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Biological nano and microstructures exist far from thermodynamic equilibrium by
continuous consumption of energy that allows them to reconfigure or adapt to changes in the
local environment. Utilization of these non-equilibrium structure formation processes in
synthetic colloidal particle and nanoparticle (NP) systems is expected to enable unprecedented
control over the dynamics of synthetic active soft materials and systems that are beyond the
reach of equilibrium self —assembly. In this work we adapted two non — equilibrium structure
formation processes observed in biological systems, dissipative assembly and reaction
diffusion instability, to generate dynamic colloidal assemblies and self-organized patterns of
nanoparticles.

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

colloids changed during chemical reaction driven dissipative assembly of polystyrene colloids.



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 used for
equilibrium self-assembly are effective in describing fuel 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 aggregation or dissipative
assembly.

Next, using a correlative fluorescence microscopy and liquid phase transmission
electron microscopy (LPTEM) method, we demonstrated that aminated polymer capping
ligands on metal NPs 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
reactions in the polymers. Based on this fundamental knowledge, we introduced an instability
to an initially homogenous gold NP decorated aminopolysiloxane thin film immersed in water
by scanning TEM beam. Radiolysis driven polymer radical reactions of polysiloxane coupled
with diffusion of radicals, polymers, and NPs caused the polymer and NP to self-organize into
repeating spatial patterns, i.e., 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 radicals and NPs as critical species
driving the formation of the NP patterns. We expect this work could be used as a model system

in establishing design rules for nanoscale pattern formation by reaction — diffusion instability.
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Chapter 1. Introduction

1.1 Assembly of colloidal particles

Hierarchical assembly of particles in microscale and nanoscale has decades
expanding history in bottom — up approach to fabrication. Particles of different shapes and
sizes made with various materials having different surface chemistries have been
manipulated to form larger entities.! Assembly of colloidal particles has enabled
synthesizing nanoscale structures which are smaller than the lowest resolution that could
be reached by top — down fabrication methods.? While top — 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 of top — down
fabrication methods is avoided in colloidal assembly where large number of components
are handled at the same time.? Also, complex materials could be realized by hierarchical
assembly of colloidal particles. In the top — down approach bulk material is reconfigured
into desired structures. But colloidal assemblies present unique magnetic, photonic and
electric properties that is not available to their discrete units or in bulk material phase due
to plasmon coupling, exciton coupling and magnetic coupling in their assembled state.®
The plasmonic, electrical and magnetic properties could be tuned by simply varying the
spatial distance between particles in the structure. Also, the ability to manipulate oriented
attachment between anisotropic colloidal particles has been useful in modulating the
optical properties of the ensembles.* Based on different properties and functions, colloidal
particles assembly has been applied in a diverse range of fields including

nanoelectronics,>® optics,”® sensors,>1° catalysis,'*'? nanomedicine and drug delivery.3



Self-assembly and directed assembly are the widely used strategies for constructing
structures from colloidal particles. Colloidal particles spontaneously associate into
structures during self-assembly through local specific interparticle interactions. In directed
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 results.'® The 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 structures.'® In directed assembly, external fields induced forces
on colloids that modify the energy landscape and direct particles to assemble into a desired
configuration.!”  Equilibrium self-assembly 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 with time 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 networks.*® To
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.’

1.2 Non - equilibrium structure formation processes
Non — equilibrium structure formation processes could be separated into two

classes, dynamic self — assembly (also known as out — of equilibrium self — assembly or



dissipative assembly) and self — organization. In dynamic self —assembly, primary building
blocks are coupled to a chemical reaction cycle that consumes energy, leading to
spontaneous assembly of the building blocks.'® In self — organization, spatial — temporal
order or temporally stable patterns arise in a reacting system due to interconnected
feedback loops between different types of components in the system. Dynamic self —
assembly is the most basic type of non — equilibrium structure formation process and could
be transformed into a self — organization by adding a feedback network.?® Self —
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 universe.?*?? Spatial/temporal pattern formation in reaction diffusion
systems could be categorized under self — organization as a non — 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 shape, structure,
and mechanical properties of the cell.?®>?* 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 task.?> Microtubules achieve the necessary
structural change, growing or shrinking, by undergoing a dissipative assembly cycle

(Figure 1.1a).%®
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Figure 1.1. (a) Dynamic instability of microtubule. Figure adapted with permission from
reference.!® (b) Dissipative assembly cycle. Figure adapted 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 molecules dissolved
in a solvent. The primary building blocks in their initial state are at thermodynamic
equilibrium and sit at the global energy minimum. When a ‘chemical fuel’ is supplied to
the system (another molecule or direct energy source), the building blocks transform from
a ‘passive’ state to an ‘activated’ state through a chemical reaction that changes the building
block chemical structure. Building blocks in their activate state readily undergo assembly
(Figure 1.1b).? The active building blocks are no longer in thermodynamic equilibrium
and reduce the free energy by assembling through covalent or non — covalent bonds.

Simultaneously, a back reaction reverses the ‘activated’ state to original ‘passive’ state, in



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 blocks start to disassemble
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 continuous supply of 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 to be much 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 depleted, 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 were observed such as transient hydrogels made by small
organic molecules,?’ peptides?®?° and proteins,*® transient micelles made by assembly of
surfactants and block — copolymers,®>*? vesicles made by assembly of surfactant — ATP
complexes,® transient organic colloid formation by aggregation of hydrophobic
anhydrides,3* transient emulsion droplets in aqueous media®® and coacervation with
RNA.*¢ These various out — of — equilibrium structures of molecular dissipative assembly
occurred through polymerization by covalent bonds, association by non — 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 assembly. The 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 causes disassembly. Figure
adapted with permission from reference.®” (b) Temporal variation in solution pH induced
transient assembly of nanoparticles. Figure adapted with permission from reference.® (c)
Linker molecule mediated transient nanoparticles assembly. Figure adapted with

permission from reference.®



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 network via 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 particles.>”*%4! 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 Ravensteijn et 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 particle clustering within 2 hours (Figure
1.2a).%” 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 reaction network, but
the activation and deactivation reactions of other components in the colloidal dispersion
modulate the interactions between colloids.?® For 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 1.2b).%® In another method, Ouyang et al.*? and Dehne et al.*° (Figure 1.2¢c)
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 led to bridging 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 nanoparticle
aggregation and mono — valence resulted in nanoparticle disassembly.*® Waste 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 aggregation.” This drawback of chemical fuels

can be avoided by using light as the energy source for dissipative assembly.

a b

Non-interacting /—\1‘
§ " nanoparticles Nofe
‘ » 7 Q Wia

in water

trans-MUA NPs cis-MUA NPs Q Assembled
J Q o W nanoparticles

9 "] Spontaneous

Figure 1.3. Dissipative assembly energized by light. (a) Trans — cis conformational change
of azobenzene based surface ligands manipulated for dissipative assembly of gold
nanoparticles. Figure adapted with permission from reference.** (b) Solution pH mediated
by illumination of photoacids for transient cluster formation. Figure adapted with

permission from reference.*®

UV and light irradiation were used in both direct and indirect means for colloidal
particle dissipative assembly.*+%64° Azobenzenes are commonly used in dissipative
assembly cycles by exploitation of the light induced trans — cis conversion. Klajn et al.
coated nanoparticles with an azobenzene ligand in its stable trans conformation and used

UV illumination to convert the ligands to the unstable cis conformation and clustering of
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the nanoparticles. Clustering was reversed by removing the UV irradiation (Figure 1.3a).*
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 (Figure 1.3b). Time dependent electrostatic interactions between

nanoparticles controlled clustering and disassembly.*

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 dissipative
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 interest should be 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 Derjaguin, Landau, Verwey and Overbeek (DLVO) theory.
DLVO theory presents pairwise interaction potential (®7,:q;) @S the summation of
electrostatic potential (®,;..) and van del Waals potential (®,,4,,) as follows.>
DProtar = Petect + Poaw- (1.1)
Additional non-DLVO interactions between 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 interactions (@geric) and
hydrophobic/hydrophilic interactions (®,,4).
Drotai = Petect + Poaw + Psteric T Phya- (1.2)
Physically, interactions between two colloids manifest as repulsive or attractive
forces between the colloids in a solution. The interaction potential (®) relates to the
interaction force (F) across the distance of closest approach (h) as follows.
®=—[Fdh (1.3)
While the interaction force indicate the magnitude of the net attractive/repulsive
interaction between particles, the interaction potential represents more informative metric
to assess the colloidal stability and aggregation kinetics.>! A colloidal dispersion will not
necessarily undergo aggregation when experiencing attractive forces between particles due
to existence of energy barriers that cannot be overcome by thermal energy. Expression of
interaction between two colloids as a potential allows comparison of interparticle
interactions with the thermal energy of particles, which has a characteristic scale of kzT,

where kg is Boltzmann’s constant. Also, interaction potential gives 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 in a potential energy curve that typically shows a
primary energy minimum and a primary energy maximum. The primary minimum is
located at the point of particle contact and represents irreversible aggregation of the
colloidal solution due to strong attractive Van der Waals forces between particles. The
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
kT the colloids will be stable against aggregation. In some cases, the interaction potential
curve shows a shallow secondary minimum at particle separations greater than primary
maximum, which can result in reversible clustering in the solution when particles get
trapped in the secondary minimum (Figure 1.4). Here, irreversible aggregation occurs in a
two-step process where first a reversible cluster forms in the secondary minimum would
transform into an irreversible aggregate after gaining enough thermal energy to cross the
energy barrier.>? 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 common interparticle 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.

1.4.2 van der Waals interactions.

Earlier works into deviation of gaseous systems from ideal gas laws paved path to
first identifying van der Waals attraction forces between molecules and atoms. The strong
attraction forces between colloids during colloidal aggregation made the researchers
identify a similar force acting between macroscopic bodies as well. van der Waals forces
are also behind several physical phenomena such as condensed phase separation,
wettability of surfaces, capillarity due to surface tension and surface adsorption.* Van der
Waals forces are a type of forces acting between neutrally charged atoms and molecules
due to polarity of the electron clouds. There are three types of van der Waal's forces, namely
Keesom forces, Debye forces and London dispersion forces. Dipole — 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 non - polar molecule refers to Debye forces and induced dipole - induced

dipole forces acting due to charge fluctuations in electron clouds of two non - polar
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molecules are London dispersion forces.>®* Not only in between atoms and small
molecules, van der Waals forces acts between larger molecules such as biomacromolecules
and polymers, particles (colloids and nanoparticles), 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 forces becomes the most important
force. Therefore, in most texts the van der Waals forces in colloidal systems are referred to
as London dispersion forces..>®%*% Even though non - polar molecules have a zero net
dipole, the instantaneous charge distribution fluctuates due to electron orbital motion and
the resulting dipole fields fluctuate. At a given time locations of orbital electrons may give
rise to a momentary polarity in a molecule, and the arising electric field will interact with
another non - polar molecule in close proximity. The charge distribution of the other
molecule changes in response and gives rise to this electrodynamic attractive force.505%%
Using pair wise additivity approximation 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 depending on the geometry of the two bodies, the material
properties of the interacting bodies as well as the distance between the two bodies. For a
simple colloidal system consisting of equally sized spheres the van der Waals interaction

potential is given by,

__A 2r? 2r? h(h+471)
Pyaw = 6" [h2+2rh + (h+1)2 +in ((h+2r)2)]' (1.4)
Here A is the Hamaker constant, h is the distance of closest approach between the

spheres, and r is the sphere radius. The Hamaker constant encompasses the material
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properties that decide the magnitude of the van der Waals interactions, including primarily
the dielectric constant of the colloids. In colloidal assembly, particles interact through a
solvent and particle — solvent interactions should be accounted for in addition to inter —
particle interactions. Particle interactions with the intervening solvent decrease the Van der
Waals interactions and can be represented by an effective Hamaker constant, which is not
only a property of the particles but depends on solvent properties as 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 as well.>® But estimating these
deviations is not simple and requires time consuming experiments. Therefore, in the studies
of colloidal assembly in aqueous solutions, the Hamaker constants of colloids materials
with water as the intervening medium are assumed. While 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 value. Particles composed of the same
material interacting through a solvent or vacuum always give rise to attractive van der
Waals forces, which is the case for the scope of this thesis.

In the context of dispersion forces, at longer separation distances there is a
significant time delay between the point of emission of electromagnetic waves from an
induced dipole to the point of receival of response electromagnetic field from the second
body, during which the electromagnetic field from the first body/dipole induces 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 changes and is no longer in line with the
second body, which weakens the attractive forces between two bodies. This is called

retardation effects and a correction factor should be included in the interaction potential to
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account for the reduction of van der Waals attraction at larger separations.’®®! The

correction factor for two interacting spheres is as follows,

18.80)
hx1097"

F(h) =1-0.0532hx 10°In (1 + (1.5)

The resulting equation after including the correction factor in equation (1.4) is used
for estimation of van der Waals contribution to the interaction potential between two

colloids.

_ A 2r? 2r? h(h+471)
Pyaw = f(h) X 6 [h2+2rh + (h+1)2 +in ((h+2r)2)]' (1.6)
1.4.3 Electrostatic interactions

To maintain a stable dispersion without aggregation, there should be a repulsive
force arising between particles that balances attractive 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 electrons from crystal lattice, adsorption of charged molecules
on the surface, and ionization of surface functional groups. The commonly used method to
stabilize particles in a solution is coating the surface with organic ligands to introduce a
surface charge and repel similarly charged particles from coming together.

