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ABSTRACT

POLYMER INFILTRATED NANOPOROUS GOLD: KINETICS AND OPTICAL

PROPERTIES OF NOVEL POLYMER NANOCOMPOSITES

Weiwei Kong

Russell J. Composto

One of the biggest challenges in the field of polymer nanocomposites (PNCs) is to disperse high
nanofiller loadings into the polymeric matrix. The high loading and uniform dispersion are
limited by the unfavored polymer/nanofiller thermodynamics and the tendency for nanofiller to
aggregate. In this thesis, these are circumvented by using nanoporous gold (NPG) as a scaffold
for polymers to fill. The ultra-high loading (>50 vol%) is achieved by infiltrating polymer melts
into NPG to produce a polymer infiltrated nanoporous gold (PING) composite. This novel
composite provides promises for the next generation advanced materials for coating, optical
sensors, actuators, and batteries. This thesis contributes to the better understanding of polymer
kinetics under moderate confinement by varying the interfacial energy between polymer and
pore wall and investigating the temperature dependence of infiltration. Confinement enhances
polymer kinetics while decreasing the infiltration time dependence on My, due to the combined
effect of loss in entanglement and adsorbed chain fraction. When polymer and the wall
interfacial energy is stronger, a physiosorbed layer forms, resulting in slower kinetics compared
to that for weaker interfacial energy. The temperature dependence of the polymer kinetics inside
NPG follows the bulk WLF behavior at lower confinement degrees, while the kinetics deviate

from the bulk WLF at higher confinement levels due to the decrease in thermal expansion
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coefficient. Those fundamental studies on polymer kinetics enable the optimization of preparing
PING composites for the use of industrial scale applications and encourage additional studies
such as ion conductivities of PING. The optical properties study established UV-Vis
spectroscopy as a new approach to track polymer kinetics while simultaneously broadening the
potential PING applications to optically responsive membranes. This thesis presents a pathway
of fabricating PING composite while kinetics studies as well as the optical study enable scientists
to better understand polymers behavior under confinement and advance the toolbox for creating

interconnected polymer/filler systems at high filler concentrations.
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Figure 5.5. Comparison of PS-168k and P2VP-153k infiltration extent inside NPG at 140°C. The
insert shows the annealing time plotted on a log scale from t = 0.4 to t = 27 mins. The green
dotted line represents the 80% infiltration extent while the blue represents the 99% infiltration
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The linear region of the plots in Figure 5.8b are used to calculate the infiltration rate, dis.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Polymeric materials play an essential role in our daily lives due to their versatility,
durability, and cost-effectiveness. Commercially, those materials are used in a wide range of
products, such as packaging and automotive parts. Their lightweight nature and resistance to
corrosion make them ideal for applications in various industries. As a result, polymeric materials
have become the most processed materials in the world each year. As of the year of 2015, a
report by Plastic Europe reveals that the global production of plastics exceeds 330 million tons
while the demand and production keeps increasing each year !. Below in Figure 1.1 are examples
of polymer product usage in our daily life. Plastic bags, used in grocery stores and for general
packaging, are made out of polyethylene (PE) which is composed of repeating units of two
hydrocarbon chains as shown below. Aside from plastic bags, PE has tons of other applications
such as insulation layers and containers. Interestingly, by replacing the two hydrogens on the
same carbon into fluorine atoms, polyvinylidene fluoride (PVDF) can be fabricated. Because of
the dual fluorine atoms attached to the carbon backbone, the chemical and physical properties of
the materials are significantly tuned. For instance, PVDF has a melting temperature of 174°C,
making the material more stable over a bigger temperature range. Thus, as shown in Figure 1.1,
PVDF has been used for pipeline applications such as offshore pipeline, oil pipeline and water
purification pipeline, where material stability and durability across a wide temperature range is

required.
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Figure 1.1. Top. demonstration of plastic bags 2 fabricated out of polyethylene and the chemical structure of
polyethylene. Bottom. Visualization of pipeline tubes * made out of polyvinylidene fluoride and the chemical
structure of polyvinylidene fluoride.

Homopolymer provided limited performance in certain areas, such as mechanical
response and material stability. Polymer nanocomposites (PNCs) provide much enhanced
performance. PNCs are composed of nanofiller and polymeric materials as shown in Figure 1.2.

More introduction on the PNCs will be introduced in the next section.
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Figure 1.2 Scheme of combining the inorganic nanofiller and the polymer matrix resulting in the polymer

nanocomposite. The lines represent the polymer matrix, and the blue dot represents the inorganic nanoparticle.

1.2 Polymer Nanocomposites

Polymer nanocomposites (PNCs) have been widely studied in academic, national and
industrial laboratories*®. PNCs are broadly defined as a mixture of an inorganic nanofiller
dispersed within a polymeric matrix, resulting in a material with properties that the individual
components would not exhibit by themselves. PNCs have been utilized in applications involving
gas separation membranes "%, optically responsive devices * !, mechanical reinforcement %13,

and ion conduction'*. The unique properties of PNCs depend on factors such as inorganic

nanofiller type, dispersion, loading, as well as the polymer matrix characteristics.

Nanofillers of different shapes and sizes have been used in literature to fabricate PNCs '°.
Nanofillers can be generally classified into three types: two-dimensional filler (layered
structure), one dimensional filler (fibrous structure) and zero dimensional filler (spherical

structure) '°. The scheme of the precedingly mentioned nanofillers are depicted in Figure 1.3.

Nanoparticle

Nanosheet Nanorod

Figure 1.3 Scheme of the three types of nanofillers.
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The layered 2D nanofiller structure, such as layered silicate '®, graphene 7, or MXene '3,
has been widely studied. An example of layered silicate nanofiller dispersion inside a polymeric
matrix is shown in Figure 1.4. For instance, Podsiadlo et al (2007) utilized Montmorillonite
(MCM) clay nanosheet to fabricate a PNCs with poly(vinyl alcohol) (PVA), and the resulting

PNCs have been proved to have ultra-high strength and stiffness '°.
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Figure 1.4 Scheme of dispersing layered silicate structure inside polymer matrix to form nanocomposites 2°. The
figure is taken from reference 20 with permission.

1D nanofillers, such as nanofibres and nanorods, also received wide attention in academia
because nanorods possess anisotropy. When dispersing inside a polymer matrix, the anisotropic
nature enables nanorods to display a large range of surface plasmonic resonances 2!. For
instance, Hore and Composto (2010) uniformly distributed polyethylene glycol (PEG) grafted Au
nanorod inside a poly(methyl methacrylate) (PMMA) matrix as shown in the following Figure
1.5. Tt is found that the plasmon resonance can be precisely tuned by controlling the nanorod

spacing and orientation !,
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Figure 1.5 Schematic and visualization of PEG grafted Au nanorod dispersed inside the PMMA matrix!!. The figure
is taken from reference 11 with permission.

Last but not least, 0D nanofillers such as nanoparticles ?*, nanoclusters** and quantum
dots 2%, have also received wide attention due to its iso-dimensional low aspect ratio. For
instance, Maguire et al (2021) used polymethyl methacrylate (PMMA) grafted silica
nanoparticles to disperse in poly(styrene-ran-acrylonitrile) (SAN) matrix at enhanced

temperature.

Figure 1.6 PNCs fabricated by dispersing PMMA grafted silica nanoparticles into SAN matrix 22. The figure is taken
from reference 22 with permission.

Though an extended variety of nanofiller types can be used to fabricate PNCs, nanofiller
dispersion inside the polymeric matrix is limited, resulting in limited nanofiller loading.

Depending on processing conditions, the NPs can disperse by thermodynamic or kinetic trapping
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or aggregate as NPs self-assemble to reduce unfavorable NP/matrix interactions. However, this
general approach does not ensure a homogenous dispersion of NPs particularly when a high
loading is required where initial interparticle spacing is on the length scale of the NP size. For
instance, Krook et al (2019) investigated the miscibility of nanoplates in a lamellar diblock
copolymer and found that the equilibrium interparticle spacing is 6.4 nm?, implying limited and
conditional miscibility of NP inside the polymer matrix. In another study by Krook et al (2018),
when the concentration of monodisperse nanoplates increases to 0.05 vol% in the block
copolymer (BCP) assembly, the nanoplates disrupt the lamellae structure of BCP resulting in a
disordered system?S. Thus, nanofiller dispersion in polymer matrices in most nanocomposites is

limited to low loadings.

Preparing PNCs with a high loading of NPs is a challenge because most combinations of
polymer and bare NPs result in aggregation of NPs. Though traditional PNCs typically contain
low to moderate concentrations of inorganic nanofiller, for instance, commercial tires only
contain ~ 22 wt% carbon black nanofiller?’, novel methods have been developed to increase NP
loading. Lu et al (2003) performed free radical polymerization of monomers in the presence of
NPs, thus trapping the NPs at a loading as high as 86 wt% (ca. 22 vol%) in the PNC?®. Similarly,
LaNasa and Hickey (2020) fabricated ultra-high loading PNCs by using a surface-induced ring-
opening metathesis polymerization pathway to graft polymer chains on silica nanoparticles®.
Srivastava and Kotov (2008) explored approaches to create PNCs with high loading through
layer-by-layer assembly of polymers and NPs/nanowires>°. Although these methods successfully
produce PNCs with a high loading of NPs, there are some limitations to their applicability.

Namely, the prior approach is limited to systems where the NP and monomer are miscible in a
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common solvent before initiating polymerization, whereas, the latter approach is limited to

systems where the NP and polymer are oppositely charged.

To expand the possible combinations of polymer and NPs, a novel PNC method was
developed using capillary rise infiltration (CaRI)*!. This method starts with a two-layer system —
a polymer thin film over a uniformly distributed layer of NPs. This bilayer was annealed above
the polymer glass transition temperature (T,) to fill the NP interstitial space via capillarity. Using
nanoindentation and contact mode AFM, these PNCs were shown to exhibit a significant
enhancement in scratch and wear resistance’, as well as high fracture toughness ****. These
PNCs also demonstrated increased hardness, modulus, and fracture toughness. Compared to
other existing approaches for generating high NP loading PNC, CaRl is attractive because of its
versatility, namely, compatibility with many NP fillers and polymer matrices, and ease of
fabrication. However, in CaRI systems, the NP interstitial pore size is not uniform or
homogeneous, and the random arrangement of NPs may result in colloidal level defects such as
vacancies and interstitial particles. In this thesis, we adapt CaRlI to fabricate a new type of PNC
via infiltrating polymer into a nanoporous gold (NPG) exhibiting bicontinuous channels of gold
and air. Limited research has been done utilizing NPG as a template for actuators and catalyst
support>>*%. In this thesis work, polymer infiltrated nanoporous gold (PING) is presented as a
new approach to achieve an interconnected polymer and metal structure that does not require a
favorable thermodynamics of mixing. We believe that the PNCs made by PING provides a

simple and scalable platform to prepare membranes for actuators, gas separation and fuel cells.
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1.3 Outline of the thesis

In Chapter 1, a general introduction about polymeric materials and polymer
nanocomposites are introduced. This chapter illustrates the importance of polymeric materials,
the wide applications of PNCs, as well as emphasizes the emergent need for fabricating PNCs

with high loading of nanofiller.

Chapter 2 of this thesis introduces the theoretical background needed to better understand
this research thesis. Chapter 2 first discusses the polymer melt reptation theory under bulk,
including the polymer viscosity as a function of polymer molar mass and temperature. By better
understanding the polymer behavior under bulk, better comparison and analysis could be made
with respect to polymer kinetics under confinement conditions. Additionally, existing studies as
well as theoretical background on polymer kinetics under confinement will be introduced.
Starting with Lucas-Washburn Equation, liquid imbibition under capillary is first introduced.
Then, the modified LWE as well as the modified LWE in comparison with the literature studies

are discussed.

Chapter 3 describes the material fabrication process as well as the major characterization
techniques used across this thesis. It begins with the fabrication of nanoporous gold (NPG)
membrane from the alloy, followed by making polymer/NPG bilayer structure, and the annealing
process. For the characterization techniques, spectroscopic ellipsometry together with the
modeling process, Quartz Crystal Microbalance - Dissipation, Small Angle X-ray Scattering,
Ultraviolet-Visible Spectroscopy, MD simulations and Discrete Dipole Approximation are
introduced. Individual methods that are not included in this section but used in this thesis will be

included in their according chapters.



In Chapter 4, a weakly attracted polymer (polystyrene (PS)) is used to infiltrate into the
NPG scaffold, and the PS kinetics is investigated. PS films with molecular weights (M,, ) from

424k Da to 1133k Da is infiltrated into a NPG scaffold (ca. 120 nm), with a pore radius (R,,) and
pore volume fraction of 37.5 nm and 50%, respectively. The confinement ratios (I' = 2—9) range
P

from 0.47 to 0.77, suggesting that the polymers inside the pores are moderately confined. The
time for PS to achieve 80% infiltration (7gg,) i1s determined using in situ spectroscopic
ellipsometry at 150°C. The kinetics of infiltration scales weaker with M,,, Tggy, < ML30£0-20,
than expected from bulk viscosity M3*. Further, the effective viscosity of the PS melt inside
NPQG, inferred from the Lucas-Washburn model, is reduced by more than one order of magnitude
compared to the bulk. Molecular dynamics (MD) simulation results are in good agreement with
experiments predicting scaling as M}*. The reduced dependence of M,, and the enhanced
kinetics of infiltration are attributed to a reduction in chain entanglement density during
infiltration and a reduction in polymer-wall friction with increasing polymer molecular weight.
Compared to the traditional approach involving adding discrete particles into the polymer matrix,
these studies show that nanocomposites with higher loading can be readily prepared, and that

kinetics of infiltration are faster due to polymer confinement inside pores.

