization as polymer
chairs collapse on the surface in a poor solvent due to unfavorable polys@vent
interactions Therefore, polymeidigandswill not be a good stabilizen a poor solvent
When one terminal of the polymer is chemically attached to a surface, the rest of the chain
stretches out andssumesan equilibrium length decided by the grafting density and
polymeri solvent interactionsThis equilibriumlengthis thethickness of théigand shell
on the surfaceWWhen the distance at closest approach between two particles goes below
twice the length of ligand layer, the polymer brushes of two particles start interacting and
get pushed togetheRue to the high concentration of polymer in this region, osmotic
pressure increases and contributes to an increase in repulsive force between #urfaces.
the same time stretched out polymer coils are restored; elastic energy of polymer coils is
reduced which prefer decrease of the distance between suaiagecontributes to lower

the repulsive force®->®
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The Alexanderi de Gennes equation for two flat surfaces in a good solverg sum
up thetwo contributions to steric interactipimcrease in osmotic pressure and decrease in

elastic energys follows>®

T 7 ) )
O — — — "QEN cO (2.9)

Where™O is the force per area) is the length of a polymer brusi®is the
distance between two surfaces at closest approach @the parking diameter of an
individual polymer brushA simple exponential equation as an approximation to the
Alexanderi de Gennes equation was proposed by Israelachvili, which is commonly used

for steric interaction between two approaching polymer covered surfaces.
O —0¥ Tt Q ™ (1.10)
Later studies discovered that steric interactions exist beyond the distaice @ and

above exponential estimation of steric interactions to be more applt¢&stam equation

(1.10 the steric interaction for two spheres is derived and given &low.
B —0 7 (1.12)

wherel is radius of the two spheres.

1.4.5Hydrophobic / Hydrophilic interactions

Interactions between solvent molecudesl surface ligands must be considered in
addition toelectrostatic, steric, and Van der Waalseractions.Interactionsbetween
solvent molecules and structure of solvent molecateperturbed by introduction of a
foreign species to the solution. For water this is specifically true since there exists strong
short rangedhydrogen bond netwoslbetween water molecul@gth spatial directionality
due to its polar nature and tetrahedral structuihen the solute species has affinity
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towards water or in other words can form polar bonds with water molecules it is called a
hydrophilic species. Hydrophilic species tend to be dissolved in water and instead of
disrupting hydrogen bond network in water it forms hydrogen bonds or electrasiatge

T dipole bonds with water molecules. A surface covered with hydrophilic groups can form
strong bonds with water molecules and could be called a hydrophilic surface. The
wettability of hydrophilic surface is higher and a water droplet spreadsadeege area
maximizing the contact with the hydrophilic surface. Even without surface charge, which
gives rise to electrostatic repulsion forces, some particles are soluble in agueous solutions
due to hydration shells that give rise to effective repulivees between neighboring
particles. When a hydrophilic surface is submerged in an aqueous solution, water
molecules form bonds with the surface and structure into layers of water molecules
spreading from the surface into bulk solution providing a hiarashell around the
surface. When two such hydrophilic surfaces approach closer, reluctance of hydration
shells on the surfaces to be disturbed and displace the water molecules in the intervening
region increases osmotic pressure in the region and resulepulsion between the
surfaces?

Alternatively, when nofi polar species are submerged in water, inability to form
hydrogen bonds or chargédoolar bonds with water makes them partially or completely
immiscible in water, giving rise to hydrophobic effects. Surfaces decorated with
hydroptobic groups have a very low wettability where water does not spread and
minimizes the contact area with the surface giving droplets with high contact angles. A
hydrophobic molecule in water disturbs the highly directional shiahge order of water

and water molecules rearrange around like a cage that optimizes the number of hydrogen
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bonds, which is entropically unfavorable. Therefore, to reduce the high free energy in the
system attractive forces arise between nearby hydrophobic species if\Wagaif i
assembly of different macromolecules, such as formation of lipid bilayers, vesicles, and
micelles are examples of hydrophobic attraction forces. Proteins folding where
hydrophobic groups are enclosed inside could be attributed to hydrophobitcatti@Gces

as well. These biomacromolecules in water are stabilized by repulsive interactions between
hydrophilic groups exposed to solvent.

When hydrophobic surfaces or hydrophobic colloidal particles are submerged in
water, water molecules adjacent to the surface cannot form bonds with the surface and
introduce an adjoining depletion zot¥el he attraction between two hydrophobic surfaces
was experimentally found to be greater in both magnitude and range compared to the van
der Waals attractions in some cases, but there are diverse reports of magnitude and range
for hydrophobic interactiofft How hydrophobic attraction originate in these instances was
explained with different theories including expulsion of water molecules from the
intervening region due to entropically unfavorable ordering of water molecules
(disruptions to hydrogen bond netik) or formation of cavities by highly fluctuating water
molecules (vapori liquid phase transition) or coalescence of nanobulSBf8sThe
difficulty in deriving a physical mechanism for hydrophobic interaction including all the
different variablesis the reason for lack of a thermodynamic model for hydrophobic
interactions despite having well established models for other DLVO and @itv/O
interactiong:64

There is a lack of a single theory that can be used to explain both hydrophobic and

hydrophilic interactions. According to experimental observations, both hydrophobic and
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hydrophilic interactions between two surfaces showed an exponential decay with
increasing separation distance, with similar decay lengths aof B.Bm52 Based on this

fact, Israelachvilet al developed an empiricBILVO typeinteraction potential model for
hydrophobic and hydrophilic interactiofsTo represent the degree of hydrophobicity (net
hydrophobic area) of surfaces, a riodimensional factor, the hydra parametér, was

introduced into the interaction potential.

o p — (1.12)

Here, ® is the hydrophilic surface area and is the
hydrophobic area of two interacting surfaces. The Hydra parameter can rangeHstm
p and determines whether the interaction would be hydrophobic or hydrophilic, where
'O T1represents repulsive hydrophilic interactions andO  p represents attractive
hydrophobic interaction$:°® The empirical formula for hydrophobic / hydrophilic
interaction energy per unit ardg, , is as follows.

B gqgoqQ 1 . (1.13)
Here [ is the polystyrene water interfacial tension an® is the

hydrophobic interaction decay length.
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1.5 Patternformation in reaction i diffusion systems

Figure 1.5. Patterns emerging in nature by reactiodiffusion. (a) Hexagon and stripe
patterns of an Ornate Boxfislrigure adaped with permission from referen®é (b)
Pigment patterns in flower petals of orchid flowdfgureadapedwith permission from
referencé® (c) Pigmentation patterns on seashells surfagégure adaped with
permission from referen@ (d) Black and white stripes on a zebFigure adaped with
permission from referenc®@ (e) Stripe and spot pigmentation patterns within feathers.

Figureadapedwith permission from referencé

Reactiori diffusion systems are an essential part of nature in thé gegainization
of living systems from small molecules to large structures as well as in facilitating different
functions’>”3 The idea of spatial patterns emerging in reactiafiffusion systems was
first proposed by mathematician Alan Turing in 1952le proposed that concentration
patterns emerge in space when initially uniformly distributed substances react and diffuse
at different rates. He postulated that reaciiafiffusion instability is the mechanism by

which homogenous spherical embryos brepktial symmetry to develop digits during

24



morphogenesis. In 1972, Gierer and Meinhart came up with constraints under which these
spatial patterns could be generated by introducing autocatalysis and inhibition reactions to
thereaction di f f usi on model by pr esennandlgerat he co
i nhi biLivingeellstand tissues employ reaction diffusion mechanisms to form spatial
patterns during development, which are called Turing patterns. Examples of Turing
patterns manifesting in natur&igure 15) are skin pigmentation patterns in different
organism such as fislf,”® octopus’® flowers® sea shell§® coloration of bird$?! skeletal
patterningof fish 22 feather branching of birdS,vascular patterns in plant steffidimb
digitatiorf® and spacing between hair follicles growfrDespite the literal meanings of
reactioni diffusion, the versatility of the basic concept of Turing model, activation and
inhibition could be applied to explain spatial patterns across many systems including non
i living systems. The ripples on sand dsiffegeographic population dynamit&bacteria
colonies?®® and cloud patterns in the skycan be explained by reactigndiffusion
instability.

The simplest reaction model for Turing pattern formation includes two chemical
species, an activator molecule and an inhibitor molecule. The activator catalyzes its own
production (autocatalysis) as well as the production of inhibitor molecule. Meanthkile,
inhibitor obstructs further production of the activator. The inhibitor has a higher diffusion
coefficient relative to the smaller diffusion coefficient of activator. Random fluctuations in
an initially homogenous distribution causes autocatalysistofador and buildup of the
activator leading to a local concentration peaikgre 1.6). Simultaneously, the inhibitor
is also produced, and concentration of inhibitor increases. The inhibitor diffuses out faster

than the activator and suppresses the concentration of activator in the vicinity. The faster
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diffusion rate of inhibitor leads to local enhancement of activator and decrease of its own
concentration at the activation site, which helps maintaining the local concentration peak
of activator. Initiation of the production of activator in other placethe space leads to
appearance of more peaks and as the inhibitmh regions overlap between these peaks

a periodic pattern is created.

(random) amplification of
1) local [activator] = C 0
activator inhibitor , : s

-+
|
)

concentration

Figure 1.6. Mechanism of reactioin diffusion instability and Turing pattern formation.

Figureadapedwith permission from referencé

There is a vast library of theoretical reactiordiffusion models explored that
generate spatial patter?® the most basic and popular models beBigrerMeinhardt
model and Gray Scott model. Also various types of spatial patterns beyond simple spot
and stripe patterns were generated through mathematical mod&miagpite the decades
long development of theoretical side of Turing patterns in reactaiffusion, there is a
lack of experimental discovery of synthetic systems exhibiting Turing patterns, which

might be due to lack of synthetic autocatalytic reactions
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Castets et al. produced the first experimental evidence of Turing patterns in a
synthetic chemical systefiThey utilized an open gel strip reactor to demonstrate Turing
patterns in the chloriteiodidei malonic acid (CIMA) chemical system in the presence of
starch. The iodide ion acted as the activator while the chlorate ion acted as inhibitor where
the diffusion coefficient of iodide was reduced by binding with starch molecules. Later
different methods were developed to reduce the diffusivity of iodide ions to regenerate
Turing patterns in CIMA reactiot¥ 1 Belousovi Zhabotinsky (BZ) reactiot*
ferrocyanidé iodatei sulphite reactiotf?and thioureé iodatei sulfite (TulS) reactiotf®
are some other examples for chemical systems that were reported to manifest Turing
patterns.

a d
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Figure 1.7. Nanoscale Turing patterns. Turing patterns in a polyamide membrane, (a)
reactioni diffusion mechanism during interfacial polymerization. AFM images of (b) spot

patterns and (c) stripe patterns in the polyamide memiFaneeadapedwith permission
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from referencé® (d) Stripe patterns in a bismuth monolayEigures adapéd with

permission from referensé®-106

So far there are only a few nanoscale systems exhibiting Turing pafe%s2The
most studied experimental system generating nanoscale Turing patterns in recent years is
the interfacial polymerization of polyamide membrarteat are commonly used for
filtration and reverse osmosis applications. In interfacial polymerization of polyamide
membranes, an organic solution phase acyl chloride monomer reacts with an agueous phase
amine at the liquid liquid interface. Tan et alealized that this interfacial polymerization
could be manipulated to generate a reactiafiffusion based Tung pattern and they
demonstrated spot and stripe like nanoscale patterns in the membrane at different reaction
conditions Figure 1.7a-c).1%*Here, amine molecule acts as the activator molecule and acyl
chloride which has a low solubility in water acts as the inhibitor. Amine molecule in
agueous phase promotes polymerization diffusing into organic phase while acyl chloride
molecule in organic Ipase reacts with the amine and make the polymer which prevents
further penetration of amine into organic phase, thus effectively controlling the growth of
the membrane. The disparity of diffusion coefficients between activator and inhibitor was
achieved byacilitating binding of the activator to a large molecule, in this case PVA and
restricting activator motion by confining it to a porous support. Following this study several
other groups also were successful in revealing Turing structures in polyamide
membraneg %8 110 Different strategies were used to slow the diffusion of activator amine
molecule by facilitating its binding to larger entities ligecurbituriland metal organic
frameworkst®®11% A fascinating synthetic nanoscale Turing pattern system occurs in a

bismuth monolayer grown onraocbium diselenidéNbSe).1° The remarkable similarity
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betweerripples observed on the bismuth monolayer and zebra stripes, led the way to the
discovery that these ripples emerge from a Turing type mechaRigoré 1.7d).1% The
mismatch between lattice constants between bulk bismuth and Ntf®éeved to be the
cause of these ripples. Here, Fuseya et al. modelled formation of stripes in bismuth
monolayer using a mathematical model adapted from Turing redctidffusion model

where reactants were replaced by displacement of atoms. Velisptdcements, which

give rise to stripes, were postulated as the activator while in plane lateral displacements
were postulated as inhibitor. Theactioni diffusion mechanism is undexplored as a
methodfor patterning nanoscale systems to this dadéspite itslesirable traitsCoupling
nanoparticle assembly with a reactiondiffusion system presents great potential for

template free nanopatterning.

1.6 Liquid phase transmission electron microscopy for visualizing naoscale
dynamics

Liquid phase transmission electron microscopy (LPTEM) has advanced over the
past two decades as a means of nanoscale imaging of hydrated species and chemical or
physical processes occurring in natural or synthetic systems in liquid medium. To observe
a speies or process in liquid inside a transmission electron microscope, there should be a
liquid layer that would be thin enough to be penetrated by the electron beam. Also the
liquid layer should be sealed inside a cell made by a material that is transpateotrons
as well as that could be stabilized inside the high vacuum of the micrdéédi&everal
strategies have been developed up to this date to enable this task either by fashioning the
sample cell using silicon chips or by simply repurposing conventional TEM grids or by

utilization of 2D materials in various settings. The commonly usedcammercially
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available setup for LPTEM is comprised of a specially made TEM hokigure 1.89

where the tip of the holder is fabricated in such a way that a vacuum sealed sample cell
could be made by assembling two silicon chips with windows in the middle, separated by
use of thin spacer$igure 1.80b). A thin silicon nitride layer (Sik) ~50 nm deposited on

the insides of silicon chips is transparent to high energy electrons and facilitates observing
the species and processes inside the liquid cell through thewifidese silicon chip
based liquid cells can be assembled in either static mode or flow mode according to the
experiment and liquid cell holders have multiple microfluidic lines incorporated for
facilitating liquid flow into the cell. The flow setting calilbe utilized either for
replenishing chemicals consumed in different processes during imaging orifaitin

mixing of several chemical$®!!4Also integrating electrodes on the silicon chips has
enabled heating of the samples to observe temperature dependent procédsesl

applying voltage bias for electrochemistry experimétts?!

e-beam b In situ liquid cell c

Top Lid
N

Large
E-chip
with

150 nm

Figure 1.8. Different strategies for LPTEM (a) Liquid cell TEM hold&igure reproduced
with permission from referendé® (b) Liquid cell made out of Si chips with SiN
membrane windowFigure reproduceavith permission from referendé? (c) Graphene

liquid cell. Figure reproducedith permission from referencé®
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The liquid thickness inside the liquid cell can range from hundreds of nanometers
to several micrometers. When the liquid cell is inside the TEM, due to the pressure
difference between the liquid inside and outside vacuunfitie membrane would bow
out and this bulging increases the liquid thickness at the window. The energy loss of
electrons travelling through a thick sample and beam broadening due to scattered electrons
reduces the imaging resolution significantly. The thickinésise SiNk membrane can also
contribute to these effect&"*?°Liquid cells prepared by incorporating 2D materials such
as graphene alleviate this problem as here the electron transparent membrane is only a few
atomic layers thick, and the liquid layer is ~100 nm in thickness. These liquid cells were
made by entrappg the liquid containing sample between two graphene sheets by
manipulation of strong van der Waals attraction between grapkémed 1.89. This
results in small nanosized liquid pockets between two skéétéThese liquid cells made
of 2D sheets are often supported on conventional TEM grids. Other 2D materials such as
boron nitride (BN) and molybdenum sulfide (Mg$have also found their way in to
fabrication of liquid cells for TEM?812° To avoid random sized liquid samples with
varying thickness and volume, graphene liquid cells were improved by integrating
graphene sheets over a patterned silicon support with &8 Recently a sophisticated
graphene liquid flow cells were made by introducing graphene sheets over holey silicon
nitride membranes of custom made silicon chi$sMyriad of nanoscale processes in
liguid medium such as nucleation and growfh:?®etching*3* nanoparticle assembly®
139 oriented attachment® superlattice formatiok* electrochemical depositiofi?
electrochemical degradation, corrosion, bubble dynamics, nanodroplet dyh&mics,

biomineralizationt*144soft material dynamics,"1*®45small molecular dynamicg®4
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biological structure dynamit$14° have been observed by implementation of LPTEM

techniques.
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Figure 1.9. Nanoparticles dynamics in LPTEM (a) crystallization of 7.3 nm Pt
nanoparticles into a superlatti¢dgure reproducedith permission from referencé! (b)
selfi assembly of Au nanoparticles into chaiRgyure reproducedith permission from
reference™® (c) different conformations of Au nanorods in eihand and sidé side

assembliesFigure reproducedith permission from reference®

Among these processes visualizing nanoparticle motion and assembly dynamics in
agueous media hold special interest to us due to the crucial role nanoparticle assembly
plays in bottomi up strategy for nanofabricatiofriQure 1.9). Nanoparticles made of
different metals such as Au, Pt or a composite of metals such &PPbSe, CdSe/CdS
have been used widely in LPTEM due to high contrast resulted by strong electron scattering
of high atomic number metallic particles as welltlasir relative degradatioresistance
with extended periods of electron irradiation during imadmgd**15%152Nanometer

resolution in LPTEM and in some cases sulanometer resolution has enabled visualizing
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nanoparticles of few nanometers to couple hundred nm in size. Most of the nanoparticles
that have been observed are spherical particles with isotropic properties, but directional
interactions of anisotropic particles such as nanorods, haroows, nanogsms and
octapods were monitored as Wefl. Tip i tip assembly of nanorods, stacking of
nanoprisms, chain assembly of octapods andissige assembly of narioarrows®® due