In an aqueous particle dispersion, positively and negatively charged free ions exist
in addition to particles and water molecules. When a particle carrying a surface charge is
suspended in solution, the surface repels free ions with similar charge, 'co — ions', and
attracts oppositely charged ions, ‘counterions’, from solution, which creates a distribution
of ions in the vicinity of the particle that is different from that of homogenous bulk solution.

Counterions tightly pack in a few nanometer region near the surface of the particle due to
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attractive Coulombic forces and this region is called the Stern layer. Between stern layer
and bulk solution there exists another region depleted in co — ions and enriched in
counterions. This 'diffuse layer' is dynamic as ions at equilibrium freely move in and out
of this region. As counterions in stern layer are not sufficient to neutralize the surface
charge, more counterions feels drawn to the surface, but also get repelled by the similar
charges in the Stern layer, which creates a distribution of counterions with a high
concentration near the Stern layer that gradually reduces in concentration with increasing
separation from the surface. In contrast, the concentration of co — ions start to grow from
lowest concentration near the surface to the bulk solution concentration at the end of the
diffuse layer. This charge distribution profile around a particle consisting of a Stern layer
and a diffuse layer is called electric double layer. The thickness of this electric double layer
is characterized by the ‘Debye length,” which depends on the properties of the solution and
the temperature. The 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

_ €€oRT
K= [ — (.7)
2000e2N 421

Here N4 is Avogadro’s number, R is the universal gas constant, T is the absolute

is as follows.

temperature, e¢, is the absolute permittivity of the solution, e is the elementary charge, I
is the ionic strength of the solution in molar units and k 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. The edge of this layer is called the ‘slipping
plane’ as it the any fluid flow velocity goes to zero at this plane. The 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 potential energy at slipping plane is called the ‘zeta potential,” which is a
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 potential of the colloids is difficult to directly
measure. At higher surface charge density, the zeta potential is also higher, which reflects
a stable particle dispersion. Dissociation and protonation of surface functional groups is
affected by solution conditions, e.g. pH, which alters the surface charge density.

When two particles approach each other the electric double layers around the
particles overlap and create a repulsive 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 charged spheres with identical size and surface charge is calculated as
follows:®’

_ 32meegrkp®T? 2 (zeYs\  _in
cDelect = Ttanh m e ) (18)

where kg is the Boltzman constant, z is the valence of the charged groups and v, is surface
potential. The surface potential was approximated by the experimentally measured zeta

potential, ¢,,.

1.4.4 Steric interactions

Electrostatic stabilization is not effective at high salt concentrations due to a small
Debye lengths, which allows attractive Van der Waals forces to cause aggregation.>” Also
lack of free ions in organic solvents prevent development of a double layer around particles

which results in weak repulsive electrostatic forces.>® Particles in these instances can be
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stabilized by introducing polymer brushes on particle surfaces. Here the spatial interference
by these bulky molecules on two approaching surfaces gives rise to a repulsive force and
prevents particles from aggregating, hence called Steric interactions. Colloids could be
stabilized in a solution solely depending on steric forces by using neutral polymers (e.g.,
polyethylene glycol) or with both electrostatic forces and steric forces by using charged
polymers (e.g., polyelectrolytes).

Polymers are attached to surfaces in three different ways. Adsorption of polymers
onto the surface of particles is one method of stabilizing particles in a solution. Here some
segments of the polymer chain are physisorbed on the particles surface while the rest is
suspended in the solvent.>® The layer of adsorbed molecules is dynamic and reversible
depending on the solution chemistry as molecules are not permanently attached to the
surface. Another way of achieving polymer attachment to colloids is to utilize polymers
with two chemically different segments. One end of the polymer is poorly soluble in the
solvent and/or has a strong affinity towards the particles surface while the rest of the
molecule is soluble.>® These molecules assemble on particles with the segment soluble in
the solvent stretching out into the surrounding media, while the other end anchors onto the
particle surface. Here the attachment of the molecules to particles is much stronger than in
adsorption. Surfactants and block co-polymers to decorate particle surfaces are examples
of this method. The third method is tethering a polymer chain onto the particle surface by
a functional group at one end of the chain, which is covalently bound to the surface.*®

When two particles approach each other, the polymers on both particle surfaces are
crowded together. When polymers are not permanently attached to the surface, there is the

possibility of polymers moving away from the area of interaction or desorption and
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solubilization in the bulk solution.® Also when two particles approach closer, a polymer
chain adsorbed on one particle might feel attraction to the other particle and would latch
onto the other particle surface as well. This bridging between two particles leads to
flocculation in the dispersion which is the reverse of steric stabilization.>>°® In chemically
anchored polymers, the grafting density remain constant and polymer ligands do not desorb
depending on the solution conditions. In the scope of this thesis, we have used both
polymeric and metallic particles with polymer ligands chemically grafted on the surfaces
and steric interaction for this scenario was considered when estimating interaction potential
between particles.

Polymer — solvent interactions are important in steric stabilization as polymer
chains collapse on the surface in a poor solvent due to unfavorable polymer — solvent
interactions. Therefore, polymer ligands will not be a good stabilizer in a poor solvent.
When one terminal of the polymer is chemically attached to a surface, the rest of the chain
stretches out and assumes an equilibrium length decided by the grafting density and
polymer — solvent interactions. This equilibrium length is the thickness of the ligand shell
on the surface. When 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 together. Due to the high concentration of polymer in this region, osmotic
pressure increases and contributes to an increase in repulsive force between surfaces. At
the same time stretched out polymer coils are restored; elastic energy of polymer coils is
reduced which prefer decrease of the distance between surfaces and contributes to lower

the repulsive forces.>°8
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The Alexander — de Gennes equation for two flat surfaces in a good solvent sums
up the two contributions to steric interaction, increase in osmotic pressure and decrease in

elastic energy as follows.>®

Foerie = Z[(2)" = (&)"] porn < 19)

Where Fs;oric 1S the force per area, L is the length of a polymer brush, h is the
distance between two surfaces at closest approach and s is the parking diameter of an
individual polymer brush. A simple exponential equation as an approximation to the
Alexander — de Gennes equation was proposed by Israelachvili, which is commonly used

for steric interaction between two approaching polymer covered surfaces.®!
Fsteric = 5 kTe ™" for 0.2 < h < 0.1 (1.10)

Later studies discovered that steric interactions exist beyond the distance of h = 2L and
above exponential estimation of steric interactions to be more applicable.> From equation

(1.10) the steric interaction for two spheres is derived and given below.*

200rL2kgT _
Dgteric = —————e /b (1.11)

ms3

where r is radius of the two spheres.

1.4.5 Hydrophobic / Hydrophilic interactions

Interactions between solvent molecules and surface ligands must be considered in
addition to electrostatic, steric, and Van der Waals interactions. Interactions between
solvent molecules and structure of solvent molecules are perturbed by introduction of a
foreign species to the solution. For water this is specifically true since there exists strong
short ranged hydrogen bond networks between water molecules with spatial directionality
due to its polar nature and tetrahedral structure.®® When 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 electrostatic charge
— 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 spreads over a large area
maximizing the contact with the hydrophilic surface. Even without surface charge, which
gives rise to electrostatic repulsion forces, some particles are soluble in aqueous solutions
due to hydration shells that give rise to effective repulsive forces 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 hydration shell 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 results in repulsion between the
surfaces.®

Alternatively, when non — polar species are submerged in water, inability to form
hydrogen bonds or charged — polar bonds with water makes them partially or completely
immiscible in water, giving rise to hydrophobic effects. Surfaces decorated with
hydrophobic 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 short — range 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 in water.162 Self —
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 hydrophobic attraction forces
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 zone.%® The 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 interaction.®* 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 network) or formation of cavities by highly fluctuating water
molecules (vapor — liquid phase transition) or coalescence of nanobubbles.’4® The
difficulty in deriving a physical mechanism for hydrophobic interaction including all the
different variables is the reason for lack of a thermodynamic model for hydrophobic
interactions despite having well established models for other DLVVO and non — DLVO
interactions.®%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 of 0.3 — 2 nm.®3 Based on this
fact, Israelachvili et al. developed an empirical DLVO type interaction potential model for
hydrophobic and hydrophilic interactions.®® To represent the degree of hydrophobicity (net
hydrophobic area) of surfaces, a non — dimensional factor, the hydra parameter, H,,, was

introduced into the interaction potential.

=1— AHydrophilic (112)

AHydrophobic
Here, ayyaropniic 1S the hydrophilic surface area and ayygaroprobic 1S the
hydrophobic area of two interacting surfaces. The Hydra parameter can range from —oo to
1 and determines whether the interaction would be hydrophobic or hydrophilic, where
H,, < 0 represents repulsive hydrophilic interactions and 0 < H,, < 1 represents attractive
hydrophobic interactions.®*® The empirical formula for hydrophobic / hydrophilic

interaction energy per unit area, ®,,4, is as follows.

Ppyq = —2yHye”(/Po), (1.13)
Here y is the polystyrene — water interfacial tension and D, is the

hydrophobic interaction decay length.

23



1.5 Pattern formation in reaction — diffusion systems

Figure 1.5. Patterns emerging in nature by reaction — diffusion. (a) Hexagon and stripe

patterns of an Ornate Boxfish. Figure adapted with permission from reference.t’ (b)
Pigment patterns in flower petals of orchid flowers. Figure adapted with permission from
reference.%® (c) Pigmentation patterns on seashells surfaces. Figure adapted with
permission from reference.®® (d) Black and white stripes on a zebra. Figure adapted with
permission from reference.’”® (e) Stripe and spot pigmentation patterns within feathers.

Figure adapted with permission from reference.”

Reaction — diffusion systems are an essential part of nature in the self — organization
of living systems from small molecules to large structures as well as in facilitating different
functions.”” The idea of spatial patterns emerging in reaction — diffusion systems was
first proposed by mathematician Alan Turing in 1952.”* He proposed that concentration
patterns emerge in space when initially uniformly distributed substances react and diffuse
at different rates. He postulated that reaction — diffusion instability is the mechanism by

which homogenous spherical embryos break spatial symmetry to develop digits during
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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
the reaction — diffusion model by presenting the concept of ‘local activation and lateral
inhibition’.”® Living cells and tissues employ reaction diffusion mechanisms to form spatial
patterns during development, which are called Turing patterns. Examples of Turing
patterns manifesting in nature (Figure 1.5) are skin pigmentation patterns in different
organism such as fish,”®"® octopus,’® flowers,®® sea shells,®® coloration of birds,®* skeletal
patterning of fish,%? feather branching of birds,®® vascular patterns in plant stems, limb
digitation®® and spacing between hair follicles growth.® Despite the literal meanings of
reaction — 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
— living systems. The ripples on sand dunes,®” geographic population dynamics,3® bacteria
colonies,®% and cloud patterns in the sky® can be explained by reaction — diffusion
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. Meanwhile, the
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 autocatalysis of activator and buildup of the
activator leading to a local concentration peak (Figure 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 places in the space leads to
appearance of more peaks and as the inhibitor — rich regions overlap between these peaks

a periodic pattern is created.

(random) amplification of
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activator inhibitor
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Figure 1.6. Mechanism of reaction — diffusion instability and Turing pattern formation.

Figure adapted with permission from reference.®?

There is a vast library of theoretical reaction — diffusion models explored that
generate spatial patterns,®-% the most basic and popular models being Gierer-Meinhardt
model and Gray — Scott model. Also various types of spatial patterns beyond simple spot
and stripe patterns were generated through mathematical modelling.%® Despite the decades
long development of theoretical side of Turing patterns in reaction — diffusion, there is a
lack of experimental discovery of synthetic systems exhibiting Turing patterns, which

might be due to lack of synthetic autocatalytic reactions.

26



Castets et al. produced the first experimental evidence of Turing patterns in a
synthetic chemical system.®” They utilized an open gel strip reactor to demonstrate Turing
patterns in the chlorite — iodide — 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 reaction.®®%  Belousov — Zhabotinsky (BZ) reaction,
ferrocyanide — iodate — sulphite reaction®? and thiourea — iodate — sulfite (TulS) reaction®®
are some other examples for chemical systems that were reported to manifest Turing

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

patterns and (c) stripe patterns in the polyamide membrane. Figure adapted with permission
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from reference.’%* (d) Stripe patterns in a bismuth monolayer. Figures adapted with

permission from references.10>1%

So far there are only a few nanoscale systems exhibiting Turing patterns.104106107 The
most studied experimental system generating nanoscale Turing patterns in recent years is
the interfacial polymerization of polyamide membranes that 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 aqueous phase
amine at the liquid — liquid interface. Tan et al. realized that this interfacial polymerization
could be manipulated to generate a reaction — diffusion based Turing 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 acy!
chloride which has a low solubility in water acts as the inhibitor. Amine molecule in
aqueous phase promotes polymerization diffusing into organic phase while acyl chloride
molecule in organic phase 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 by facilitating 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
membranes.1%110 Different strategies were used to slow the diffusion of activator amine
molecule by facilitating its binding to larger entities like cucurbituril and metal organic
frameworks.1%11% A fascinating synthetic nanoscale Turing pattern system occurs in a

bismuth monolayer grown on a niobium diselenide (NbSez).1% The remarkable similarity
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between ripples observed on the bismuth monolayer and zebra stripes, led the way to the
discovery that these ripples emerge from a Turing type mechanism (Figure 1.7d).1% The
mismatch between lattice constants between bulk bismuth and NbSe; is believed 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 reaction — diffusion model
where reactants were replaced by displacement of atoms. Vertical displacements, which
give rise to stripes, were postulated as the activator while in plane lateral displacements
were postulated as inhibitor. The reaction — diffusion mechanism is underexplored as a
method for patterning nanoscale systems to this date, despite its desirable traits. Coupling
nanoparticle assembly with a reaction — diffusion system presents great potential for

template free nanopatterning.