In Chapter 5, a strongly attracted polymer (poly(2vinyl-pyridine) (P2VP)) is infiltrated
into the NPG and the according kinetics is studied. P2VP with molecular weights (M,,,) from 51k

to 940k Da, infiltration is investigated in NPG with fixed pore radius (R,= 34 nm) under
moderate confinement (I" = };—g) 0.18 to 0.78. The time for 80% infiltration (Tggo;) scales as M543,
P

similar to PS, but weaker than bulk behavior. Infiltration of P2VP is slower than PS due to

9



stronger P2VP-wall interactions resulting in a physisorbed P2VP layer which is supported by the
similar scaling of 7ggo, for P2VP and PS, and MD simulations. Simulations show that infiltration
time scales as M}*3and that infiltration is slower for stronger polymer-wall interactions. As M,,
increases, effective viscosity crosses from greater than to less than bulk viscosity due to pore
narrowing and a reduction in entanglements. These studies provide new insight for polymer
behavior under confinement and a new route for preparing nanocomposites at high filler

loadings.

Chapter 6 studies the optical response of P2VP infiltrated NPG at various infiltration
extent. The optical responses of polymer infiltrated nanoporous gold are found to be directly
related to the infiltration extent (IE), demonstrating that UV-Vis as a reliable tool for probing
polymer kinetics tracking. P2VP with M,,, of 85 - 940 kDa are infiltrated into NPG, which has a
pore radius (R, ) of approximately 34 nm. The P2VP/NPG are annealed above its T, at 140°C, to
induce infiltration. P2VP IE inside NPG is directly related to the annealing time. UV-Vis
measures the optical spectra at different annealing times and suggests that the shape of the
spectra changes upon longer annealing times. Upon further analysis, we found that the spectra
height as well as width and area under the spectra curve, increases parabolically with the P2VP
IE. Comparing the UV-Vis analysis with the in-situ spectroscopic ellipsometer results, the two
methods yields statistically identical time to reach 80% IE (tgqq,) for all 4 M,, analyzed as well
as slope of tggo, vs. M,,,. UV-Vis proves to be a valid and reliable tool for tracking the polymer
kinetics inside the NPG. XPS is used to investigate the P2VP:Au interfacial electron flow, which
is evidenced by a binding energy peak shift. Discrete Dipole Approximation (DDA) simulation is

used to study the effect of surrounding refractive index on absorbance peak shape. Optical

10



response shape changes are attributed to 1. interfacial electron flow from P2VP to NPG, and 2.

surrounding effective refractive index change.

Chapter 7 delves into the temperature dependence of P2VP inside NPG. In this chapter,
P2VP-302k and P2VP-940k are respectively infiltrated into the NPG at various temperatures.
The confinement ratios for P2VP-302k and P2VP-940k are 0.55 and 0.97 respectively. It is
found that across the temperature range of 130 - 180°C, those two Mw P2VP exhibit reduced

viscosities under all temperatures as compared to the bulk, implying that the polymer is traveling

faster inside NPG. Additionally, the :ef L value is relatively constant for each individual
bulk

molecular weight, while e/ is much higher for P2VP-302k as compared to P2VP-940k,

Nbulk

implying that when traveling inside NPG, the kinetics P2VP-940k is more enhanced with respect
to bulk compared with P2VP-302k. The WLF analysis reveals that the P2VP inside NPG mostly

follows the bulk temperature dependence behavior, with very slight deviations.

Chapter 8 utilizes the fundamental analysis gained from the previous chapters to fabricate
the next generation of novel PNCs materials that have much enhanced properties. Starting with
the current ongoing work derived from this thesis, poly(ethylene glycol) (PEO) and P2VP are
firstly grafted onto the NPG surfaces to generate polymer grafted NPG. Then, building onto the
previous chapters, more studies on the kinetics study, with the presence of a brush wall, is
suggested. Building off the polymer grafted NPG idea, a further idea, which is to functionalize

NPG with polymer loops, is suggested for further research.
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CHAPTER 2. THEORETICAL BACKGROUND

2.1 Introduction

Polymer dynamics is the study of polymer chains’ movement and response to various
forces and external conditions. Unlike small molecules or simple fluids, polymers are large,
flexible long chains made up of repeating monomer units, thus resulting in unique, time-
dependent behaviors that range from local segmental motions to whole-chain reorientations.
These motions are influenced by factors like temperature, chain length, molecular weight,
interactions with surrounding chains, and number of entanglements. The study of polymer
dynamics explores how these movements affect properties such as viscosity, elasticity, and
mechanical strength, making it essential for understanding and designing materials for
applications like elastomers, plastics, fibers, and biological systems. By examining polymer
behavior and performances over different timescales and temperatures, polymer performances

under specific conditions can be accurately predicted.

Polymer dynamics is an important field of study since it could facilitate future academic
research as well as industrial productions. For instance, in the manufacturing industry, polymer
dynamics is essential for processes like extrusion, injection molding, and 3D printing, where
flow properties under stress and temperature dictate product quality and consistency. In the
automotive and aerospace industries, knowledge of polymer dynamics helps design lightweight
and long-lasting materials that can withstand mechanical stress and temperature fluctuations in
addition to aging, improving the overall performances. In the academic research labs, polymer

dynamics have been investigated under many different scenarios. For instance, studies have been
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done on polymer kinetics under moderately confined ! and extreme confined ** conditions to
investigate the effect of confinement on polymer kinetics. Additionally, the concept of polymer
kinetics has been used in fabrication of batteries, gas membranes, and optically responsive

materials.

In this chapter, theoretical background on polymer kinetics under different scenarios will
be introduced. Firstly, governing equations and physics of polymer kinetics under bulk will be
introduced, which includes the unentangled polymer dynamics, entangled polymer dynamics,
and WLF relationship. Then, theoretical background on polymer kinetics under confinement will
be elaborated, which includes subsections on liquid imbibition governing by Lucas-Washburn
Equation, and polymer viscosity under different effects (extreme confinement and dead zone).

This theoretical background section is essential for better understanding Chapter 4 - 7.

2.2 Polymer Dynamics under Bulk

Plenty of factors influence the polymer melt viscosity, such as chain length, chain branch
dispersity, temperature etc. In the following subsections, the unentangled polymer dynamics and
entangled polymer dynamics, together with the effect of temperature will be discussed. In these

subsections, the polymers are assumed to be linear and free of influences from branches.

2.2.1 Unentangled polymer dynamics

For polymer chains with a small number of repeating units, the chains are too short to

form entanglements. The unentangled polymer viscosity could be described by the Rouse model

18


https://www.zotero.org/google-docs/?Njlb2B
https://www.zotero.org/google-docs/?peG6xh

as shown in Equation 2.1, where 7 is the polymer viscosity, ¢ is the friction coefficient per Kuhn

segment, b is the Kuhn length, and N is the number of Kuhn segments.

SN

n=-=-N Eq. 2.1

From Equation 2.1, theoretically the polymer viscosity of the unentangled chain is proportional
to the monomeric friction coefficient as well as the number of Kuhn segments. However, in
reality, the polymer isothermal viscosity is not directly proportional to the number of Kuhn
segment because { is dependent on the polymer chain length for unentangled polymers °. The
glass transition temperature (Ty) is also dependent on the chain length. As the polymer chain get
longer, the polymer coil tends to have less degree of free volume, thus induce an increase in Tj.
The T, relation with respect to the chain length could be expressed by the following Equation

22.
Y= Tyoo — Eq. 2.2

C is a constant depending on the polymer type, and typically is in range of 10* — 10° K*g/mol.
As a result, polymer with M,> 10* — 10° g/mol experiences minimal influence of M,, on T,
while adopting the long chain limiting value Ty o, 3. Thus, when studying the unentangled
polymer viscosities, constant T — T, should be used for a fair comparison rather than keep the

temperature isothermal.
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2.2.2 Entangled polymer dynamics

Polymers with high M,, possess different behaviors than polymers with low M,, because
of the entanglements. Entanglements describe the topological constraints where polymer chains
are intertwined with each other, thus impeding the degree of movement. The entangled polymer

dynamics can be well captured by the reptation model as shown in the following Figure 2.1.

Y2 W i}

Figure 2.1. Polymer reptation model scheme. The blue curves represent the entangled polymer chains. The gray
confined area depicts the constrained tube-like region created by the other chains. The dashed black line represents

the primitive path of travel.

This model envisions each polymer chain as being confined within a "tube" created by
surrounding entangled chains. The motion of a chain is limited because it can only move forward
or backward along this tube, like a snack reptate inside a channel. The “tube” can be considered
as consisting of (N/N.) number of sections of size a, with each section containing N. monomers,
and the polymer chains are considered as random walks of each individual entanglement strands.

The bulk viscosity of the entangled polymer can be approximated as Equation 2.3.

_ ¢p* N3

N Equation 2.3

20



Combining Equation 2.1 and 2.3, the polymer viscosity can be predicted as proportional
to the polymer molecular weight. For unentangled polymers, (M<M,), the viscosity prediction
follows the Rouse model, while for entangled polymers, the viscosities follow the reptation

model. The summary is shown in the following Equation 2.4.
n~MforM <M, Eq.2.4
n~M3forM > M, Eq. 2.4

In experimental measurements, entangled polymer has exhibited an exponent of 3.4 across
different studies ¢ °. Thus,  ~ M3* is more commonly used to predict the entangled polymer

viscosity °.

2.2.3 Williams-Landel-Ferry (WLF) Relation

Polymer time-temperature superposition (TTS) is a fundamental concept in polymer
physics, allowing the prediction of a polymer’s viscoelastic behavior over a broad range of
timescales based on data collected at varying temperatures. This principle relies on the fact that
polymer chains exhibit time-dependent relaxation processes that are sensitive to temperature.
When a polymer is subjected to stress, it responds by deforming at different rates depending on
the temperature; higher temperatures generally speed up the relaxation and motion of the chains,
while lower temperatures slow them down. By shifting experimental data along the time or
frequency axis to account for these temperature effects, TTS creates a "master curve" that spans
many orders of magnitude in time or frequency. This master curve represents the material's

response as if the measurements were all taken at a single reference temperature, simplifying the
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analysis and prediction of long-term polymer behavior. TTS is especially valuable for materials
scientists and engineers, as it enables the extrapolation of short-term data to predict long-term
performance in applications like automotive components, medical devices, and structural

materials.

Arrhenius Equation, shown in Equation 2.5, is the simplest form to describe the

temperature dependence on the polymer viscosity, where E, is the polymer activation energy.
Eq
n ~ exp (k—T) Eq. 2.5

The E, is typically a constant at elevated temperatures above T . As a result, as the temperature

increases, the net difference between the E, and the thermal potential stored within the polymer

gets larger, thus inducing a reduced viscosity.

To better understand the temperature dependence on the polymer free volume, the

Doolittle equation, a modification of the Arrhenius equation, is introduced (Equation 2.6).
B
n ~ exp (?) Eq. 2.6

In the Doolittle equation, f'is the fraction of the free volume, and B is an empirical constant.
Based on the Doolittle equation, as free volume f decreases, the exponential term grows much
enhanced, leading to a sharp increase in viscosity. The free volume fraction, f, is related to the
temperature of the polymer melt because as the temperature increases, the polymer density will
decrease, thus resulting in a free volume density and a reduced effective E, for the polymers to
reptate. The free volume fraction is assumed to be linearly related to the temperature as shown in
Equation 2.7.
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Where in the equation a; is the thermal expansion coefficient, and T, is the Vogel temperature
where the free volume is 0. The Vogel temperature is usually 50K below the T, and it has been

found that f; ~ 0.025 at the T 3,

Combining the Doolittle equation and the free volume temperature dependence

relationship, the Williams-Landel-Ferry (WLF) equations can be calculated as shown below:

B (Ty=T)

Eq. 2.8
To (T—Toa)) q

I =
o = exp(

Where in the WLF expression, T is the reference temperature that yields a free volume f; and
No. The WLF has found to well describe polymer temperature dependence over the range of

Ty<T<T+100K 3. A simplified WLF equation can be seen in Equation 2.9.

Ci(T-Ty)

i) Eq. 2.9

log (ar) = —

Where ay is the time scale shift factor and can be expressed as ar = nl C; and C, are constants
0

5 and C, = f—g.

that are related to the f; and a; such that C; = 23037, o
303f, f

In short, the WLF equation is a powerful tool which allows researchers to construct a
"master curve" of polymer behavior by shifting experimental data taken at different temperatures
and used for predicting polymer behavior and performance over a wide range of temperatures
and time scales. The WLF analysis is mostly used in Chapter 7, where the polymer temperature

dependence behavior inside moderately confined NPG is investigated.
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2.3 Polymer Kinetics under Confinement

In this section, the polymer kinetics under confinement will be discussed. Firstly, the
Lucas-Washburn Equation (LWE), which describes the liquid imbibition behavior under a
narrow channel will be described. Then, the derivation of LWE for polymer imbibition under
confinement will be shown. This section of theoretical background is highly relevant to chapters

4-17.

2.3.1 Liquid Imbibition under Capillary

Capillarity, also known as capillary action, is the phenomenon that liquid voluntarily
moves in narrow tubes or porous materials due to the outcome of the interplay between cohesive
and adhesive forces. Cohesive forces are the attraction between molecules of the liquid, while
adhesive forces occur between the liquid molecules and the surface of the wall. In narrow spaces,
like a thin tube, adhesive forces can pull the liquid up the walls of the tube, while cohesive forces
help maintain the liquid column's integrity. This effect is responsible for various natural and daily
life observations. For instance, water travels from the root to the leaves in plants as shown in

Figure 2.2.
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Figure 2.2 Scheme of vascular tree transport in trees !°. The figure is taken from reference 10 with permission.