to directional interparticle interactions were transformed into superldtticasd moire
latticet>® by tuning experimental conditions in subsequent studies. In situ changes to the
morphology of nanoparticles during assembly such as nanocrystal deformations during
superlattice phase chandé&$priented attachment of assembled particles by rotation to
align the crystal plané®were captured by LPTEM. Assembly driven by a receding liquid
boundary®® or arrangement of nanoparticles in surface templated nanochahnelse
realized by drying / solvent evaporation induced assembly in LPTEM. DNA coated
nanoparticle assembling through DNA hybridization and surfactant coated nanopatrticles
assembling through hydrogen bonding realized linker molecules mediated assembly in
LPTEM.148158 Real time measurements of interparticle interactions between individual
particles is an advantage that are accessible to LPTEM , but could not be achieved in
nanoscale by other techniques. Powers et al showed that the chain assembly of
superparamagnetjarticles (Pi Fe) at first was due to anisotropic interactions while the
later stage contraction into superlattices was due to van der Waals inter&ti@eset al

was able to identify the type of interparticle interaction dominating in each step of

nanoparticle superlattice formation by cluster groviigire 1.109.1%2
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Figure 1.10. (a) Fluctuation of theoretically estimated interaction forces during assembly
of Au nanoparticlesFigure reproducedith permission from referendé? (b) Mechanism
of nanoparticle surface diffusion by electrostatic interactidiigure reproducedvith

permission from referendé®

In addition to these complex systems, simple systems with metallic spherical
nanoparticles were imaged in LPTEM in common aqueous solutions and buffers. In these
studies, one of the recurring observations irrespective of particle surface chemistry or
soluion chemistry was the controlled motion of the nanoparticles. In the study by Woehl
and Prozorov, the carboxylated particles in acetate buffer showed sporadic sticky motion
of nanoparticles on SiNmembrane Figure 1.1M).2*® They postulated this to surface
diffusion of nanoparticles by electrostatic means. Electrostatic charging of both SIiN
membrane and nanoparticles by electron beam and subsequent electrostatic interactions
between the two regulate the particle motion during assembly. The electrostatic charging
by electron beam was also evidenced by immediate discharge of particles fiomagke
area just after imaging start&t. The stick and hop/slip motion of nanoparticles were

observed in several other studies as well. Chee et al. posited the intermittent adéorption
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desorption of nanoparticles at the giNsolution interface to stable/unstable adsorption
sites on SiN membrane determined by uneven charge distribdffoBvidence contrary

to stick and hop/slip motion was also apparent by continuous motion of nanoparticles in
several other studié€>'%°Most of the studies saw an increase in particle motion and fast
diffusion with increasing electron flux / electron dose rate (modulated by electron beam
current and magnificatiortf>16%16The beam effects were also supported by observations
of nanoparticles mobilization and assembly limited to the imaging'#t&ae measured
diffusion coefficients of nanoparticles in LPTEM experiments were several order of
magnitudes lower than that in a bulk solution. In addition to electron beam effects, substrate
interactions arising from confinement in a small volume of idigaside the liquid cell

such as rise in hydrodynamic drag on nanoparticles at a ligsiolid interfacé®® or
increase in solvent viscosity by ordering of solvent molecules at the intéffemetribute

to this deviation in diffusion coefficients. Despite altered motion of nanoparticles in the
liquid cell makes it hard to draw parallels withiesitu experiments of assembly dynamics

in bulk liquid, LPTEM give useful information about nanopaet dynamics at solidl

liquid interfaces-®3However, a recent study was successful in achieving Brownian motion
similar to that of bulk liquid in 150 nm nanopatrticle dispersionsio# 3im in thicknes$%

But the loss of resolution in thick liquid samples, hence the necessity to use high electron
fluxes (high magnifications and high beam currents) would make it difficult to obtain

Brownian motion in nanoparticles of smaller sizes (<10 nm).
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Figure 1.11. Theoretical modelling of radiolysis of water (a) steady state concentration of
radical species with electron dose rate (b) pH variation as a function of electron dose rate

and initial pH of waterFigures reproducedvith permission from referencé®

Radiolysis of liquid samples during LPTEM imaging can make irreversible changes
to solution chemistry that would impact nanoparticle dynamics. In dilute solution
conditions in LPTEM, radiolysis of solvent molecules is much more prominent and can
have a cosiderable effect on the solute species (e.g. molecules, nanoparticles, etc.).
Especially in aqueous solutions, water molecules decompose and produce highly reactive
specieg®®

00 06 R'OFQ HOR™O RO G Fo ROy (1.14)

These reactive species will further undergo reactions with solute species which will
lead to modifications or damage to the original structure of the species. Not only that, pH
variations of solution also occur and Schneider et al demonstrated this efingogdical
reactions of water in liquid cellF{gure 1.11).1%> Among the radicals produced by
radiolysis of water hydrogen radical and hydrated electrons have highly reducing properties
while hydroxyl radical have highly oxidizing properties. For example, reducing the nature

of hydrated electrons could be manipulatedsynthesize metal nanocrystals while the
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oxidizing nature of hydroxyl radicals could be manipulated to dissolve ¥f&rhe whole

field of nucleation, growth, and degradation of metallic nanomaterials in LPTEM is
consolidated on creative utilization of bednsample interactions. Ability to produce
reducing environment comparable to iesitu bench top synthesis conditioashieved
through chemicals such as sodium borohydride has paved the way for understanding
heterogenous nucleation pathways of nanocry$taBespite the large number of studies
done on this subject, less effort has been directed to characterize effects of radiolysis on
surface capping ligands which are crucial in stabilizing nanoparticles in solution as well as
deciding nanopatrticle assemblyrdmics and pathways. Surface capping ligands could be
categorized under soft materials, and they are mostly small molecules or large organic
molecules such as polymers or DNA. The hydroxyl radical and hydrogen radicals are
highly reactive towards organinolecules and react to produce radicals on either carbon
backbone or functional groups. These radical sites leave an opening for more reaction
where two radical sites on two separate molecules form a bond leading to intermolecular
crosslinking or the bonldetween the radical site and adjacent atom is broken through chain
scission resulting in two fragmeni$:1**Nagamanasat al. employed graphene liquid cell
electron microscopy to capture both intermolecular crosslinking and chain scission of
polymer molecule$’° These results from previous studies on radiolysis of aqueous organic
molecule solutions suggests that there would be irreversible changes to nanoparticle ligand

shell during LPTEM imaging which is worth exploring.
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1.7 Goals and outline of the dissertation

The aim of this dissertation is to probe the dynamics during formation of colloidal and
nanoparticle assemblies by nbrequilibrium assembly mechanisms. Mainly we focused
on two types of noh equilibrium phenomena that are known to make dynamic assemblie
and patterns in nature, dissipative assembly and redctdfusion systems. We utilized
optical microscopy for visualizing chemical fuel dependent dissipative assembly of
colloids and liquid phase transmission electron microscopy (LPTEM) to visualize
nanoparticle surface pattern formation by reacfiadiffusion instability. Also, a special
interest was given to study electron belasample interactions during LPTEM during in
T situ nanoscale imaging of nanoparticles assembly in liquid, as thesetiotesalrive the
reaction 1 diffusion instability for nanoparticle surface pattern formation. In this

dissertation we have addressed the following questions.

1 . How edcoo!l | oi daclh esnuashtairggee if me | dr ssepati ve

assembly?

2.Do hydrophobic interactions play an i

could we develop methods to measure col

3.Can we use pairwise <coll oidal i nterpar

coll oidal aggregdtiegqmuito bex plmaias seumtb| y ?

4 How do el eicgamml| ebeiamt eracti magi "ar modi f

organic capping ligands and polymers

surface functionali zation?

5. How can we harneousd yeneectrraadm obgams react

to creatiediaf fruesaicaan oinnstability to make
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The answers to the first three questions are discussedaipter 2. Here we selected
carboxylated polystyrene microspheres as the negsteém and successfully established
the chemical fuel range in which dissipative assembly occurs for this system. We
developed a correlative fluorescence spectrosteged method to measure time
dependent surface hydrophobicity of microspheres to estimate contribution of hydrophobic
interactions for colloidal assembly at different chemical fuel concentrations. We
demonstrated that conventional interparticle interaatiodel with a secondary minimum
can be used to predict the outcome of a system underd@egpative assembly. We
showed that hydrophobic interactions between particles were necessary to explain
experimental observations of irreversible aggregation at high fuel concentrations.

The work discussed Bhapter 3 addresses question 4. We performed eledosei
controlled irradiation experiments in LPTEM and using a correlative fluorescence
microscopy method it was established that organic capping ligands undergo polymer
radical reactions. The hydroxyl radicals produced by radiolysis of water attacks polymer
capping ligand which underwent competing crosslinking and chain scission reactions
making modifications to the SiNmembrane and metallic nanoparticl&ased on the
insights @ined fromChapter 3, we developed a preliminary experimental model to
address questionib Chapter 4. We used a gold nanopatrtidlesiloxane polymer system
inside the LPTEM to creata widerange of nanoparticle surface patterns such as spot,
labyrinth and stringFinally, the conclusions drawn from the work are summarized in
Chapter 5 with proposed future work to advance the work ramoparticle pattern

formation during LPTEM.
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Chapter 2Dynamic  Surface Chemistry and Interparticle
InteractiondMediating Chemically Fueled Dissipative Assembly of

Colloids

2.1Introduction

Dissipative assembly is a dynamic assembly process found in nature where
assembly and disassembly of cellular structwegs, microtubules and actin filaments, are
modulated by biochemical reaction netwotks!’® Here, chemical fuel is consumed by a
reaction to convert molecular building bloclesg, proteins, to an activated state where
they assemble into nanostructures. The structures disintegrate when the fuel is exhausted,
and the building blocks are deactivated by a slow concurrent back reaction. Unlike near
equilibrium selfassembly, assembletructures exist only under continuous fuel supply
and dissipation of chemical enertf§f The assembled structure concentration is dictated by
reaction kinetics as opposed to thermodynamic interactions iregedibrium assembly.

This approach applied to synthetic soft matter enables generating transient populations of
assembled structureshat autonomously disassemble. Various synthetic polymeric,
supramolecular, and nanoscale systems have been demonstrated to undergo dissipative
assembly, including molecular hydrogelat®h$>1®  proteing®® DNA,77178
vesicle$®179180%and polymers8! Prior synthetic dissipative assembly work has focused

primarily on demonstrating similarity to biological systethdiscovery of new chemical

" Note: This chapter was previously published by Dissanayake et al. and reproduced hesemeith
modifications:Dissanayake, T.lJHughes J., Woehl, T.J, "Dynamic Surface Chemistry and Interparticle

I nteractions Mediating Chemical | y Joknaedf Edloid@nds si pat i
Interface Science023 650, 972982.
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reaction cycles® applications in drug delivefd and reconfigurable material properties,
such as catalytic activif}?

Compared to small molecule and polymer building blocks, dissipative assembly of
colloids has received relatively less attenfibff#041:431835eyeral works have utilized
chemical fuels that react with and convert charged hydrophilic surface ligands into
uncharged hydrophobic groups bound to the colloid by metastable ester bonds. For
example, the reaction cycle developed by Grétsch and Boeklevagractivates colloids
by reacting a carbodiimide fuel molecule with surface carboxylic acid groups to form
metastable hydrophobic groups that induce transient particle aggreg4tistere it was
posited that diminished repulsive electrostatic interactions and enhanced attractive
hydrophobic interactions between colloids led to assembly. A slow simultaneous
hydrolysis reaction recovers carboxylic acid ligands after the fuel is exHagsigsing
nanoparticles to disassemble over several {34t similar method was developed by
Van Ravensteijret al for micron sized polymer colloids using dimethyl sulfate as the
chemical fuef’

While several chemistries for dissipative colloid assembly have been estaldished,
priori determination of system parameters (fuel concentration, colloid surface chemistry
and concentration, pH, ionic strength) required to prescribe the aggregate lifetime, size,
and concentration remains challenging. On the other hand, the impact of reaction
conditions on assembled structure concentration can be effectively modeled with
homogeneous reaction kinetics for dissipative assembly of small moléttites
Homogeneous reaction kinetics are not predictive for dissipative colloid assembly due to

several complicating factors. Prior works have noted that adding excessive chemical fuel
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l ed to irreversible aggregation due to Oo0v

caused no assemifyLikewise, chemical fuel molecules react with surface bound ligands
or polymers during dissipative colloid assembly as opposed to free molecules in bulk
solution. Fuelligand reactions exhaust fuel within less than an hour compared to the time
scale for ctioidal aggregatiort* which occurs over several hours. Surface reaction rates
govern chemical activation of the colloids, while colloidal aggregation is mediated by
electric double layer, Van der Waals, steric, and solvation interparticle interaétions
Finally, complex phenomena can modify the deactivation reaction rate beyond what is
predicted by reaction kinetics, such as trapping of metastable hydrophobic groups in poorly
hydrated interstitial spaces between colldftfsThe complexity of dissipative colloid
assembly indicates that reaction kinetic models are not sufficient to predict conditions for
dissipative assembly. Rather, systematic and quantitative measurements of the time
dependent colloid surface chemisteyy, surface charge and hydrophobicity) and dynamic
interparticle interactions during assembly are a required first step toward developing
predictive kinetic models for dissipative colloid assentbly

In this article, we reconcile reaction conditions for fuel driven dissipative assembly
and irreversible aggregation with dynamic surface chemistry measurements and
interparticle interaction models. We utilize the carbodiimide fuel reaction cycle initially
developed by Grétsch and Boekhowanal,*4 which has emerged as one of the most
important reaction cycles in the dissipative assembly field. This reaction cycle relies on
attractive hydrophobic interactions to aggregate colloids, which are challenging to quantify
with experiments and colloidal tbey. We measure the colloid surface chemistry during

dissipative assembly to quantify dynamic hydrophobic and electrostatic interactions that
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inform a pairwise colloidal interaction potential model. The model was broadly consistent
with experimental observations of dissipative colloid assembly, explaining phenomena
such as transient aggregation, fuel concentration dependent aggregate coniceatrati
irreversible aggregation. This is the first study to quantify dynamic colloid surface
chemistry and interparticle interactions during dissipative colloid assembly and we expect
the approach and insights here can be broadly applied to other caloidgnoparticles.

We expect these results will lay the groundwork for a mechanistic understanding of the
interplay between fuel reaction kinetics, colloid surface chemistry, interparticle
interactions, and assembly kinetics during dissipative colloiegnaisly. A holistic
understanding of these physicochemical processes during dissipative colloid assembly is a
necessary precursor to realize more complex transient colloidal structures, such as colloidal
superlattice$®"8and colloidal molecule®® 1*and complex, multistage reaction cycles

that have been demonstrated for dissipative assembly of small mofé€ules

2.2. Materials and Methods
2.2.1. Preparation of colloids for dissipative assembly and optical microscopy
measurements

A stock solution of 1 um carboxylated polystyrene particles (Thermofisiesr
dispersity (SD) of 2.4%at a particle concentration of p Ttparticles/ml was prepared
in a buffer of 5 mM AN-morpholino)ethanesulfonic acid (MES, Thermofisher) a6d
mM N-Hydroxysuccinimide (NHS, Thermofishei(arboxylic acids were introduced on
the colloids bygrafting polystyrene colloids with poly(methyl methacrylic) acid (PMMA),
which renders the colloids negatively charged and hydrophhie.buffer was adjusted to

a pH of 6.5 with 1 M NaOH (Sigma).-Bthyl-3-(3-dimethylaminopropyl)carbodiimide
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(EDC, Thermofisher) was added from a freshly prepared stock solution to set the initial
EDC concentration to the desired level. The centrifuge tube was inverted several times to
dissolve the EDC.

Aliquots were drawn from the particle solution before EDC was added (t = 0 hrs)
and at 2 hour intervals for 24 hours. The solution was gently inverted prior to withdrawing
each aliquot to resuspend any sedimented particle aggregates. The aliquots veieddepo
onto a glass coverslip and imaged with an inverted optical microscope (Zeiss AXxio
Observer) with a 40x magnification objective lens. Each sample was allowed to sediment
for 5 minutes and then several images were acquired for each alithist.short
sedimentation time was chosen as it moved sufficient numbers of colloids into the same
focal plane, but avoided additional assembly during imaging. Sedimentation likely led to
artificially inflated counts of large aggregates for all experimental conditiomsvas
necessary to form submonolayer coverage of monomers and aggregates on the cover
glass The number of single colloids and oligomers containing up to 10 particles was
counted in each image. A similar set of experiments was performed with 50@meter
carboxylated polystyrengoarticles in the same buffer, but with various particle
concentrations of 3 x 2@articles/mL, 4.5 x 1particles/mL, and 6 x PQarticles/mL.

For each particle concentration the initial EDC concentratiasvaried from 5 mM to 15

mM in steps of 2.5 mM, yielding aggregation data for a total of 15 unique conditions. Here
aliquots were taken of the particles in buffer only (t = 0 hr) and 4 hrs and 24 hours after
EDC addition. An irhouse Matlab script was usemlmeasureite number of aggregates
and monomers for each reaction conditiand reaction timeThe fractal dimension of

aggregates was determined by the box counting method implemented in Nfatlbb.
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fractal dimension of each aggregate was measured for 9 box sizes ranging from 1 pixel to
256 pixels, with the values reported as the average across all box sizes, plus or minus one

standard deviation.

2.2.2. Zeta potential and ANS binding measurements

A stock solution of 1 um polystyrene particles at a concentration of 3°x 10
particles/mL was prepared at the same buffer conditions as described above. EDC was
added to the particles to give final concentrations of 5 mM, 10 mM, and 15 mM and
aliquots were drawn ati1l2 hour time increments over 24 hours. Two aliquots were drawn
out from the particle solution at each time point, one for zeta potential and qregtfole
hydrophobicity measurementZeta potential was measured using a photon correlation
spectrometer (Malvern ZetaSizer ZS90) and 3 separate measurements were taken of each
sample and averaged. The Smoluchowski model for thin double layers was used to
calculate zeta potential from raw electrophoretic mobility datach is applicable in this
system because the Debye length was much smaller than the particle radius. (FBenm)
solution conductivity was measured as a function of time simultaneous to the zeta potential
measurements.

The particle surface hydrophobicity was estimated by measuring the fluorescence
emission from a lipophilic dye, 8-Anilinonaphthalenel-sulfonic acid (ANS,
Thermofisher), as a function of EDC concentration and time. ANS has strong affinity
towards hydrophobic groups and increases its fluorescence quantum yield upon binding.
ANS was added to thparticle solution at &inal concentratiorof 100 uM. The solution

was placed in a quartz cuvette and excited at a wavelength of 375 nm and the fluorescence
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emission intensity’©Q ) was measured at 475 nm with a fluorescence spectrometer (Jasco
FP-8500). The ANS binding experiments were performed in triplicate.