1.6 Liquid phase transmission electron microscopy for visualizing nanoscale
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 species 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 transparent to electrons
as well as that could be stabilized inside the high vacuum of the microscope.'*%? Several
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 used and commercially
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available setup for LPTEM is comprised of a specially made TEM holder (Figure 1.8a)
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 spacers (Figure 1.8b). A thin silicon nitride layer (SiNx) ~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 the window. These 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 could be utilized either for
replenishing chemicals consumed in different processes during imaging or for in — situ
mixing of several chemicals.!®!* Also integrating electrodes on the silicon chips has
enabled heating of the samples to observe temperature dependent processes'*>*® and

applying voltage bias for electrochemistry experiments.1%-12t

a e-beam b Insitu liquid cell c
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Figure 1.8. Different strategies for LPTEM (a) Liquid cell TEM holder. Figure reproduced
with permission from reference.!'® (b) Liquid cell made out of Si chips with SiNx
membrane window. Figure reproduced with permission from reference.?? (c) Graphene

liquid cell. Figure reproduced with permission from reference.?
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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 vacuum, the SiNx 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 thickness of the SiNx membrane can also
contribute to these effects.*?*'?° 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 entrapping the liquid containing sample between two graphene sheets by
manipulation of strong van der Waals attraction between graphene (Figure 1.8c). This
results in small nanosized liquid pockets between two sheets.*?61?” These liquid cells made
of 2D sheets are often supported on conventional TEM grids. Other 2D materials such as
boron nitride (BN) and molybdenum sulfide (MoS>) have also found their way in to
fabrication of liquid cells for TEM.1%12° 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 wells.***-132 Recently a sophisticated
graphene liquid flow cells were made by introducing graphene sheets over holey silicon
nitride membranes of custom made silicon chips.'** Myriad of nanoscale processes in
liquid medium such as nucleation and growth,*'61%6 etching,'* nanoparticle assembly,**>-
139 oriented attachment,'*® superlattice formation,*** electrochemical deposition,*?
electrochemical degradation, corrosion, bubble dynamics, nanodroplet dynamics,*

biomineralization,'**!4 soft material dynamics,*'"**814> small molecular dynamics,464
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biological structure dynamics**®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 superlattice. Figure reproduced with permission from reference.! (b)
self — assembly of Au nanoparticles into chains. Figure reproduced with permission from
reference.’® (c) different conformations of Au nanorods in end — end and side — side

assemblies. Figure reproduced with permission from reference.°

Among these processes visualizing nanoparticle motion and assembly dynamics in
aqueous media hold special interest to us due to the crucial role nanoparticle assembly
plays in bottom — up strategy for nanofabrication (Figure 1.9). Nanoparticles made of
different metals such as Au, Pt or a composite of metals such as Pt — Fe, PbSe, CdSe/CdS
have been used widely in LPTEM due to high contrast resulted by strong electron scattering
of high atomic number metallic particles as well as their relative degradation resistance
with extended periods of electron irradiation during imaging.3514:151152 Nanometer

resolution in LPTEM and in some cases sub — nanometer 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, nano — arrows, nanoprisms and
octapods were monitored as well.™ Tip — tip assembly of nanorods, stacking of
nanoprisms, chain assembly of octapods and side — side assembly of nano — arrows>® due

154 and moire

to directional interparticle interactions were transformed into superlattices
lattice>® by tuning experimental conditions in subsequent studies. In situ changes to the
morphology of nanoparticles during assembly such as nanocrystal deformations during
superlattice phase changes,*®? oriented attachment of assembled particles by rotation to
align the crystal planes'“’ were captured by LPTEM. Assembly driven by a receding liquid
boundary®® or arrangement of nanoparticles in surface templated nanochannels'®” were
realized by drying / solvent evaporation induced assembly in LPTEM. DNA coated
nanoparticle assembling through DNA hybridization and surfactant coated nanoparticles
assembling through hydrogen bonding realized linker molecules mediated assembly in
LPTEM.!158 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
superparamagnetic particles (Pt — Fe) at first was due to anisotropic interactions while the
later stage contraction into superlattices was due to van der Waals interactions.> Lee et al

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

nanoparticle superlattice formation by cluster growth (Figure 1.10a).1??
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Figure 1.10. (a) Fluctuation of theoretically estimated interaction forces during assembly
of Au nanoparticles. Figure reproduced with permission from reference.?? (b) Mechanism
of nanoparticle surface diffusion by electrostatic interactions. Figure reproduced with

permission from reference.®

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
solution 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 SiNx membrane (Figure 1.10b).1® They postulated this to surface
diffusion of nanoparticles by electrostatic means. Electrostatic charging of both SiNx
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 from the image
area just after imaging started.*®® The stick and hop/slip motion of nanoparticles were

observed in several other studies as well. Chee et al. posited the intermittent adsorption —
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desorption of nanoparticles at the SiNx — solution interface to stable/unstable adsorption
sites on SiNx membrane determined by uneven charge distribution.'®* Evidence contrary
to stick and hop/slip motion was also apparent by continuous motion of nanoparticles in
several other studies.*?*%0 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 magnification).13>160.161 The peam effects were also supported by observations
of nanoparticles mobilization and assembly limited to the imaging area.'®® The 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 liquid inside the liquid cell
such as rise in hydrodynamic drag on nanoparticles at a liquid — solid interface'® or
increase in solvent viscosity by ordering of solvent molecules at the interface!®? contribute
to this deviation in diffusion coefficients. Despite altered motion of nanoparticles in the
liquid cell makes it hard to draw parallels with ex — situ experiments of assembly dynamics
in bulk liquid, LPTEM give useful information about nanoparticle dynamics at solid —
liquid interfaces.*®® However, a recent study was successful in achieving Brownian motion
similar to that of bulk liquid in 150 nm nanoparticle dispersions of 3 —4 um in thickness.64
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).

35



a b
= 10° .
g H20 7 @
% 105 ’ "”4 g 5
» o v 1 6
u-é“ HZ___.’ _-/:'4’ g 7
8 107 =< e & g - s
n ” T PPt agiP Aty A
S 0, ,,/ o }(11_____//:,o;¢/
10-9 i:" ] . y }g-__.___--:‘a: -
D anll 4n? 2nd snf 2anl aaln em—m——————— "/
102 10° 102 10* 10° 108 10" ‘te———me—mer-" .
10" 10’ 10° 10° 107 10°
Dose Rate [Gy/s] Dose Rate [Gyls]

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 water. Figures reproduced with permission from reference. 1%

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 considerable effect on the solute species (e.g. molecules, nanoparticles, etc.).
Especially in aqueous solutions, water molecules decompose and produce highly reactive
species. %8

H,0 % H,0%,0H", eqq, H,OH™, H,0,,Hy, HO, (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 by modelling radical
reactions of water in liquid cell (Figure 1.11).}% 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 manipulated to synthesize metal nanocrystals while the
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oxidizing nature of hydroxyl radicals could be manipulated to dissolve them.®® The whole
field of nucleation, growth, and degradation of metallic nanomaterials in LPTEM s
consolidated on creative utilization of beam — sample interactions. Ability to produce
reducing environment comparable to ex — situ bench top synthesis conditions achieved
through chemicals such as sodium borohydride has paved the way for understanding
heterogenous nucleation pathways of nanocrystals.'®” Despite 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 nanoparticle assembly dynamics 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 organic molecules 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 bond between the radical site and adjacent atom is broken through chain
scission resulting in two fragments.*631%° Nagamanasa et al. employed graphene liquid cell
electron microscopy to capture both intermolecular crosslinking and chain scission of
polymer molecules.' 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 non — equilibrium assembly mechanisms. Mainly we focused
on two types of non — equilibrium phenomena that are known to make dynamic assemblies
and patterns in nature, dissipative assembly and reaction — diffusion 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 reaction — diffusion instability. Also, a special
interest was given to study electron beam — sample interactions during LPTEM during in
— situ nanoscale imaging of nanoparticles assembly in liquid, as these interactions drive the
reaction — diffusion instability for nanoparticle surface pattern formation. In this
dissertation we have addressed the following questions.

1. How does colloidal surface chemistry change during fuel driven dissipative

assembly?

2. Do hydrophobic interactions play an important role during dissipative assembly and
could we develop methods to measure colloidal surface hydrophobicity?

3. Can we use pairwise colloidal interparticle interactions models developed for
colloidal aggregation to explain out — of equilibrium assembly?

4. How do electron beam — sample interactions during LPTEM imaging modify
organic capping ligands and polymers used for nanoparticle stabilization and
surface functionalization?

5. How can we harness electron beam — polymer radiolysis reactions during LPTEM

to create a reaction — diffusion instability to make stable nanoparticle patterns?
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The answers to the first three questions are discussed in Chapter 2. Here we selected
carboxylated polystyrene microspheres as the model system and successfully established
the chemical fuel range in which dissipative assembly occurs for this system. We
developed a correlative fluorescence spectroscopy-based 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 interaction model with a secondary minimum
can be used to predict the outcome of a system undergoing dissipative assembly. We
showed that hydrophobic interactions between particles were necessary to explain
experimental observations of irreversible aggregation at high fuel concentrations.

The work discussed in Chapter 3 addresses question 4. We performed electron dose —
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 ligands which underwent competing crosslinking and chain scission reactions
making modifications to the SiNx membrane and metallic nanoparticles. Based on the
insights gained from Chapter 3, we developed a preliminary experimental model to
address question 5 in Chapter 4. We used a gold nanoparticle — siloxane polymer system
inside the LPTEM to create a wide range of nanoparticle surface patterns such as spot,
labyrinth and string. Finally, the conclusions drawn from the work are summarized in
Chapter 5 with proposed future work to advance the work on nanoparticle pattern

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

Colloids”

2.1 Introduction

Dissipative assembly is a dynamic assembly process found in nature where
assembly and disassembly of cellular structures, e.g., microtubules and actin filaments, are
modulated by biochemical reaction networks.”*-173 Here, chemical fuel is consumed by a
reaction to convert molecular building blocks, e.g., 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 self-assembly, assembled structures exist only under continuous fuel supply
and dissipation of chemical energy.1’# The assembled structure concentration is dictated by
reaction kinetics as opposed to thermodynamic interactions in near-equilibrium assembly.
This approach applied to synthetic soft matter enables generating transient populations of
assembled structures that autonomously disassemble. Various synthetic polymeric,
supramolecular, and nanoscale systems have been demonstrated to undergo dissipative
assembly, including molecular hydrogelators,21>1®  proteins,® DNA,"178
vesicles®*179180 and polymers.'®! Prior synthetic dissipative assembly work has focused

primarily on demonstrating similarity to biological systems,?’ discovery of new chemical

* Note: This chapter was previously published by Dissanayake et al. and reproduced here with some
modifications: Dissanayake, T.U., Hughes, J., Woehl, T.J., "Dynamic Surface Chemistry and Interparticle
Interactions Mediating Chemically Fueled Dissipative Assembly of Colloids”, Journal of Colloid and
Interface Science, 2023, 650, 972-982.
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reaction cycles,*? applications in drug delivery,*® and reconfigurable material properties,
such as catalytic activity.
Compared to small molecule and polymer building blocks, dissipative assembly of

26,37,40,41,43.183 geveral works have utilized

colloids has received relatively less attention.
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 Boekhoven et al. activates colloids
by reacting a carbodiimide fuel molecule with surface carboxylic acid groups to form
metastable hydrophobic groups that induce transient particle aggregation.*®*! Here 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 exhausted, causing
nanoparticles to disassemble over several hours.*%*! A similar method was developed by
Van Ravensteijn et al. for micron sized polymer colloids using dimethyl sulfate as the
chemical fuel.*’

While several chemistries for dissipative colloid assembly have been established, a
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 molecules.?”8

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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led to irreversible aggregation due to ‘overactivation’ of the colloids, while too little fuel
caused no assembly.* Likewise, chemical fuel molecules react with surface bound ligands
or polymers during dissipative colloid assembly as opposed to free molecules in bulk
solution. Fuel-ligand reactions exhaust fuel within less than an hour compared to the time
scale for colloidal aggregation,** 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 interactions.'8®
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 colloids.’®® The 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 chemistry (e.qg., surface charge and hydrophobicity) and dynamic
interparticle interactions during assembly are a required first step toward developing
predictive kinetic models for dissipative colloid assembly.?