The capillary effect can be more readily visualized by fluid traveling inside a narrow channel.
Below in Figure 2.3 is a schematic of simple fluid imbibition inside a cylindrical pore. In the

Figure, the R is the radius of the narrow pore, h is the height that the liquid traveled.
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2R

Figure 2.3 Schematic of liquid imbibition inside a cylindrical channel !!. The figure is taken from reference 11 with

permission.

For Newtonian fluids, the capillary effect is described by the Lucas-Washburn Equation

(LWE)IZ, 13 .

h(t) = t°° ’Rpore;;cosee Eq.2.10

In the equation, h(t) is the height infiltrated by the liquid, t is the infiltration time, R,y 18 the

radius of the pore, Y is the surface tension of the liquid, 8, is the equilibrium contact angle, and
1, 1s the fluid viscosity. The LWE assumes that the size of the fluid particle is an order of
magnitude smaller than the radius of the channel, which enables the fluid to be treated as a
continuum medium ''2, The imbibition liquid effective viscosity can be calculated from the
LWE. From the LWE, it is implied that the liquid travel inside a confinement intrinsically

~ ¢05

follows a h relationship. The scaling of polymer infiltration height h(t) with t%° is well-
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documented. For example, polyethylene (PE) infiltrated into cylindrical anodized alumina oxide
(AAO) nanopores exhibited LWE scaling such that flux ~ t%°, although the molecular weight
dependence differed from bulk behavior'*. Similar behavior was observed in molecular dynamics
simulations of unentangled polymers in CaRI experiments'®. Polyethylene oxide (PEO) chains

infiltrated into confined AAO cylindrical nanopores where Ry > Ry, again exhibited LWE

scaling ~ t%> 1. However, though the h ~ t%5, the dynamics of the polymer under LWE deviates
from the LWE prediction since the polymer behaves much more complex than simple fluid. In

the next section, the derivation of polymer melt predicted under confinement will be shown.

2.3.2 Polymer kinetics under confinement

2.3.2.1 Effect of confinement

When the polymer coil size is on the same magnitude of the pore size, the confirmation
of the polymer chain would be perturbed. The free energy of the polymer chain is enhanced in
confined pores as compared to the bulk polymer due to the change in entropy conformation, thus

the driving force is reduced in a confined scenario, which could be described by Equation 2.11 ',
Yo = YcosO, — Af 2 Eq.2.11

Where in this equation, Af is the change in free energy under confinement with respect to in
bulk. This change in the free energy could be estimated by the blob model 7, where polymer

chains are divided into smaller “blob” sections. Since the change in free energy per monomer

inside the blob can be described by Af = kgT g, where g is the number of monomers inside

each blob. Assuming ideal chains, the number of monomers per blob could be calculated by g =
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(2R/b)?, where b is the kuhn length of the monomer. The number density of the polymer chain

. 1 . .. . .
is —, where v, is the monomer value. By combining the preceding three expressions, the
0

change in free energy density'' is shown in the following equation.

bZ
4vyR?

Af = kgT Eq.2.12

According to Yao et al (2018), the ratio of the two terms from the Eq. 2.12 could be used to
determine the effect of the confinement on the polymer fluids !'. The smaller the ratio is, the less
confinement effect that the polymer fluids undergo. For instance, the experimental study '¢ of
poly(ethylene oxide) (PEO) in anodized aluminum oxide (AAO) pores yields this ratio to be
0.014, thus the confinement effect is very small in this case to contribute to the enhancement in
viscosity . In this section, the confinement effect of the isolated ideal chain is discussed. The
confinement effect on the polymer melt chain reptation will be further discussed in later this

chapter.

2.3.2.2 Effect of dead zone

For a simple fluid imbibition under capillary effect, a no-slip boundary is assumed. As a
result, theoretically the fluid will travel with a parabolic profile front. However, polymer melt
chains could be very different from simple fluids. When the interaction strength between the
polymer and the wall is strong, the polymer in contact with the wall could be adsorbed, thus
creating a dead zone with thickness AR. The presence of the dead zone decreases the radius that
the polymer could travel through. To take the dead zone into consideration of the confinement,
the effective radius, R,ry = R — AR, is defined. Assuming that the polymer travels
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R2

parabolically with velocity (v = AP ) within the R, ¢ and the polymer is driven by the

81’]0h
2Y cos6, . .
Laplace pressure AP, where AP = , the fluid front advancing rate can be calculated as
shown below !
dh _  Rer _ Refs  2Ycosfe
- VR “mon R R Eq.2.13

By replacing the 1o with 7,7 using the relation that % =Y cosO.R/4n.frh in the previous

equation and compare with the LWE, the following relation can be attained '!.

4
nefs <_Rf-’ff) Eq. 2.14

Mo Rpore

From the previous equation, even a small dead zone could induce a significant increase on 1y,

resulting in reduced kinetics.
2.3.2.3 Polymer Reptation Under Confinement

As the pore radius is further reduced with respect to the polymer size, the polymer

macroscopic flow is mainly driven by the pressure gradient as shown in the following Figure 2.4.
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Figure 2.4. Scheme of repetition motion of polymer chain under pressure gradient . The figure is taken from

reference 11 with permission.

The polymer chain velocity '! could be calculated by Equation 2.15, where 12 is the cross
section, R, is the x-component of the end-to-end vector, N is number of segment, { is the friction

coefficient per kuhn segment, and v, is the chain’s velocity over the reptation tube.

1? )
v, = Z;RxC—EE Eq.2.15

The average velocity of the polymer center of mass (v,) can then be calculated by using < v, >
= % V. , thus yield < v; > expression 1" as shown in Equation 2.16, where L is the contour

length of the tube, N, is the entanglement number of segments and a, is the tube diameter. Those

three terms follows the relationship !! that L = (N/N,)a, and a, = /N,b. The R, is assumed

to be ideal chain such that < RZ > = %N b?.

_ ar . op
<y >= 2t (=5) Eq.2.16
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During the reptation under confinement, only a fraction of the chain (¢) will participate in the
reptation process, thus an additional parameter needs to be taken into consideration. Additionally,

the pressure gradient could be regarded as the average fluid pressure gradient over, thus

o 5p . . . . N
simplified — °2 into 2ycos6,. The cross-section fluid retention rate (h) is then expressed by
ox

Equation 2.17, assuming 12 = a?.

NZb3 2ycosb,
3(N  hR

h=¢ Eq.2.17

2.3.2.4 Polymer viscosity under confinement summary

Combining the effect of dead zone and the reptation under confinement effect, Yao et al.
(2018) developed a model to account for polymer effective viscosity deviations from bulk
viscosity scaling'!:

-1
Meff _ [(m)“ n ¢,Ml Eq.2.18

Mo Rpore 3(NRporez

Here, the effective polymer viscosity, 1.5, deviates from the bulk viscosity, 7y, due to two
phenomena which dominate in distinct regimes of confinement. The first term in Equation 2.18
captures the dead zone effect, in which strong adsorption of chains to the capillary surface
creates a zone of thickness AR where polymer imbibition is blocked. The reduced pore size
increases 15y, leading to infiltration dynamics slower than bulk behavior. The dead zone effect
is expected to dominate when the polymer radius of gyration is much smaller than the pore

radius, Ry K Rpore. Adapted from the work of Johner et al. (2010), the second term in Equation

31


https://www.zotero.org/google-docs/?Iujqtl

2.18 describes reptation-like flow under confinement, which models infiltration as plug through a
capillary'®. This term dominates in highly confined systems, i.e. when Ry > Ryore- Polymers
confined in a reptation tube much smaller than their bulk length scale is driven by the capillary

pressure gradient and infiltrate with a scaling of ~N1, showing enhanced mobility over bulk.

2.4 Polymer Properties and Conformation under Confinement

2.4.1 Polymer Properties under confinement
Confinement can perturb polymer characteristics and properties compared to bulk
behavior '*'%1%% Previous work has shown that polymers can exhibit a higher T, in confined

geometries #3738 depending on the nature of the interactions of the polymer with the confining
surfaces. As confinement increases, the polymer segmental relaxation dynamics slow down, and

T, increases 39, For example, Maguire et al. (2021) found that the T, of PS and P2VP increased
by 6°C and 20°C respectively when confined in NPG with a pore size (R,) greater than the

radius of gyration (Ry) ! as shown in the following Figure 2.5.
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Figure 2.5. The T difference between the confined PS and P2VP and the bulk. PS exhibits a relative stable T
increase for all M,, while P2VP shows a higher T; increase while simultaneously more dependent on M,,. Figure

adapted from reference 1 with permission.

In a complementary study, for PS highly confined in packed nanoparticles (Ry < R,), the T,
increased by 57°C compared to the bulk 3. Despite this increase in T, for completely filled
nanocomposites, polymer infiltration into confined or semi-confined pores shows enhanced
kinetics >*1°364° For entangled PS infiltrating NPG under moderate confinement, the effective
viscosity decreased by over an order of magnitude relative to the bulk viscosity, and this
difference increased as M,, increased 2. For entangled PS infiltration in highly confined SiO:
packing, the effective viscosity also decreased . However, for unentangled PS and P2VP
infiltrating into SiO2, a significant slowdown is observed #. The seemingly conflicting effect of

confinement on polymer infiltration kinetics has remained largely unresolved.
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2.4.2 Polymer Conformation under confinement

The polymer chains conformations are distorted when confined in pores, and this
distortion, simultaneously, influences polymer dynamics. While studying polymer infiltration
inside confined channels, interesting and seemingly conflicting observations have been made.
Some studies **¢ found that confinement decreases polymer kinetics. For instance, Hor et al
(2018) infiltrated unentangled PS and P2VP into densely packed NP stackings and found the
polymer viscosities for both PS and P2VP increases ~ 100x *. On the other hand, other
researchers found that confinement enhances polymer kinetics '*. The seemingly conflicting
observations raise the need to further investigate fundamentals on polymer conformation on the

molecules or atomic scales.

Simulation has been used as a versatile tool to probe chain conformations. Polymer melt

chain conformation, which can be quantified by the radius of gyration Ry, has been both studied

t 4143 and simulation >**. For instance, small angle neutron scattering (SANS)

through experimen
has been used to probe the polymer conformations in polymer nanocomposites *'**. Studies have
found polymer chains to exhibit enhanced dimensions *', reduced dimensions *?, and unperturbed
dimensions ** through SANS. The ensemble averaging and the isotropic nature partially account
for the experimental conflicting observations of the chain conformation 4. Molecular dynamics

(MD) simulations, on the other hand, are more conducive to further analyzing polymer

conformation under confinement.

MD simulations from previous studies found that the polymer melt under confinement
changes polymer conformation, thus impacting diffusing rate. For instance, Meyer et al (2007)

used the MD simulation to probe the 2D melt performance and found 2D melt dynamics is even
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faster than that predicted from the Rouse model #°. Building on this work, Sussman et al (2014)
used the same approach to analyze the entangled polymer melt confined in thin films and
cylinders 6. As shown in Figure 2.6, the red dashed line and the blue solid lines are calculated

from the following equation 2.19.

2 . N dzr
_ 1IhM Eq.2.19

2
a . = -
ilm — 2 =
s h -0 Ree,z,bulk/ 3

Where in the equation « is the mean end-to-end vector normal to the wall. The equation appears
to be a good prediction for the simulated end-to-end distance vector. It is found that under
different degrees of confinement, the chains are compressed in the direction normal to the
surface and elongated parallel to the surface *¢. At high values of §, which implies that the
polymers are no longer under extreme confinement, the chain conformation behaves more

resembling the bulk conformation.
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Figure 2.6. Root mean square component of the end-to-end distance vector of the cylindrically confined (blue circles

and line) polymer melt as well as thin film confined (red diamond, dashed line) polymer melt. The blue solid line
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and the red dashed line are the ones predicted from the equation, and the symbols are the simulation value. The gray
dash-dotted line represents the bulk value of R, py, /3. 6 is the confinement parameter such that § =
2To¢¢ [/ Ree puik- The upper points above the dot-dashed lines are the component parallel to the surface while the

lower point is the component normal to the surface. The figure is adapted from reference 46 with permission.

While the polymer melt under confinement experiences changes in its chain dimensions in
different directions, it also experiences a decrease in the number of entanglements. Sussman et al
(2014) also found that as the polymer gets more confined, the number of entanglements of the

melt chain decreases as shown in Figure 2.7.
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Figure 2.7. Normalized number of entanglements per chain with respect to the bulk for cylindrical confinement
(blue) and thin film confinement (red). The figure is adapted from reference 46 with permission.
In summary, many simulations work has been conducted to probe the molecular level

chain properties. It has been found that confinement in general changes the geometrical shape of
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the chains as well as decreases the number of entanglements. These insights are critical to

analyze polymer infiltration inside NPG under different conditions in the next coming chapters.