The calibration curve$or quantifying hydrophobic interactionsere measured
with a different method. A stock solution of 1&carboxylated polystyrene particle at a
concentration of 3 x f(articles/mL was prepared at the same buffer conditions described
above and ANS was added at a final concentration of 100EDC was added from a
freshly prepared stock solution to 1 mL of particle solution in a quartz cuvedado the
desired EDC concentration. The fluorescence emission intensity was measured at 475 nm
at 2 min intervals for several hours after adding EDC. The experiments were performed
under magnetic stirring at 500 rpm to prevent aggregation and breakrepaigg to probe

the surface hydrophobicity of monomeric colloids.

2.3.Results & Discussion

2.3.1.Kinetics of dissipativecolloid assembly

Carboxylic acid functionalized polystyrene colloids wiiametersof 500 nmor 1
* awere utilized to allow optical microscopy observations of the aggregation kinetics
during dissipative assemblyhe particles were diluted to a specified concentration in an
agueous buffer containinylES and NHS, in which they formed a stable colloidal
suspension. ED@as added athe chemical fueht initial concentrations ranging froh5
T 15 mM to colloidal suspension$he carboxylic acid groups opolystyrene particles
imbue them with anegative chargand hydrophilic surfaceNHS and EDC react with
carboxylic acid groups on the colloids to form nséédle NHS-ester groupsHigure
2.14),*%4 which are nonpolar andncharged anihduce aggregation of the colloids by
attractivehydrophobic interaction€£DC acts as the chemical fuel, which is consumed and
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converted to the inert byprodudt;(3-dimethylamino)propy3-ethylurea(EDU), in the
processWhen the fueis exhaustedhydrolysis reactiosbreak ester bonds between the

colloid surface and NHS to deactivate the particles, which caggesgateto break apart.
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Figure 2.1. Dissipative assembly of polystyrene colloids over 24 hours. (a) Schematic of
dissipative colloid assembly using EEMHS chemistry. Depending on the EDC fuel
concentration and solution conditions, colloids either do not assemble, undergo dissipative
assembly, or form irreversible aggregates-(€))Images of carboxylatedolystyrene

particles(1‘ & at various times after addition of 10 mM ED@®) t = 0 hours (prior to
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EDC addition), (c} =2 hours(d) t = 6 hoursand(e)t =24 hours. (f) Number of aggregates
divided bynumber of monomeras a function of time, wheif@&orresponds to the number

of monomers in an aggregate

In a typical experiment, EDC was addedhe particles and aliquots were drawn
at different time and imagedwith bright field optical microscopysee Experimental
methods for further details)Ve measured the aggregate size distribution as a function of
timefor 1° m diameter particles and the total number of aggregates and single pasgicles
a function of time for 500 nm due to limited spatial resolutibigure 2.1b-f show
exemplary images of the dissipative assembl{ bf & particles for 10 mMinitial EDC
concentrabn and the number of each aggregate size as a function offtioeto EDC
addition the particles existed predominantly as monomers in sol(figare 2.1b).
Dimers, trimers and tetramers were observed in the soluBdmours after adding fuel
(Figure 2.1¢). The total number of aggregates peaked 6 hours after adding fuel and images
showed a continuous distribution of aggregate sizes containing betwie# Rarticles
(Figure 2.1d). The number of aggregates decreased after 6 hours and by 16 hours only
small aggregates containingi 24 particles were observedftér 24 hours theolloids
nearly recovered to thaitial stateexcept the dimer count was about 3 times higher than
before fuel addition(Figure 2.1€). At all times theaggregateconcentration decreed

monotonically with increasing cluster size.
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Figure 2.2. The aggregate structure and bonding veerditatively different for dissipative
assembly and irreversible aggregati@) Aggregates formed during dissipative assembly
10 hours after addition of 10 mM ED(D) Irreversible aggreges formed 4 hours after
addition of 15 mM EDCThe arrows denote the aggregates used for fractal dimension
measurementgc) - (e) Time lapsed snapshots from an optical microscopy movie showing
motion of individual particle;side an aggregateluring dissipative assemblyhere is a

2 second time interval between eadage.(f) - (h) Time lapsed snapshots from an optical
microscopy movie showing no individual motion of particles within a fractal aggregate

during irreversible aggregatiomhere is a 5 second time interval between each image.

We performed a series of experiments varying the EDC concentration to establish
reaction conditions over which dissipative assembly and irreversible aggregation occurred
(Figure 2.2). Similar to previous studiesye observedransient aggregatésrmed over a
range of fuel concentratiomath no assemblpelow alower critical fuel concentration and

irreversible aggregatiormbove an upper criticalfuel concentratiod! Below a fuel
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concentration of 5 mM no dissipative assembly occufifeahsient clusterformedat 10
mM EDC persisted for hours and consisted mainly of small aggregates with < 10 particles
per aggregate. The aggregates were globular, disordered, loosely packeedearstedo
with anearly equahumber of single particlea the solution Figure 2.2a). The aggregate
structure and cexistence of aggregates and monomers suggests the colloids were
reversibly aggregated, akin to sasembly.Irreversible aggregationoccured for an
initial EDC concentratiomf 15 mMwhere brge fractal aggregatesntaining dozens of
particles were observed 4 hours after adding fuel, reminiscent of classical diffusion limited
colloidal aggregation(Figure 2.2b).1°¢ The fractal dimensions of several aggregates
formed at 15 mM EDC were measured using the box counting method (arrbigsiia
2.2b), which yielded fractal dimensions @& p T® @(aggregate 1)p® X T W
(aggregate 2), ang®d ¢ 1@ T{aggregate 3)These values are neilwe theoretical value
of 1.7 for diffusion limited aggregatioffhe values may be slightly decreased due to the
finite size of pixels and aggregates in the imd§é¥®The fractal aggregate size grew
monotonically with time and completely consumed all monomers in solution

A close look athe transient clusterformed during dissipative assemtdiowed
that particledad relatively weak interparticle bonffsgure 2.2c¢-€). This was evidenced
by flexible colloid bonds that enabled particles to move independeitliyn an aggregate,
indicating bonds were of a similar strength as thermal fdféa¥eak interparticle bonds
can be broken by thermal forces or collisions once the fuel is exhausted. There was an
observable water layer between the particles in the aggregates, which is expected to
facilitate hydrolysisof NHS ester group$n the other hangarticles inside irreversible

fractal aggregatefrmed with 15 mM initial fuel concentratiomere tightly packedvith
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close interparticle spacings that could not be resolved by optical microsagpye(2.2f-

h). The interparticle bonds in aggregates were not flexible and the aggregates translated
and rotated as rigid structureBhis indicates strong interparticle bonds relative to the
thermal energy were present in irreversible aggreg@iese packingf the colloids in
aggregates has previously been shown to inhibit deactivation reactions by excluding water
from interparticle interstice$®

t=0hrs t=4hrs t=24 hrs Agg/nm
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Figure 2.3. Phase diagrasshowinglegree of aggregation of 500 mpolystyrenegparticles
prior to fuel addition@ hour$ and4 hours and 24 houedter. Colored circular data points
correspond to experimental measurements while the contour heat map was interpolated
using a cubic model. The heat map corresponds to the number of aggregates normalized to

the number of monomers ( ¢ as a function of EDC and particle concentration

Experiments varying the particle and initial EDC concentration demonstrated the
impacts of these parameters on the aggregation behavior of the cdiigdse(2.3). At
each reaction condition we measured the number of aggregates prior to fuel addition, 4
hours after fuel addition, and 24 hours after fuel addition. The aggregation data is displayed
in three [hase diagrasiin Figure 2.3 where each diagram corresponds to one time point.

Within each phase diagram the color of each data point correspondsigpénenentally
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measured aggregate count normalized to the monomer cogyiis{s) as a function of

initial EDC concentration @axis) and particle concentration-éxis). The heat map was
interpolated between the experimental data based on a cubic model fit. Prior to EDC
addition (t = 0 hrskhere were nearly naggregates in all particle solutiomsth the
aggregate concentration increasing slightly vai#tnticle concentratiorAfter 4 hours the
number of aggregates increased for all particle and EDC concentrations. For each particle
concentrationhe number ofaggregatefcreased as a function of EDC concentration up

to 10 mM, decreased slightly at 12.5 mM, and then increasedib§®times at 15 mM

EDC. It is not currently known why the aggregate number decreased at 12.5 mM EDC
concentrationAfter 24 hoursthe phase diagram shows tlggeegatenumber decreased

for EDC concentrations betweeni512.5 mMat all particle concdmations,indicating
dissipative assemblyccurred As shown inFigure 2.1 there were slightly higher numbers

of aggregates after 24 hours compared to the initial condition before EDC addition,
indicating a small degree dafreversibleaggregationThe aggregate number increased
monotonically with time for 15 mM EDC concentration at all particle concentrations,

indicating these conditions led to irreversible aggregation

2.3.2. Evolution of colloid surface charge and surface hydrophobicity during
dissipative assembly

Colloid aggregation during dissipative assembly is mediated by colloid surface
chemistry and interparticle interactionsdding fuel to the system converts negatively
charged carboxylic acids to ngolarNHS groups, which causes the colloid surface charge

to decrease and the surface to become hydrophBbged on this understanding, we
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measured surface charge and hydrophobicity of the colloids as a function of time during

dissipative assembly-{gure 2.4).
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Figure 2.4 Time dependent surface charge and hydrophobicity of colloids during
dissipative assemblylime dependece of (a) zeta potential and (b) ANS fluorescence
intensity of 1 pum polystyrene particleafter adding various EDC concentrations
corresponding to nearlyo aggregation (5 mMDC), dissipative assemb({Ll0 mMEDC),

and irreversible aggregatiod§ mM EDC). Each data point in (a) and (b) is the mean of
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three independent measurements with error bars representirsgandard deviation from

the mean.

We quantified the particle surface charge by measuringdtse potentiabf the
colloids as a function of time after adding EQFigure 2.4a). Three EDC concentrations
were selected representing the existencenedrly no transient aggregates (5 mM),
dissipative assembly dfansient aggregates (10 mMjndirreversible aggregen (15
mM). Initially, the colloids had aeta potential cibout-40 mV, indicating a stable particle
dispersionThe zeta potentiahagnitudemn all three solutiondecreasedapidlyin the first
17 2 hours after EDC addition and reached minimum value8&®mV,-23 mV, and-14
mV for initial fuel concentrations @ mM, 10 mM, and 15 mM, respectivelyhe zeta
potential magnitudencreased for each fuel concentration after reaching a minimum value,
consistent witlregeneration of negatively charged carboxylic acid grongkeparticles.

The zeta potential magnitude continued to increase for 5 mM and 10 mM EDC to reach
values of-40 mV and-36 mV after 24 hourdn contrastthe zeta potential magnitude of

the 15 mM EDCsolutionincreased by about 25% until 15 hours, after which it remained
approximately constant &20 mV until 24 hours. The constant zeta potential is consistent
with irreversible aggregation forming large particle aggregates with NHS esters trapped in
the centerwhich had lower effective surface charge densities and zeta potentials.

Attractive hydrophobic interactions have been posited to be important for
dissipative colloid assembf{:#1186.200 However, there is no standard method for
measuring surface hydrophobicity of colloids similar to that used for zeta potential. Here
we describe a new method utilizingNS, a fluorescence probe that exhibits strong

fluorescence emission upon binding to hydrophobic functional groups. FdSbeen
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conventionallyusedto evaluate structural changesiomoleculesssociated with polarity
changes,such as protein(un)folding,?°> DNA binding?%? enzyme conformational
changeg® andprotein aggregatiaff* ANS hasbeenusedin inorganic colloidgo probe

binding of hydrophobic biomolecules tometallic nanoparticle€® The non-polar
anilinonaphthalene groupn ANS binds to hydrophobic sites through roovalent
interactions which increases the ANS fluorescence quantum yield several orders of
magnitude compared to a polar solvent (ANS quantum yield = 0.003 in water and 0.4 in
ethanol?°629" Here ANS preferentially binds to NHS ester groups on colloids, which
generates an increase in the fluorescence emission intensity at a fixed wavelength of 475
nm. We added 100 uMNS to aliquots drawifrom particle solutios undergoing reaction

with EDC to measure thparticle hydrophobicityas a function of reaction time (see
Experimental methods for further detail§he fluorescencemissionintensityat 475 nm
increased rapidly to a maximum within minutes after EDC addition and the peak intensity
increased as a function of increasing EDC concentrdfigui(e 2.4b). The ANS emission
intensity decreased monotonically with time over the 2dxhourswith the final value
increasing as a function of increasing EDC concentrafithe results indicate that colloid
surface hydrophobicity increases in a concentration dependent manner after adding EDC.
The ANS binding results showed that the particles did not recover their initial surface

hydrophobicity, similar to the zeta potentiatasurements.

2.3.3. Colloidal interactions during dissipative assembly
2.3.3.1. Pseudequilibriumcolloidal interaction model
In the dilute regime, the stability and aggregation of colloids can be interpreted

based on the pairwise potential of mean force between two partieleshe pairwise
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interparticle interaction potentiad?°®While chemical fuel driven dissipative assembly is
an outof-equilibrium process due to continuously changing colloid surface chemistry,

significant changes to surface chemistry occur over relatively long time scales of tens of
minutes to an hour compareathe diffusive time scale of individual colloids, —

@ i , wherel is particle radius an@® is the Stokeginstein diffusion coefficient of the
colloid. If colloids do not irreversibly aggregate, they will respond rapidly to changes in
the pairwise interaction potential during dissipative assembly. In other words, we expect
that thermodynamic models for interaction potentials can be effectively apptlad case

to interpret fuel driven dissipative assembly under the assumption of psquitibrium
conditions.

The formation of reversible aggregates that respond to changes in surface chemistry
during dissipative assembly suggests that the interaction potential between the colloids
displays a shallow potential minimume., a secondary minimum, with a depth that
changes as a function of time &nel concentrationin other words, colloidal aggregation
during dissipative assembly is akin to a reversible reaction under psqudidrium
conditions. The equilibrium constant slowly changes over time and colloids and aggregates
interconvert rapidly compared to the tirseale over which the equilibrium constant
changes. On the other hand, irreversible aggregation of colloids at large fuel concentrations
occurs due to destabilization of the colloidal system, where the primary maximum has an
energy muclsmaller than thermal energy.

Polystyrengparticles in aqueous solutiamteract by repulsivelectric double layer
overlap interactions, repulsive steric interactions between polymer brushes on the colloid

surface$’ and attractive \an der Waal interactions Based on our experimental
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measurements of colloid surface hydrophobicity we expect that hydrophobic interactions
contribute significantly to the colloidal interactions as well. The total pairwise interaction

potential is described by the sum of each interaction potential:

5 Q B QB QB QB Q. (2.1)
Herel3 is the total pairwise interaction potentigl, is the potential due to
double layer overlagg Is the Van der Waals interaction potentil, Is the steric

interaction potentiall3 is the hydrophobic interaction potential, dtis the distance
of closest approach between the sphéseserally accepted thermodynanmesdelsexist
for eachinteraction potential except théwydrophobic interactioft The origin of the
hydrophobic interparticle interactions is the repulsion of water from the hydrophobic
polystyrene particle surface during dissipative assefiisshich is transiently coated in
nonpolar NHS esters. The repulsion of water from the particle surface increases the
particlewater interfacial energy, which creates a short ranged attractive interaction
between neighboring particléal/e utilize an empirical model fronsraelachviliet al. that
proposes pairwise hydrophobic and hydrophilic interparticle forces decay with an
exponential dependence on surface separ&tiapplying the Derjaguin approximation to
the flat plate potential produces a DLVO type expression for the pairwise
hydrophobic/hydrophilic interaction potential between two spheres of equal size:
B ipoQ . (2.2)

Here'Yis particleradius, is the polystyren& water interfacial tensiorQ is the
hydrophobicinteractiondecay lengthand 'O is the empirical Hydra parameter that
quantifies surface coverage of hydrophobic and hydrophilic redfoifhe Hydra

parametelquantifies the ratio between the hydrophohic ( ) and hydrophilic

57



(@ ) surface area of a solid/liquid interface: 'O P
@ j . A negative Hdra parameteindicates repulsive hydrophilic

interactions while a positive Hydra parameter indicates attractive hydrophobic

interactions®3:6
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Figure 2.5. Quantification of Hydra parameter using ANS binding measurem@)t&NS
fluorescenceemissionintensity at 475 nm as a function dfme at different EDC
concentrations. (dylaximum ANS fluorescencemissionintensityas a function oEDC
concentrationsThe black line is a logarithmic fit to the data the dashed red line shows the
asymptotic emission intensity as EDC concentration goes to infifity; . (c) The
Hydra parametetalculated by applying equation (3) to datdigure 4b as a function of

time for three different EDC concentrations

3.3.2. Quantifying hydrophobic interactiorsetween colloids

We utilized ANS binding measurements to quantify the Hydra parameter. All prior
work has utilized the surface force apparatus and data fitting to quantify Hydra pafdmeter
However, the quantitative nature of fluorescence suggests this method can be utilized to

determine the Hydra parameter during dissipative assembly experinibrder the
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assumption that a single ANS molecule binds to each NHS ester and the fluorescence
guantum yield of each ANS molecule is identical, the fluorescence emission is directly
proportional to the number of NHS ester groups on the particle surface and thus the
hydrophobic surface are@ © ® (Appendix A2). We note that contributions

of the native colloids and organic solutes to changes in the ANS quantum vyield and
emission intensity were removed from the measurement by subtracting off the initial ANS
emission intensity of the particle solution prior to agdiBDC. The hydrophilic and
hydrophobic areas are divided in the Hydra parameter expression so the unknown
proportionality constants are divided out and fluorescence emission intensities can be used
to directly quantify the Hydra parametdio determine the hydrophilic surface area, we
performed a set of calibration experiments to determine the fluorescence emission intensity
proportional to the total surface area of the collois,; © & ®

@ . Here EDC was added at concentrations ranging from 5 mM to 200 mM to
solutions of polystyrene colloids and the ANS fluorescence emission intensity was
measured forseveral hoursAs illustrated inFigure 2.5a the fluorescence intensity
increased with time until about 20 minutes and then decreased over several hours. The rate
of fluorescence decayereis related to the hydrolysis reaction rateNHS esters but
cannot be reconciled with dissipative assembly kinetics because the colloids were subject
to vigorous stirred in this experiment. The maximum fluorescence intensity observed for
each EDC concentratiof j; ), which corresporetdto the maximum coverage of NHS
groups,followed a logarithmic dependence on EDC concentrafiéigure 2.5b). The

value of the maximum emission intensag EDC concentration go@symptoticallyto

infinity ('O , ) wasdetermined from the logarithmic fit and represents the condition
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when the colloid surfaces were saturated with NHS grouigs,© ; © & This
indicates the hydrophilic area will follow the proportionaliy, 50 i
‘O . Equipped with fluorescence emission intensity values proportional to the

hydrophobic and hydrophilic arélae Hydra parametetan be quantifieds follows,
0o p O—P— (2.3)

whereis a constanthat depends on the Hydra parameter of the native colloids
prior to EDC fuel additionThe Hydra parameteof the colloids prior to EDC additiois

unknown however, the Mdra parameteinas been observed to range from& O

p in prior works®® Based on the polar nature of carboxylic acids on the colloid surface we
presumedhe initial particle surfacdiad a Hydra parameter b®.2, giving a value ofo

T X .)¥Figure 2.5c shows the corresponding values of Hydra parameter after applying
eqguation 2.3) to the fluorescence emission intensity datkigure 2.4b, which are used

to compute the hydrophobic interaction potentialBigure 2.6 andFigure 2.7.