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 Grotsch and Boekhoven et al.,*%*! 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 theory. 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 concentration, and
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 colloids and nanoparticles.
We expect these results will lay the groundwork for a mechanistic understanding of the
interplay between fuel reaction Kkinetics, colloid surface chemistry, interparticle
interactions, and assembly Kkinetics during dissipative colloid assembly. 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
superlattices 8718 and colloidal molecules,**®%® and complex, multistage reaction cycles

that have been demonstrated for dissipative assembly of small molecules.*®

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 (Thermofisher, size
dispersity (SD) of 2.4%) at a particle concentration of 3 x 10° particles/ml was prepared
in a buffer of 5 mM 2-(N-morpholino)ethanesulfonic acid (MES, Thermofisher) and 25
mM N-Hydroxysuccinimide (NHS, Thermofisher). Carboxylic acids were introduced on
the colloids by grafting polystyrene colloids with poly(methyl methacrylic) acid (PMMA),
which renders the colloids negatively charged and hydrophilic. The buffer was adjusted to

a pH of 6.5 with 1 M NaOH (Sigma). 1-Ethyl-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 were deposited
onto a glass coverslip and imaged with an inverted optical microscope (Zeiss Axio
Observer) with a 40x magnification objective lens. Each sample was allowed to sediment
for 5 minutes and then several images were acquired for each aliquot. This 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 conditions but was
necessary to form a sub-monolayer 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 500 nm diameter
carboxylated polystyrene particles in the same buffer, but with various particle
concentrations of 3 x 10° particles/mL, 4.5 x 10° particles/mL, and 6 x 10° particles/mL.
For each particle concentration the initial EDC concentration was varied 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 in-house Matlab script was used to measure the number of aggregates
and monomers for each reaction condition and reaction time. The fractal dimension of

aggregates was determined by the box counting method implemented in Matlab.'*® The
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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 at 1 — 2 hour time increments over 24 hours. Two aliquots were drawn
out from the particle solution at each time point, one for zeta potential and one for particle
hydrophobicity measurements. Zeta 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 data, which is applicable in this
system because the Debye length was much smaller than the particle radius (~3 nm). The
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-Anilinonaphthalene-1-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 the particle solution at a final concentration of 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 (1,ys) was measured at 475 nm with a fluorescence spectrometer (Jasco
FP-8500). The ANS binding experiments were performed in triplicate.

The calibration curves for quantifying hydrophobic interactions were measured
with a different method. A stock solution of 1 um carboxylated polystyrene particle at a
concentration of 3 x 10° particles/mL was prepared at the same buffer conditions described
above and ANS was added at a final concentration of 100 uM. EDC was added from a
freshly prepared stock solution to 1 mL of particle solution in a quartz cuvette to reach 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 break up aggregates to probe

the surface hydrophobicity of monomeric colloids.

2.3. Results & Discussion

2.3.1. Kinetics of dissipative colloid assembly

Carboxylic acid functionalized polystyrene colloids with diameters of 500 nm or 1
um were utilized to allow optical microscopy observations of the aggregation Kkinetics
during dissipative assembly. The particles were diluted to a specified concentration in an
aqueous buffer containing MES and NHS, in which they formed a stable colloidal
suspension. EDC was added as the chemical fuel at initial concentrations ranging from 2.5
— 15 mM to colloidal suspensions. The carboxylic acid groups on polystyrene particles
imbue them with a negative charge and hydrophilic surface. NHS and EDC react with
carboxylic acid groups on the colloids to form metastable NHS-ester groups (Figure
2.1a),%41 which are nonpolar and uncharged and induce aggregation of the colloids by
attractive hydrophobic interactions. EDC acts as the chemical fuel, which is consumed and
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converted to the inert byproduct, 1-(3-dimethylamino)propyl-3-ethylurea (EDU), in the
process. When the fuel is exhausted hydrolysis reactions break ester bonds between the

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

particles (1 um) at various times after addition of 10 mM EDC: (b) t = 0 hours (prior to
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EDC addition), (c) t=2 hours, (d) t =6 hours, and (e) t = 24 hours. (f) Number of aggregates
divided by number of monomers as a function of time, where i corresponds to the number

of monomers in an aggregate.

In a typical experiment, EDC was added to the particles and aliquots were drawn
at different times and imaged with bright field optical microscopy (see Experimental
methods for further details). We measured the aggregate size distribution as a function of
time for 1 um diameter particles and the total number of aggregates and single particles as
a function of time for 500 nm due to limited spatial resolution. Figure 2.1b-f show
exemplary images of the dissipative assembly of 1 um particles for 10 mM initial EDC
concentration and the number of each aggregate size as a function of time. Prior to EDC
addition the particles existed predominantly as monomers in solution (Figure 2.1b).
Dimers, trimers, and tetramers were observed in the solution 2 hours after adding fuel
(Figure 2.1c). The total number of aggregates peaked 6 hours after adding fuel and images
showed a continuous distribution of aggregate sizes containing between 2 — 10 particles
(Figure 2.1d). The number of aggregates decreased after 6 hours and by 16 hours only
small aggregates containing 2 — 4 particles were observed. After 24 hours the colloids
nearly recovered to the initial state except the dimer count was about 3 times higher than
before fuel addition (Figure 2.1e). At all times the aggregate concentration decreased

monotonically with increasing cluster size.
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Figure 2.2. The aggregate structure and bonding were qualitatively different for dissipative
assembly and irreversible aggregation. (a) Aggregates formed during dissipative assembly
10 hours after addition of 10 mM EDC. (b) Irreversible aggregates formed 4 hours after
addition of 15 mM EDC. The arrows denote the aggregates used for fractal dimension
measurements. (c) - (e) Time lapsed snapshots from an optical microscopy movie showing
motion of individual particles inside an aggregate during dissipative assembly. There is a
2 second time interval between each image. (f) - (h) Time lapsed snapshots from an optical
microscopy movie showing no individual motion of particles within a fractal aggregate

during irreversible aggregation. There 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 studies, we observed transient aggregates formed over a
range of fuel concentrations with no assembly below a lower critical fuel concentration and

irreversible aggregation above an upper critical fuel concentration.** Below a fuel
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concentration of 5 mM no dissipative assembly occurred. Transient clusters formed at 10
mM EDC persisted for hours and consisted mainly of small aggregates with < 10 particles
per aggregate. The aggregates were globular, disordered, loosely packed and co-existed
with a nearly equal number of single particles in the solution (Figure 2.2a). The aggregate
structure and co-existence of aggregates and monomers suggests the colloids were
reversibly aggregated, akin to self-assembly. Irreversible aggregation occurred for an
initial EDC concentration of 15 mM where large fractal aggregates containing 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 (arrows in Figure
2.2b), which vyielded fractal dimensions of 1.71 + 0.16 (aggregate 1), 1.67 + 0.19
(aggregate 2), and 1.66 + 0.20 (aggregate 3). These values are near the theoretical value
of 1.7 for diffusion limited aggregation. The values may be slightly decreased due to the
finite size of pixels and aggregates in the images.?®"1% The fractal aggregate size grew
monotonically with time and completely consumed all monomers in solution.

A close look at the transient clusters formed during dissipative assembly showed
that particles had relatively weak interparticle bonds (Figure 2.2c-¢). This was evidenced
by flexible colloid bonds that enabled particles to move independently within an aggregate,
indicating bonds were of a similar strength as thermal forces.'®® Weak 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 hydrolysis of NHS ester groups. On the other hand, particles inside irreversible

fractal aggregates formed with 15 mM initial fuel concentration were tightly packed with
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close interparticle spacings that could not be resolved by optical microscopy (Figure 2.2f-
h). The interparticle bonds in aggregates were not flexible and the aggregates translated
and rotated as rigid structures. This indicates strong interparticle bonds relative to the
thermal energy were present in irreversible aggregates. Close packing of the colloids in
aggregates has previously been shown to inhibit deactivation reactions by excluding water

from interparticle interstices.'8®
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Figure 2.3. Phase diagrams showing degree of aggregation of 500 nm polystyrene particles
prior to fuel addition (0 hours) and 4 hours and 24 hours after. 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 (n,4,4/mumon) 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 colloids (Figure 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 phase diagrams in Figure 2.3 where each diagram corresponds to one time point.

Within each phase diagram the color of each data point corresponds to the experimentally
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measured aggregate count normalized to the monomer count (Nagg/Nmon) as a function of
initial EDC concentration (y-axis) and particle concentration (x-axis). The heat map was
interpolated between the experimental data based on a cubic model fit. Prior to EDC
addition (t = 0 hrs) there were nearly no aggregates in all particle solutions with the
aggregate concentration increasing slightly with particle concentration. After 4 hours the
number of aggregates increased for all particle and EDC concentrations. For each particle
concentration the number of aggregates increased as a function of EDC concentration up
to 10 mM, decreased slightly at 12.5 mM, and then increased by 5 — 10 times at 15 mM
EDC. It is not currently known why the aggregate number decreased at 12.5 mM EDC
concentration. After 24 hours, the phase diagram shows the aggregate number decreased
for EDC concentrations between 5 — 12.5 mM at all particle concentrations, indicating
dissipative assembly occurred. As shown in Figure 2.1 there were slightly higher numbers
of aggregates after 24 hours compared to the initial condition before EDC addition,
indicating a small degree of irreversible aggregation. The 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 interactions. Adding fuel to the system converts negatively
charged carboxylic acids to non-polar NHS groups, which causes the colloid surface charge

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

dissipative assembly (Figure 2.4).
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Figure 2.4 Time dependent surface charge and hydrophobicity of colloids during
dissipative assembly. Time dependence of (a) zeta potential and (b) ANS fluorescence
intensity of 1 pm polystyrene particles after adding various EDC concentrations
corresponding to nearly no aggregation (5 mM EDC), dissipative assembly (10 mM EDC),

and irreversible aggregation (15 mM EDC). Each data point in (a) and (b) is the mean of
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three independent measurements with error bars representing + 1 standard deviation from

the mean.

We quantified the particle surface charge by measuring the zeta potential of the
colloids as a function of time after adding EDC (Figure 2.4a). Three EDC concentrations
were selected representing the existence of nearly no transient aggregates (5 mM),
dissipative assembly of transient aggregates (10 mM), and irreversible aggregation (15
mM). Initially, the colloids had a zeta potential of about -40 mV, indicating a stable particle
dispersion. The zeta potential magnitude in all three solutions decreased rapidly in the first
1 — 2 hours after EDC addition and reached minimum values of -28 mV, -23 mV, and -14
mV for initial fuel concentrations of 5 mM, 10 mM, and 15 mM, respectively. The zeta
potential magnitude increased for each fuel concentration after reaching a minimum value,
consistent with regeneration of negatively charged carboxylic acid groups on the particles.
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 hours. In contrast, the zeta potential magnitude of
the 15 mM EDC solution increased by about 25% until 15 hours, after which it remained
approximately constant at —20 mV until 24 hours. The constant zeta potential is consistent
with irreversible aggregation forming large particle aggregates with NHS esters trapped in
the center, which had lower effective surface charge densities and zeta potentials.

Attractive hydrophobic interactions have been posited to be important for
dissipative colloid assembly.*04186.200 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 utilizing ANS, a fluorescence probe that exhibits strong

fluorescence emission upon binding to hydrophobic functional groups. ANS has been
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conventionally used to evaluate structural changes in biomolecules associated with polarity
changes, such as protein (un)folding,®> DNA binding,?®> enzyme conformational
changes,?® and protein aggregation.?®* ANS has been used in inorganic colloids to probe
binding of hydrophobic biomolecules to metallic nanoparticles.?®® The non-polar
anilinonaphthalene group in ANS binds to hydrophobic sites through non-covalent
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).?%29” 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 uM ANS to aliquots drawn from particle solutions undergoing reaction
with EDC to measure the particle hydrophobicity as a function of reaction time (see
Experimental methods for further details). The fluorescence emission intensity at 475 nm
increased rapidly to a maximum within minutes after EDC addition and the peak intensity
increased as a function of increasing EDC concentration (Figure 2.4b). The ANS emission
intensity decreased monotonically with time over the next 24 hours with the final value
increasing as a function of increasing EDC concentration. The 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 potential measurements.

2.3.3. Colloidal interactions during dissipative assembly
2.3.3.1. Pseudo-equilibrium colloidal 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 particles, i.e., the pairwise
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interparticle interaction potential.®>2% While chemical fuel driven dissipative assembly is
an out-of-equilibrium process due to continuously changing colloid surface chemistry,

significant changes to surface chemistry occur over relatively long time scales of tens of
2
minutes to an hour compared to the diffusive time scale of individual colloids, t, = % ~

0.5 s, where r is particle radius and D is the Stokes-Einstein 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 applied in this case
to interpret fuel driven dissipative assembly under the assumption of pseudo-equilibrium
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 minimum, i.e., a secondary minimum, with a depth that
changes as a function of time and fuel concentration. In other words, colloidal aggregation
during dissipative assembly is akin to a reversible reaction under pseudo-equilibrium
conditions. The equilibrium constant slowly changes over time and colloids and aggregates
interconvert rapidly compared to the time scale 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 much smaller than thermal energy.