2.5 Summary

In this chapter, a comprehensive review has been provided on the theoretical and
experimental topic needed to analyze the research presented in this thesis. The polymer kinetics
under bulk has been introduced first, which includes the unentangled polymer kinetics, entangled
polymer kinetics and the WLF relations. The polymer bulk performance sets an excellent
baseline for the confined polymer to compare with and later analyze the data. The bulk polymer
kinetics has been extensively used for analysis in Chapter 4, 5 and 7. Followed by the bulk
polymer behavior, the polymer kinetics under confinement has been discussed. First, the LWE
which describes the liquid imbibition inside narrow channels is introduced. Then, the polymer
viscosity under confinement is built upon the LWE, with a detailed analysis on the effect of
confinement, effect of dead zone, and reputation under confinement. This section is highly
related to Chapter 4-7. Lastly, the polymer properties and conformation under confinement is
reviewed. The confined polymer Ty as well as chain shape conformation are discussed, which is
relevant to Chapters 4-7. This chapter provides an exhaustive overview of the theoretical

backgrounds needed to better understand this thesis.
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CHAPTER 3. EXPERIMENTAL METHODS AND CHARACTERIZATION

TECHNIQUES

3.1 Introduction

For most scientific experiments, the procedures involve four different steps: 1. Sample
preparation, 2. Sample processing, 3. Sample characterization and 4. Data analysis. In this thesis
dissertation, sample preparation involves spin coating polymer thin films onto substrates,
followed by depositing nanoporous gold (NPG) scaffold on top of the polymer thin film to form
the bilayer system. Sample processing includes procedures such as annealing the bilayer system
at an elevated temperature to induce certain degrees of infiltration. Sample characterization
involves sample optical properties measurement, surface characterization and structure
characterization. Data analysis is different for each project, and thus will be discussed separately

in each according chapter.

3.1.1 Experimental Review of Capillary Rise Infiltration (CaRI)

In this thesis, we study moderately confined polymers inside NPG scaffold, which fills in
current academia research gaps in both infiltration membrane geometries and the polymer
confinement ratio ranges. This section 3.1.1 will conduct a generic review of existing research on

CaRlI kinetics inside different confined membranes.

Previous CaRlI studies have been mostly focused on polymers inside highly confined
nanochannels, but the moderately confined polymers have remained relatively unexplored. Using

CaRl, polydimethylsiloxane (PDMS) infiltration was investigated into a dense silica NP packing
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with a confinement ratio, I' = R—g, varying from 0.6 to 1.5. This system' exhibited a crossover in
p

diffusive behavior at ' =1, with D o« N~ for I' > 1 and a scaling exponent between 0 and -1 for
[' < 1. Research of CaRI infiltration has also been conducted at highly confined regimes. PS
infiltration into similar silica NP packings at much higher degrees of confinement?, I varying

from 2 to 15, exhibited viscosity scaling neg ~ N8,

The polymer infiltration has been studied inside geometries of 2D silt, cylindrical
nanochannels and interstitials between the nanoparticle (NP) packings, but studies remain
unexplored for NPG geometry, where the gold ligaments are bicontinuously interconnected. In

previous work, studies have been conducted to infiltrate polymers into 2D slit geometry?,

1,2,4-10 11-14

densely packed nanoparticles and anodized aluminum oxide (AAQ) pores using the

CaRI approach.

This thesis investigates the polymer kinetics and optical properties inside semi-confined
bicontinuous NPG scaffolds. The confinement parameters I lies in between 0.18 to 0.97 across
all chapters in the thesis, where the polymers undergo moderate degrees of confinement. The
NPG, on the other hand, has been widely used for research in optical sensing !> and battery
applications '®!7. However, NPG has not been used for infiltration studies. In the remainder of
Chapter 3, the general experimental procedures and the characterization techniques will be

discussed in detail.
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3.2 Preparation of Polymer Infiltrated Nanoporous Gold (PING) Films

Preparation of the PING films includes three steps — 1. Dealloy and pre-anneal NPG, 2.
Prepare polymer/NPG bilayer, and 3. Annealing bilayer system. In the following section, those

three steps will be discussed in more detail.

3.2.1 Preparation of NPG membrane

NPG is crucial in this thesis as it is used as the structure and template for measuring polymer
kinetics during the PING formation. 120 nm thick NPG are prepared using a gold alloy anodic
corrosion methodology!'®. A Au-Ag (12 karat) foil with AussAges at %, is purchased and used as
received. 15.8 M Nitric Acid is used to selectively etch Ag from the 12-karat composite. As the
Au-Ag foil is immersed in nitric acid, HNOj3 first dissolves the less noble Ag atoms at the
interface, leaving behind the Au rich layer. Subsequently, the Au atoms nucleate and grow Au-
rich islands, which in turn exposes the underlying layer containing Ag. The Au islands eventually
form the bicontinuous structure used in this study. The NPG formation process is captured by

Figure 3.1 modeled by kinetics Monte Carlo Simulation'.
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(A)

Figure 3.1. NPG porosity evolution generated through kinetics Monte Carlo simulations'®. Part a depicts the initial
12k Ag/Au alloy in immediate contact with the acid at the interface. Part b shows the dealloying process, where the
gold ligaments are gradually formed and interconnected. At this stage, there are still some minor residual Ag atoms
left. Part ¢ describes the completed etching process, where the whole structure is now composed of a bicontinuous

NPG structure with minor Ag atoms residing. The figure is taken from reference 19 with permission.
The fabrication and structural characterization of the NPG has been previously studied %1720,
Due to the high mobility of the gold atoms, the NPG scaffolds are annealed at 175°C for 3 h
prior to forming a bilayer unless otherwise noted specifically. This pre-annealing step prevents
structural changes in the NPG during polymer infiltration at 150°C 2! as shown in the following
Figure 3.2. Pre-annealing prevents NPG coarsening is evidenced by the stable scattering peak

position as shown in Figure 3.2. In this thesis, NPG refers to pre-annealed NPG.
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Figure 3.2. SAXS profiles of the NPG films and composites after the thermal processing techniques?! . The figure is

taken from reference 21 with permission.

3.2.2 Preparation of polymer/NPG bilayer structure

To prepare the polymer/NPG bilayer structure, firstly polymer thin films are prepared. In
this thesis, polystyrene and poly(2-vinylpyridine) (P2VP) are used to make thin films. Firstly, PS
and P2VP are dissolved in toluene and methanol respectively to make 2.4 wt% solutions,
followed by slight heating (40°C) and constant stirring overnight. PS and P2VP solutions are
then spin coated onto substrates (silicon wafer or glass substrate, depending on the nature of the
project) at 4000 rpm for 1 min. After spin coating, the thin films are annealed in a Mettler hot
chamber at 70°C under argon gas flow to ensure the solvent is completely evaporated. The
resulting thin film thickness (90 - 500 nm) is characterized by a reflectometer. To form the
NPG/PS bilayer, the pre-annealed NPG (1cm x 1cm) is floated onto a DI-H>O surface. The

suspended NPG is then lifted from underneath by a silicon wafer previously coated with a thin
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PS film. The bilayer is then dried on a hot plate at 60°C until water is completely evaporated

from the sample surface.

3.2.3 Thermal Annealing of polymer/NPG bilayer system

In this thesis, two types of thermal annealing are used — in situ annealing and ex situ
annealing. For the ellipsometry measurements, in-situ annealing is applied while for the UV-Vis
measurement, ex-situ annealing is used. For in-situ annealing, Linkam THMSEL350V heating
stage with a vacuum chamber is used. The accuracy of the heating stage is 0.1°C with respect to
the set temperature. The heating rate is 30°C/min, and the sealed chamber ensures a continuous
flow of N to prevent polymer degradation. The samples are heated to 70°C and held at this
temperature for 5 minutes to ensure equilibrium before ramping to 150°C. Subsequently, the
temperature is heated at a rate of 30°C/min and then held at 150 °C to study infiltration. The in-
situ annealing enables us to study the instantaneous optical change of the materials in
combination with ellipsometry. Similarly, ex-situ annealing is also used in this thesis. Ex-situ
annealing is applied through the Mettler heating stage, where the temperature and annealing time
can be precisely controlled. The Mettler heating stage is connected to an Argon gas tank, where
continuous inert gas flow could well prevent polymer degradation during the infiltration process.

The ex-situ heating is mainly used in the UV-Vis optical absorbance measurements.

3.3 Characterization Techniques

In the following sections, the major experimental characterization techniques involved in
this thesis will be described and introduced.
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3.3.1 Spectroscopic Ellipsometry (SE)

SE is an optical measurement tool to probe the change in the state of polarized light when
being reflected off a material’s sample surface. In this thesis, SE (J.A. Woollam, Alpha SE) is
used to determine the infiltration extent of polymer in the NPG. The utilized wavelength range is
380-900nm. A Linkam THMSEL350V heating stage with a vacuum chamber is used for heating.
The accuracy of the heating stage is 0.1°C with respect to the set temperature. The heating rate is
30°C/min, and the sealed chamber ensures a continuous flow of N to prevent polymer
degradation. The samples are heated to 70°C and held at this temperature for 5 minutes to ensure
equilibrium before ramping to 150°C. Subsequently, the temperature is heated at a rate of

30°C/min and then held at 150 °C to study infiltration. Because the bulk PS/P2VP T, is 100°C,

temperatures higher than 100°C will induce polymer infiltration into NPG. As a result, the
infiltration time refers to the time after when the heating plate reaches 100°C. The heating stage
takes ca. 1.7 min to ramp from 100°C to 150°C. During infiltration, the temperature is stably
held at 150°C. Effective Medium Approximation (EMA) Model with two material constitutes
(see SI for further information) is used to capture the change in optical constants within the NPG

composite as polymer fills the pores and approaches the top surface. The infiltration extent (IE)

(n¢—ny)
(ng=ny)’

is given by, IE = The initial refractive index, n;, is calculated by averaging the

refraction index values during the first six min (i.e., prior to the PS infiltration). The final
refractive index (after complete infiltration), ng, is calculated by averaging the refraction index

during the last two minutes when infiltration is complete.
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3.3.1.1 SE modeling

The PS-NPG bilayer and PING nanocomposite can be modeled through a multilayer

ellipsometry model 2

. Prior to infiltration, the topmost layer, which is in contact with air, can be
modeled as a composite that is composed of a certain percentage of gold and air; the middle
layer is a uniform polymer thin film; and the bottom layer is the silicon substrate. The initial
refraction index of the top layer at 632.8 nm (n;) is ~ 0.85, and the percentage of air measured is
~50% from the model. Take PS/NPG infiltration as an example, during the infiltration process,
the polymer reptates into the porous region, thus changing the refraction index of the porous part
from 1 (n of air) to 1.59 (n of PS), thus resulting in an overall increase in n for the topmost layer.
After the PS fully infiltrates into the NPG to form a PING, all of the pores from NPG are filled

with PS, and the refractive index of the top layer stops increasing. The final refraction index of

the PING composite layer at 632.8 nm (ng) is ~ 1.25.

3.3.2 Quartz Crystal Microbalance with Dissipation (QCM-D)

QCM-D is an extremely surface sensitive technique that measures adsorption of polymer
or small molecules on the quartz crystal surface. The quartz crystal, depicted in Figure 3.3, has
two electrodes on both sides, serving as the resonating sensor. When polymer adsorbs to the
QCM-D sensor surface, the thickness of the quartz crystal increases, thus resulting in a shift in
the acoustic resonance frequency?. The resonance frequency shift can be used to calculate the
area mass density of the adsorbed material through the Sauerbrey equation as listed in Equation
3.1, when the adsorbed mass is small relative to the mass of the crystal and is evenly distributed

as well as rigidly bounded.
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Where in this equation Af is the shift in resonance frequency, f, is the resonance frequency of
the fundamental mode, pg is the density of the quartz crystal, Ggis the elastic shear modulus of
the crystal, Am is the change in adsorbed mass, and A is the area of the sensor 24?3, Similarly, the

dissipation effect of the QCM-D is related to the ratio of energy loss per cycle to the total energy

n

where E”" and E’ are the loss modulus and the stored

stored in the system such that D =

2mE”

modulus respectively?’.

time

Figure 3.3 QCM-D working mechanism when polymers or particles are being adsorbed to the surface. (a) frequency
change of the crystal when small molecules are adhered to the crystal surface; (b) dissipation change of the crystal

when polymer chins are adsorbed to the surface?. The figure is taken from reference 23 with permission.
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In this thesis, QCM-D is used to measure the polymer brush adsorption to the gold surface. The
polymer adsorption measurements are performed using a Q- sense Analyzer QCM-D instrument.
Prior to adsorption studies, the Au coated QCM-D sensors are loaded into the QCM-D flow cell
and equilibrated in the DI-H,O for an extended period of time until the drift in the measured
frequency is < 1 Hz/hr. Once equilibrated, adsorption studies are performed by pumping the
desired polymer solution into the flow cell at a flow rate of 50 mL/min and capturing the first 7
harmonics. After complete grafting, the polymer solution is replaced by the DI-H>O and the

harmonics are monitored for an additional 15 min.

3.3.3 Small Angle X-ray Scattering (SAXS)

X-ray scattering measures the intensity of the X-rays being scattered by a material as a function
of scattering angle. In this study, SAXS is used to determine the NPG pore size and distribution.
Dual Source and Environmental X-Ray Scattering (DEXS, Xenocs Xeuss 2.0) at University of
Pennsylvania is used for measuring NPG ligament-ligament distance. Six tubes with sample to
detector distance of 6390 mm results in a qo range of 0.003-0.09 A™'. Cu K, with a wavelength
of 1.54 A, is used as the light source. NPG samples are peeled off from the substrate using
Kapton tape. The scattering data is collected for 1 h for each sample. The collected spectra are
then azimuthally integrated into a curve for analysis. A control scattering collection of pure
Kapton tape is also performed for 1 h to eliminate any effect from the tape on the scattering

curve.
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3.3.4 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis is an analytical instrument that measures the adsorption of the light in the UV and the
visible light range. In this thesis, UV-Vis is used to measure the absorbance of the polymer/NPG
at different infiltration extents. Absorbance spectra were obtained using a Varian Cary Win 5000
UV-VIS-NIR Spectrophotometer with a wavelength range of 200-1000 nm. Measurements of the
absorbance data were taken at various stages of infiltration with a frequency of 2 nm/sweep. The
P2VP: NPG bilayer, atop of glass substrate, were annealed at 140°C for different annealing
times, inducing different polymer infiltration extents inside NPG. The absorbance spectra of

glass is also taken and is included in the SI.