2.3.3.3. Modeling the interaction potential of colloids during dissipative assembly

We utilized the time dependent zeta potential and Hydra parameters to calaulate
pairwise interaction potential during dissipative assembly under conditions equivalent to
the experiment irFigure 2.1 (Figure 2.6). The values of other parameters, such as the
Hamaker constant and the polymer brush thickness were estimated based on literature

values or assigned reasonable values if literature values were not avaitiieA1).%’
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Figure 2.6. Pairwise nteraction potential of 1 um polystyrene particles at different time
pointsafter addition of 10 mM EDQa) Contribution of different interparticle interactions
to the totalpairwiseinteractionpotential4 hours after adding ED(b) Total interaction
potential curveas a function of time over théissipative assembly cycle. (Byimary

maximum height (top) and secondary minimum depth (bottom) as a function of time

Figure 2.6a showsthe contribution ofeach colloidal interactiorio the total
pairwiseinteraction potential for 1 m particles4 hoursafter addingeDC at an initial
concentration of 10 mMAt a zeta potential value ®28.6 mV andHydra parameter of
0.50 the secondary energy minimuwtepth wadz 5.8kgT andprimary maximum
height wadz 14.8kgT. Figure 2.6b shows how the pairwise interaction potentials
evolved with time during dissipative assembly whkilgure 2.6¢c shows how the secondary
minimum depth and primary maximum height changed with time. In the model, the ionic
strength of the solution was increased after addition of fuel to include the urea byproduct
from the fuel reaction (EDU), which decreased the Dédygth and repulsive double layer
forces irreversibly Appendix A1l). Prior to addition of chemicaluel, the colloids
exhibited stability due ttarge repulsive electrostatic interactions, with a relatively shallow

secondary minimum depth of 4keT and large primary maximum exceedih@* ksT.
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After 2 hours the colloids were at their least stable state with the secondary minimum depth
increased to 6.BsT and the primary maximum height decreased tdkg8T7 One thing to
note here is that the hydrophobicity tbe particleswas highestimmediately after EDC
addition while the zeta potential reached a minimum about 2 hours after addinggEDC (
Figure 2.4). The primary maximum height reached the smallest value about 30 minutes
after fuel addition, suggesting this potential landscape feature was predominantly
controlled by hydrophobic interactiongnteraction potential calculations performed
without hydrophobic interactions further supported their importance to reconciling the
model with experiments. These interaction potentials showed ~1600pkmary
maximum values at all fuel concentrations and times due to the strong electrostatic and
steric repulsion interactions. Likewise, the secondary minima without hydrophobic
interactions showed minimal recovery back to initial levels without including hydrophobic
interactions.

The secondary minimuntepth wasensitive to electrostatic repulsionitaseache
a maximum afteR hours in line with the time corresponding to the minimaeta potential
magnitudeEstimation of interaction potential without hydrophobic interactions confirmed
these findings where primary maximum seemed to heavily depend on the hydrophobic
interactions and the effect of hydrophobic interactions on secondary minimum was
insignificant Figure Al). The secondary minimum at different time points with or eth
hydrophobic interactions were similar whereas the primary maximum remained > 7500
ksT at all times without hydrophobic interactiods timeprogressed beyond 1 hour after
fuel additionthe primary maximum increased monotonically to 21sT lafter 6 hourshut

the secondary minimundepth displayed a modest decrease in magnitude te®b. Tke
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primary maximumncreasd monotonicallyfrom 21.7 kT at 6 hours t@07 ksT after24
hours.Over the same time period, teecondary minimundepth decreased from 5.1k
to 5.4 IgT. The minimal decrease of the secondary minimum dafp¢in 24 hrs disagrees
with the experiments, which showed only a small number of aggregates remaining after 24
hours. While the zeta potential recovered to nearly the same value as prior to EDC addition,
the ionic strength irreversibly increased by apprately 10 mM after adding EDC
(Appendix Al). This irreversible change in ionic strength leading to irreversible decrease
in particle stability is consistent with previous observations that showed buildup of EDU
in solution eventually prevented dissipatagsembly from occurrinty

While this model did not show complete quantitative agreement with experiments,
it qualitatively agreed with several experimental observations. First, the model showed the
secondary minimum depth increasedi 23 hours following fuel addition and then
monobnically decreased, which agrees with the increase in aggregate count for several
hours followed by a monotonic decrease in their number. Secondly, the model showed that
when the particles were at their most unstable there was a primary maximum of &bout 6.
ksT, in agreement with the experiments showing formation of almost no irreversible
aggregates. Finally, the secondary minimum depth 4v&s6 kgT during dissipative
assembly, which agrees with observations of weak colloidal bonds in aggregates. Potential
reasons for the lack of complete quantitative agreement between experiments and the
model include additional interparticle interactions in thpesimental system that could
not be quantified and included in the model, such aslzase interaction®® changes to
the Flory Huggins interaction parameter of the surface polymer ligands after fuel addition,

and effects of colloid surface roughness on interparticle interacfions

63



N [\ — — 5mM
l \ ——-= 7.5 mM
o\ | 75 mh
2 12.5 mM
< 4 .
el ir’ \-\\
A il | |
5 b " 20 25
b h (nm)
10 q)max
1. -
l—m >
=
g 3} }
261
(Dmin
2.25 1.0 ]
[EDC] (mM)

Figure 2.7. Interaction potential of 500 nm polystyrene at their most unstable point during
dissipative assembly. (a) Interaction potential as a function of fuel concentration. (b) The
primary maximum height and secondary minimum depth as a function of EDC

concentratn.

We applied the pairwise interaction potential model to interpret the effect of EDC
concentration on dissipative assembly as showmgare 2.3 (Figure 2.7). Here we used
zeta potentials and Hydra parameters corresponding to when the particles were most

unstablej.e., about 2 hours after adding EDEf.(Figure 2.4a, Figure 2.5c andFigure
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A2). The rationale for utilizing these values is that primary maxima and secondary
minimum > 1 IsT when the particles were at their most unstable suggests the particles will
undergo reversible assembly in the secondary minimum. However, if the primary
maximum is < 1 KT at this point then the particles are expected to irreversibly aggregate.
Figure 2.7ashows that the secondary minimum depth increased as a function of increasing
EDC concentration, consistent with the experimentally observed increase egaggr
concentration up to 10 mM EDGQCSf(, Figure 2.3). Figure 2.7b shows there was a
secondary minimum for all EDC concentrations and that a primary maximumg¥ 1 k
existed for initial EDC concentrations < 13.7 mM, consistent with the experimental range
of fuel concentrations that effected dissipative assembly. Atki@v& mM initial EDC
concentration, the model predicts that any aggregates formed in the secondary minimum
will rapidly convert to irreversible aggregates due to the small energy barrier,teonsis
with irreversible aggregation seen at 15 mM EDC concentraemoval of hydrophobic
interactions from the interaction potential resulted in large primary maxima heights (above
3800 IgT) for all EDC concentrations, which disagreed with our experimental observations
of irreversible aggregation at higher EDC concentrations and further indicated the

importance of these interactiorfiddure A3).

2.3.34. Broader implications for dissipative assembly of colloids

A key finding of this work is that dissipative colloid assembly experiments can be
reconciled with equilibrium pairwise interaction potential models despite the non
equilibrium nature of fuel driven assembly. The interparticle interaction model developed
here showed quantitative agreement with some aspects of the experiments, such as the

range of EDC concentrations leading to dissipative assembly, and qualitative agreement
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with others, such as the nomonotonic change in secondary minimum over time and the
weak interparticle bonds in aggregates formed by dissipative assembly. Pairwise
interaction potential models together with time dependent measurements of colloid surface
chemistry can enhance our understanding of howligehd reactions affect colloidal
interactions during dissipative assembly and assist in rational design of a dissipative
assembly process. In particular, we found that colloidal interactions that dietadepth

of the secondary minimum will control the aggregate concentration during dissipative
assembly. In this study, the time dependent repulsive electrostatic interactions were found
to mediate the secondary minimum depth and thus the relative caticentf aggregates
formed. Decreased zeta potential magnitude led to a deeper secondary minimum and
increasing aggregate concentration as a function of increasing fuel concentration, except
for 12.5 mM initial fuel concentration. This work highlights thgportance of identifying

which colloidal interactions that control the depth of the secondary minimum. It is possible
that in other systems different colloidal interactions will dictate the secondary minimum
depth and position, such as depletion foréésnd in that case the strength of those
interactions will control the aggregate concentration during dissipative assembly.
Secondly, this work showed that time dependent hydrophobic interactions, independent of
electrostatics, controlled the primary maximuneight during dissipative assembly and
therefore determined whether the colloids would irreversibly aggregate. This is important
because hydrophobic interactions can be tuned independent of electrostatics, for instance
by adding chaotropic agents, hydoges, or nonionic surfactants to screen nonpolar
surface moieties on colloids. These molecules can be addee $olution taking care to

avoid reactivity with the chemical fuel, to finely tune hydrophobic interactions. While in
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this case it was not necessary to add these molecules to achieve dissipative assembly,
experiments showed that adding fionic surfactants to solution prevented dissipative
assembly of colloids, ostensibly by screening hydrophobic attrackayuré A3).
Ultimately, this work indicates that many design rules developed foraugalibrium self
assembly can be applied to dissipative assembly, albeit with the added complexity that the
interparticle interactions are tinteependent.

Moving beyond dissipative assembly of disordered colloidal aggregates to form
transient ordered colloidal structures, such as colloidal moletélescrorobots’'? and
superlatticeg!® represents a significant challenge and will require intimate understanding
of the dynamic colloid surface chemistry and interparticle interactions during dissipative
assembly. Ordered colloidal assemblies often require directional interparticle intesactio
which will require development of more complex interaction potential mddeksctional
interactions are less kinetically favored, meaning colloids require longer annealing times
to assemble into the favored spatial configuration. This will necesSiigtreaction cycles
that activate colloids into an assembly prone state for prolonged periods of time as opposed
to generating a shelived spike in activated colloid concentration as demonstrated in this
work. Experimental measurements of surface bglobicity demonstrated here will aid
in designing new reaction cycles that yield sustained constant activation without inducing

irreversible aggregation.

2.4Conclusions
This work reconciled the dissipative assembly and irreversible aggregation of
micron sized colloids due to carbodiimide fuel addition with dynamic surface chemistry

and equilibrium pairwise interparticle interactionsicMscopic observationsf colloidal
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aggregated demonstrated distinct differences in morphology with aggregates formed by
dissipative assembly were loosely packed with weak interparticle bonds, while irreversible
aggregates were fractal in nature with strong interparticle bénitisorescence assayas
developed to quantifghe time dependeritydrophobicity anchydrophobic interactions
between colloidsundergoing dissipative assembly. The interaction potentials estimated
from the time dependenteta potential anchydrophobicity at different conditions
gualitatively agreed with the microscopic observations and elucidated that electrostatic
repulsion and hydrophobic attraction conttifferent aspects afissipative assemblirhis

work has several implications for dissipative assembly of colloids. The number of
successful studies of dissipative assembly of small molecules and polymers significantly
outnunbers those focused on micron sized colloids and nanopatrticles. This work, together
with prior work by other labs, emphasizes the importance of characterizing colloid surface
chemistry and interparticle interactions to establish appropriate fuel reaatiditias for
dissipative assembly. In particular, a delicate balance must be struck between the time scale
of the fuetligand reactions, the dynamics of the surface chemistry, and the resulting

attractive and repulsive forces, and the assembly kinetics.
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Chapter 3Revealing Reactions between the Electron Beam and
Nanoparticle Capping Ligands with Correlative Fluorescence and

Liquid-Phase Electron Microscopy

3.1lIntroduction

Selfassembly of colloidal nanoparticles enables constructing intricate
nanostructures and macroscopic materials that cannot be realized 4{mowiop
processing*4?%® Selfassembly of nanoparticles is a complex process in which both
thermodynamics and kinetics play important and intertwined roles in determining the final
selfassembled structufé® Liquid phase transmissicglectron microscop{LPTEM) can
uniquely visualize thelynamics of nanoparticlgelfassemblyin a liquid mediumn real
time with nanometer scale resolutidsumerousLPTEM studies have investigateelf
assemblyof nanoparticlesfunctionalized with small molecules, polyrseand DNA
capping ligand$?2136141,150153,157,159.21220 | nterparticle interactions during seissembly,
including  steric forces, electrostatic forces, hydrogen bonding, and
hydrophobic/hydrophilic forces are mediated by the specific physicochemical properties
(e.g. molecular weight, ligand density, functional groups, protonation/deprotonation) of
organic surface ligands on nanoparti¢té¥iit is well known thathe TEM beam strongly
interacts with organic molecules through radiolysis reacti$it$: However, despite the
importance of organic capping ligands in ssdsembly and their susceptibility to electron

beam damag¥?®few LPTEM studies have focused on electron beam damage mechanisms

ANote: This chapter was previously published by Dissanayake et al. and reproduced here with minor
modifications:Dissanayake, T.UWang, M.,Woehl, T.J, "Revealing Reactions Between the Electron
Beam and Nanoparticle Capping Ligands with Correlative Fluorescence and iLighate Electron

Mi c r o s ACS ppploMater. Interfaceg021, 13 (31), 3755B837562.
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of organic capping ligands. To correctly interpret-sskembly dynamics and mechanisms
observed with LPTEM, it is imperative to understand how the electron beam modifies
nanoparticle surface ligands and to establish limits on the electron doses amdte®se
used to image nanoparticle safsembly.

The electron beam creates highly reactive radicals through solvent radiolysis during
LPTEM imaging. For instance, radiolysis of water creates both strongly reducing radicals,
aqueous electron€)( ) and hydrogen radical&}), and oxidizing hydroxyl radical$)('§,
which can react with organic molecufé8®While electron bearsample interactions
have been extensively studied in terms of general radiolysis reactions and formation of
metal nanocrystaf$?2??little work has been performed to understand how these radical
reactions impact organic capping ligands. The radiation chemistry field has shown that
radicals readily react with organic molecules and polymer through various redox
processe$?¥ 222 Given the large number of LPTEM studies on-sai$embly, the lack of
systematic studies oélectron beanreactions withnanoparticle surface ligandsas
prohibited discovery of acceptaliiedd ow dos e 0 i nfergPTEMnhanopamiadei t i o n s
selfassemblyexperiments that produgainimal beam induced changesrtanoparticle
surface chemistry.

Electron beam induced reactions during LPTEM are only perceptible if visible
changes occur in the material being imagiag, growth/etching of nanoparticlé? 238
dissolution of metal organic frameworkS, pitting of carbon nanotubé$? shrinkage of
bacterial cell$*! or formation of visible polymeric nanoparticl&€.Nanoparticle surface
ligands are not observed during LPTEM due to their small size (typically < 2 nm ligand

layer thickness) and low image contrast compared to inorganic nanoparticles. Even if
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ligands can be visualized with staikthe-art aberration corrected or graphene liquid cell
TEM, LPTEM images provide no information about the chemical structure of the ligands.
In this article, we employ fluorescent probes and correlative fluoresceacesoapy (FM)

to establish the fate of excess a$orbedctapping ligands during LPTEM imaging. Our
results show that polymer crosslinking and chain scission occur during LPTEM imaging,
leading in some cases to a Amonotonic time dependent change irahd thickness on

the nanoparticles and the silicon nitride membrane surface. The results emphasize the
magnifying effect of high atomic number nanoparticles on local radiation damage, in
agreement with a recent rep&ftand the effectiveness of radical scavengers in mitigating
electron beam damage. We expect this method can be applied to other nanoparticle surface
ligands as well as biomolecules by drawing from the extensive library of conjugation

reactions developed faonjugating fluorophores to biomolecules.

3.2. Methods

3.2.1.Preparation of nanoparticles and LRTEM samples

An aqueous suspension of 100 BREI coated silver nanopatrticles was purchased
from nanoComposix (San Diego, USA). BPEI covalently bonds to the surface of silver
nanoparticlesvia aminemetal binding with an approximatgrafting density of 0.05
moleculegn? (calculatedbasedon a ~1 nm ligand shell thickness observed in TEM
images).The silver nanoparticles were centrifuged and washed with DI water two times to
remove excess ligands and contaminants. Liquid cell silicon nitride chips (Protochips) with
500 pm x 50 pm silicon nitride windows and 500 nm gold spacers were rinsed

consecutely with acetone and methanol and were treated with an air plasma for 2 minutes
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to render them hydrophilic and remove residual organics. Three 5 pl drops of silver
nanoparticles were consecutively air dried on the silicon nitride windows of both top and
bottom chips(Figure 3.1, step 1). The membranes were rinsed with DI water after
nanoparticle deposition. For experiments using only BPEI ligands, the twice cleaned
nanoparticle solution was centrifuged a third time and three 5 ul drops of clear supernatant
were air dried on thelikon nitride membranes. The silicon chips were asseunthig in

the liquid cell holder (Protochips) and HPLC grade water was flowed into the cell using a
syringe pump (Harvard Apparatus) at a rate of 300 (Fiyure 3.1 step 2). For
experiments with radical scavenger, 1 M-tautanol in HPLC grade water was flowed into

the cell.
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Figure 3.1. Summary of the method for correlative LPTEM and FM visualization of
capping ligand damage. (1) Silver nanoparticles were drop cast and dried onto cleaned
silicon nitride membranes, which were (2) assembled in the liquid cell. (3) Various regions
of the sample were imaged in the TEM under different conditions. (4) The sample was

disassembled after removing from the TEM and (5) the BPEI ligands were fluorescently
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labeled by incubating with amine reactive fluorescent molecules. (6) The chips were

imaged with FM to visualize electron beam induced reactions with BPEI ligands.