Polystyrene particles in aqueous solution interact by repulsive electric double layer
overlap interactions, repulsive steric interactions between polymer brushes on the colloid

surfaces,®” and attractive Van der Waals 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:
Drorai(h) = Perect (M) + Ppaw (h) + Preric(h) + Ppya(h). (2.1)
Here ®1,.4; 1S the total pairwise interaction potential, @, is the potential due to
double layer overlap, ®,,4,, is the Van der Waals interaction potential, ® ;.. is the steric
interaction potential, ®,,4 is the hydrophobic interaction potential, and h is the distance
of closest approach between the spheres. Generally accepted thermodynamics models exist
for each interaction potential except the hydrophobic interaction.% The origin of the
hydrophobic interparticle interactions is the repulsion of water from the hydrophobic
polystyrene particle surface during dissipative assembly,®® which is transiently coated in
non-polar NHS esters. The repulsion of water from the particle surface increases the
particle-water interfacial energy, which creates a short ranged attractive interaction
between neighboring particles. We utilize an empirical model from Israelachvili et al. that
proposes pairwise hydrophobic and hydrophilic interparticle forces decay with an
exponential dependence on surface separation.®® Applying 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:
®pyq = —4mryDoHy e~ /Do), (2.2)
Here R is particle radius, y is the polystyrene — water interfacial tension, D, is the
hydrophobic interaction decay length, and H, is the empirical Hydra parameter that
quantifies surface coverage of hydrophobic and hydrophilic regions.®® The Hydra

parameter quantifies the ratio between the hydrophobic (ayygropronic) and hydrophilic
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(ayyaropniic) ~ surface  area of a  solid/liquid interface: H, = (1-—
Apyaropnitic/ Auyaropnobic)- A Negative Hydra parameter indicates repulsive hydrophilic

interactions while a positive Hydra parameter indicates attractive hydrophobic

interactions.%3:66

b. c
1800} /== T e L P 0.6
if ‘
__1400f §1500 ?9‘( 0.4
= e ———— ] =
2 /7 s wax@ 10 mM EDC g .
— 1000 ~ 1000 Loz
r\ » 5mM
—5mM  ——100 mM 0 —+— 10 mM
——=10mM - 200 mM —— 15 mM
600 20 mM , , , 02 e
0 20 40 60 80 100 120 0 5 100 150 200 O 5 10 15 20
Time (min) [EDC] (mM) [EDC] (mM)

Figure 2.5. Quantification of Hydra parameter using ANS binding measurements. (a) ANS
fluorescence emission intensity at 475 nm as a function of time at different EDC
concentrations. (b) Maximum ANS fluorescence emission intensity as a function of EDC
concentrations. The black line is a logarithmic fit to the data the dashed red line shows the
asymptotic emission intensity as EDC concentration goes to infinity, Ijys apax- (C) The
Hydra parameter calculated by applying equation (3) to data in Figure 4b as a function of

time for three different EDC concentrations.

3.3.2. Quantifying hydrophobic interactions between 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 parameter.53
However, the quantitative nature of fluorescence suggests this method can be utilized to

determine the Hydra parameter during dissipative assembly experiments. Under the
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assumption that a single ANS molecule binds to each NHS ester and the fluorescence
quantum vyield 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 area, Iyys X apyaropnonic (APPENdix A2). We note that contributions
of the native colloids and organic solutes to changes in the ANS quantum yield and
emission intensity were removed from the measurement by subtracting off the initial ANS
emission intensity of the particle solution prior to adding EDC. 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 parameter. To 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 colloids, Iyysyax X @ = Anyarophobic +
Anyarophitic- 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 for several hours. As illustrated in Figure 2.5a the fluorescence intensity
increased with time until about 20 minutes and then decreased over several hours. The rate
of fluorescence decay here is related to the hydrolysis reaction rate of NHS 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 concentration (Iys mqx), Which corresponded to the maximum coverage of NHS
groups, followed a logarithmic dependence on EDC concentration (Figure 2.5b). The
value of the maximum emission intensity as EDC concentration goes asymptotically to

infinity (Iyysmax) Was determined from the logarithmic fit and represents the condition
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when the colloid surfaces were saturated with NHS groups, viz., Ijysmax & a. This
indicates the hydrophilic area will follow the proportionality, ayyaropnitic % Iansmax —

I,ns. Equipped with fluorescence emission intensity values proportional to the

hydrophobic and hydrophilic area the Hydra parameter can be quantified as follows,

H, = (1 — c—""‘”s'm“x_”*”s), (2.3)

IaNs

where c is a constant that depends on the Hydra parameter of the native colloids
prior to EDC fuel addition. The Hydra parameter of the colloids prior to EDC addition is
unknown; however, the Hydra parameter has been observed to range from —0.2 < H,, <
1 in prior works.®® Based on the polar nature of carboxylic acids on the colloid surface we
presumed the initial particle surface had a Hydra parameter of —0.2, giving a value of ¢ =
0.277. Figure 2.5c shows the corresponding values of Hydra parameter after applying
equation (2.3) to the fluorescence emission intensity data in Figure 2.4b, which are used

to compute the hydrophobic interaction potentials in Figure 2.6 and Figure 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 calculate the
pairwise interaction potential during dissipative assembly under conditions equivalent to
the experiment in Figure 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 available (Table A1).>’
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Figure 2.6. Pairwise interaction potential of 1 um polystyrene particles at different time
points after addition of 10 mM EDC. (a) Contribution of different interparticle interactions
to the total pairwise interaction potential 4 hours after adding EDC. (b) Total interaction
potential curve as a function of time over the dissipative assembly cycle. (c) Primary

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

Figure 2.6a shows the contribution of each colloidal interaction to the total
pairwise interaction potential for 1 um particles 4 hours after adding EDC at an initial
concentration of 10 mM. At a zeta potential value of —28.6 mV and Hydra parameter of
0.50, the secondary energy minimum depth was ®,,;,, =5.8 ksT and primary maximum
height was ®,,,,, = 14.8 ksT. Figure 2.6b shows how the pairwise interaction potentials
evolved with time during dissipative assembly while Figure 2.6¢ 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 Debye length and repulsive double layer
forces irreversibly (Appendix Al). Prior to addition of chemical fuel, the colloids
exhibited stability due to large repulsive electrostatic interactions, with a relatively shallow

secondary minimum depth of 4.1 ksT and large primary maximum exceeding 10* kgT.
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After 2 hours the colloids were at their least stable state with the secondary minimum depth
increased to 6.0 keT and the primary maximum height decreased to 8.7 kgT. One thing to
note here is that the hydrophobicity of the particles was highest immediately after EDC
addition while the zeta potential reached a minimum about 2 hours after adding EDC (cf.
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 interactions. Interaction potential calculations performed
without hydrophobic interactions further supported their importance to reconciling the
model with experiments. These interaction potentials showed ~1000 kgT primary
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 minimum depth was sensitive to electrostatic repulsion as it reached
a maximum after 2 hours, in line with the time corresponding to the minimum zeta potential
magnitude. Estimation 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 without
hydrophobic interactions were similar whereas the primary maximum remained > 7500
ksT at all times without hydrophobic interactions. As time progressed beyond 1 hour after
fuel addition the primary maximum increased monotonically to 21.7 keT after 6 hours, but

the secondary minimum depth displayed a modest decrease in magnitude to 5.7 ksT. The
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primary maximum increased monotonically from 21.7 kgT at 6 hours to 207 kgT after 24
hours. Over the same time period, the secondary minimum depth decreased from 5.7 kgT
to 5.4 ksT. The minimal decrease of the secondary minimum depth after 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 approximately 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 dissipative assembly from occurring.*°

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 increased 2 — 3 hours following fuel addition and then
monotonically 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 about 6.1
keT, in agreement with the experiments showing formation of almost no irreversible
aggregates. Finally, the secondary minimum depth was 4 — 6 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 the experimental system that could
not be quantified and included in the model, such as acid-base interactions,?*® changes to
the Flory Huggins interaction parameter of the surface polymer ligands after fuel addition,

and effects of colloid surface roughness on interparticle interactions.?'°
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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

concentration.

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

unstable, i.e., about 2 hours after adding EDC (cf. Figure 2.4a, Figure 2.5c and Figure
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A2). The rationale for utilizing these values is that primary maxima and secondary
minimum > 1 ke T 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 kgT at this point then the particles are expected to irreversibly aggregate.
Figure 2.7a shows that the secondary minimum depth increased as a function of increasing
EDC concentration, consistent with the experimentally observed increase in aggregate
concentration up to 10 mM EDC (cf., Figure 2.3). Figure 2.7b shows there was a
secondary minimum for all EDC concentrations and that a primary maximum > 1 kgT
existed for initial EDC concentrations < 13.7 mM, consistent with the experimental range
of fuel concentrations that effected dissipative assembly. Above 13.7 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, consistent
with irreversible aggregation seen at 15 mM EDC concentration. Removal of hydrophobic
interactions from the interaction potential resulted in large primary maxima heights (above
3800 ksT) for all EDC concentrations, which disagreed with our experimental observations
of irreversible aggregation at higher EDC concentrations and further indicated the

importance of these interactions (Figure A3).

2.3.3.4. 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 non-monotonic 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 how fuel-ligand 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 dictate the depth
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 concentration of 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 the importance 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 forces,?! and 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 maximum height 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, hydrotropes, or nonionic surfactants to screen nonpolar
surface moieties on colloids. These molecules can be added to the solution, 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 non-ionic surfactants to solution prevented dissipative
assembly of colloids, ostensibly by screening hydrophobic attraction (Figure A3).
Ultimately, this work indicates that many design rules developed for near-equilibrium self-
assembly can be applied to dissipative assembly, albeit with the added complexity that the
interparticle interactions are time-dependent.

Moving beyond dissipative assembly of disordered colloidal aggregates to form
transient ordered colloidal structures, such as colloidal molecules,'*> microrobots,?'? and
superlattices,?*® 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 interactions,
which will require development of more complex interaction potential models. Directional
interactions are less kinetically favored, meaning colloids require longer annealing times
to assemble into the favored spatial configuration. This will necessitate fuel reaction cycles
that activate colloids into an assembly prone state for prolonged periods of time as opposed
to generating a short-lived spike in activated colloid concentration as demonstrated in this
work. Experimental measurements of surface hydrophobicity demonstrated here will aid
in designing new reaction cycles that yield sustained constant activation without inducing

irreversible aggregation.

2.4 Conclusions
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 interactions. Microscopic observations of 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 bonds. A fluorescence assay was
developed to quantify the time dependent hydrophobicity and hydrophobic interactions
between colloids undergoing dissipative assembly. The interaction potentials estimated
from the time dependent zeta potential and hydrophobicity at different conditions
qualitatively agreed with the microscopic observations and elucidated that electrostatic
repulsion and hydrophobic attraction control different aspects of dissipative assembly. This
work has several implications for dissipative assembly of colloids. The number of
successful studies of dissipative assembly of small molecules and polymers significantly
outnumbers those focused on micron sized colloids and nanoparticles. This work, together
with prior work by other labs, emphasizes the importance of characterizing colloid surface
chemistry and interparticle interactions to establish appropriate fuel reaction conditions for
dissipative assembly. In particular, a delicate balance must be struck between the time scale
of the fuel-ligand reactions, the dynamics of the surface chemistry, and the resulting

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

Liquid-Phase Electron Microscopy "

3.1 Introduction

Self-assembly of colloidal nanoparticles enables constructing intricate
nanostructures and macroscopic materials that cannot be realized by top-down
processing.?1421> Self-assembly of nanoparticles is a complex process in which both
thermodynamics and Kinetics play important and intertwined roles in determining the final
self-assembled structure.?'® Liquid phase transmission electron microscopy (LPTEM) can
uniquely visualize the dynamics of nanoparticle self-assembly in a liquid medium in real
time with nanometer scale resolution. Numerous LPTEM studies have investigated self-
assembly of nanoparticles functionalized with small molecules, polymers, and DNA
capping ligands,122136-141,150-153,157.159,217-220 | nterparticle interactions during self-assembly,
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 nanoparticles.?'* It is well known that the TEM beam strongly
interacts with organic molecules through radiolysis reactions. 422! However, despite the
importance of organic capping ligands in self-assembly and their susceptibility to electron

beam damage,*®® few LPTEM studies have focused on electron beam damage mechanisms

¥ Note: This chapter was previously published by Dissanayake et al. and reproduced here with minor
modifications: Dissanayake, T.U., Wang, M., Woehl, T.J., "Revealing Reactions Between the Electron
Beam and Nanoparticle Capping Ligands with Correlative Fluorescence and Liquid — Phase Electron
Microscopy”, ACS Appl. Mater. Interfaces, 2021, 13 (31), 37553-37562.
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of organic capping ligands. To correctly interpret self-assembly 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 and dose rates
used to image nanoparticle self-assembly.

The electron beam creates highly reactive radicals through solvent radiolysis during
LPTEM imaging. For instance, radiolysis of water creates both strongly reducing radicals,
aqueous electrons (e,) and hydrogen radicals (H'), and oxidizing hydroxyl radicals (OH’),
which can react with organic molecules.'®>!% While electron beam-sample interactions
have been extensively studied in terms of general radiolysis reactions and formation of
metal nanocrystals,?2222 |ittle 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
processes.??32%2 Given the large number of LPTEM studies on self-assembly, the lack of
systematic studies of electron beam reactions with nanoparticle surface ligands has
prohibited discovery of acceptable “low dose” imaging conditions for LPTEM nanoparticle
self-assembly experiments that produce minimal beam induced changes to nanoparticle
surface chemistry.

Electron beam induced reactions during LPTEM are only perceptible if visible
changes occur in the material being imaging, e.g., growth/etching of nanoparticles,?3*-23%
dissolution of metal organic frameworks,?*° pitting of carbon nanotubes,?*® shrinkage of
bacterial cells,?** or formation of visible polymeric nanoparticles.?> 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 state-of-the-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 fluorescence microscopy (FM)
to establish the fate of excess and absorbed capping ligands during LPTEM imaging. Our
results show that polymer crosslinking and chain scission occur during LPTEM imaging,
leading in some cases to a non-monotonic time dependent change in ligand 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 report,?*? and 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 for conjugating fluorophores to biomolecules.