3.4 Computation Methods

In this thesis, two computational methods are used across the studies. The molecular dynamics
(MD) simulation is used to better understand the polymer molecules’ movement inside NPG.
Compared to conducting and analyzing wet-lab experimental results, MD simulations provide us
with more insights on individual molecule responses for different stimuli or environment on a
microscopic level. The Discrete Dipole Approximation (DDA) computation, on the other hand,
allows us to predict the optical responses under different systems. In the following sections, the
basic physics of those two computation approaches, as well as the methodology used for this

thesis, will be introduced.

54



3.4.1 Molecular Dynamics (MD) simulations

MD simulation is a very well-grounded methodology to study the molecule dynamics on a
microscopic scale?®. Utilizing the Newtonian mechanics, MD simulations are enabled to capture
the position, structure, and motions of every single atom that made up the simulation system?®. In
the MD simulations, the intramolecular forces are calculated through the potential energy
function, and the motions (velocities) of the atoms are assigned through the Maxwell-Boltzmann
distribution?®. In this thesis, the MD simulations provide us with more insights on polymer
dynamics as well as polymer structure and interaction with the NPG wall, when the polymer is
traveling inside moderately confined NPG. The detailed methodology is described in the

following paragraphs.

Entangled polymer melts are simulated using a modified coarse-grained bead-spring Kremer-

Grest (KG) model 2. Nonbonded monomers interact through the LJ potential Ui’}b =

4e [(2)12 — (%)6] —4e [( 0 )12 — ( = )6] for r < r¢ye = 2.50. Units are non-dimensionalized

r Tcut Tcut

1

using the potential strength, €; monomer size, o; and unit time, T = ¢ (%)2, where m is the

monomer mass. Monomers bonded together on the same chain interact via a finitely extensible

2 12 6
nonlinear elastic (FENE) potential U}} = —0.5kR% In [1 - (RL) ] + 4e [(%) - (%) ] + € with
0

k = % and Ry, = 1.50. The original KG model is modified by the additional of an angular

. . K .. : .
harmonic potential Uy,g = ?e (6 — 8,)? where Kg = 10 per radian? is the interaction strength

and 0, = 120° is the equilibrium bond angle. This potential increases the average number of
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entanglements per chain without requiring long chain lengths, giving an average number of

monomers between entanglements of < N, >~ 17.5 %,

Polymer films are generated by random growth of polymers in a simulation box with
walls on the top and bottom, followed by the application of soft potentials to push overlapped
monomers apart. For efficient equilibration of entangled polymers, connectivity-altering Monte
Carlo moves are used >>*°. Films are equilibrated at high temperature, T = 1.2, and a time step
of At = 0.002t. Equilibration proceeds until diffusive behavior of the center of mass mean
squared displacement (MSD) is observed. The MSD is calculated with a moving time origin for

improved statistics, and three independent film configurations are generated for each system.

All polymers in this study are above the entanglement degree of polymerization. The number of
monomers per chain are 25, 50, 100, 150, and 200, with N/N, approximately equal to 1.5, 3.0,
6.0, 8.5, and 11.5, respectively. The entanglement statistics during the equilibration of chains are
included in Figure S7 of the Supporting Information. The polymer density is 0.85/073. The
films have dimensions Ly = Ly = 1000, L, = 400. The polymer films are placed on a 2o thick
support consisting of immobile LJ particles with a configuration taken from the middle 2o of a

larger film.

A simulation box with hard walls at the top and bottom and dimensions Ly = L, =
1000, L, = 4000 is randomly filled with two types of LJ particles. A repulsive LJ potential is
applied to induce spinodal decomposition. Simulations are run until the average ligament-to-
ligament distance reaches the desired value, and then one of the two particle types is deleted,

creating a nanoporous structure. LJ particles which are separated from the surface, or those with
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no nearest neighbors, are removed to create a nanoporous structure. The top and bottom surfaces
are deleted, and the structure is placed 1o from the top of the free surface of the supported
polymer film. The LJ potential between particles within the nanoporous structure and polymer
atoms can be modified depending on the system i.e., e = 1.0 and o0 = 1.0 for PS/NPG
infiltration while € = 5.0 and 0 = 1.0 for the P2VP/NPG system. Here, we create a nanoporous
structure with an average pore radius Rpore = 6.270. The confinement ratio is defined as the
polymer radius of gyration within a bulk melt over the pore radius, I' = Rg/Ryore. The polymer
is allowed to infiltrate the nanoporous structure during constant NVT dynamics at T = 1.2.
Simulation images of the nanoporous gold structure, as well as initial and post-infiltration

polymer configurations, are shown in Figure 3.4

Figure 3.4. Particles that make up the nanoporous structure are shown in gold, polymer beads are shown in red, and
particles within the thin support structure at the bottom of the polymer layer are shown in blue. The system is

periodic in x and y directions. Figure adopted from ref. 22 with permission.
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3.4.2 Discrete Dipole Approximation (DDA)

DDA enables researchers to better understand and calculate the responses between a
system and an electromagnetic wave’!. In this thesis, DDA is used to simulate the optical
response of the NPG/polymer composite as a function of infiltration extent. The optical
properties are the extinction coefficient, localized surface-plasmon resonance (LSPR)
wavelength, and LSPR absorption strength, which are calculated using the MATLAB toolbox
3233 The incident light is demonstrated in the form of an electric field. In this simulation, the
incident light is set to be polarized in x direction and propagated in z direction. The scatterer in
this study is the gold ligament, since the light absorption coefficient of P2VP or air is negligible.
The T-shape model, as shown in Figure 1, is used to simplify the NPG ligament structure while
introducing plasmon hybridization effects to reduce the sensitivity upon change of medium
dielectric constant **3°. To construct the “T” nanostructure, two nanorods are connected, with
one origin defined at the center of the other ligament. Those two rods have longer axes set to be

parallel to the y and z axis respectively and perpendicular to the polarization direction.

Propagating
light
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Figure 3.5. The T-shape structure is used to model the ligaments in the NPG using the DDA simulation. The

dimensions are r =25 nm and L = 125 nm for both rods forming the T-shape.

The T-shape model is placed in the Cartesian coordinate and discredited into a cubic array of
dipoles. The polarizability of each dipole is calculated by the Clausius-Mossotti relationship® as

shown in Equation 3.2 below.

Q; = EL (ﬂ) Equation. 3.2

4T \€j+2

where €; is the dielectric constant of dipole 1, and d is the lattice constant. This preceding
expression is further corrected by Draine and Goodman to the widely used lattice dispersion

relation®” as shown in Equation 3.3,

LDR _ a
I 1+(ar/d3)[(b1 +m2b, +m2b3S) (kd)2—i(2/3) (kd)3]

a Equation. 3.3

where b1=-1.891531, b>=0.1648469, b3=-1.770004, m is the refractive index, and S is a real

number associated with the polarization of the incident radiation such that SZZJ-3=1(&J- éj)z, where

@ and € are unit vectors pointing in the propagation and polarization directions of the incident

radiation.

As the ligament diameter size is observed to be around 50 nm by AFM images, which is
comparable to the mean free path of gold conduction electrons (42 nm at room temperature), the
bulk dielectric constant fails to describe the plasmon behaviors *%. Thus, to account for the
increasing electron collisions at nanoparticle surface, a correction to the dielectric constant is

needed in DDA calculation, expressed as Equation 3.4 %,
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2 2
Wp )

enp (W, Tefr) = Epuik(w) + Equation. 3.4

W2+ilgw  w2+il(refr)w

where g,k 1S the bulk dielectric constant at wavelengths from 400 to 800 nm obtained from

Johnson and Christy *°, w is the frequency of the incident light, w, = 1.35 X 10%°rad - s™% is

the gold plasma frequency *°, I, = 1.07 X 10'#rad - s~ is the electron collision frequency in
bulk gold®, regr = (3V/4m)/3 represents for the effective radius where V=21 X L X r? —

8/3 x r3 for the T-shape model, with r = 25 nm and L = 125 nm. I'(ry) is the corrected collision

frequency given by I'(regr) = [y + A where A =1 is the empirical parameter for gold, and

Ve = 1.4 X 10® m/s is the Fermi velocity *!

Since each dipole interacts with the incident electromagnetic field, to calculate the dipole
moment and absorption coefficient, there are contributions from both re-radiating dipoles and the
incident E field. The re-radiating dipoles are assumed to be instantaneously re-radiated given
such small spacing. Thus, the final electric field received at each dipole consists of two

components, E; = Ej,c — X AjjPj ,where P; = o;E; is the polarization of dipole j. The
interaction tensor Aj;; can be determined by an off-diagonal matrix according to the Green’s

tensor of electric field of radiation derived from the vector Helmholtz equation * as shown in

Equation 3.5,

exp(ikrji) ikr; k 1

rjk

Ay = X [k?(Ffix — Is) + —5— 3Pkl — I3)] Equation. 3.5

where [ is the 3X3 identity matrix, rjx = |rj — rkl, and Tj = (rj — ry) /Tjk-
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The diagonal tensors for self-radiation can be defined as the inversion of polarizability, Aj; =

o5 1 Thus, the original system of linear equations can be simplified as Equation 3.6 below:
2 AijP; = Einc Equation. 3.6
which can be solved by standard numerical methods and used to obtain the dipole polarizability.

During polymer infiltration, the surrounding of the gold ligament changes from air to a
bilayer of air and P2VP. To calculate the medium dielectric constant, effective medium
approximation is used based on the characteristic matrix technique, thus, the optical properties of
the bilayer structure can be determined by n2¢ = (n?h; + n2h, )/h *’, where n; = 1.0003 and
n, = 1.54 are the refractive index of air and P2VP accordingly, while h,, h,, and h are the
height of the infiltrated portion, residual portion, and the total height of the model which equals

to 150 nm.

Finally, given polarizabilities of each dipole and the incident light electric field, the
absorption (C,p,s) and scattering cross sections (Cgc,) can be calculated, respectively via the

following two equations *3,

4mk dnrns 2 .
Caps = # N {Im[P;(e;1)"P’] — §k3|Pi|2} Equation. 3.7

Csca = %2}11 Im(E{P) — Caps Equation. 3.8
0

where E{, P", and o represent the complex conjugates. The sum of two cross sections is the
extinction cross section, Cex¢. The absorption, scattering, and extinction efficiency coefficients

are defined as the following equations and will be used for analysis in the result section.
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Qabs = Cabs Equation. 3.9

2
T eff

— Csca .
sca = 2 Equation. 3.10
eff

Qext = Qabs + Qsca  Equation. 3.11
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CHAPTER 4. CAPILLARY FILLING DYNAMICS OF POLYMER MELTS IN A

BICONTINUOUS NANOPOROUS SCAFFOLD

This chapter was previously published as Weiwei Kong, Anastasia Neuman, Aria C. Zhang,
Daeyeon Lee, Robert A. Riggleman, Russell J. Composto; Capillary filling dynamics of polymer
melts in a bicontinuous nanoporous scaffold. J. Chem. Phys. 28 January 2024; 160(4): 044904.
R.J.C and R.R conceived and planned for the project. W.K. developed the experimental
procedures and conducted all experimental measurements and analysis besides AFM
measurements. A.N. conducted all simulation development and analysis. A.C.Z. took AFM

images. W.K and A.N. wrote the manuscript.

4.1 Introduction

Polymer nanocomposites (PNCs) have been widely studied in academic, national and
industrial laboratories' . PNCs are broadly defined as a mixture of an inorganic nanofiller
dispersed within a polymeric matrix, resulting in a material with properties that the individual
components would not exhibit by themselves. PNCs have been utilized in applications involving
gas separation membranes *°, optically responsive devices®®, mechanical reinforcement”!’, and
ion conduction''. The unique properties of PNCs depend on factors such as inorganic nanofiller
type, dispersion, loading, as well as the polymer matrix characteristics. In most research, the
fabrication of PNCs relies on mixing inorganic nanoparticles (NP) into a polymer matrix.
Depending on processing conditions, the NPs can disperse by thermodynamic or kinetic
trapping, or aggregate as NPs self-assemble to reduce unfavorable NP/matrix interactions.
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However, this general approach does not ensure a homogenous dispersion of NPs particularly
when a high loading is required where initial interparticle spacing is on the length scale of the NP
size. For instance, Krook et al (2019) investigated the miscibility of nanoplates in a lamellar
diblock copolymer and found that the equilibrium interparticle spacing is 6.4 nm'?, implying
limited and conditional miscibility of NP inside the polymer matrix. In another study by Krook et
al (2018), when the concentration of monodisperse nanoplates increases to 0.05 vol% in the
block copolymer (BCP) assembly, the nanoplates disrupt the lamellae structure of BCP resulting
in a disordered system!®. Thus, nanofiller dispersion in polymer matrices in most

nanocomposites is limited to low loadings.