3.2.2.LP-TEM experiments

LPTEM imaging was performed in a JEOL JEMOOF field emission electron
microscope operating at 200 kV in STEM mode at a magnification of 20,000x. After
focusing and rotating the beam to align with the edge of the silicon nitride membrane, the
sample wasrainslated to one corner of the silicon nitride membrane. Different regions of
the silicon nitride membrane were irradiated at electron fluxes ranging from-0Q338
e/A? s (dose rate of 0.1440.616 MGy/s) for 30 s10 min(Figure 3.1, step 3). Thepaces
between each irradiated area were systematically varied to create an easily identifiable
pattern in the FM image to correlate each irradiated area with the respective exposure time
and dose. Other than to demonstrate how the electron beam red&ctgants while
translating, rotating, or focusing the sample, the electron beam was blanked when moving
to a new region using an electrostatic blanker. LPTEM images showed nanoparticles were
deposited onto the membrane surface as single particles argjaiggrtigure 3.1, top
right). The liquid cell was disassembled carefully after th& B experiment and silicon
chips were removed from the holder with the silicon nitride windows ifEagure 3.1

step 4).

3.2.3.Fluorescence labeling of samples arftlorescence microscopy

A 10 mg/ml stock solution of fluorophore was prepared by dissolving 2 g of
[Fluoresceir5(6)-carboxamido]hexanoic aci(bigma) in 200 ul of dimethyl sulfoxide

(DMSO). 25pl of 16mg/ml 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide(EDC,
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Thermo Scientific), and 25 pl of 44 mg/mN-hydroxysulfosuccinimidg(Sulfo-NHS,
Thermo Scientifit were added to 100 pl of the fluorophore stock solution and left to react
for 15 minutes at room temperature to form an amine reactive fluorophore. After that, 0.28
pl of 2-MercaptoethanolThermo Scientifif was added to the fluorescdireDCT NHS
solution and incubated for 5 minutes to quench excess EDC in the solution. The
disassembled top and bottom liquid cell chips were placed in 425 pl of DI water in a
centrifuge tube and 75 pl of fluorescé&iEDC1 NHS solution was injected. The reaction
between the amine reactive fluorophore and primary amine groups on the BPEI molecules
proceeded for 1 hour after which the chips were washed 3 times with DI(xigiene 3.1,

step 5). The cleaned chips were dried using compressed air and placed on a clean cover
slip. FM was performed in an inverted optical microscel$S Axio Observgrwith a

40x dry objective lenfFigure 3.1, step 6). All the FM images in this dioriginated from

the top chip of the liquid cell in each experiment because this is where the electron beam
was focused during LPTEM. FM images were processed and analyzed using 3thageJ.
Silicon nitride membrane fluorescence intensity profiles were measured along lines draw
across the image area with each intensity divided by the background fluorescence intensity
immediately outside the image area. Fluorescence intensities of nanopawiie
determined by measuring the average intensity of each nanopatrticle.

We labeled the BPEI capping ligands after the sample was imaged and removed
from the TEM to avoid electron beam damage to fluorescent molecules, which can
extinguish their fluorescence emission. The FM images provided a snapshot of the local
relative BPEIlligand thickness for a given LPTEM imaging time and cumulative dose.

Benchtop control experiments varying the thickness of polymer layers on flat silicon
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substrates were performed to validate the method. A solution of fluorescein labeled BPEI
was serially diluted to various polymer concentrations and dried on silicon chips to create
samples with linearly varying BPEI thicknesses. FM images were taken loksaaple

and average fluorescence intensity measurements were linearly proportional to the BPEI
solution concentratior=jgure A4), and thus linearly proportional to the local thickness of

BPEI on the surface.

3.3. Results

s
F g i .
N L Nl

Figure 3.2. Branchedpolyethylenemine (BPEI) and TEM images of silver nanoparticles
in the dry state. (a) Molecular structure of BP@I. Low magnification TEM image of
BPEI coated silver nanoparticles. (c) HRTEM image of a single nanoparticle showing the
particle shape. (d) HRTEM image showing the BPEI ligand layer on a polycrystalline silver

nanoparticle.
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Systematicdose ratecontrolled LPTEM experimentsprobing electron beam
reactions with nanoparticle capping ligands were performed on 10@iametersilver
nanoparticles coated with5,000g/mol BPE| which contains primary, secondary, and
tertiary amine groups that imbue the nanopatrticle surfaces with a positive drigige (
3.2a). TEM images of the silver nanoparticles in the dry state showed they were either
spherical or faceted, polycrystalline, had a monomodal size distribiiguré 3.2 b,c),
andwere coated by a ~1 nm thick BPEI ligand layeg(re 3.2d). Due to the low spatial
resolution of the FM images (~500 nm), low magnification (M = 20,000 x) scanning TEM
mode (STEM) was used for all LPTEM experiments to create a large irradiated region on
the order of 10 m that could be visualized with FM. Within each irradiated area, each
nanoparticle or nanoparticle aggregate was exposed to a uniform dose rate and cumulative
electron dose. In this article, we report the dose rate in units of Grays per second (Gy/s),
which s the product of the area averaged tetecflux (electron beam current divided by
the image area siyend stopping power of water (2.798 x°HY.nf/kg ), following
previously established methotfé?%® Cumulative doses given in each figure were
calculated by multiplying the dose rate by the total irradiation tienote that electron
fluxes (0.032 0.138 ¢A%s) and cumulative electrons deliveredi (80 e/A?) used here
aregenerally considered t o hneagingetlectvon tkars e 0 c C

sensitive polymers artsiomoleculesvith LPTEM and cryeE M 145:148.244.245
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Figure 3.3. Exemplary FM images of a fluorescent labeled silicon nitride membrane after

an LPTEMexperiment. The green fluorescence intensity shows the relative local thickness
of BPEI ligand. (a) Survey image of the silicon nitride membrane showing various
fluorescent features created by presence of nanopatrticles and electron beam exposure. (b)
Sampe translation during LPTEM with continuous imaging created pathways of bright
fluorescence intensity due to brief (seconds) electron beam exposure. (c) STEM scan
rotationcan be observed by a change in the angle of the bright fluorescent square image
regions. (d) Different exposure times and cumulative doses created image regions with

different fluorescence intensity compared to the background.

FM images showed background fluorescence across the silicon nitride surface from
adsorbed BPEI ligands, while silver nanoparticles and nanopatrticle aggregates appeared as
bright fluorescent spots above the backgroufidure 3.39. Some sample regions had
bright fluorescence and nanoparticle coverage due to evaporation induced aggregation of
nanoparticles (left side dfigure 3.3a); these regions were not considered in quantitative

analysesSample regions irradiated by the electron beam were clearlyglistired as
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bright or dark square regions with sizes roughly equal to the STEM image size. Two
characteristic features were immediately evident in the FM im&ggsré 3.3a). The first

feature was squares or tracks across the membrane surface that were brighter than the
background; these regions corresponded to image regions irradiated with the electron beam
for < 30 s during focusingsample translationF{gure 3.3b), or image rotationHigure

3.3¢). We did not know the exact irradiation time for these as the shortest timed irradiation
was 5 minutes, but these image manipulations typically to8& s. Nanopatrticles in these
regions had brighter fluorescence intensity thanin@auaiated nanoparticles. The second

type of fluorescent feature observed was image areas that were similar intensity or darker
than the background intensity and surround®d a bright fluorescent halo and
corresponded to image regions irradiated for > 5 minlkagife 3.3d). Nanoparticles

within these dark regions had lower fluorescence intensity compared to those in the bright
irradiated regions and unirradiated regions. In most casmsoparticles remaau
immobile on the silicon nitride membranes throughoutitrediationexperimentand no

beam induced nanoparticle aggregation was observed. At a relatively high dose rate of
0.616 MGy/s, some nanoparticles moved into the image area in the first few seconds after
which they were immobile fahe rest of the irradiatignndicating they received a nearly

identical cumulative dose compared to the initially present parfi€lgare A6).
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Figure 3.4. Effect of cumulative dose on the fluorescence intensity of the silicon nitride
membrane with (ajc) and without (e)i (g) silver nanoparticles deposited on the
membrane. (a)i (c) FM images of irradiated sample regions with BPEI coated
nanoparticles irradted at a dose rate of 0.324 MGy/s for times of (a) < 30 s, (b) 5 minutes,
and (c) 10 minutes. (d) Fluorescence intensity measured along a horizontal line drawn
across the center of each irradiation region in(¢®)(e)i (g) FM images of irradiated
sanple regions with only BPEI ligands irradiated at a dose rate of 0.274 MGy/s for times

of (e) 1 minute, (f) 5 minutes, and (g) 10 minutes. (h) Fluorescence intensity measured

along a horizontal line drawn across the center of each irradiation regiori ifgje)lhe
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fluorescence intensity of each irradiated region was normalized to the local background
intensity.

All regions irradiated for < 30 seconds were brighter than theirnadiated
surrounding areaH{gure 3.4a), while those irradiated for > linutes were either lower
intensity or similar intensity compared to the backgrourigure 3.4b,c). For the longer
irradiation times, the intensity inside the irradiated regions and the intensity of the
surrounding fluorescent halo showed no trend with cumulative &aparé¢ 3.4d). We did
not observe any effect of the dose rate on the qualitative effects of LPTEM irradiation, as
irradiating a sample at a dose rate of 0.616 MGy/s yielded a similar sequence of events as
the lower dose ratd-{gure A7). To test the effect of nanoparticles on the electron beam
damage to the ligands, we irradiated a separate sample containing only excess soluble BPEI
capping ligandThesampleregiors exposedo the electron beafor 1 minute were barely
discerniblg(Figures 3.4€). In contrast to the experiments with nanopatrticles prelseght
fluorescence intensity was observed in imaggiors irradiated for 5 (82 MGy) and 10
minutes (164 MGy)Figures 3.4e-g). The fluorescence intensity of the silicon nitride

increased by-10% between the 5 minute and 10 misutediations(Figures 3.4h).
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Figure 3.5. Fluorescence intensity distributions of silver nanoparticles after electron beam
exposure in DI water. Intensity data were measured from the sample regions shown in
Figure 3.3. (a) Probability distribution functions of silver nanoparticle fluorescence
intensities for particles that were not irradiated (orange triangles), irradiated for < 30 s (<
9.7 MGy, cyan circles), and irradiated for > 5 minutes (> 97.1 MGy, pink diamdijls).

Box plots of nanopatrticle fluorescence intensities for each condition. Xilcanksum

tests showed there were statistically significant differences between each fluorescence
intensity distribution P < 0.005). Fluorescence intensities of 104, 45, and 105 particles
were measured from the regions of no irradiation, irradiation for > 5 minutes, and
irradiation for < 30 seconds, respectively.

In addition to changing the fluorescence intensity of the membrane surface,
irradiation during LPTEM modified the fluorescence intensity, and thus the ligand
coverage, of silver nanoparticles compared to -in@uiated areas. Nanoparticles
displayed a distbution of fluorescence intensities due to variations in initial ligand
coverage, particle size, and particle aggregation, so we performed a statistical analysis of
the effect of cumulative dose on nanoparticle fluorescence interfSiguré 3.5).

Measurenents of nanoparticles intensities were merged for all < 30 sec irradiation areas
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and all > 5 min irradiation areas shownHigure 3.3a to gain statistically significant
population sizes (> 40 particles per data set). Histograms of individual particle fluorescence
intensities showed the nanoparticle intensity distribution for regions irradiated for > 5
minutes was lower overall comparedunirradiated regions, while nanopatrticles irradiated

for < 30 seconds had overall larger fluorescence intenskigsireé 3.5a). A statistical
comparison of intensity distributions revealed that eaulensity distribution was
statistically different (for P < 0.005Fi{gure 3.5b). The changes in the nanopatrticle
fluorescence intensities with cumulative dose therefore mirrored those of the silicon nitride
membranes, indicating that similar chemical processes controlled ligand damage on the

silicon nitride and silver nanoparticles.
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Figure 3.6. The fluorescence intensity of irradiated silicon nitride regions for a
nanoparticle sample containing 1 M tbrtanol. (a)i (c) FM images corresponding to
image areas irradiated at a dose rate of 0.144 MGy/s for times of (a) 5 minutes and (b) 10
minutes ad irradiated at a dose rate of 0.274 MGy/s for (c) 10 minutes. (d) Fluorescence

intensity measured along a horizontal line drawn across each irradiated regioin(c) (a)
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Prior works have established that alcohols, such as isopropanol abdtéerbl,
and other organic molecules can act as hydroxyl radical scavengers to mitigate radiation
damage to organic molecules during LPTEM imaditig6:167.242.24y/e addedl M tert
butanol in Dlwater as a radical scavenger to test its impact on electron beam damage of
BPEIin the presence of silver nanopartidEgure 3.6). Similar to theexperiment without
any nanoparticles, there was no visible change in fluoresdatergsity in the image
regions exposed for 30 seconds and 1 minudedate rate of 0.274 MGy/€ompared to
sampla with notert-butanolirradiated for> 5 min,which showed decreased fluorescence
intensity,asmallincrease in fluorescenaaensity compared to backgroumndas observed
at similar irradiation times for the nanoparticle sample containingoteanol (Figure
3.6a-c). The largest fluorescence intensity of the sample region irradiated withutartol
present (& 1.6) was s malultearnotlham t2he asfa neprl

with 10 times less cumulative dose.

3.4. Discussion

The electron beam indirectly reacts with soluble and nanoparticle surface adsorbed
polymers in aqueous solutimma radicals formed by water radiolysis, including oxidizing
hydroxyl radicals § "§, reducing hydrogen radical®§, and reducing aqueous electrons

(Q ).166:230.247Hydroxyl radicals readily react with polymers by abstracting hydrogen
atoms from the main carbon chain and amine groups, which forms reactive radicals that
either undergo intramolecular or intermolecular crosslinking or serve as intermediates to
carboncaibon chain scission reactiotf$.Radiation induced crosslinking reactions have
been utilized to form hydrogels and bulk polymers by irradiating both solid phase and

liquid phase precursot&8230.24824\/hjle each of the three reactions occur simultaneously,
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the dominant reaction is influenced by polymer chemistry, molecular weight,
concentration, dose rate, and cumulative dose. The fluorescence labeling approach used in
this study distinguishes between intermolecular crosslinking (enhanced local fluorescence
intensity with electron irradiation) and chain scission (reduced local fluorescence intensity
with electron irradiation), but cannot readily identify intramolecular crosslinking, which
will change the local ligand layer thickness but not the fluorescereersity. However,
because the polymer used here is 25,000 g/mol, which is a relatively low molecular weight,
we expect intermolecular crosslinking to dominate over intramolecular crosslfiking.
Based on these reactions, we interpreted irradiated regions that were darker compared to
the background as those where chain scission reactions dominated for the given cumulative
dose, while brighter fluorescent regions experienced net intermoleculslirdcivgy.

In addition to radical reactions, we also considered the effect of electric fields on
thedeposition/removal of BPEI ligands from the image area. It is well known that the thin
solid silicon nitride membranes emit secondary electrons during LPTEM imaging, which
can induce a positive charge on the membt&hBositive charge on the silicon nitride
gives rise to a divergent electric field inside the liquid directed away from the irradiated
region of the membrane into the bulk liqddIf this field is sufficiently strong, it could
impact the attachment of BPEI to the negatively charged silicon nitride membrane as well
as the transport of the positively charged polymer in solution. Recent studies have provided
conflicting estimates ofhie local electric field and membrane potential during LPTEM.
The electron beam inducedembrane potentiavas estimated to be +2 mV by prior
Monte-Carlo scatteringsimulations’®? The silicon nitridewater interface has a zeta

potential of about30 mV near neutral pH, so this beam induced surface potential would
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not significantly affect the overall membrane surface potential. Another recent study
concluded that there will be no appreciable electric field in the system due to charge
screening at the soliiuid interface!®* However, several other studies suggested more
significant electric fields form due to beam induced charging, but did not offer any practical
estimates of their magnitudes in the presence of Iigifd! The observation that the
solution chemistry and cumulative dose, and not the dose rate (which controls the
magnitude of electron beam chargity controlled whether ligand was added or removed
from the irradiated area suggests that radiation chemistry mediates the observed
phenomena and not beam induced charging. However, due to the lack of comprehensive
studies on electric fields during LPTEM wannot completely disregard electric fields and
acknowledge that they could affect polymer transport in solution and local radical
concentrations.

Positively charged nanoparticles and free BPEI ligand initially dried onto the
negatively charged silicon nitride surface physisorbed by electrostatic interactions. Any
loosely bound or entangled nanoparticles and polymers on top of this adsorbed layer
become solubilized after water was introduced into the liquid cell. The adsorbed and
soluble BPEI ligands reacted with radicals created by the electron beam and crosslinking
and chain scission reactions proliferated. In DI water only, the fluorescencetynoé tise
silicon nitride membrane and nanoparticles locally increased after short irradiation times
(=30 seconds) due to crosslinking of soluble BPEI to BPEI adsorbed to nanoparticles and
the silicon nitride membrane. Previous work has shown that racheoalentrations are
elevated near the watérsilicon nitrideinterface and near nanoparticle surfa®@syhich

enhances local production of BPEI radicals compared to bulk solution. The initial rate of
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BPEI crosslinking reactions was higher than the rate of chain scission as evidenced by the
increased fluorescence intensity. Over several minutes, soluble BPEI ligands were depleted
by the crosslinking reactions and the hydrogen abstraction rate comgtéott, creates
crosslinking sites, decreased due to the increasing BPEI molecular ¥eigtureover,
electrostatic repulsion between similarly charged BPEI molecules could play a role in
slowing the crosslinking reaction rate over tifdeDue to the increase in the radical
lifetime on BPEI molecules, resulting from the decreased free BPEI concentration and
crosslinking reaction rates, chain scission reactions began to dominate over crosslinking,
leading to decreased fluorescence intensityghe image regions irradiated for several
minutes. While this method does not detect intramolecular crosslinking, it is possible the
BPEI ligands crosslinked onto the surface underwent intramolecular crosslinking as alkyl
radicals continued to form inade proximity. During the chain scission process, rupture
of the bonds between BPEI and silver surface is not expected to be a significant reaction
due to the abundance of reactivé €& and Ni H bonds in BPEI polymers. We do not
expect reactions betweeadicals and the polymearanoparticle or polymesilicon nitride
bonds to be significartue to their low abundance compared to the PEI repeat units. BPEI
fragments from chain scission reactions did not crosslink again inside the image area but
transportedaway and crosslinked outside the image area as apparent by bright halos
surrounding the irradiated regions. In the absence of nanoparticles and when 1 M tert
butanol was included with the nanoparticles, BPEI ligands only displayed net crosslinking
reactions across all doses and dose rates tested.