3.2. Methods

3.2.1. Preparation of nanoparticles and LP-TEM samples

An aqueous suspension of 100 nm BPEI coated silver nanoparticles was purchased
from nanoComposix (San Diego, USA). BPEI covalently bonds to the surface of silver
nanoparticles via amine-metal binding with an approximate grafting density of 0.05
molecules/nm? (calculated based on 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

consecutively 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 pul drops of clear supernatant
were air dried on the silicon nitride membranes. The silicon chips were assembled dry 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 pl/h (Figure 3.1 step 2). For
experiments with radical scavenger, 1 M tert-butanol 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 JEM-2100F 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 was translated to one corner of the silicon nitride membrane. Different regions of
the silicon nitride membrane were irradiated at electron fluxes ranging from 0.032 - 0.138
e/A? s (dose rate of 0.144 —0.616 MGy/s) for 30 s - 10 min (Figure 3.1, step 3). The spaces
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 reacts with ligands 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 and aggregates (Figure 3.1, top
right). The liquid cell was disassembled carefully after the LP-TEM experiment and silicon
chips were removed from the holder with the silicon nitride windows intact (Figure 3.1

step 4).

3.2.3. Fluorescence labeling of samples and fluorescence microscopy

A 10 mg/ml stock solution of fluorophore was prepared by dissolving 2 mg of 6-
[Fluorescein-5(6)-carboxamido]hexanoic acid (Sigma) in 200 pl 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/ml N-hydroxysulfosuccinimide (Sulfo-NHS,
Thermo Scientific) 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-Mercaptoethanol (Thermo Scientific) was added to the fluorescein — EDC — 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 ul of fluorescein — EDC — 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 water (Figure 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 microscope (ZEISS Axio Observer) with a
40x dry objective lens (Figure 3.1, step 6). All the FM images in this study originated 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 ImageJ.?*3
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 nanoparticles were
determined by measuring the average intensity of each nanoparticle.

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 BPEI ligand 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 of each sample
and average fluorescence intensity measurements were linearly proportional to the BPEI
solution concentration (Figure A4), and thus linearly proportional to the local thickness of

BPEI on the surface.

3.3. Results
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Figure 3.2. Branched polyethylenemine (BPEI) and TEM images of silver nanoparticles
in the dry state. (a) Molecular structure of BPEI. (b) 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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Systematic dose rate controlled LPTEM experiments probing electron beam
reactions with nanoparticle capping ligands were performed on 100 nm diameter silver
nanoparticles coated with 25,000 g/mol BPEI, which contains primary, secondary, and
tertiary amine groups that imbue the nanoparticle surfaces with a positive charge (Figure
3.2a). TEM images of the silver nanoparticles in the dry state showed they were either
spherical or faceted, polycrystalline, had a monomodal size distribution (Figure 3.2 b,c),
and were coated by a ~1 nm thick BPEI ligand layer (Figure 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 um 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 is the product of the area averaged electron flux (electron beam current divided by
the image area size) and stopping power of water (2.798 x 10° eV.m?/kg ), following
previously established methods.'?>2%% Cumulative doses given in each figure were
calculated by multiplying the dose rate by the total irradiation time. We note that electron
fluxes (0.032 - 0.138 e/A%s) and cumulative electrons delivered (1 — 80 e/A?) used here
are generally considered to be “low dose” conditions used for imaging electron beam

sensitive polymers and biomolecules with LPTEM and cryo-EM.14%148244.245
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Figure 3.3. Exemplary FM images of a fluorescent labeled silicon nitride membrane after

an LPTEM experiment. 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 nanoparticles and electron beam exposure. (b)
Sample translation during LPTEM with continuous imaging created pathways of bright
fluorescence intensity due to brief (seconds) electron beam exposure. (¢) STEM scan
rotation can 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 nanoparticle aggregates appeared as
bright fluorescent spots above the background (Figure 3.3a). Some sample regions had
bright fluorescence and nanoparticle coverage due to evaporation induced aggregation of
nanoparticles (left side of Figure 3.3a); these regions were not considered in quantitative

analyses. Sample regions irradiated by the electron beam were clearly distinguished 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 images (Figure 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 focusing, sample translation (Figure 3.3b), or image rotation (Figure
3.3c). We did not know the exact irradiation time for these as the shortest timed irradiation
was 5 minutes, but these image manipulations typically took < 30 s. Nanoparticles in these
regions had brighter fluorescence intensity than non-irradiated nanoparticles. The second
type of fluorescent feature observed was image areas that were similar intensity or darker
than the background intensity and surrounded by a bright fluorescent halo and
corresponded to image regions irradiated for > 5 minutes (Figure 3.3d). Nanoparticles
within these dark regions had lower fluorescence intensity compared to those in the bright
irradiated regions and unirradiated regions. In most cases, nanoparticles remained
immobile on the silicon nitride membranes throughout the irradiation experiments and 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 for the rest of the irradiation, indicating they received a nearly

identical cumulative dose compared to the initially present particles (Figure A6).
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Figure 3.4. Effect of cumulative dose on the fluorescence intensity of the silicon nitride
membrane with (a)-(c) and without (e) — (g) silver nanoparticles deposited on the
membrane. (a) — (¢) FM images of irradiated sample regions with BPEI coated
nanoparticles irradiated 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 (a)-(c). (e) — (g) FM images of irradiated
sample 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 region in (e) — (g). The
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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 the non-irradiated
surrounding area (Figure 3.4a), while those irradiated for > 5 minutes were either lower
intensity or similar intensity compared to the background (Figure 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 dose (Figure 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 rate (Figure 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 ligand. The sample regions exposed to the electron beam for 1 minute were barely
discernible (Figures 3.4e). In contrast to the experiments with nanoparticles present, bright
fluorescence intensity was observed in image regions 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 minutes irradiations (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 diamonds). (b)
Box plots of nanoparticle fluorescence intensities for each condition. Wilcoxon rank-sum
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 non-irradiated areas. Nanoparticles
displayed a distribution 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 intensity (Figure 3.5).

Measurements of nanoparticles intensities were merged for all < 30 sec irradiation areas
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and all > 5 min irradiation areas shown in Figure 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 compared to unirradiated regions, while nanoparticles irradiated
for < 30 seconds had overall larger fluorescence intensities (Figure 3.5a). A statistical
comparison of intensity distributions revealed that each intensity distribution was
statistically different (for P < 0.005) (Figure 3.5b). The changes in the nanoparticle
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 tert-butanol. (a) — (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 and 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 region in (a) — ().
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Prior works have established that alcohols, such as isopropanol and tert-butanol,
and other organic molecules can act as hydroxyl radical scavengers to mitigate radiation
damage to organic molecules during LPTEM imaging.!3146:167.242.246 \\je added 1 M tert-
butanol in DI water as a radical scavenger to test its impact on electron beam damage of
BPEI in the presence of silver nanoparticles (Figure 3.6). Similar to the experiment without
any nanoparticles, there was no visible change in fluorescence intensity in the image
regions exposed for 30 seconds and 1 minute at a dose rate of 0.274 MGy/s. Compared to
samples with no tert-butanol irradiated for > 5 min, which showed decreased fluorescence
intensity, a small increase in fluorescence intensity compared to background was observed
at similar irradiation times for the nanoparticle sample containing tert-butanol (Figure
3.6a-c). The largest fluorescence intensity of the sample region irradiated with tert-butanol
present (= 1.6) was smaller than the sample with no tert-butanol (= 2) after being irradiated

with 10 times less cumulative dose.
3.4. Discussion

The electron beam indirectly reacts with soluble and nanoparticle surface adsorbed
polymers in aqueous solution via radicals formed by water radiolysis, including oxidizing
hydroxyl radicals (OH"), reducing hydrogen radicals (H’), and reducing aqueous electrons
(aq)-100%02%47 Hydroxyl 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
carbon-carbon chain scission reactions.*®® Radiation induced crosslinking reactions have
been utilized to form hydrogels and bulk polymers by irradiating both solid phase and

liquid phase precursors.68230.248249 \While 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 fluorescence intensity. 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 crosslinking.?*?
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 intermolecular crosslinking.

In addition to radical reactions, we also considered the effect of electric fields on
the deposition/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 membrane.'® Positive 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 liquid.?®° If 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 of the local electric field and membrane potential during LPTEM.
The electron beam induced membrane potential was estimated to be +2 mV by prior
Monte-Carlo scattering simulations.??> The silicon nitride-water interface has a zeta

potential of about -30 mV near neutral pH, so this beam induced surface potential would

84



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 solid-liquid 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 liquid.?>%?°! The observation that the
solution chemistry and cumulative dose, and not the dose rate (which controls the
magnitude of electron beam charging??), 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 we cannot 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 fluorescence intensity of the
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 radical concentrations are
elevated near the water — silicon nitride interface and near nanoparticle surfaces,?®? which

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 constant, which creates
crosslinking sites, decreased due to the increasing BPEI molecular weight.??® Moreover,
electrostatic repulsion between similarly charged BPEI molecules could play a role in
slowing the crosslinking reaction rate over time.?*! Due 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 intensity in the 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 alky!l
radicals continued to form in close 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 reactive C — H and N — H bonds in BPEI polymers. We do not
expect reactions between radicals and the polymer-nanoparticle or polymer-silicon nitride
bonds to be significant due 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
transported away 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 of nanoparticle laden, 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 radicals.?*? Prior numerical radiolysis simulations predicted that the
local yield of radicals was several times higher near a metal — water interface compared 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 scission increase as a function of cumulative dose and the chain scission yield
increases more rapidly.2*® Finally, prior simulations by Wang et al. found that addition of
tert-butanol reduced the steady state hydroxyl radical concentration in water by several
orders of magnitude.'*® 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
cumulative dose. In the absence of nanoparticles or in the presence of tert-butanol, the
hydroxy| radical concentration decreased, and crosslinking was the dominant reaction over
the experimental time scales. In other words, the effective cumulative dose was higher with
nanoparticles present and was lower in the absence of nanoparticles and with tert-butanol
present. These results demonstrate that chain scission reactions, which will deplete the
ligand shell and negatively affect the nanoparticle stability and potential to undergo self-
assembly, could be avoided by using a radical scavenger or reducing 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 nanoparticles and free ligands in 1 M aqueous
tert-butanol. In sample (a) the exact crossover point from crosslinking to chain scission
was unknown but occurred between 16.4 — 43.1 MGy. In both (b) and (c) the regions with
lighter color represent cumulative doses where little to no change in the irradiated area was

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

An overall picture of the dominant radical reactions as a function of cumulative
dose for nanoparticles in DI water, soluble BPEI in DI water, and nanoparticles with radical
scavenger is illustrated in Figure 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 sample. As metallic nanoparticles enhance electron beam damage to ligands near the
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surface, removing much of the excess ligand prior to experiments can prevent the initial
crosslinking reactions. Our experiments demonstrated that electron beam alterations to
surface capping ligands could be delayed to some extent by including a 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 nanoparticle samples. First, removal or addition of ligands
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 ligand surface coverage 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 electrostatic and steric colloidal
interactions and overall colloidal stability. Changes in surface charge and ligand coating
thickness will impact nanoparticle-nanoparticle and nanoparticle-membrane interactions
during self-assembly. Perhaps the most interesting observation is that the most significant
changes in surface concentration of ligands occurred at short times and for low cumulative
doses, indicating low dose imaging alone may not be effective at preventing significant
electron beam modifications to polymer capping 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. 135136167 |t js 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 together. An important
implication of this process is that irreversible electron beam induced aggregation of
nanoparticles is a kinetically controlled process driven by radical reactions, making it
distinct from self-assembly, which is a reversible process driven by interparticle
interactions. Even though radiation induced crosslinking can explain some nanoparticle
systems with high molecular weight polymeric ligands, it appears that nanoparticles capped
with small molecules do not display irreversible nanoparticle aggregation. For an example,
recent LPTEM self-assembly studies of nanoparticles capped with small molecules (e.g.,
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 aggregation.?'°??% Prior LPTEM experiments have shown that BPEI
functionalized nanoparticles attached to the silicon nitride membrane began to diffuse
under electron irradiation after an initial lag time.®? Prior studies have posited this was due
to radiation induced changes in pH! or 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 seconds).* Our 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 amine sites and

carbon-carbon bonds in the main polymer chain.??® At 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 uncharged.?®* Similarly, polymethacrylic acids prefer chain scission over
crosslinking and degrade by B-fragmentation of alkyl radicals formed during radiolysis.?*
Chitosan, a polymer molecule containing amine and hydroxyl functional groups
predominantly undergoes chain scission through peroxyl radicals formed in the presence
of oxygen or through scission of glycosidic bonds in deoxygenated solutions.?®* A recent
study by our group showed that PEG — SH ligands act as radical scavengers for hydroxyl
radicals by hydrogen abstraction from the thiol groups and PEG chain.’®” In aqueous
solutions of PEG or polyacrylamide, intermolecular and intramolecular crosslinking
prevails over degradation in deoxygenated solutions while main chain scission dominates
with oxygen present.322552% 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 utilized correlative LP-TEM and FM to investigate electron beam modification
of BPEI capping ligands for controlled nanoparticle imaging with LP-TEM. BPEI coated
silver nanoparticles irradiated in LP-TEM for different times and cumulative doses were
labeled with fluorescent molecules after imaging, which enabled directly visualizing the
outcome of electron beam driven reactions with capping ligands. Two competing electron

beam induced reactions, intermolecular crosslinking and chain scission, determined the
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fluorescence intensity of the nanoparticles and silicon nitride membrane with irradiation
time. Crosslinking reactions dominated at short irradiation times due to high concentrations
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 absence of nanoparticles and
for nanoparticles in the presence of tert-butanol 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 hydroxyl radicals 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 can be extended 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 the electron beam will be chemistry and solvent
specific. The example of BPEI ligand reactions serves as an initial demonstration of how
correlative FM and LP-TEM can be used to track electron beam-ligand reactions and
demonstrates the potentially complex and time dependent modifications the electron beam
can induce in the surface ligand chemistry and concentration, even for low dose imaging

conditions.