Preparing PNCs with a high loading of NPs is a challenge because most combinations of
polymer and bare NPs result in aggregation of NPs. Though traditional PNCs typically contain
low to moderate concentrations of inorganic nanofiller, for instance, commercial tires only
contain ~ 22 wt% carbon black nanofiller'*, novel methods have been developed to increase NP
loading. Lu et al (2003) performed free radical polymerization of monomers in the presence of
NPs, thus trapping the NPs at a loading as high as 86 wt% (ca. 22 vol%) in the PNC'. Similarly,
LaNasa and Hickey (2020) fabricated ultra-high loading PNCs by using a surface-induced ring-
opening metathesis polymerization pathway to graft polymer chains on silica nanoparticles'®.
Srivastava and Kotov (2008) explored approaches to create PNCs with high loading through
layer-by-layer assembly of polymers and NPs/nanowires!’. Although these methods successfully
produce PNCs with a high loading of NPs, there are some limitations to their applicability.

Namely, the prior approach is limited to systems where the NP and monomer are miscible in a
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common solvent before initiating polymerization, whereas, the latter approach is limited to

systems where the NP and polymer are oppositely charged.

To expand the possible combinations of polymer and NPs, a novel PNC method was
developed using capillary rise infiltration (CaR1I)'®. This method starts with a two-layer system —
a polymer thin film over a uniformly distributed layer of NPs. This bilayer was annealed above
the polymer glass transition temperature (T) to fill the NP interstitial space via capillarity. Using
nanoindentation and contact mode AFM, these PNCs were shown to exhibit a significant

?, as well as high fracture toughness 2!, Compared

enhancement in scratch and wear resistance!
to other existing approaches for generating high NP loading PNC, CaRl is attractive because of
its versatility, namely, compatibility with many NP fillers and polymer matrices, and ease of
fabrication. However, in CaRI systems, the NP interstitial pore size is not uniform or
homogeneous, and the random arrangement of NPs may result in colloidal level defects such as
vacancies and interstitial particles. In this paper, we adapt CaRlI to fabricate a new type of PNC
via infiltrating polymer into a nanoporous gold (NPG) exhibiting bicontinuous channels of gold
and air. Limited research has been done utilizing NPG as a template for actuators and catalyst
support?>3. In our approach, polymer infiltrated nanoporous gold (PING) is presented as a new
approach to achieve an interconnected polymer and metal structure that does not require a
favorable thermodynamics of mixing. In a previous study, spectroscopic ellipsometry was
shown to be a sensitive tool to characterize the thermal properties of fully infiltrated PNCs**. In

prior studies on the CaRI of polymers into nanoparticle films, polymer infiltration kinetics was

also found to depend on polymer molecular weight, the extent of confinement, the presence of

70


https://www.zotero.org/google-docs/?eMs10U
https://www.zotero.org/google-docs/?gYt56k
https://www.zotero.org/google-docs/?AhMXXL
https://www.zotero.org/google-docs/?dQXLg0
https://www.zotero.org/google-docs/?WlahRR

water and polymer-surface interactions 2>2°. We believe that the PNCs made by PING provides

a simple and scalable platform to prepare membranes for actuators, gas separation and fuel cells.

The mechanism of polymer infiltration into nanoporous gold is capillary rise, a
phenomenon where liquid spontaneously fills a narrow channel without the assistance of external
forces. For Newtonian fluids, the capillary effect is described by the Lucas-Washburn Equation

(LWE)30,3 1 .

oY cosf
h(t) = 05 /—R’"’ ‘;‘:}:os : Eq. 1

In Eq. 1, h(t) is the height infiltrated by the liquid, t is the infiltration time, Ry 1s the radius of

the pore, Y is the surface tension of the liquid, 8, is the equilibrium contact angle, and 7n,, is the
fluid viscosity. The LWE assumes that the size of the fluid particle is an order of magnitude
smaller than the radius of the channel, which enables the fluid to be treated as a continuum
medium %2, The scaling of polymer infiltration height h(t) with t%5 is well-documented. For
example, polyethylene (PE) infiltrated into cylindrical anodized alumina oxide (AAO) nanopores
exhibited LWE scaling such that flux ~ t%°, although the molecular weight dependence differed
from bulk behavior®®. Similar behavior was observed in molecular dynamics simulations of
unentangled polymers in CaRI experiments®*. Polyethylene oxide (PEO) chains infiltrated into
confined AAO cylindrical nanopores where Ry > Ry, again exhibited LWE scaling ~ £0:5 35,
Interestingly, these studies found that low molecular weight PEO chains exhibited slower than

theoretically predicted infiltration, whereas high molecular weight chains exhibited faster

infiltration.
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For these studies of capillary filling of PEO in nanopores, Yao et al. (2018) developed a
model to account for these deviations from bulk viscosity scaling?:

-1
Meff I(_Reff )4 L LR l Eq.2

No Rpore 3(NRporez

Here, the effective polymer viscosity, 7,5, deviates from the bulk viscosity, 79, due to two
phenomena which dominate in distinct regimes of confinement. The first term in Equation 2
captures the dead zone effect, in which strong adsorption of chains to the capillary surface
creates a zone of thickness AR where polymer imbibition is blocked. Accounting for this dead
zone, the effective pore radius is defined as Rerf = Rpore — AR. The reduced pore size
increases 15, leading to infiltration dynamics slower than bulk behavior. The dead zone effect
is expected to dominate when the polymer radius of gyration is much smaller than the pore
radius, R; < Rpore. Adapted from the work of Johner et al. (2010), the second term in Equation
2 describes reptation-like flow under confinement, which models infiltration as plug through a
capillary®®. This term dominates in highly confined systems, i.e. when Ry > Rpore. Polymers
confined in a reptation tube much smaller than their bulk length scale is driven by the capillary
pressure gradient and infiltrate with a scaling of ~N!, showing enhanced mobility over bulk. In.
Eq. 2, ¢ is the fraction of chains participating in reptation, N, is the entanglement length of the
chains, b is the Kuhn length of the polymers, { is the friction coefficient of one Kuhn segment,

and «a is a general scaling exponent.

Deviations from the LWE have been observed both experimentally and computationally,

with a variety of molecular weight scaling exponents 282*3738  Beyond the dead zone effect and
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modified reptation contributions enumerated in Equation 2, confinement can change other
materials parameters that impact capillary rise infiltration of polymers in pores. For example, in
previous studies of PEO 3°, experiments and self-consistent field theory simulations for a mixture
of long and short PEO chains show that shorter chains infiltrate faster than predicted by theory
39 Such experiments demonstrate the complex relationship between materials parameters and

infiltration height expressed in Equation 1.

The interaction between the infiltrating polymer and the scaffold surface is one such
parameter. Diffusion of entangled polystyrene (PS) in a 2D slit geometry of alkylammonium
modified mica-type silicates was found to scale inversely with molecular weight (D o< N') 40,
The weaker dependence than expected from reptation (D « N-2) was attributed to attractive
interactions between the polymer and confining surface. Using in situ nanodielectric
spectroscopy, the infiltration kinetics of cis-1,4-polyisoprene (PI) in AAO nanopores proved
quite different when the nanopores were silanized, a process which decreases PI-AAO
adsorption*!. Molecular dynamics simulations of polymer infiltrates into random close-packed
NPs in the presence of solvent exhibited infiltration times with a non-monotonic dependence on
polymer-NP interaction strength?®. Infiltration dynamics increases in speed as the polymer-NP
attraction increases until a strong-adhesion limit is broached, beyond which infiltration slows.

The system in the present work, PS infiltration inside NPG, does not exhibit strong polymer-

surface attraction, existing well below this strong-adhesion limit.

The entanglement density of polymers is often cited as an explanation for the capillary

infiltration dynamics of polymers. Using small angle x-ray scattering (SAXS) to follow PS
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infiltration into AAO cylindrical nanopores, an effective viscosity scaling of 7, ¢ was

found for Ry > Ry,re and attributed to a confinement-induced reduction in entanglements

during infiltration®’. In another study PEO infiltration under strong confinement in AAO pores
exhibits an effective viscosity scaling as 7err ~ N 10 suggesting Rouse dynamics **. Recent
molecular dynamics simulations of polymer infiltration into a cylindrical nanopore measured a
reduction in entanglements during capillary infiltration which scales inversely with capillary
radius®. These observations align with work studying non-infiltrating polymers under
confinement. Experimental study of ultrathin PS films revealed a decrease in entanglement
density with decreasing film thickness*?. Simulations of entangled polymers under thin film
confinement demonstrate that uniaxial compression of chains drives chain segregation, reducing
the number of accessible interchain contacts and thus reducing entanglements “**4. Further

t ¥4 and tortuous

computational studies extended this finding to cylindrical confinemen
networks with multiple confinement length scales*’. Entanglements are of particular interest in

this work, in which entangled PS chains infiltrate into a NPG scaffold.

As exemplified by Equation 2, infiltration kinetics depend strongly on the degree of
confinement. The confinement ratio, I, is defined as I' = R;/Ry,4re, Wwhere Ry is the radius of
gyration of the polymer, and Ry, is the radius of the pore. Using CaRl, polydimethylsiloxane
(PDMY) infiltration was investigated into a dense silica NP packing with a confinement ratio, I,
varying from 0.6 to 1.5. This system?® exhibited a crossover in diffusive behavior at I' = 1, with
D o N~ for I' > 1 and a scaling exponent between 0 and -1 for I' < 1. PS infiltration into

t26

similar silica NP packings at much higher degrees of confinement®, I" varying from 2 to 15,

exhibited viscosity scaling nesr ~ N 08 Beyond the pore radius, the pore geometry is an
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important factor in infiltration kinetics. Work comparing the infiltration of PS into AAO with a
tortuosity close to 1 versus infiltration into tortuous porous glass finds an inverse scaling of

infiltration velocity with tortuosity™*.

The present study quantitatively measures the kinetics of entangled PS infiltration into
NPG under moderately confined conditions where Ry is slightly less than the Rp,4ye. The
experimental confinement ratio I" varies from 0.47 to 0.77. The infiltration time scales with PS
molecular weight as Tggy, ¢ ML3°+020 straying from bulk viscosity scaling with M3,
Further, the PS viscosity extracted from infiltration studies is reduced by over an order of
magnitude compared to the bulk. This study of a moderately confined polymer is an important
contribution to the field because of the bicontinuous pore geometry with zero-mean curvature,
compared to studies of concave cylindrical pores of AAO and convex pore of nanoparticle
packings. The unique properties of this system drove us to use molecular dynamics simulations
of polymer infiltration into NPG to illuminate experimental findings. Simulation results well
agree with experimental scaling, Tinfiitration X N L4 These simulations provide insights into the
mechanism of infiltration by analyzing transient chain level behavior such as the fraction of
chains adsorbed to the gold surface, entanglement density, and chain R, during infiltration.
These simulation properties and their implications on experimental polymer infiltration kinetics

are expounded upon in this work.

4.2 Materials & Method

Please refer to Chapter 3 for part of the materials and methods.
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Samples. The polystyrene (PS) samples with different molecular weights were purchased

and used as received. Important molecular characteristics and length scales are described in

Table 4.1.

Table 4.1. Characteristics of PS and confinement parameter values

Sample Name M, (Da) PDI Ry (nm) I'=Ry/Ryore
PS-424k 424,000 1.06 17.8 0.47
PS-610k 609,500 1.06 21.4 0.57
PS-807k 806,815 1.03 24.6 0.66
PS-954k 954,000 1.06 26.7 0.71
PS-1031k 1,031,454 1.06 27.8 0.74
PS-1133k 1,115,960 1.02 28.9 0.77

The PS in these studies are entangled with weight average molecular weights ranging from 424

kDa to 1,116 kDa and have a low polydispersity (PDI), less than 1.06. The calculated radius of

gyration (Ry) 1s given by Rg = ’bZTN. The Rg s calculated from the Kuhn length, b = 1.8 nm for

PS, and the number of Kuhn segments, N = %, where the Kuhn monomer molar mass for PS is

o
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720 Da®. Solutions of PS and toluene are prepared using 2.4 wt.% of polymer. The PS solution
is stirred overnight. Then, the solutions are spin coated onto silicon wafers (1 cm x 1 cm) at 4000
rpm for 1 minute. After that, the polymer films are annealed at 100°C in the Mettler heating stage
(Mettler FP-82) under argon flow for 10 minutes to ensure complete evaporation of the solvent.
The resulting polymer thickness range from 150-500 nm as measured by reflectometer

(Filmetrics F3UV).

Water Contact Angle Goniometry. Static and Dynamic Water Contact Angles are used
to measure the surface energy of the NPG/PS composite. Uniform DI-H>O droplets were
deposited onto the sample surface using a Gilmont Micrometer Dispenser. The system is
illuminated using a Stocker Yale Imagelite Lite Mite - Model 20. Pictures of the water droplets
were captured using a Sony CCD N50 Video Camera Module with a Navitar Zoom 7000 close-
focusing macro video lens mounted on an optical table. The captured pictures are analyzed using
Image J, plugin “LB-ADSA,” which uses the Young-Laplace equation to fit the shape of the

water droplet for the exact contact angle.

Atomic Force Microscopy (AFM). Bruker Icon AFM with tapping mode is used to
probe the surface morphology of the NPG/composite. The images collected are 2*2 um?.
Tapping mode AFM tips, Tap300ALl, have a tip height of 17 um and radius of 10 nm. The AFM

images are analyzed using Gwyddion software.

Scanning Force Microscopy (SEM). FEI Quanta 600 SEM is used to detect the
secondary electron signals at 15kV. The images are taken top-down to measure the ligament-
ligament distance and in cross-section to measure the NPG thickness as well as infiltration

extent. SEM images analysis also utilizes Gwyddion software.
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4.3 Results and Discussion

Characterization of Nanoporous Gold (NPG).