Recent studies showing amplification of electron beam damage and radical

concentrations by high atomic number nanoparticles provide clues about the different
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behaviors ohanoparticldaden, nanoparticle free, and radical scavenger laden samples.
Korpanty et al. found that gold nanoparticles accelerated the radiation crosslinking of
polyethylene glycol and found through modeling that nanoparticles enhanced the yields of
hydroxyl and polymer radicafé? Prior numerical radiolysis simulatiopsedictedthat the
localyield of radicals was several times highear a metal water interface&eompared to

bulk liquid due higher yield of secondary and backscattered electrons from metals when
irradiated?®? In the field of radiation processing of bulk polymers, empirical evidence
shows that crosslinking predominates at low cumulative dose while chain scission
dominates at larger cumulative doses. This occurs because the yields for crosslinking and
chain scis®n increase as a function of cumulative dose and the chain scission yield
increases more rapidif® Finally, prior simulations by Wanet al.found that addition of
tertbutanol reduced the steady state hydroxyl radical concentration in water by several
orders of magnitud&:3 Taken together, these prior studies suggest that silver nanoparticles
created larger concentrations of hydroxyl radicals, which accelerated the electron beam
damage process of crosslinking at low cumulative dose followed by chain scission at high
cumulatve dose. In the absence of nanoparticles or in the presence-lfiterol, the
hydroxyl radical concentratiathecreasedind crosslinking was the dominant reaction over
the experimental time scales. In other words, the effective cumulative dose wasitighe
nanoparticles present and was lower in the absence of nanoparticles and \bitkatest
present.These results demonstrate tlehin scission reactionsvhich will deplete the
ligand shelland negatively affect the nanoparticle stability and potential to undergo self
assembly,could be avoided by using a radical scavengerreducing nanoparticle

concentration
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Figure 3.7. Qualitative schematic showing the prevalence of crosslinking and chain
scission reactions in BPEI ligands as a function of cumulative dose as determined by FM
for (a) a sample with nanoparticles and free ligands in DI water, (b) a sample with only
free ligands in DI water and (c) a sample with nanopatrticles and free ligands in 1 M aqueous
tertbutanol. In sample (a) the exact crossover point from crosslinking to chain scission
was unknown but occurred between 1648.1 MGy. In both (b) and (c) the reg®with

lighter color represent cumulative doses where little to no change in the irradiated area was

observed by FM. The-axis is not to scale.

An overall picture othe dominant radicaleactionsas a function otumulative
dose for nanoparticles DI water,soluble BPEIn DI water, and nanoparticles with radical
scavenger is illustrated ikigure 3.7. The colors in each horizontal bar denote the
approximate range of cumulative doses where each radical reaction dominated for each
type of sample, as observed by FM, with white corresponding to no perceivable change to

the sampleAs metallic nanoparticleenhanceslectron beam damage ligands nar the
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surface, removing much of the excess ligand prior to experincantprevent the initial
crosslinking reactionsOur experiments demonstrated that electron bahlemations to
surface capping ligands could be delayed to some extentloglinga radical scavenger.

The time dependent ligand surface coverage on nanoparticles and the silicon nitride
membrane during LPTEM experiments has several implications for the colloidal and
interfacial properties of LPTEM nanopatrticle samples. First, removal or additigands
by radical reactions modifies the surface charge on the nanoparticles and silicon nitride
membranes. While fluorescence intensity changes do not directly correspond to changes in
surface charge, there is clearly a significant change in liganfdcsucoverage on
nanoparticles after electron beam irradiation, especially at short times in the absence of
radical scavengers. The radiation induced reactions can have significant effects on the
surface charge of nanoparticles and thus on their eleatimsind steric colloidal
interactions and overall colloidal stability. Changes in surface charge and ligand coating
thickness will impact nanoparticlganoparticle and nanopartieleembrane interactions
during selfassembly. Perhaps the most interestibgeovation is that the most significant
changes in surface concentration of ligands occurrskaat times and for low cumulative
doses indicating low dose imaging alone may not be effective at preventing significant
electron beam modifications to polyn@apping ligands and that radical scavengers must
be used in concert with low dose imaging.

Several prior works by our group and others have demonstrated irreversible
electron beam induced aggregation of polymer ligand capped nanoparticles during LP
TEM.135136.1687¢ i5 plausible that electron beam induced intermolecular crosslinking and

chain scission of polymer ligands will contribute to nanoparticle aggregation by reducing
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nanoparticle colloidal stability or covalently linking nanoparticles togetherimportant
implication of this process is thatreversible electron beam induced aggregation of
nanoparticles is a kinetically controlled process driven by radical regctimaking it
distinct from seHMassembly, which is a reversible process driven ittgrparticle
interactions Even though radiation induced crosslinking can explain some nanoparticle
systems with high molecular weight polymeric ligands, it appears that awdictes capped
with small molecules do not display irreversible nanoparticle aggregation. For an example,
recent LPTEM selassembly studies of nanopatrticles capped with small moleautgs (
carboxylic acids, cationic surfactants) showed reversible assembly under electron beam
irradiation, implying that electron beam damage to the surface ligand coating did not result
in irreversible aggregatioft>??° Prior LPTEM experiments have shown that BPEI
functionalized nanoparticles attached to the silicon nitride membraran begiffuse
under electron irradiation after an initial lag tifféPrior studies have posited this was due
to radiation induced changes in §Hor electron beam charging of the silicon nitride
membranes$®? but pH changes and charging occur on short time scales (milliseconds)
compared to the lag time for particle motion to begin (tens of sectii@)r results show
that ligand surface concentrations can increase on the nanoparticles and silicon nitride
membranes over tens of seconds, which could increase repulsive steric and electrostatic
forces.

The specific functional groups present on a polymer ligand will mediate the type of
radiation reactions it undergoes upon electron beam irradiation. Aqueous PEI solutions
degrade upon electron irradiation by chain scission reactions at secondary ammiaedsite

carboncarbon bonds in the main polymer ch&hAt neutral pH values, primary amine
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groups on PEI are mostly protonated and repulsive electrostatic forces between positively
charged polymer molecules may prevent crosslinking. Similar effects are observed for
polyacrylic acids where negatively charged carboxyl groups suppress crosslinking
reactions; crosslinking was only observed at acidic pH values (~2) where most carboxylic
acids were unchargéd: Similarly, polymethacrylic acids prefer chain scission over
crosslinking and degrade byfragmentation of alkyl radicafermed during radiolysi$>?
Chitosan, a polymer molecule containing amine and hydroxyl functional groups
predominantly undergoes chain scission thropgioxyl radicals formeth the presence

of oxygenor throughscission of glycosidic bonds in akeygenagd solutiong>* A recent

study by our groughowed that PEG SH ligandsact as radical scavengdor hydroxyl
radicals by hydrogen abstraction from the thiol groups and PEG.®idim aqueous
solutions of PEG or polyacrylamide, intermolecular and intramolecular crosslinking
prevails over degradation in deoxygenated solutions while main chain scission dominates
with oxygen preserft?2552%¢ Therefore, the molecular structure of the ligands are
important in determining the successive radiation driven reactions of polymeric capping

ligands during LPTEM experiments.

3.5 Conclusions

We utilizedcorrelative LRTEM and FMto investigate electron beamodification
of BPEI capping ligands focontrollednanoparticle imagingvith LP-TEM. BPEI coated
silver nanoparticles irradiated in LFFEM for different timesand cumulative dosesere
labeledwith fluorescem molecules after imaging, which enabled directly visualizing the
outcome of electron beam driven reactions with capping ligaiis competingelectron

beam inducedeactions intermolecular crosslinking and chain scission, deterchthe
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fluorescence intensitgf the nanoparticles and silicon nitride membrarii irradiation

time. Crosslinking reactiosdominatel at short irradiation timedue to high concentratisn

of free BPEI ligand in solution and high crosslinking reaction rate constant, while chain
scission reactions dominated for irradiation times of > 5 minutes due to increased
concentration of crosslinked polymers and decreased soluble polymer concentration.
Crosslinking dominated for all cumulative doses tested in the abseneaaparticles and

for nanopatrticles in the presence of feutanol as a radical scavenger. The observations
are explained in terms of kinetic competition between crosslinking and chain scission
reactions and the relative amounts of oxidizing hydroxylcaldi created. Competing
electron beam reactions are expected to modify the surface properties and colloidal
interactions of the nanoparticles and silicon nitride membranes by modifying electrostatic
and steric interparticle interactions. This method caextended to probe other capping
ligand chemistries, such as carboxylic acid or thiol moieties, by utilizing commercially
available fluorophore conjugation chemistries developed for biomolecules. We expect the
specific response of a capping ligand to tleeteon beam will be chemistry and solvent
specific. The example of BPEI ligand reactions serves as an initial demonstration of how
correlative FM and LAEM can be used to track electron beligand reactions and
demonstrates the potentially complex antetdependent modifications the electron beam
can induce in the surface ligand chemistry and concentration, even for low dose imaging

conditions.
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Chapter 4Polymer reaction driven assembly of gold nanoparticles

into Turing patterns
4.1 Introduction

Unique chemical, photonic, magnetic, and catalytic propeshesrgein ordered
ensembles and patternsrmainoparticle®n solid substrate3hese emergent properties are
controlled by both the nanoparticle composition and their spatial arrangement
Nanoparticlegpatterns havbeen incorporated for diverse applicatisnshasin electronics
for nanoi transistor€?’ logic circuits?®® stretchable wireless electronf®$, foldable
batteries®® nanophotonic modulatof&! photodetectors and electroluminescent didgéfes,
biosensor$;?®® pressure sensof¥, and vapor sensof§? and supercapacitof&®
Nanoparticle patterns are also utilized in catalytic platforms to enhance catalytic
activity, 2672%8as stamps / templates in synthesis of microporous thin #fiits,increase
solute selectivity in microchip capillary electrophoré$isand to synthesize
superhydrophobic surfacég.Both topi down and bottomi up approaches have been
used to make nanoparticles patterns on different substrates. Lithographic techniques such
as direct electron beam writing, focused ion beam (FIB) milling and den lithography
are used to generateamoparticle arrays with nanometers scale control over pattern
geometry?’22’8 These lithographic techniques are a popular choice due to the ability to
fabricated precise intricate patterns with high reproducibility and resofifielowever,
the serial nature of tegown pattern formation requires long fabrication times and there
are limitations in material choice that can be deposited by lithographic techniques. Parallel

methods, such as spin coating, dip coating, drying/dewettiag, coating, organic
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molecule based templating (e.g. Micelles, DNA origami) and interfacial deposition have
been developed to obtain 2D nanoparticle arrangements covering large areas with reduced
fabrication timeg®92%* Surface template directed assembly of nanoparticles employ
lithographically patterned solid surfaces that can capture nanoparticles deposited via
parallel methods to assemble particles on the templated pAftern.

The above techniques for forming nanoparticles patterns all require either soft or
hard templates or nanoparticle surface ligands with specific interactogs NA,
peptides). Significant effort has been given to adapt functions and processes in biological
systems, such as sélfassembly anthiomolecular interactions, to arrange nanoparticles
into spatial patterns that exhibit emergent functional properties. Despite the huge effort
deposed on developing this diverse pool of techniques for preparing nanopatrticle patterns
on substrates, a commanechanism by which patterns emerges in nature, reaction
diffusion instability (RDI), has been underutilized by the material science community.
There is increasing evidence that RDI is responsible for formation of coloration patterns
on the skin of mammaland fish’®"7 digitation during embryo morphogene&isand
cellular patterns in tissues, such as spatial patterns of hair fofidesing RDI induced
pattern formation, an initially randomly distributed system of molecules undergo activation
and inhibition reactions that couple with dissimilar diffusion coefficients, which together
leads to a mathematical instability that resultstable spatial patterns of the molecules or
cells, known as Turing patterfln a simple two species RDI system, an activator species
catalyzes the production of itself while diffusing slowly. An inhibitor species diffuses faster
while suppressing the production of the activator, leading to local accumulation of activator

and accmulation of inhibitor in the periphery creating a periodic pattern in s{fabee
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RDI framework was applied for multiple synthetic chemical systems, where it is shown to
form two dimensional (2D) or three dimensional (3D) stable patterns at the micron to
macroscopic scalé$:10328528Qnly a very few synthetic systems have been discovered to
this date that produce stable patterns at the nanometer scale resembling Turing patterns,
which makes it difficult to come up with design rules to discover new nanoscale reaction
i diffusion systera manifesting spatial pattert$:1%61%8 Difficulty in creating
dissimilarity in diffusion coefficients between chemical species that is favorable for pattern
formation, which are usually in the same order of magnitude, and difficulty in instigating
an instability in an otherwise homogenous Eaystem could be a few reasons behind
lack of application of RDI for nanopatterning.

In this study we show that nanopatterns akin to Turing patterns emerge in a
nanoparticlei polymer system at a solidquid interface. The nanoparticle polymer
system is exposed to chemical radicals generated by irradiating the solvent with a high
energyelectron beam, which also enables high spatial resolution dynamic imaging using
liquid phase transmission electron microscopy (LPTEM). Here we manipulate the electron
beami sample interactions to create an RDI in the nanopariighesymer system and as
the interactions of nanoparticles and polymer molecules with the solid substrate to restrain
their motion and create diverge diffusion coefficients, leading to formation of diverse types

of nanoscale spatial patterns of nanoparticles.
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4.2 Materials and Methods

4.2.1.APTES treatment of silicon chips

Silicon chipsused fol.PTEM were first cleaned with acetone to remove the photo
T resistant layer and then cleaned with methanol to remove any organic impurities on the
chips followed by drying with compressed air. The chips were plasma cleaned (Harris
plasma cleaner) for 2.5 minutes. The small silicon chips were used as preparepl and to
silicon chips were submerged in a solution of 3% JW@wAminopropyl)triethoxysilane
(APTES, Sigmajt 75°C and kept for 1 hour. Afterwards the chips were cleaned with DI

water and air dried.

4.2.2.Preparation and deposition of nanoparticles

Ligand exchange was used to prepare 5 nm gold nanoparticle coated-in self
assembled monolayers of carboxylic acid terminated organic lighd@d gt ofaqueou80
mM thiol - PEG - carboxylic acid (PEG works) solution and 100 ¢f aqueouss0 mM
thiol - PEG - carboxylic acid (PEG works) solution was added.O ni of as received
citrate cappe& nm gold nanoparticles (nanoComposix). haoparticle ligand solution
wasstirred for 72 hours to facilitaexchange of the thiol ligands for the citrate ligands on
thenanoparticle surfaces. The excess free ligands in the solution were rdmoepdated
centrifugal filtration through a 10 kDa cellulose acetate f{t®k, Thermoscientific). The
concentratechanoparticle retentatsolution was dispersed in DI water. This cleaning
procedure was repeated 2 more times and the resulting concentrated gold nanoparticle
solution wadispersed ira buffer of 5 mM 2 (Ni morpholino)ethanesulfonic acid (MES,

Thermoscientific) and 5 mM NHydroxysuccinimide (NHS, Thermoscientific) at a pH of
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6.75. Freshly prepared 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,
Thermofisher) aqueous solution was added to nanopatrticle solution sutttefhneti EDC
concentratiorwas5 mM. After 10 minutes, a drop of nanoparticle solution was deposited
on the silicon nitride window of the top chips to facilitate conjugation of particles to the
amine coated silicon nitridéAfterwards the chipvasrinsed with DI waterto remove
unbound nanoparticles and thdmed with air.These chips were used for all expgents
except forthe experiment without nanoparticleserethe top chip was directly used after

APTES treatment.

4.2.3.LPTEM experiments

An aqueous solution of MES, NHS and EDC was prepared by mixing a freshly
prepared EDC solution with the buffer (MES 5 mM, NHS 5 mM, pH 6.75) where the final
EDC concentration was . 5 mM. The liquid cell was assembled with a drop of the
agueous solutionfdouffer and EDC confined between the silicon chips indhmple
holder The aqueous solution was flowed into the liquid cell at a flow rate ofuB0®
throughout the experiments using a syringe pump (Harvard Appatedushe experiment
without EDC, only buffer was used in the liquid celFFor the experiment with radical
scavenger, EDC and Tértbutanol was mixed with the buffer at final concentrations of 5
mM and 10 M respectively. The imaging was performed using a JEOL2IENIF field
emission transmission electron microscOpeM) operating at 200 kV. The nanoparticles
were imaged in scanning TEM (STEM) mode at electron dose rates of MGy/s by varying

thespot size otheelectron beam and magnification.
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4 .3Results
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Figure 4.1. (a) AFM image of thickness variation of APTES on SiNembrane (b) liquid
cell setup during LPTEM experiments (c) Gold nanoparticles immobilized on APTES

treated SiN membrane by EDC NHS chemistry.

AFM images of the silanized SiNurface showed an APTES layer that was rough,
consisting of mounds of polymer with maximum thicknesses of ~20Figure 4.1a).
This is consistent with literature observations that dissolving APTES in water causes
polymerization of the monomers to form oligomers, which deposit on the surface as a thick,
non-uniform coating layef®”?¥8The carboxyl groups on nanoparticles were conjugated to
amine groups on SiNmembrane through amide coupling chemistry, where carboxyl
groups react with linker molecule EDC and NHS to make a metastable intermediate which
is reactive with amine groups. The gold nanoparticles were imaged in a liquid cell
containing an aqueous buffeith a liquid layer thickness of about 500 nkigure 4.1b).
Upon initial irradiation by electron beam during imaging, nanoparticles become mobile in
the solvent, indicating th#tte covalent amide bond between the nanoparticles and the SiN
membrane is cleaved and NPs gain freedom to move and interact with other nanoparticles
and surface siloxan&igure 4.1¢). Previously it has been demonstrated that amide bonds

are preferentially cleaved during radioly&$.In addition to varying the solution
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chemistry, we varied the intensity of the electron beam to investigate the impact on the
nanoparticle assembly. The electron beam intensity is reported in units of Grays, which is
the Sl unit for absorption of ionizing radiation and has units of energyladas per mass

absorbing medium (1 Gy = 1 J/kg).

Figure 4.2. (a) Time lapsed images of gold nanoparticles imaged at a dose rate of 79.5

MGy/s s (electron beam current of 74 pA and a magnification of x500k) without EDC in
solution. (b) Time lapsed images of gold nanopatrticles imaged at a dose rate of 79.5 MGy/s
(electronbeam current of 74 pA and a magnification of x500k) with EDC at an initial
concentration of 5 mM in solution. The images are false colored to show the polymer
striped in the background. Nanoparticles appear purple and siloxane polymer dark orange

and browm.