92



Chapter 4. Polymer reaction driven assembly of gold nanoparticles

into Turing patterns.
4.1 Introduction

Unique chemical, photonic, magnetic, and catalytic properties emerge in ordered
ensembles and patterns of nanoparticles on solid substrates. These emergent properties are
controlled by both the nanoparticle composition and their spatial arrangement.
Nanoparticle patterns have been incorporated for diverse applications such as in electronics
for nano — transistors,>’ logic circuits,® stretchable wireless electronics,?® foldable
batteries,?®® nanophotonic modulators,?®* photodetectors and electroluminescent diodes,
biosensors,®?® pressure sensors,?®* and vapor sensors,®® and supercapacitors.?%®
Nanoparticle patterns are also utilized in catalytic platforms to enhance catalytic
activity,?5"268 as stamps / templates in synthesis of microporous thin films,?® to increase
solute selectivity in microchip capillary electrophoresis?® and to synthesize
superhydrophobic surfaces.?’* Both top — down and bottom — 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 dip — pen lithography
are used to generate nanoparticle arrays with nanometers scale control over pattern
geometry.2’228 These lithographic techniques are a popular choice due to the ability to
fabricated precise intricate patterns with high reproducibility and resolution.?”® However,
the serial nature of top-down 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/dewetting, flow coating, organic

93



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 times.?828% 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 pattern.?”®

The above techniques for forming nanoparticles patterns all require either soft or
hard templates or nanoparticle surface ligands with specific interactions (e.g., DNA,
peptides). Significant effort has been given to adapt functions and processes in biological
systems, such as self — assembly and biomolecular 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 nanoparticle patterns
on substrates, a common mechanism 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 mammals and fish,’®’" digitation during embryo morphogenesis,® and
cellular patterns in tissues, such as spatial patterns of hair follicles.®® During 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 results in stable spatial patterns of the molecules or
cells, known as Turing patterns.”® In 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 accumulation of inhibitor in the periphery creating a periodic pattern in space.” The
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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 scales.®”193285286 Only 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
— diffusion systems manifesting spatial patterns.l%1%6-108 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 stable system 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
nanoparticle — polymer system at a solid-liquid interface. The nanoparticle — polymer
system is exposed to chemical radicals generated by irradiating the solvent with a high
energy electron beam, which also enables high spatial resolution dynamic imaging using
liquid phase transmission electron microscopy (LPTEM). Here we manipulate the electron
beam — sample interactions to create an RDI in the nanoparticles — polymer system and use
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 chips used for LPTEM were first cleaned with acetone to remove the photo
— 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 prepared and top
silicon chips were submerged in a solution of 3% w/w (3-Aminopropyl)triethoxysilane
(APTES, Sigma) at 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 ligands. 100 pl of aqueous 80
mM thiol - PEG4 - carboxylic acid (PEG works) solution and 100 pL of aqueous 80 mM
thiol - PEGg - carboxylic acid (PEG works) solution was added to 10 mL of as received
citrate capped 5 nm gold nanoparticles (nanoComposix). The nanoparticle - ligand solution
was stirred for 72 hours to facilitate exchange of the thiol ligands for the citrate ligands on
the nanoparticle surfaces. The excess free ligands in the solution were removed by repeated
centrifugal filtration through a 10 kDa cellulose acetate filter (10k, Thermoscientific). The
concentrated nanoparticle retentate solution was dispersed in DI water. This cleaning
procedure was repeated 2 more times and the resulting concentrated gold nanoparticle
solution was dispersed in a buffer of 5 mM 2—(N-morpholino)ethanesulfonic acid (MES,

Thermoscientific) and 5 mM N-Hydroxysuccinimide (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 nanoparticle solution such that the final EDC
concentration was 5 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 nitride. Afterwards the chip was rinsed with DI water to remove
unbound nanoparticles and then dried with air. These chips were used for all experiments
except for the experiment without nanoparticles where the top chip was directly used after

APTES treatment.

4.2.3. LPTEM experiments

An aqgueous 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 1 — 5 mM. The liquid cell was assembled with a drop of the
aqueous solution of buffer and EDC confined between the silicon chips in the sample
holder. The aqueous solution was flowed into the liquid cell at a flow rate of 300 uL/h
throughout the experiments using a syringe pump (Harvard Apparatus). For the experiment
without EDC, only buffer was used in the liquid cell. For the experiment with radical
scavenger, EDC and Tert — butanol was mixed with the buffer at final concentrations of 5
mM and 10 M respectively. The imaging was performed using a JEOL JEM-2100F field
emission transmission electron microscope (TEM) operating at 200 kV. The nanoparticles
were imaged in scanning TEM (STEM) mode at electron dose rates of MGy/s by varying

the spot size of the electron beam and magnification.
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4.3 Results
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Figure 4.1. (a) AFM image of thickness variation of APTES on SiNx membrane (b) liquid
cell setup during LPTEM experiments (c) Gold nanoparticles immobilized on APTES

treated SiNx membrane by EDC — NHS chemistry.

AFM images of the silanized SiNx surface showed an APTES layer that was rough,
consisting of mounds of polymer with maximum thicknesses of ~20 nm (Figure 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 layer.?8”28 The carboxyl groups on nanoparticles were conjugated to
amine groups on SiNx membrane 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 buffer with a liquid layer thickness of about 500 nm (Figure 4.1b).
Upon initial irradiation by electron beam during imaging, nanoparticles become mobile in
the solvent, indicating that the covalent amide bond between the nanoparticles and the SiNx
membrane is cleaved and NPs gain freedom to move and interact with other nanoparticles
and surface siloxane (Figure 4.1c). Previously it has been demonstrated that amide bonds

are preferentially cleaved during radiolysis.?® 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 SI unit for absorption of ionizing radiation and has units of energy absorbed 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 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 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 brown.

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
nanoparticles (Figure 4.2a). Nanoparticles moved rapidly during imaging, and the slow
frame rate of imaging was not sufficient to capture particle movement clearly in the first
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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 of imaging
most of the nanoparticles and aggregates were gone from the imaging area (Figure 4.2a).
Nanoparticles were imaged with EDC included in the buffer medium. As the electron beam
cleaves amide bonds, EDC continuously reforms the bonds, confining the nanoparticles to
the surface during LPTEM imaging (Figure 4.1c). 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 included. Further 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 into horizontal
zones. By 3 minutes slow movement nanoparticles created narrow horizontal bands dense
with nanoparticles (Figure 4.2b). After five minutes of imaging the horizontal stripes
densified into strings of nanoparticles, where nanoparticles aggregated together and could
be seen forming Y — junctions in the next 2 minutes. Concurrent with nanoparticle
movement, we observed formation of diffuse horizontal stripes of lower image intensity
surrounding the nanoparticle strings. This contrast indicated that these regions had a higher
average mass-density 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 nanoparticles strings were evenly

spaced, separated by about 100 nm.

100



Figure 4.3. String patterns of gold nanoparticles imaged at dose rates of (a) 35.0 MGy/s s
(electron beam current of 74 pA and a magnification of x400Kk), (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 beam
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 x800k) with EDC

at an initial concentration of 5 mM in solution.

The formation of horizontal nanoparticle strings only occurred over a small range
of electron dose rates (Figure 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 MGyl/s, 79.5
MGy/s and 106.5 MGy/s, indicating there was no trend between nanoparticle string spacing
and dose rate. Increasing the dose rate beyond 203.4 MGy/s resulted in aggregation of

nanoparticles into small random shaped aggregates with nanoparticles organized into a
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hexagonal closed pack arrangement (Figure 4.3d). We observed formation of higher mass-
density regions on the substrate, likely regions of higher APTES concentration. 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 present (Figure 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
images of 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 in Figure 4.2b, nanoparticles separated into elongated patches as
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opposed to continuous horizontal bands across the imaging area (Figure 4.4a). With
continuous imaging particles condensed into discontinuous linear nanoparticle structures
oriented in different directions. This random arrangement of nanoparticle — dense strips is
referred to as a labyrinth pattern. At a decreased electron dose rate of 23.4 MGy/s, the
nanoparticle movement was very slow compared to previous experiments and no changes
in the nanoparticle distribution were observed after ~3 minutes (Figure 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 x300k)

and (b) 79.5 MGy/s s (electron beam current of 74 pA and a magnification of x500k). (c)

103



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 4.5a,b). The phase diagram shows that spot patterns emerged at low EDC
concentrations and low dose rates (Figure 4.5c). 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 labyrinth — like patterns in the mid dose rates
while at high dose rates it was always aggregation. Nanoparticle string patterns were only
observable at a higher EDC concentration of 5 mM in the mid — range of dose rates. The
motion of nanoparticles is controlled by EDC as increasing EDC concentration is expected
to enhance the amide coupling reaction rate, which will anchor the nanoparticles to the
surface more strongly. To test whether the mobility of nanoparticles changes with EDC
concentration, the average velocity of each particle over 300 s was measured as a function
of EDC concentration while holding electron dose rate constant at 79.5 MGy/s (Figure
4.5d). The mean velocities of nanoparticles decreased with increasing EDC concentration,
supporting the proposed mechanism. At low EDC concentrations, nanoparticles assembled
into smaller sized, less ordered spots due to higher nanoparticle mobility. At higher EDC
concentrations nanoparticles formed 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 SiNx membrane 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 SiNx chips after LPTEM experiments revealed
regions where electron beam irradiation modified the APTES layer on the SiNx membrane
(Figure 4.6). An area of the SiNx membrane where the APTES layer was nearly
completely removed by electron beam induced reactions is illustrated in Figure 4.6a and
regions where the siloxane polymer piled up could be clearly seen. An area where dose
rate-controlled imaging was conducted showed patches with higher mass-thickness
contrast, similar to spot patterns seen during liquid phase experiments (Figure 4.6b). To
confirm these findings that radiolysis of the siloxane polymer drives the pattern formation,
a hydroxyl radical scavenger, tert — butanol was included in the system as in chapter 3
(Figure 4.7a). We expect that the radical scavengers will eliminate hydroxyl radicals and
will minimize the electron beam induced modification of the APTES, preventing formation
of nanoparticle patterns. With 10 M tert-butanol present, we did not observe aggregation
or patterning of nanoparticles under the same experimental conditions that 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 experiments under the
same imaging conditions with only APTES present on the SiNx surface. Here, fluctuations
of background intensity indicated some damage to the APTES layer with increasing
imaging time, but no discernible pattern emerged (Figure 4.7b). This finding demonstrated
that presence of nanoparticles is imperative for pattern emergence, which might be due to

local dose enhancement by gold nanoparticles.?422%

Figure 4.7. Time lapsed images of SiNx membrane 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% wi/w tert — butanol and (b) without gold nanoparticles.
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4.4. Discussion

Previous studies on nanoparticle assembly with LPTEM have utilized
physisorption of nanoparticles on the SiNx membrane by drying a drop of nanoparticles on
the top chip of the liquid cell to obtain a high surface coverage of nanoparticles near the
membrane to observe nanoparticles dynamics.®® Here, particles were mobilized
immediately after beam irradiation and underwent assembly in the next few minutes.
Silanization of SiNx membrane by APTES was used to eliminate unwanted motion of
nanoparticles by covalently attaching gold nanoparticles to the APTES layer via amide
coupling.?®* Our AFM results showing a rough APTES layer with variable thickness
between a few nanometers and ~20 nanometers indicates that APTES undergoes
oligomerization, which is consistent with previous studies of APTES surface treatments in
aqueous media.?®” 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 water, which can then form silicon oxygen (Si - O
— Si) bonds with surface silanol groups (Si-OH) and silanol groups on neighboring
hydrolyzed APTES molecules. During aqueous phase silanization, there are several ways
in which APTES can form a siloxane layer on the surface, including single APTES
molecules bonding with 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 Si — O — Si bonds, and
attachment of silane oligomers formed in the solution to the surface.?8:2882%2 Hydrogen
bonding of amine groups and silanol groups can also contribute to multilayering.288292.2%

This multilayered APTES structure provides abundant 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 processes and nanoparticles behavior near the
membrane.