In this study, polymer is infiltrated into the pores of a nanoporous gold (NPG) scaffold.
The scaffold is prepared by dealloying a ca. 100 nm film with nominal composition Au3zsAges
at. %. In the gold-alloy etching process, also known as depletion gilding or gold coloration®, the
less-noble (Ag) element is removed, leaving behind Au adatoms that diffuse to form Au clusters
and eventually Au ligaments. The resulting structure is bicontinuous with gold ligaments and
nanopores as shown in Figure 4.1a. Figure 4.1a (inset) shows a cartoon of the NPG structure,
that defines d which is the average distance from the center of one ligament to the center of an
adjacent ligament. Because pristine NPG spontaneously coarsens at moderate temperature, post-
dealloying coarsening is needed to stabilize the structure. Both thermal and chemical coarsening
has been studied >'*° . Because the NPG/PS infiltration studies utilize thermal annealing at
150°C (i.e. above the PS glass transition temperature), the NPG was thermally coarsened at
175°C for 3 h prior to preparing the NPG/PS bilayer. Our prior study showed that this treatment

prevented NPG coarsening during infiltration at 150 °C .

Small-angle X-ray scattering (SAXS), SEM and AFM were used to characterize the
structure of the NPG. Figure 4.1b shows the SAXS intensity versus wavenumber (q) before and
after coarsening the NPG at 175°C for 3 h. For as-prepared NPG, the maximum-intensity peak
position is located at 0.00873 A1, corresponding to d = 89 nm, with a small shoulder at 0.02139

A~1 which corresponds to d = 36 nm. This shoulder may reflect scattering from Au
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nanoparticles (NP) resulting from incomplete ligament formation. Upon annealing, the
maximum intensity moves to lower q, gmax = 0.00513A~1, and the shoulder disappears

suggesting dissolution of the Au NP. For bicontinuous structures, the ligament-ligament distance

2T 5356

dmax

is given by d =1.23 * , where the factor of 1.23 accounts for the random arrangement of

ligaments. For as prepared NPG, d is 89 nm, whereas after thermal treatment d = 150 nm. The
full width at half maximum (FWHM) of the annealed NPG is shown in SI Fig. Al. The
broadness of the scattering peak reflects the heterogeneity of the pore size which is verified in

SEM and AFM images. For annealed NPG, the lower bound of the FWHM is qryuy 1ower =

0.00218 A~1, corresponding to dypper = 355 nm. The upper bound is gy pmupper = 0.00829

]

A~ corresponding to djgper = 93 nm. The calculation can be verified through the SEM/AFM
images in Figure 4.1, as some pores have larger values in the longitudinal direction. As noted
previously, this thermal treatment is sufficient to lock in the NPG structure during polymer melt

infiltration at 150°C. For all subsequent discussion, “NPG” will refer to the coarsened structure.
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Figure 4.1. NPG structural analysis. A) SAXS spectra of as-prepared and coarsened (175°C, 3 h) NPG film. The
maximum q values are used to determine d values of 89 nm and 150 nm, respectively. The high q region scales as q-

4, The inset defines d as the ligament to ligament spacing. Inset cartoon adopted from Welborn and Detsi (2020).

79


https://www.zotero.org/google-docs/?e0tArb

B.) SEM and c¢) AFM height images of coarsened NPG in a top-view. White and gold colors, respectively, represent

the ligaments of the NPG. Dark regions in both images correspond to open pores.

The coarsened NPG was also characterized by real space methods, namely SEM and
AFM. Figure 4.2b is an SEM image showing that the NPG displays an interconnected network
structure when viewed top down. Line-scans (see SI, Fig. A2) are used to determine the
ligament-ligament distance, d = 146 £ 9 nm, which is in good agreement with SAXS (Fig. 4.1a).
Figure 4.2c is an AFM height image of the coarsened NPG exhibits a network of gold ligaments.
By taking a 2D correlation function, the ligament-ligament distance can be determined from the
distance between peak heights as shown in SI (Fig. A3). To randomize measurements,
correlations were determined at -45°, 0°, 45", 90°. From AFM, the ligament spacing was found to
be 114 + 39 nm, which is less than the values from SAXS and SEM. The large uncertainty may
result from limited resolution due to the tip radius (10 nm) as it traverses the narrow pores (75
nm). This resolution limit is evident upon comparing the narrower ligament widths in the SEM

image (Fig. 4.1b) compared to the broader widths in the AFM height image (Fig. 4.1c¢).

Pore volume is another important characteristic of the NPG. In addition to d, the pore
volume fraction and pore radius were determined for the NPG. As modeled via ellipsometry and
calculated from 2D correlation function analysis of the AFM image (Fig. A3), the porosity of the
NPG is approximately 50% by volume, which agrees well with our previous study?* . As shown

in Fig. 4.1a, the ligament-ligament distance is the sum of the ligament width plus the diameter of
the pore. Thus, the average radius of the pore is given by Rpore = % , which is 37.5 nm in this
study.
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Characterization of NPG/PS before and after complete infiltration.

Before investigating the kinetics of infiltration, the initial NPG/PS bilayer and the
NPG/PS composite (PING) after complete infiltration were characterized. The preparation of
NPG/PS on a silicon substrate was described in the Materials and Methods section. Figure 4.2a
shows a cross-sectional SEM image of a bilayer with a 120 + 4 nm thick NPG top layer (white)
over a 80 = 3 nm thick PS layer (dark). The edges of both films are observed as well as the gold
ligaments on top of the NPG. Figure 4.2b presents a cross-section image of PS-424k in the NPG
after complete infiltration at 150°C for 3 h. The final thickness of PING is 128 + 8§ nm. From
Figure 4.2, PS-424k appears to completely fill the pores. The NPG thickness before and after
infiltration are within experimental uncertainty, indicating that the NPG takes up the PS without

swelling.

= N':ﬁ*m?"!’?_‘?‘{” nm - [ fully infiltrated NPG
thickness = 120 nm

"'“4.-&..‘ -

PS, thickness = 80 nm

Si Wafer

Figure 4.2. a) Cross-sectional SEM image of the prepared bilayer. The top-most, middle and bottom layers represent
the NPG (120 nm), the PS film (80 nm), and the silicon substrate. The tilt angle is 5°. b) Cross-sectional SEM

image of the NPG after complete infiltration by the PS-400k after annealing for 3 h at 150C.

81



The surface characteristics and properties of the fully infiltrated NPG/PS films were also
determined. As polymer infiltrated the NPG from below, the color of the film became
progressively dimmer as shown in Figure A4 as the film transitioned from initial to partial to
complete infiltration. Tapping mode AFM was used to characterize the topography of the
NPG/PS-424k film before and after complete infiltration as shown in Figure 4.3. The AFM tip
radius is 10 nm. Before infiltration (t =0 s), the NPG (~ 120 nm) lies on top of the PS-424k film
(~ 80 nm) and, as expected, the height image in Fig. 4.3a is very similar to that in Fig. 2c for the
neat NPG film. The bicontinuous gold ligament structure (bright features) can be clearly
visualized. The height scale bar from 0 to 100 nm was chosen to be the same as that of Fig. 4.1c.
The surface roughness of the bilayer is R, = 3.3 = 0.7 nm, implying that the surface is relatively
rough due to the open pores at the surface. However, after complete infiltration, Figure 4.3b
shows that the surface becomes smoother with ligaments (bright spots) rising at most ca. 50 nm
above the background. This decrease in roughness is attributed to the PS domains (dark) filling

the pores between ligaments. Quantitatively, the surface roughness decreases to Ry = 1.8 £ 0.1

nm.
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Figure 4.3. a) AFM height image of NPG (ca. 100 nm) over PS-424k film (ca. 100 nm). Surface roughness is R, =
3.3+ 0.7 nm. The structure is similar to that in Figure 2c. b. AFM height image of the NPG after complete

infiltration by PS-424k after annealing at 150°C for 3 h. Surface roughness is R; = 1.8 £ 0.1 nm

To further investigate surface properties, water contact angles were measured on a pure
PS-954k film, a solid gold film and a fully infiltrated NPG/PS-954k film. As shown in Figure
4.4a, the equilibrium water contact angle for PS-900k is 6 = 89.9 £ 0.7°, in good agreement with
literature®’. Because it is porous, the NPG absorbs water and delaminates from the substrate.
Thus, a solid gold film was used as a surrogate for the NPG film. The gold wafer, made by
sputtering a layer of gold on a silicon wafer, exhibits a water contact angle 6 = 64.4 £2.7°, which
is in good agreement with the range of values from the literature %, 60 to 65° . Given that the
porosity of the NPG is ca. 50%, the water contact angle for fully infiltrated NPG can be
estimated by averaging the contact angles of PS-954k and gold, and is 77.2°. This estimate
assumes a smooth surface and does not account for the effect of nanoscale roughness shown in
Fig. 4.3b. As shown in Figure 4.4, the measured contact angle for the NPG/PS-954k film is
slightly larger, 6 = 80.1 £+ 0.5°, than the simple rule of mixtures prediction. This small difference
might be attributed to PS domains that partially spread over the gold ligaments on the top
surface. Nevertheless, because 6 <90°, the top of the NPG/PS-954k film appears to contain both
PS domains and gold ligaments at the surface. The water contact angle results are qualitatively
consistent with the AFM height map shown in Figure 4.3b that displays patches of PS (dark) and
gold ligaments (bright). Thus the AFM results suggest that PS does not spread across the entire
surface to form a uniform wetting layer over the gold ligaments. AFM phase images shown in

Figure A5 of the SI support this conclusion. In addition to the static contact angle, we have also
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measured the dynamic water contact angle on fully infiltrated NPG/PS-954k as shown in Fig.
A6. Future studies will apply ToF-SIMS to quantify the relative areas of PS and gold on the

surface.

0=89.9+0.7° 6=80.1x05°
0=644127°

T
954k fully infiltrated NPG

Gold Coated Si Wafer

Figure 4.4. Room temperature water contact angle measurements on a) PS-954k film, b) solid gold film on silicon,

and (c) NPG after complete infiltration by PS-954k.

Kinetics of Polystyrene Infiltration into the NPG Scaffold.

After characterizing the initial and final states, the kinetics of polystyrene infiltration into
a NPG scaffold is investigated using in-situ spectroscopic ellipsometry (SE). The infiltration

extent (IE) is determined from the refractive index of the top layer at time t, n,, via [E =

(ne—ny)
(ng—mny)

, where n; is the initial refraction index of the top layer, and ny is the final refraction
index of the top layer (see SI for details). Figure 4.5a shows infiltration height for PS-424k, PS-
807k and PS-1133k in the NPG plotted versus t/2. The time for 80% infiltration which
corresponds to a height of 96 nm is used to compare the different molecular weights. At 80%
infiltration, the infiltration times are 9.6 min, 22.5 min and 62.9 min, respectively. According to

the LWE (Eq. 1), h ~ t'/2. Figure 4.5a shows that PS infiltration height scales linearly with

t1/2, indicating that the LWE is obeyed for infiltration of PS into the nanoporous scaffold. Other
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polymer infiltration studies in nanoconfined systems, such as polymer infiltrating into SiO>
nanoparticle assemblies and AAO membranes, also exhibit the relationship h ~ t'/2 265, Figure
4.5b,c shows the IE as a function of annealing time for PS-954k infiltrating into NPG at 150°C.
From 0 to 10 min, PS-954k fills approximately 35% of the NPG; however, from 10 to 20 min,
PS-954k only fills an additional 23% of the NPG. The slower kinetics of PS infiltration is
reflected by the parabolic shape with a negative concavity shown in Fig. 4.5b. According to the
classical LWE model, the capillary driving force becomes weaker as infiltration increases
resulting in a slowing down of the advancing polymer front. To compare infiltration times as a
function of PS molecular weight, the time to infiltrate 80% of the NPG, g0+, was chosen. This
time point was convenient for several reasons. First, the 80% filling fraction value can be more
accurately measured than the 100% value which is approached asymptotically as shown in
Figure 6b. Further, using ts0% allows for a higher molecular weight range to be explored using
reasonable annealing times. Figures 4.5a and 4.5b show that t30%; = 38.8 min for PS-954k

infiltrating into the NPG at 150°C.
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Figure 4.5. (a) Infiltration height of PS-424k, PS-807k, and PS-1133k into NPG at 150°C. Because the height
increases linearly as t'2, the LWE captures the time dependence for PS infiltration into nanoporous scaffolds in this
study. (b) Plot of PS-954k infiltration extent as a function of the log time . (c). Plot of PS-954k infiltration extent as
function of linear scale between t = 0 and t = 100 mins. The time to reach 80% infiltration is represented in the insets

and has a value of 38.8 min for PS-954k at 150°C.
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Using tgg¢, measurements from SE, the kinetics of polystyrene infiltration into NPG was
measured for weight-average molecular weights (My) from 424k to 1133k g/mol. For a pore
radius of 37.5nm, the confinement ratio I" ranges from 0.47 and 0.77 as shown in Table 4.1.
Figure 4.6 shows how infiltration time increases as My, increases upon annealing at 150°C. For
example, PS-424k (R, = 17.3nm) exhibits Tgg, = 9.69 min, which is 5x faster than infiltration of
PS-1133k (R, = 28.9 nm) where Tggo, = 49.9 min. Note that the PS in this study (Table 4.1) have
My values above the entanglement molecular weight of PS (M, = 17k g/mol) *° and therefore the
bulk melt viscosity (1) scales as n oc M3* 496061 " From the LW relationship, T ~ 1, and
therefore if bulk viscosity controls the molecular weight dependence of infiltration, Tgge,
M3*. However, as shown in Fig. 4.6, Tgqy, o« ML3°%%20 demonstrating that the molecular

weight dependence of infiltration in NPG is much weaker than expected from bulk behavior.