When gold nanoparticles anchored to top chip were imaged in an aqueous buffer
only containing MES and NHS, nanoparticles detached from the surface as soon as
irradiated and rapidly aggregated into small, disordered aggregates containing tens of
nanopartites Figure 4.2a). Nanoparticlesnovedrapidly during imagingand the slow
frame rate of imagingvas not sufficient to capture particle movement clearlhafirst
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10 s By 15 seconds small aggregates, mostly dimers or trimers could be seen and by 25
seconds the nanoparticles assembled into disordered aggregates. The aggregates moved out
of the imaging area upon continuous imaging and two minutes after the start afgmagi
most of the nanoparticles and aggregates were gone from the imagingiguea 4.29.
Nanoparticles were imaged with EDC included in the buffer medium. As the electron beam
cleaves amide bonds, EDC continuously reforms the bonds, confining theanieies to

the surface during LPTEM imagin§ifure 4.1¢). Upon the first few seconds of imaging

with EDC at a concentration of 5 mM at an electron beam current of 74 pA and a
magnification of x500k (electron dose rate of 79.5 MGy/s), nanoparticles moved
significantly more slowly than when EDC was not includaatther imaging revealed that

NPs moved slowly along the membrane surface and after 1.5 minutes there were visible
signs of the initially homogenous nanoparticles distribution segregating it izt

zones. By 3 minutes slow movement nanopatrticles created narrow horizontal bands dense
with nanoparticlesKigure 4.2b). After five minutes of imaging the horizontal stripes
densified into strings of nanoparticles, where nanoparticles aggregated together and could
be seen forming Yi junctions in the next 2 minutes. Concurrent with nanoparticle
movement, we observed fortian of diffuse horizontal stripes of lower image intensity
surrounding the nanoparticle strings. This contrast indicated thatrégiens had a higher
average masdensity compared to the solvent and were attributed to formation of
polymerized APTES layers. Nanoparticles congregated on the low image contrast bands
and were mostly absent in between the bands. The nanoparticlgs stene evenly

spaced, separated by about 100 nm.
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Figure 4.3. String patterns of gold nanopatrticles imaged at dose rates of (a) 35.0 MGy/s s
(electron beam current of 74 pA and a magnification of x400k), (b) 106.5 MGy/s s (electron
beam current of 74 pA and a magnification of x600k) and (c) 44.6 MGy/s s (electron bea
current of 141 pA and a magnification of x500k) with EDC at an initial concentration of 5
mM in solution. (d) Time lapsed images of gold nanoparticles imaged at a dose rate of
203.4 MGy/s s (electron beam current of 74 pA and a magnification of x8MPKkEDC

at an initial concentration of 5 mM in solution.

The formation of horizontal nanopatrticle strings only occurred over a small range
of electron dose ratefigure 4.3a-c). The average spacing between two adjacent strings
was 100 nm, 120 nm, 80 nm and 110 nm for dose rates of 35.0 MGy/s, 44. 6 MGy/s, 79.5
MGy/s and 106.5 MGy/s, indicating there was no trend between nanopatrticle string spacing
and dose rate. Increasing ttese rate beyond 203.4 MGy/s resulted in aggregation of

nanoparticles into small random shaped aggregates with nanoparticles orgatuzad i
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hexagonal closed pack arrangemé&igre 4.3d). We observed formation of higher mass
density regions on the substrate, likely regions of higher APd@&®entration. With
increasing magnification and electron dose rate, the assembly rate increased and the
nanoparticles moved more quickly from the imaging area. This assembly behavior
contrasts the case without EDC presdfigre 2a), which might be due to additional

hydrophobic forces with EDC as described in chapter 2 and interactions with the substrate.

Figure 4.4. (a) Time lapsed images of labyrinth pattern formation in gold nanoparticles

imaged at a dose rate of 79.5 MGy/s (electron beam current of 74 pA and a magnification
of x500k) with EDC at an initial concentration of 2.5 mM in solution. (b) Time lapsed
imagesof spot pattern formation in gold nanoparticles imaged at a dose rate of 23.4 MGy/s
s (electron beam current of 74 pA and a magnification of x300k) with EDC at an initial

concentration of 2.5 mM in solution.

Experiments varying the EDC concentration demonstrated that this parameter
impacted the type of pattern formed. At an EDC concentration of 2.5 mM and the same

imaging conditions as ifrigure 4.2b, nanoparticles separated into elongated patches as
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opposed to continuous horizontal bands across the imaging Figeae( 4.49. With
continuous imaging particles condensed into discontinuous linear nanoparticle structures
oriented in different directions. This random arrangement of nanopdriidase strips is
referred to as a labyrinth pattern. At a decreased electron desefr23.4 MGy/s, the
nanoparticle movement was very slow compared to previous experiments and no changes
in the nanoparticle distribution were observed after ~3 mintigsire 4.4b). This time
nanoparticles distribution as well as background intensity ruptured into small patches and
nanoparticles contracted to form spot like pattern seen on leopards. At some places these

spots showed almost hexagonal close packed arrangement.
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Figure 4.5. Spot patterns of gold nanoparticles in the sample of 1 mM EDC imaged at dose
rates of (a) 23.4 MGy/s s (electron beam current of 74 pA and a magnification of x300Kk)

and (b) 79.5 MGy/s s (electron beam current of 74 pA and a magnification of x500Kk). (c)
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Phase diagram of different nanopatterns against EDC concentration and electron dose rate

(d) Average velocity of nanoparticles at a dose rate of 79.5 MGy/s vs. EDC concentration.

Reducing the EDC concentration further to 1 mM also resulted in spot like
nanoparticle pattern instead of a string pattern for dose rates ranging from 23.4 to 76 MGy/s
(Figure 4.5ap). The phase diagram shows that spot patterns emerged at low EDC
concentrations and low dose ratégy(ire 4.59. Going below this dose rate is not possible
as lower magnification beyond this point is not sufficient to resolve the 5 nm gold
nanoparticles. Spot patterns transitioned to labyiintke patterns in the mid dosetea
while at high dose rates it was always aggregation. Nanopatrticle string patterns were only
observable at a higher EDC concentration of 5 mM in theinnahge of dose rates. The
motion of nanoparticles is controlled by EDC as increasing EDC concentsexpected
to enhance the amide coupling reaction rate, which will anchor the nanoparticles to the
surface more strongly. To teshether themobility of nanoparticleshanges with EDC
concentrationtheaverage velocity of each partideer300 s was measured a function
of EDC concentrationvhile holding electron dose rate constant at 79.5 MG¥igre
4.5d). The mean velocities of nanopartictescreasewith increasing EDC concentratipn
supporting the proposed mechanigkhlow EDC concentrations, nanoparticles assembled
into smaller sizedless orderegpots due tdnighernanoparticlemobility. At higher EDC
concentrations nanoparticlésmed string patterns due to low mobility of nanoparticles

that facilitated controlled, slow motion across longer distances.
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Figure 4.6. Electron beam modification of the APTES layer on 8iffembrane as seen
after LPTEM experiments. (a) a region where underlying polysiloxane layer was damaged

by radiolysis (b) segregated polysiloxane patches in an imaged region of spot pattern.

Darkfield TEM imaging of the dried SiNhips after LPTEM experiments revealed
regions where electron beam irradiation modified the APTES layer on ther®&iMbrane
(Figure 4.6). An area of the SiN membrane where the APTES layer was nearly
completely removed by electron beam induced reactions is illustratggdure 4.6aand
regions wherdhe siloxane polymer piled up could be clearly seen. An area where dose
ratecontrolled imaging was conducted showed patches with higher-tiniaksess
contrast, similato spot patterns seen during liquid phase experimégsire 4.6b). To
confirm these findings that radiolysis of the siloxane polymer drives the pattern formation,
a hydroxyl radical scavenger, tértoutanol was included in the system as in chapter 3
(Figure 4.79). We expect that the radical scavengers will eliminate hydroxyl radicals and
will minimize the electron beam induced modification of the APTES, preventing formation
of nanopatrticle patterns. With 10 M tdmitanol present, we did not observe aggregation
or patterning of nanoparticles under the same experimental tmmsdithat the string

patterns emerged. Some minor nanoparticle motion was observed over several minutes. At
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longer irradiation times of 580 s we observed some damage of the APTES, perhaps due to
depletion of the tert butanol radical scavenger. To establish whether nanoparticles were
required to form polymer and nanoparticle patterns we performed experiméetstie

same imaging conditions with only APTES present on the SiNace. Here, fluctuations

of background intensity indicated some damage to the APTES layer with increasing
imaging time, but no discernible pattern emerdgedure 4.7b). This finding denonstrated

that presence of nanoparticles is imperative for pattern emergence, which might be due to

local dose enhancement by gold nanopartféfe$?

Figure 4.7. Time lapsed images of SiNmembrane at a dose rate of 79.5 MGy/s (electron

beam current of 74 pA and a magnification of x500k) and EDC at an initial concentration

of 5 mM in solution (a) with 20% w/w teftbutanol and (b) without gold nanopatrticles.
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4 .4. Discussion

Previous studies onnanoparticle assembly with  LPTEM have utilized
physisorption ohanoparticlesn the SiNk membrane by drying a drop v&noparticlesn
the top chip of the liquid cell to obtain a high surface coveragawbparticlemear the
membrane to observeanoparticlesdynamics®® Here, particleswere mobilized
immediately after beam irradiation and unglent assembly in the next few minutes.
Silanization of SiN membrane by APTES was used to eliminate unwanted motion of
nanoparticledy covalently attachingyold nanoparticles to thAPTES layervia amide
coupling®®* Our AFM resultsshowing a roughAPTES layer with variable thickness
between a few nanometers and ~20 nanometers indicates that ARIFE8rgoes
oligomerization whichis consistent with previous studies of APT&Bfacetreatmersin
aqueous medi&’ The APTES molecule consists of 3 ethoxy groups branching out from
the Si atom and one propane chain terminated by an amine group. The ethoxy groups are
rapidly hydrolyzed to silanol groups in watevhich can then form silicon oxygeS8i(- O
T Si) bonds with surface silanol grougSi-OH) and silanol group®n neighboring
hydrolyzed APTES moleculedDuring agueous phase silanization, there are several ways
in which APTES can form a siloxane layer on the surfawgluding single APTES
molecules bonding wh the surface through one to three silanol groups, formation of lateral
structures of APTES by bonding with both surface and adjacent APTES, formation of
ladder like vertical structures by stacking of APTES thought & 7 Si bonds and
attachment of silane oligomers formed in the solution to the suifat®&:>°?Hydrogen
bonding of amine groupsndsilanol groups can also contribute to multilayerffy%22%3

This multilayered APTES structure prov&dabundant siloxane polymer for radiolysis
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induced polymer radical reactions inside the liquid cell in comparison to a monolayer,
which could significantly alter the chemical processesrambparticlebehavior near the
membrane.

As discussed in chapter 3, radiolysis of water produces a myriad of radicals
including oxidating hydroxyl radicalthat have the most significant effect on organic
materials. Hydroxyl radicals attack organic molecules by abstracting hydrogen atoms from
carborhydrogen bondssuch as alkyl carbsnleaving & alkyl radical site*%® Hydroxyl
radicals can make weakly bound complexes with certain bondsiirOSonds,which
leads tohomolytic cleavage®* The resulting polymer radicals either participate in
crosslinking or chain scission reactionsacgneutralized by an electroAccording to the
chemical structure of APTES oligomers and multilayers, chain scission polymer radical
reactions will propagate through the cleavage daf S§i Ci C, O1 H, Ci N and Sii O
bonds in the polymer matrix and intermolecular crosslinkingagfrhented polymer will
occur through formation of $iC, Ci C, Sii O and Si Si bonds’2%:2%4297 Amjide bonds
are readily broken by radiolysis to make amine groups and carboxyl groups, which is likely
the reaction leading to mobilization of covalently surface bound nanoparticles after
exposure to the electron beaRigure 4.2a).2%° Including EDC facilitates regeneration of
the amide bond between surface amines and carboxylic acids on the nanoparticles. Here,
nanoparticle motion is controlled by the interactions with the polymer coatedaSiN
follows the movement of underlying polymer in a smooth gliding motion across the surface
unlike the hop and stick movement observed in previous studies of nanoparticles by
LPTEM.135161.162 A nanoparticles approach within a few diameters of each other,

interparticle interactionplay an increasingly important role in the nanoparticle motion
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This observation implies that nanoparticles and siloxane polymer fragments initially move
as a single entity across the surface, which might be due to polymerization with the
membrane on the way. At high concentration of EDC, one nanoparticle might make
several bonds with underlying siloxane polymer, both stationary polymer on the SiN
membrane and free polymer fragments, limiting its mobility. However, lower
concentration of EDC will produce fewer amide bonds and the mobility of the
nanoparticles will bencreased. Estimation of diffusion coefficients of nanoparticles during
LPTEM assembly experiments revealed that they ar® ®rders of magnitudes smaller
than bulk diffusion coefficients. This discrepancy was attributed to physical phenomena
which contols motion in addition to Brownian motion such as electrophoretic charging of
membrane and nanoparticles and drag arising from interactions with merhisréfe.
Overall, this shows that nanoparticles and bulky polymer complexes will experience slow
diffusion coefficient relative to the large diffusion coefficients of hydroxyl radicals in the
bulk liquid solution.

Previous LPTEM studies of nanoparticles physisorbed on the siface saw
nanoparticles only in the imaging area or in the peripheral of the imaging area were
mobilized and assembléff. Similar behavior was observed here where patterns only
emerged in the imaging are@he implication of this is that electron beam creates an
instability in the initially homogenous system of randomly distributaabparticle®ound
to thesiloxane polymer by means of radiolysis, similar to how a homogenous system is
triggered to make Turing patterns BPI. During imaging the local net electron dose near
a nanoparticle will increase due to secondary electron emission which will locally

accelerate radiolysiof water and increase production of hydroxyl radit1$°The rise
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in hydroxyl radicals means a higher number of attacks on the siloxane polymer in the
vicinity, thereby providing more radical sites for chain scission at the beginning. The
nanoparticles increase the local concentration of both hydrogen radicals andrpolyme
fragments around them, similar to a catalyst site leading to an irregular spatial distribution
of chemical species. When nanopatrticles are taken out of the sySigume(4.7), the
average dose received by the imaging area is decreased and the radigzlgm hot spots

are removed. The observation that the polymer layer sustained minor damage with no
pattern formation indicated that nanoparticles are one of the essential components for
pattern formation, consistent with the idea that nanoparticleasabbt spots for local
radical generation. Removal of hydroxyl radicals by a radical scavenger further established
that hydroxyl radicals are necessary for pattern emergence, consistent with the polymer
radiolysis mechanisms discussed above.

So far, our experimental results have established that there are three major
components in our RDI system, namely, slowly diffusing gold nanoparticles, rapidly
diffusing hydroxyl radicals, and slowly diffusing siloxane polymer. There is a complex
activation and inhibition interaction network among these three species. Therefore, this
system could not be explained by a simple conventional two component RDI model where
one component strictly assigned as the activator and the other component strictly assigned
as the inhibitor. A recent work explored graph theoretical approach to multicomponent
RDI, where components are assigned as nodes connected by feedback loops depending on
their interactions. Positive feedback corresponds to activation and negative feedback
corresponds to inhibitiof®® Figure 4.8ashows the proposed RDI mechanism controlling

pattern formation in our system.
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Figure 4.8. (a) Proposed reaction diffusion framework of the thire@mponent system.

(b) Time dependent changes in the system.

The chemical events occurring in the system are summarized as follows. Water
reacts with high energy electrons from the TEM beam to produce hydroxyl radicals (OH)
(Figure 4.8a,b). Next, hydroxyl radicals attack both amide links between the nanopatrticles
and polymer layer and produce radicals in the siloxane polymer layer. Nanopatrticles take
on the role of activator as they catalyze the production of hydroxyl radicals in thigvicin
in a positive feedback loop; the more nanoparticles in a given area tleehyanoxyl
radicals are produced. Nanoparticles also indirectly catalyze the production of siloxane
polymer radicalsvia hydroxyl radicals. These siloxane radicals participate in competing
chain scission and polymer crosslinking reactions. When radical sites on the siloxane layer
build up with continuous imaging (and continuous production of hydroxyl radical) chain
scissionpropagates increasing the concentration of mobile siloxane fragments (low MW
siloxane) and mobilized nanoparticles, which explainslagetime before nanoparticles
starts to move. The production of siloxane fragments by hydroxyl radicals resembles an

inhibition reaction, as hydroxyl radicals are consumed in this reaction. The depletion of
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one component required for activation of a second component due to its rapid diffusion
and production of the second component results in overall inhibition of the second
component®® The mobilized nanoparticles and siloxane fragments slowly diffuse while
intermittently polymerizing on the membrane which results in an overall slow diffusion.
Simultaneously, hydroxyl radicals diffuse faster and build up in nanoparticle scarce
regions, vcally depolymerizing and depleting the polysiloxane. When the concentration of
siloxane fragments becomes large in a particular area (siloxane is not continuously supplied
to the system and the concentration would have an upper limit decided by thanmitiant

of siloxane on the surface), intermolecular crosslinking dominates and siloxane fragments
are removed from the system by conversion to the polymerized siloxane (high MW
siloxane) which condense on the gidembrane, effectively reducing net concentration

of siloxane fragments and resulting in stable patterns.

How an RDI system differentiates between different patterns depends on conditions
such as rate constants, feed rates, initial spatial distribution of chemical species, diffusion
coefficients, and the mechanism / reaction network. For an anisotropic gditern
nanoparticle strings to emerge from the initial homogeneous nanoparticle distribution,
there should be some directional features arising in the system at the respective
experimental conditions. Stripe patterns are found to be formed when thetbeis ei
confinement by narrow geometry, a production gradient of chemical species across space,
a spatial parameter gradient (e.g., interactions between species), or anisotropic diffusion
coefficients3® In this system the only factor that contributes to anisotropy is the scanning
electron beam, as we use isotropic nanoparticles and there is not gradient in polysiloxane

concentration on the surface. The nanoparticle strings were always perpendicudar to th
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fast scanning direction of the electron beam (raster scanning direction of left to right and
top row to bottom row). When the electron beam scanning direction was rotate] by 90
the resulting nanopatrticles strings remained perpendicular to the scanning direction. This
observation confirmed that the directionality was introduced by the STEM beam and it
might be due to either scanning beam induced production gradients of raaficals
anisotropic diffusion coefficients arising from electric fields generatedhbyelectron

beam.