As discussed in chapter 3, radiolysis of water produces a myriad of radicals
including oxidating hydroxyl radicals that have the most significant effect on organic
materials. Hydroxyl radicals attack organic molecules by abstracting hydrogen atoms from
carbon-hydrogen bonds, such as alkyl carbons, leaving an alkyl radical site.*®® Hydroxyl
radicals can make weakly bound complexes with certain bonds in Si — O bonds, which
leads to homolytic cleavage.’®* The resulting polymer radicals either participate in
crosslinking or chain scission reactions or are neutralized by an electron. According to the
chemical structure of APTES oligomers and multilayers, chain scission polymer radical
reactions will propagate through the cleavage of Si— C,C-C,O-H,C-NandSi—-0O
bonds in the polymer matrix and intermolecular crosslinking of fragmented polymer will
occur through formation of Si — C, C — C, Si — O and Si — Si bonds.?8>2%-2%7 Amide 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 beam (Figure 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 coated SiNx and
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.!3:161.162 Ag nanoparticles approach within a few diameters of each other,

interparticle interactions play 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 SiNx
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 be increased. Estimation of diffusion coefficients of nanoparticles during
LPTEM assembly experiments revealed that they are 5 — 9 orders of magnitudes smaller
than bulk diffusion coefficients. This discrepancy was attributed to physical phenomena
which controls motion in addition to Brownian motion such as electrophoretic charging of
membrane and nanoparticles and drag arising from interactions with membrane.*3>160
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 SiNy surface saw
nanoparticles only in the imaging area or in the peripheral of the imaging area were
mobilized and assembled.*®® Similar behavior was observed here where patterns only
emerged in the imaging area. The implication of this is that electron beam creates an
instability in the initially homogenous system of randomly distributed nanoparticles bound
to the siloxane polymer by means of radiolysis, similar to how a homogenous system is
triggered to make Turing patterns by RDI. During imaging the local net electron dose near
a nanoparticle will increase due to secondary electron emission which will locally

accelerate radiolysis of water and increase production of hydroxy! radicals.?*>?% The rise

109



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 and polymer
fragments around them, similar to a catalyst site leading to an irregular spatial distribution
of chemical species. When nanoparticles are taken out of the system (Figure 4.7), the
average dose received by the imaging area is decreased and the radical production 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 nanoparticles act as hot 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 inhibition.?® Figure 4.8a shows the proposed RDI mechanism controlling

pattern formation in our system.
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Figure 4.8. (a) Proposed reaction diffusion framework of the three — component 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 nanoparticles
and polymer layer and produce radicals in the siloxane polymer layer. Nanoparticles take
on the role of activator as they catalyze the production of hydroxyl radicals in the vicinity
in a positive feedback loop; the more nanoparticles in a given area the more hydroxyl
radicals are produced. Nanoparticles also indirectly catalyze the production of siloxane
polymer radicals via 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
scission propagates increasing the concentration of mobile siloxane fragments (low MW
siloxane) and mobilized nanoparticles, which explains the lag time 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, locally 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 the initial amount
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 SiNx membrane, 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 patterns like
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 there is either
confinement by narrow geometry, a production gradient of chemical species across space,
a spatial parameter gradient (e.g., interactions between species), or anisotropic diffusion
coefficients.3% 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 perpendicular to the
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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 rotated by 90°,
the resulting nanoparticles 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 radicals or
anisotropic diffusion coefficients arising from electric fields generated by the electron

beam.

4.5 Conclusions

In this study we utilized LPTEM to investigate how Turing like patterns emerge in
a nanoparticle — polymer system due to RDI. PEG — carboxyl coated gold nanoparticles
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 that hydroxyl
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
— component reaction — diffusion mechanism, including hydroxyl radicals, 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 5. Conclusions and Future Directions

5.1 Conclusions

In this dissertation, we demonstrate two ways to produce 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, LPTEM was utilized to discover a system where

nanoparticles could be assembled into 2D patterns with a reaction — diffusion mechanism.

We successfully demonstrated that colloidal interparticle models developed for
equilibrium assembly could be applied to dissipative assembly systems when the
time taken for any significant changes in the system during dissipative assembly
cycle is long compared to the diffusive time scale of the colloids. By developing a
fluorescence spectroscopy method, we were able to quantify the time dependent
hydrophobicity of particles during a dissipative assembly cycle. The interparticle
interactions estimated using the time dependent zeta potential and hydrophobicity
values qualitatively explained the fuel dependent assembly behavior of a dissipative
colloidal assembly system.

By using a correlative fluorescence microscopy and LPTEM method, we
demonstrated that nanoparticle polymeric capping ligands undergo electron beam
induced crosslinking and chain scission reactions. At small electron doses,
crosslinking reactions dominated and increased the ligand coverage on
nanoparticles and SiNx membrane, while chain scission took over at high electron

doses and decreased the ligand coverage. Without the presence of nanoparticles,
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only crosslinking reactions were observed due to the diminished dose enhancement
caused by metallic nanoparticles. Use of a radical scavenger could effectively slow
down the crosslinking reactions and eliminate chain scission reactions.

e Based on the fact that electron beam induces major chemical changes to the sample
in the imaging area during LPTEM, we used electron beam radiolysis of
polysiloxanes to introduce an instability to an initially homogenous gold
nanoparticles — polysiloxane film to produce Turing like patterns by a reaction —
diffusion mechanism. The crosslinking and chain scission reactions of polysiloxane
induced by electron beam, combined with different diffusion rates of radicals,
nanoparticles, and polymers, produced spatial patterns of nanoparticles. Tuning
electron dose rate and linker molecule concentration led to formation of spot,

labyrinth, and stripe patterns.

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 nanoparticles 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 similar to increasing
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 interactions to the
nanopattern formation more pronounced, potentially changing the assembly dynamics and
final pattern.

Here we use 5 nm gold nanoparticles, 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 enable exploring lower
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. Using larger sized
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 scanning rate. In a typical 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 was raised to 10 us, 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 conditions the nanoparticles strings would not be
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formed in TEM mode. The diffusivity of the nanoparticles 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

reaction — diffusion model in future.

5.2.2 Investigating interparticle interactions during formation of nanoparticle 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 cm-2 and a magnification of x500k) with EDC at an initial concentration
of 5mM in solution. (b) The trajectories of the NPs across space. The color bar corresponds
to the time during the assembly process. (c) Trajectories of the nanoparticles with the color

representing instantaneous velocities of the 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 between them.
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 reaction — diffusion 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 beam (Figure 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 by modelling
van der Waals attractive forces, electrostatic repulsive forces, steric repulsive and
hydrophobic force with time from interaction potentials described in Chapter 1. The
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 quantified as the 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 aggregation in LPTEM (Figure 5.2).1%?
One nanoparticle interacts with all the adjacent particles and forces experienced by the
particle at an instance would depend on the distance to each particle. A net force can be
calculated by summation of all the interaction forces with other particles and the direction
of this force could be obtained as well. In their experiments the Brownian force acting upon
the particles were considered and as the nanoparticles during pattern formation did not
show any Brownian motion, it could be removed from our system. The hydrodynamic force
accounts for the drag force experienced by a particle due to relative motion with another
particle. This would be estimated by the product of relative velocity and hydrodynamic

resistance function.*?> Mapping each type of force with time would reveal information on
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contribution of interparticle interactions to nanoparticle pattern formation and which type

of interaction dominated in each regime of nanopattern formation.
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Figure 5.2. (a) Particle separation distance with time. (b) Different types of forces acting
on particles at an instance in an LPTEM movie. The green circle represents the Brownian
force (Fgr), the blue arrow represents the van der Waals force (Fvaw) and the pink arrow
represents the hydrodynamic force (Fp). (c) Variation of theoretically calculated

interparticle forces with time. Figures adapted with permission from reference.??

5.2.3 Determining reaction products of siloxane formed during LPTEM.

To establish a more accurate reaction — diffusion mechanism for the nanoparticle
pattern formation in 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 radical-polymer reactions could be determined by attenuated total reflection Fourier
transform infrared spectroscopy (ATR — FTIR), 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. utilized mass 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 MALDI — TOF.?* They
were able to capture changes to the molecular weight distribution after irradiation (Figure
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 would indicate
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 (c) MALDI-IMS color map of liquid cell chip after
irradiation (d) mass spectra of the PEG coated chip after irradiation. Figure reproduced

with permission from reference.?#?

The image area during nanoparticle pattern formation was a few hundred
nanometers in size. 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 or MALDI 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 external electron 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 and deliver
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 SiO surface.

ATR — FTIR was widely used in previous studies to characterize siloxane thin
polymer layers on substrates after APTES treatment.3%*3%® Preliminary experiments of
ATR —FTIR performed on APTES treated silicon surfaces using a diamond crystal resulted
in a spectrum with characteristic peaks of several bonds in the polymer (Figure 5.3). The
peak at ~1195 cm™ corresponding to ethoxy groups implies that there are some residual
ethoxy groups that were not hydrolyzed during APTES treatment to form Si — O bond.3%

These would later hydrolyze and supply a site for Si — O bond formation and crosslinking

121



during LPTEM experiments as well as supply ethylene groups in the vicinity for C — C or
C — N bond formation. The intensity variation of bonds before and after irradiation would
give an idea on which bonds were favored during polymer reactions. Whether the peaks
corresponding to C — N bonds become more pronounced or not after irradiation would
determine whether siloxane polymerization or chain scission occurred through C — N bond.
Disappearance of peaks corresponding to alkyl groups would suggest that polymer radical
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 could factor in the
contribution of these chemical species by irradiating a set of control samples submerged in
only water, in an agueous solution of MES and NHS, and finally to reproduce the LPTEM
experiments conditions by submerging within an aqueous solution of MES and 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 that we could use to

refine the proposed reaction — diffusion model.
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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 concentrations3®:
o= %A cr. (A1)
Here o is the solution conductivity, A?n,l- is the limiting molar conductivity of a

cation or anion, and c; is the concentration of each ion. The limiting molar conductivity of

an ion is determined from the diffusion coefficient,

2p2
A = 2D, (A2)

where F is Faraday’s constant and D; is the diffusion coefficient of the ion i. The
buffer solution contains sodium cations and 2-(N-morpholino)ethane sulfonate anions
(MES). Sodium has a diffusion coefficient of Dy,+ = 1.33 X 107° m?/s while the

diffusion coefficient of the MES anion is Dygs = 1.13 x 10=° m?/s 3% For an ionic
strength of I = %Zizizci, the MES buffer solution prior to adding EDC has the following

relation between solution conductivity and ionic strength,

o RT
2p2°

Iygs = Do+ +DmEs 2 (A3)

The MES buffer solution had an initial solution conductivity of 1540 uS/cm,

yielding an approximate ionic strength of 16.7 mM and a Debye length of k=1 =~ 2.4 nm.
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After addition of EDC the conductivity of the solution increased to 1843 pS/cm, 2294
uS/cm, and 2647 uS/cm for initial EDC concentrations of 5 mM, 10 mM, and 15 mM,
respectively. EDC reacts to form 1-(3-dimethylamino)propyl-3-ethylurea (EDU), where
both species are monovalent cations with unknown diffusion coefficients. The EDC and
EDU cations are balanced by chloride anions with a diffusion coefficient of D =
1.97 x 102 m?/s. The ionic strength of the mixture after adding EDC, which contains a
mixture of MES, chloride, EDU, and sodium ions is

RTo+F%cgpcDna+F?cepc(DMEs—Depu—Dcl) (A4)
F2(DyEs+DNa) '

Igpy+mes =

The diffusion coefficient of the EDU cation is estimated as Dypy = 1 X 1072 m?/
s. The concentration of EDU cations and chloride anions is equal to the initial
concentration of EDC added to the solution, cgp., 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 equation (1.7) 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 interactions (®,;..:, €quation (1.8)) prior to fuel
addition in Figure 2.6 and Figure 2.7, while the EDC concentration dependent Debye
lengths were used to calculate the electrostatic interactions for all times after EDC addition.
Measurements showed no change in the solution conductivity, and therefore the Debye

length, after fuel addition.

124



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 to non — polar NHS ester groups on polystyrene

during dissipative assembly following the ligand-receptor binding equilibrium,>®

K
ANS + NHS <3 ANS — NHS, (A5)
where K35 is the equilibrium constant of binding:

KB — CANS-NHS (A6)

CANSCNHS

ANS has a fluorescence quantum yield of 0.003 in water and 0.4 in ethanol,?”’
indicating it emits essentially no photons upon excitation in water compared to when it is
bound to a non-polar molecule. Assuming that each NHS group binds the same number of
ANS molecules and that the quantum yield of each ANS-NHS complex is identical, the
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 surface and the presence
of only one binding site on each ANS molecule. Further, ANS quantum yield is not
sensitive to other factors such as solution pH. Subtracting the value of emission intensity
prior to addition of EDC, I3y, from that at any time after EDC addition (I4ys) removes
any effects of the buffer and organic solutions on the emission intensity and yields a
quantity that is proportional to the concentration of ANS-NHS complexes,

Iins = Iins & Cans—ns- (A7)

Rearranging equation (A6) and substituting equation (A7) yields,

Iins — Iins < KpCansChus: (A8)
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ANS is in excess of total NHS groups on the polystyrene particles so cyys IS
constant, as is the equilibrium binding constant. Therefore, Kzc,ys = constant and the
above expression reduces to

Iins = Lins X Cns) (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 described in Figure 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 used in Figure 2.6 and Figure 2.7.

Hamaker constant (J)%° 1.37 x 10~20
Polymer thickness (nm)* 4.5

Polymer diameter (nm)* 4

Do (nm)*52 1.1

Surface energy (mJ/m?)3%7 42

Solvent viscosity (mPa s) 0.894

Relative permittivity of water 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 equivalent to Figure 2.6 in

chapter 2, but 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 models in Figure 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 to Figure 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 pm 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 EDC.
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A4. Supplementary figures for Chapter 3
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Figure A5. The change of fluorescence intensity with BPEI concentration / thickness. (a)

— (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 different 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 LP-TEM imaging. (a) — (b) The region irradiated
at 0.274 MGyl/s for 5 minutes at (a) t = 0 and at (b) t = 5 minutes showed no nanoparticle
mobility or aggregation with time. (c) — (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.
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Figure A7. Effect of LP-TEM imaging time and cumulative dose on the fluorescence

intensity of the labeled silicon nitride membrane for a dose rate of 0.616 MGy/s. (a) — (d)
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FM images corresponding to LP-TEM images areas irradiated for times of (a) 5 minutes,
(b) 10 minutes, and (c) 20 minutes. (d) Fluorescence intensity measured along a horizontal
line drawn across each FM image. The fluorescence intensity for each irradiated region

was normalized to the local background intensity.
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