4.5 Conclusions

In this study we utilized LPTEM to investigate how Turing like patterns emerge in
a nanoparticlé polymer system due to RDI. PEGcarboxyl coated gold nanopatrticles
arranged into diverse nanoscale patterns within minutes in the presence of a linker
molecule, EDC, which facilitated covalent bonding between the nanoparticles and the
underlying polymer layer. At high EDC concentrations and moderate electron dose rates
nanoparticles formed string patterns, while labyrinth like patterns were observed at a low
EDC concentration and moderate electron dose rates. Further reduction of electron dose
rates at low EDC concentrations resulted in spot patterns. Inclusion of a hydroxyl radical
scavenger halted formation of nanoparticle patterns and demonstrated thatyhyd
radicals were critical to pattern formation. Gold nanoparticles were also necessary for
pattern formation, likely due to their ability to locally enhance radical production. A three
I component reactioni diffusion mechanism, including hydroxyl radis, gold
nanoparticles and siloxane polymer, was proposed to explain the experimental
observations. This system can be used as a model system to examine nanoscale Turing

patterns in depth in the future.
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Chapter 5Conclusions and Future Directions
5.1 Conclusions

In this dissertation, we demonstrate two waysptoduce colloidal assemblies under
experimental conditions that are far from equilibrium. First, dissipative assembly was
applied to a colloidal system to decipher the time dependent interparticle interactions
during transient aggregation. Secondly, LPTRfsls utilized to discover a system where

nanoparticles could be assembled into 2D patterns with a readitiasion mechanism.
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5.2 Future Work
5.2.1 Expanding the experimental parameter space for nanoparticle pattern
formation.

In chapter 4, we varied EDC concentration and electron dose rate to explore their
impacts on the resulting nanoparticle assemblies. EDC controlled the nanoparticle mobility
and electron dose rate determined whether nanoparticles formed surface patterns or
underwent random aggregation. We observed string pattern formation only at an EDC
concentration of 5 mM. Increasing the EDC concentration to 10 mM did not result in any
Turing like patterns but instead nanoparticles assembled into hexagonal close pack
arrangements. We did not observe any dependent of the separation between nanoparticle

strings on electron dose rate at 5 mM EDC. Therefore, varying EDC concentration around
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5 mM would be the next step. Also increasing the concentration of nanopatrticles would
increase the effective electron dose rate and accelerate the production rate of hydroxyl
radicals which would change the dynamics in the system. This is quite sinmlargasing
electron dose rate by manipulating beam current and magnification, where we saw no
pattern formation. But at the same time, small separation between nanoparticles at high
concentrations would make the contribution from interparticle interactionshe
nanopattern formation more pronounced, potentially changing the assembly dynamics and
final pattern.

Here we use 5 nm gold nanopatrticles, which due to their small size limits the range
of dose rates that could be explored by preventing testing magnifications below x300, 000
and low electron beam currents. Increasing nanoparticle size would enablengXplagr
image magnifications and lower electron dose rates. Currently the patterns are confined
into a small area defined by magnification. Testing low magnifications with large
nanoparticles might make way for patterning a larger surface area. Usieg $argd
nanoparticles would also decrease the diffusion coefficient and increase the effective dose
rate. Varying dwell time of the STEM beam also presents exciting prospects of expanding
the parametric space as it defines the electron beam scannirlig eatgpical experiment
we used a dwell time of 5 ps. Preliminary experiments at 2.5 mM EDC and reducing the
dwell time to 2 ps (faster scanning rate) resulted in a labyrinth like pattern similar to the
pattern in Figure 4. But when the dwell time wasedito 10 ps, nanoparticles formed
random aggregates. The effect of electron beam scanning would be verified by conducting
the experiments in the TEM mode. As directionality introduced by scanning is removed in

TEM mode, at similar electron dose rate ctindis the nanopatrticles strings would not be
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formed in TEM mode. The diffusivity of the nanopatrticles and radical reaction rates could
be manipulated by varying the temperature during LPTEM experiments. Temperature
dependent change of spacing between nanoparticle strings or change of nanopattern from
one type to another (e.g. string to spot) would yield valuable information in verification of

reactioni diffusion model in future.

5.2.2 Investigating interparticle interactions during formation of nanopatrticle surface

patterns.
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Figure 5.1. (a) Gold NP string pattern formed at a dose rate of 79.5 MGy/s (electron beam
current of 74 pA cr® and a magnification of x500k) with EDC at an initial concentration
of 5 mM in solution. (b) The trajectories of the NPs across spaescolor bar corresponds

to the time during the assembly procés¥Trajectories of the nanoparticles with the color

representingristantaneous velocities thfe NPs.

NPs are temporarily released from the polysiloxane film when a radical breaks the
amide bond. During this time the particle will experience attractive/repulsive forces from
surrounding NPs and the SiNx substrate due to various interparticle forces biteraen
The sum of pairwise forces between a particle and the neighboring particles will determine

the instantaneous velocity of the particle while the amide bonds are broken. Therefore,
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colloidal interparticle interactions should be considered when building an all
encompassing reactiagndiffusion model. The preliminary particle tracking performed on
the videos showed that particles moved in an upward direction compared to the downward
direction of scanning electron beafigure 5.1). The velocity of particles was higher at
the beginning of NP assembly and decreased as time went by when particles formed the
string pattern. The real time forces acting between NPs could be estimated blngnodel
van der Waals attractive forces, electrostatic repulsive forces, steric repulsive and
hydrophobic force with time from interaction potentials described in Chapt&éhel.
contribution to NP motion from interactions with underlying polymer layer could be
introduced as a friction force opposing the motion of the particle. The direction of this force
would be the direction of instantaneous velocity and could be quaragigte product of
instantaneous velocity and a friction coefficient.

Jaewon et al. measured distance from one particle to all the other particles
surrounding it and mapped it during nanoparticles aggregatioRTEM (Figure 5.2).1%?
One nanoparticle interacts with all the adjacent particles and forces experienced by the
particleat an instanc&vould depend on the distance to each particle. A net force can be
calculated by summation of all tirgeractionforceswith other particlesnd the direction
of this force could be obtained as wéiltheir experiments the Brownian force acting upon
the particles were considered and as the nanoparticles duringhgatteation did not
show any Brownian motiofit,could beremovedromour sysem.The hydrodynamic force
accounts for the drag forexperiencedy a particle due to relative motiovith another
particle. This would be estimated by the product of relative velocity and hydrodynamic

resistance functiol?> Mapping each type of force with time would reveal information on
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contribution of interparticle interactions to nanoparticle pattern formation arahwype

of interaction dominated in each regime of nanopattern formation.
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Figure 5.2. (a) Particle separation distance with tinl@) Different types of forces acting
on particles at an instance in an LPTEM movie. The green circle represeBtswhean

force (Fer), the blue arrow represents the van der Waals forggv fand the pink arrow
represents the hydrodynamic forcep)F (c) Variation of theoretically calculated

interparticle forces with timetigures adapedwith permission from referencé?

5.2.3 Determining reaction products of siloxane formed during LPTEM.

To establish a more accurate reactiogiffusion mechanism for the nanoparticle
pattern formationn chapter 5, first we will need to identify the proposed electron beam
induced polysiloxane chain scission and crosslinking reactions. This could be achieved by
characterizing the structure and chemical composition of the film before and after
irradiation by electron beam. The extent of polymerization and the type of bonds formed
during radicalpolymer reactions could be determined by attenuated total refléedurier
transform infrared spectroscopy (ATRETIR), while the molecular weight of the resulting
reaction products could be determined using matrix assisted desorption ionization time of
flight mass spectrometry (MALDI TOF). Korpanty et al. utilizedhass spectroscopy to
determine changes to polyethylene glycol (PEG) by electron irradiation during LPTEM by
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spraying matrix molecules over the liquid cell chip followed by MALDIOF 242 They

were able to capture changes to the molecular weight distribution after irradiagjare(

5.2) and when compared with the distribution without irradiation, the mass signal intensity
was reduced and there were peaks at low mass intensities indicating chain scission of the
PEG. Similarly, for polysiloxane, peaks at higher mass intensities wouldatedi
crosslinking while peaks at lower mass compared to the original molecule would indicate

chain scission.
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Figure 5.3. (a) Image of a liquid cell chip used for irradiation (b) mass spectra of a PEG
coated chip before irradiation (AIALDI-IMS color map ofliquid cell chip after
irradiation (d) mass spectra of the PEG coated chip after irradi&digmee reproduced

with permission from referencé?

The image area during nanoparticle pattern formation was a few hundred
nanometers irsize. The fluorescence microscopy data in chapter 4 showed that a low
magnification (~ x20,000) should be used during LPTEM imaging to match the resolution
limit afforded by optical microscopy. Therefore, deciphering and utilization of FTIR
microscopy orMALDI mapping on the exact regions irradiated at different dose rates
would be difficult due to limited resolution, hence the sensitivity of the signal. However,

an externbelectron source for irradiation of bulk samples under experimental conditions
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similar to LPTEM could enable producing sufficient reaction products for analysis with
MALDI -TOF and FTIR. The 3 MeV electron accelerator at the nuclear reactor facility at
University of Maryland could be used to perform pulse radiolysis on samples aret del
electron doses comparable to doses delivered to irradiated regions during imaging with
LPTEM. Here APTES treated silicon chips submerged in buffer could be irradiated at

known electron doses.
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Figure 5.4. FTIR spectra of APTES layer on Si€urface.

ATR T FTIR was widely used iprevious studies to characterize siloxane thin
polymer layers on substrates after APTES treatiféit® Preliminary experiments of
ATR1T FTIR performed on APTES treated silicon surfaces using a diamond crystal resulted
in a spectrum with characteristic peaks of several bonds in the polyigaerg 5.3). The
peak at ~1195 crhcorresponding to ethoxy groups implies that there are some residual
ethoxy groups that were not hydrolyzed during APTES treatment to forn®Siond®®?

These would later hydrolyze and supply a site fdr Sibond formation and crosslinking
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during LPTEM experiments as well as supply ethylene groups in the vicinityifd@ Gr

Ci N bond formation. The intensity variation of bonds before and after irradiation would
give an idea on which bonds were favored during polymer reactions. Whedhmraks
corresponding to € N bonds become more pronounced or not after irradiation would
determine whether siloxane polymerization or chain scission occurred thraugtb@nd.
Disappearance of peaks corresponding to alkyl groups would suggest tina¢ipdical
reactions proceeded through radical sites produced on carbon atoms by hydrogen
abstraction. Also in the experiments, we include MES buffer, NHS and EDC which are
also organic molecules that could participate in radical reactions. We couldifatte
contribution of these chemical species by irradiating a set of control samples submerged in
only water, in an aqueous solution of MES and NHS, and finally to reproduce the LPTEM
experiments conditions by submerging within an aqueous solution 8fanlE NHS with
varying EDC concentration. Subsequently, we could do solid state NMR to find more
accurate estimate of concentration of each type of bond, hence establishing the most
probable polymer crosslinking or chain scission reaction pathways thedwie: use to

refine the proposed reactidrdiffusion model.

122



Appendices

Al. Estimating the Debye length using solution conductivity measurements

There were multiple types of ions present during dissipative assembly of the
colloids, making determination of the ionic strength and Debye parameter challenging.
Instead, we utilized experimental measurements of the solution conductivity before and
after addition of EDC to obtain estimates for the ionic strength and Debye length. The
conductivity of a dilute electrolyte solution can be determined by summing the limiting
molar conductivities of the constituent ions multiplied by their relative concens&fion

., B Y pw. (A1)

Here, is the solution conductivityy  is the limiting molar conductivity of a

cation or anion, and is the concentration of each #frhe limiting molar conductivity of

an ion is determined from the diffusion coefficient,
¥ 5 —0, (A2)
where F is Far @©dsahe diffusion ooefcierd of the i@ de
buffer solution contains sodium cations andgN2morpholino)ethane sulfonate anions

(MES). Sodium has a diffusion coefficient @ p& o p 1t & Fi while the

diffusion coefficient of the MES anion i© pp o p 1t & Fi 3% For an ionic
strength ofO -B & o, the MES buffer solution prior to adding EDC has the following

relation between solution conductivity and ionic strength,

(O] ) (A3)
The ME S buffer sol uti on had an i ni ti al

yielding an approximate ionic strength of 16.7 mM and a Debye lendth of 2.4 nm.
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After addition of EDC the conductivity of
eS/ cm, and 2647 ¢S/ cm for initial EDC conc
respectively. EDC reacts to form(3-dimethylamino)propyB-ethylurea (EDU), where

both sggcies are monovalent cations with unknown diffusion coefficients. The EDC and

EDU cations are balanced by chloride anions with a diffusion coefficier®® of

p& X p T & 7i. The ionic strength of the mixture after adding EDC, which contains a

mixture of MES, chloride, EDU, and sodium ions is

‘0 . (A4)

The diffusion coefficient of the EDU cation is estimate®bas p pm & ¥
i. The concentration of EDU cations and chloride anions is equal to the initial
concentration of EDC added to the solutian, , because all the dimethylamine groups
in EDU carry a positive charge due their large pKa of 10.7. The estimated ionic strengths
and Debye lengths calculated from equatibir)(for EDC concentrations of 5 mM, 10
mM, and 15 mM are 18 mM, 23 mM, and 27 mM and 2.3 nm, 2.0 nm, and 1.8 nm,
respectively. The initial Debye length of the MES buffer prior to EDC addition (2.4 nm)
was used to calculate the electrostatic interactigns (, equation 1.8)) prior to fuel
addition inFigure 2.6 and Figure 2.7, while the EDC concentration dependent Debye
lengths were used to calculate #hectrostatic interactions for all times after EDC addition.
Measurements showed no change in the solution conductivity, and therefore the Debye

length, after fuel additian
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A2. Hydra parameter estimation using ANS binding to hydrophobic groups.

8-anilino-1-naphthalenesulfonic acid (ANS) binds to hydrophobic regions of
molecules and surfaces. Here, ANS binds toinpalar NHS ester groups on polystyrene

during dissipative assembly following the ligarateptor binding equilibriure’

6 0°Y0OOY 60 Y Ol (A5)
wherev is the equilibrium constant of binding:

o — (AB)

ANS has a fluorescence quantum yield of 0.003 in water and 0.4 in etAanol,
indicating it emits essentially no photons upon excitation in water compared to when it is
bound to a noipolar molecule. Assuming that each NHS group binds the same number of
ANS molecules and that the quantum vyield of each AME complex is identicathe
fluorescence emission intensity from a solution of ANS and polystyrene is proportional to
the number of ANS groups bound to nonpolar molecules in the solution. We believe these
are reasonable assumptions given the uniformity of each particle surthtteegaresence
of only one binding site on each ANS molecule. Further, ANS quantum vyield is not
sensitive to other factors such as solution pH. Subtracting the value of emission intensity
prior to addition of EDCJO , from that at any time after EDC additio®( ) removes
any effects of the buffer and organic solutions on the emission intensity and yields a
guantity that is proportional to the concentration of ANISS complexes,

O 0 8D . (A7)
Rearranging equatio®\6) and substituting equatioATY) yields,

O O VUL 8 (A8)
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ANS is in excess of total NHS groups on the polystyrene particled sois
constant, as is the equilibrium binding constant. Therefore wé ¢ i addihe
above expression reduces to

O 0 8 q | (A9)
showing that ANS fluorescence intensity is proportional to the number of NHS
ester groups in the solution at a given time. Using this proportionality together with

calibration experiments describedfigure 2.5 the Hydra parameter can be quantified

from ANS binding experiments.

A3. Supplementary figures and data for Chapter 2

Table Al. Interaction potential model parameters useigure 2.6andFigure 2.7.

Hamaker constant €% Py X p T
Polymer thickness (nm)* 4.5
Polymer diameter (nm)* 4

Do (hm)*®3 1.1

Surface energy (mJAI®’ 42

Solvent viscosity (mPas) 0.894

Relative permittivity of watel 80
*Estimated parameter
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Figure Al. Interaction potential of 1 pum polystyrene particles without including
hydrophobic forces at different time points after addition of 10 mM EDC. (a) Contribution
of electrostatic, van der Waals and steric interactions to the total pairwise interaction
potential 4 hours after adding EDC. (b) Total interaction potential curve at different times
during the dissipative assembly cycle. (c) Primary maximum height (top) and secondary
minimum depth (bottom) as a function of time. This plot is equivaleRigare 2.6 in

chapter 2but with hydrophobic forces removed.
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Figure A2. Fuel dependent change of (a) zeta potential and (b) Hydra parameter of 500
nm polystyrene particles when the particles were the most unstable after addition of EDC.

These values were used to generate interaction potential moé&eisiia 2.7.
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Figure A3. Interaction potential of 500 nm polystyrene excluding hydrophobic interactions
when the particles are most colloidally unstable during dissipative assembly. This figure is
equivalent toFigure 2.7 with hydrophobic interactions removed from the model. (a)
Interaction potential as a function of fuel concentration. (b) The primary maximum height

and secondary minimum depth as a function of EDC concentration.
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Figure A4. 1 pum polystyrene particles showed no assembly for an initial EDC
concentration of 15 mM when polysorbate 20 was added to the buffer at a concentration of

0.1 mM. Particles (a) before adding EDC, (b) 6 hours after adding EDC and (c) 24 hours

after adding BC.
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A4. Supplementary figures for Chapter 3
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Figure A5. The change ofluorescence intensity with BPEI concentration / thickness. (a)

T (d) FM images of (a) 0.1 uM (b) 0.25 uM (c) 0.5 uM and (d) 1 uM solutions of BPEI
labeled with fluorescein and then dried on polished silicon. (e) The average fluorescence
intensity for difierent concentrations of fluorescently labelled BPEI measured from FM
images of the silicon chips. Error bars denote the standard deviation of the mean of three

+ 1 measurements. The dashed yellow line is least squares fit to the data.
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Figure A6. Nanoparticle mobility during LHEM imaging. (a) (b) The region irradiated

at 0.274 MGy/s for 5 minutes at (a) t = 0 and at (b) t = 5 minutes showed no nanopatrticle
mobility or aggregation with time. (&) (d) The region irradiated at 0.616 MGy/s for 5
minutes at (a) t = 0 and at (b) t = 5 minutes showed some nanoparticle movement into the

image area within the first few seconds.

Figure A7. Effect of LRTEM imaging time and cumulative dose on the fluorescence

intensity of the labeled silicon nitride membrane for a dose rate of 0.616 MGyi/qdja)
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