100 . :
=
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10+ .
T T
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Figure 4.6. Infiltration time as a function of polystyrene molecular weight at 150°C. In these studies Tggq, represents
the time for PS to infiltrate 80% into the NPG scaffold. The scaling of 7g¢q,with molecular weight is weaker than

expected from bulk viscosity where Tgoy, ¢ M3*.
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Next, we compare experimental results with prevailing models. For Ry > Ryore and I’
> 1, Johner, Shin and Obukhov (2010) developed a theoretical model that captures reptation of
polymers under strong confinement. The pressure gradient within the pores results in enhanced
mobility and faster infiltration®® where T o< M},. In previous experiments under confinement
3337 the PS and PEO infiltration time in nano-sized cylindrical pores were found to scale as T &
ML*and T o« MZ? respectively. Additionally, polymer infiltration in a densely packed SiO2
nanoparticle scaffold scaled?® as T o« M28 . Though the polymers used in these studies were
entangled, the scaling behavior approximately suggests that T « 7 o MY. Thus, for both the

model and experiments where I > 1, the infiltration rate exhibits a weaker dependence on M,,

than expected from bulk behavior.

Infiltration time (Figure 4.6) can be used to determine the effective viscosity (1¢5f) of

PS. Using a modified Lucas-Washburn Equation (LWE) that accounts for tortuosity®?, the height

that PS travels at time t is:

h2 _ Y Rporecos 6 ¢ Eq.5
477€ff7:2

where Y is the surface tension of PS at 150°C, Ry is the average pore which is 37.5 nm, t is
the tortuosity factor of the NPG  which is taken as 1.5, 0 is the contact angle between PS and
gold. The contact angle for PS on silica is reported as 20° and used here 2°. To further support
this choice, the contact angle of PS on Au was estimated. Namely the PS contact angle on a

planar Si wafer’! was measured to be 6.9°, whereas relationship between the PS contact angle on
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planar Si and planar gold® is 4% = 1.9 @5 . Thus, the PS contact angle on Au is estimated to
be ca. 13°. Note: this estimate excludes the effect of roughness and curvature. Further, because
the difference in cos® is only a few percent, the value of 20° is a reasonable estimate to calculate
the effective viscosity from Eq. 4.1. Calculations for the surface tension and bulk viscosity are
given in the SI. As shown in Figure 4.7, the effective viscosity of PS infiltrating inside the NPG
is lower than that of the bulk (1 ). For 424k-PS, 0 is 7.0 * 10° Pa*s and 1)y, is 2.9 * 10®
Pa*s, which is 40x greater than the viscosity of the confined polymer. For 1133k-PS, the
reduction in viscosity is even larger with n,r; = 3.8 * 107 Pa*s and 1,5, = 8.4 * 10° Pa*s
resulting in a difference of more than two orders of magnitude. As shown in Figure 4.7, the
difference in 1,1 — 7efy increases as M, increases. As observed in MD simulations in Figure
4.9, one possible explanation is that the reduction in entanglement density increases as M,,
increases. In summary, the PS infiltration time exhibits a weaker dependence on M,, than
expected from bulk behavior and PS viscosity inside the nanopores is greatly reduced relative to
bulk viscosity. In addition to predicting the scaling behavior of infiltration time with M,,, the

next section will investigate the mechanism of infiltration using molecular dynamics simulations.
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Figure 4.7. The effective viscosity of PS in the NPG and bulk viscosity as a function of molecular weight at 150°C.
Red circles represent the bulk viscosity values calculated at the same molecular weight as the NPG studies. The
dashed red line is a fit that scales as M3*. The gray squares represent the effective viscosity determined from the
infiltration times given in Figure 7. The effective viscosities of PS confined in the NPG are much lower than the

bulk values.

Molecular Dynamics (MD) Simulations of Polymer Infiltration into NPG.

To compare experimental results with simulations, molecular dynamics is used to
determine the height of the polymer front as it infiltrates into the NPG. The methods section
describes the system (Chapter 3) and simulation details. The height of the polymer front is

calculated from p(z), the local polymer density in the z direction. The infiltration front can be
tracked as the z threshold z', where | OZ ’ p(z)dz = 0.99p;,ta1, Or at which 99% of the total

polymer density is contained. This threshold is depicted via a dashed red line in Figure 1 at Tt=0
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(initial configuration) and T = 330000 (after infiltration). The difference between this height and

the bottom of the nanoporous gold structure, z' — zy4,4, is referred to as hgg(t). The infiltration
rate, hgg, is calculated from the slope of the linear region when plotting h?qq versus time. To

compare with experimental scaling of tgqq, with molecular weight (Figure 4.6), 1/ hgg, which is
proportional to the infiltration time, T fiirration, 1S plotted versus the number of monomers per
chain N on a log-log plot. In previous works simulating polymer dynamics during capillary rise,
in addition to tracking the infiltration front, the infiltration of the bulk of the polymer is
characterized via the z threshold z", where [ OZ " p(2)dz = 0.85p,0441, 0T at which 85% of the
total polymer density is contained**. The dynamics of the infiltration front more closely match

the experimental conditions tracked in this work and are thus reported here. The bulk infiltration

dynamics are included in Figure A9 of the Supporting Information for completeness.

Figure 4.8 shows infiltration rate and infiltration time for N = 25, 50, 100, 150 and 200
monomers. Those five polymer chain lengths incorporate the range for PS used in the
experiments, as N approximately ranges from 30 to 90 for the PS used in the experiments. Note
that N/N. increases from 1.5 to 11.5, respectively, for our simulated system. Figure 4.8a shows
that the progression of infiltration slows down as polymer length increases. For each polymer, a
linear regime is observed as expected from the LWE model. Figure 9b shows that infiltration
time increases with N and that this time scales as N1#. This result is in good agreement with the
experimentally observed scaling shown in Figure 4.6, where Tggy, o ML3° %020 Ag discussed

previously, this scaling deviates significantly from that expected for bulk behavior, Tggo, &< M3*.
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Figure 4.8. (a) The square of the infiltrated polymer film height hZ, as a function of simulation time. Each color

corresponds to a different polymer chain length, N, as noted in the legend. An average of triplicate runs is shown,

with error bars included on the plots. (b) Inverse infiltration rate 1/ hgg as a function of the number of monomers. A

log-log scale is used to show the scaling of infiltration time with N, Tjn iitrarion & N™*.

The difference between the scaling from simulations and the T~N? behavior predicted by
the model in Equation 4.2 may be attributed to several factors. The confinement ratio, I, in the
simulations ranges from 0.46 to 1.35. The shorter chain lengths are not in the highly confined
regime required for this reptation-like flow and lack sufficient entanglements to be considered
within the reptation regime. In addition, the tortuosity of the gold surface changes the expected

pressure gradient in comparison to an ideal cylindrical capillary>®.

Previous studies have shown that confinement reduces the number of entanglements in
polymer chains compared to the bulk value 374>#%347 A reduction in entanglements decreases

polymer viscosity, thus leading to faster infiltration than predicted by bulk behavior. Figure 4.9a
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shows the change in the average number of entanglements per chain, 4 < Z >, over the duration
of infiltration for all chain lengths. Only infiltrated chains, i.e. chains with a center-of-mass z
position above the bottom of the nanoporous gold structure, are considered for the average
number of entanglement analysis. The Z1+ algorithm®® is used to analyze entanglements in all
simulations. All chain lengths show a decrease in entanglements as infiltration time increases,
consistent with the experimentally observed decrease in viscosity. As chain length and thus the
degree of confinement increases, the magnitude of 4 < Z > increases from about -0.5 to -2.0
entanglements per chain for N = 25 and 250, respectively. Rather than using the loss of
entanglements, comparing entanglement length, N,, as chain length increases provides a clearer

comparison. If the change in entanglements is sufficient to explain the confined polymer

. . . . Ninfil d Ne .
viscosity, one would expect o 1/N,, giving —2LHreed o bulk__ The ratio of bulk
Nbulk Neinfiltrated

entanglement length versus infiltrated entanglement length during the course of infiltration is

included in Figure A10 in the Supporting Information. Figure 4.9b shows — 2t

Cinfiltrated

versus [ at

the final simulation time point for each chain length, capturing the total change in the
entanglement length over the course of infiltration. This ratio increases as N increases; if
entanglements played a dominant role in the changes in the infiltration rate, we would thus

expect smaller deviations from bulk viscosity for higher molecular weight polymers. However,

Ninfiltrated
Nbulk

with the dynamic scaling found experimentally and computationally in this work, x

1.4

v XN ~2, one would expect larger deviations from bulk viscosity as N increases. The

experimental results in Figure 4.7 show this latter trend; namely, the difference in Ny — Nesy

increases as M,, increases. Although a reduction in entanglements can enhance infiltration
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kinetics, the change in entanglement per chain does not explain the scaling observed in this

study.
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Figure 4.9. Effect of confinement on entanglements. (a) The decrease in the average number of entanglements per

Nepuik
Neinfiltrated

chain over the course of infiltration, 4 < Z > =< Z >, =< Z >p k- (b) at the final simulation time

point versus the confinement ratio I'.

The model from Yao et al (2018) assumes that chains obey Gaussian equilibrium statistics
and are not deformed by flow?>3®. There have been conflicting results with regards to the shape
of polymers during capillary infiltration, with reports of both unperturbed dimensions®” and
chain extension in the direction of flow?®. The reduction in entanglements for confined polymers
is thought to be driven by chain compression in the confined dimension which reduces the
pervaded volume of chains and thus the number of available interchain contacts *>*3,
Confinement of significantly long polymers can even drive chain segregation ***. This chain
segregation produces an entropic barrier to polymer diffusion, as chains must adopt highly

extended conformations to exchange positions with neighboring chains. Figure 4.10 shows the

normalized one-dimensional radius of gyration in each direction for free (open circles) and
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highly adsorbed (solid circles) chains. Values are normalized to the bulk polymer Rg in each
direction such that a value of 1 represents a chain that has retained bulk dimensions in that
respective direction. Free chains are defined as those chains with no polymer beads within 1.5¢0
of any gold surface bead, while highly adsorbed chains have at least half of the total chain length
within 1.5¢ of any gold surface bead. There is clear extension in the direction of infiltration (z
direction) for both free and adsorbed chains, with the extent of chain stretching scaling with the
degree of confinement. Highly adsorbed chains retain bulk shape in the x and y directions for all
confinement ratios, while the most confined free chains (I" = 1.35) are compressed in the

confined x and y directions.
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Figure 4.10. Normalized one-dimensional radius of gyration in each direction, split into free (open circles) and
highly adsorbed (closed circles) chains. Free chains are defined as those with no polymer beads within 1.50 of any
gold surface bead, while highly adsorbed chains have at least half of the total chain length within 1.50 of any gold

surface bead. The x-axis corresponds to increasing chain length, plotted as the confinement ratio, R;/R. Chain

extension in the z-direction is observed for both free and adsorbed chains.
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Although the dead zone effect is expected to slow infiltration compared to bulk behavior,
the opposite effect to that observed in this system, we investigate if a dead zone could be present

L . d . o
in simulations. To probe for a dead zone, we calculate d—i, the instantaneous velocity in the z

direction of the center of mass of each polymer chain within the simulations. The effect of
. dz . . .
polymer surface adsorption on d—i is quantified via the number of adsorbed beads out of the total

number of beads of chain length N for each polymer. A bead is considered adsorbed if the chain
bead is within 1.50 of a gold surface bead. Figure 4.11a shows the z velocity dependence on the
fraction of adsorbed beads per polymer, f,,s. The adsorbed fraction, f, 4, varies from 0 to 1
where f,4s = 0 represents a free chain not interacting with the gold surface and f 45 = 1
represents a chain fully adsorbed to the gold surface. For all chain lengths, the z velocity of the

polymers decreases as the fraction of adsorbed beads increases. Despite this, even the longest
. . . . . d o .
chains exhibit motion at high f,4,, with d—i > 0. The lack of dead zone behavior is consistent

with the experimental system because chains do not have a strong affinity for the gold surface,

and thus are less likely to strongly and permanently adsorb to the surface.
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Figure 4.11. (a) Chain center of mass z velocity %, versus the fraction of adsorbed polymer beads for each chain

length. A monomer is adsorbed if the chain bead is within 1.50 of any gold surface bead. The adsorbed fraction is

# of adsorbed beads
N

defined as f,45 = ( ). (b) The fraction of total chains (f,,4ins) at each adsorbed fraction for each

chain length. (c) The fraction of highly adsorbed chains f,;; = 0.5 (red) and the fraction of weakly adsorbed

chains f,4; < 0.5 (black) versus the confinement ratio I'.

Figure 4.11b shows the fraction of total chains at each value of f, . This fraction is
calculated using all time points throughout the course of infiltration. The two shortest chain
lengths, N =25 and N = 50, have radii of gyration smaller than the characteristic pore radius, I' <
1. The highest fraction of chains for these polymers under low confinement are the free chains,
with f,4s < 0.1. Once the radius of gyration is near or exceeds the pore radius, as is true for the
other chain lengths (N=100, 150, 200), excluded volume interactions press chains toward the

pore walls, and the largest fraction of chains exist in a partially adsorbed state.

In Figure 4.11b, above f,4s =~ 0.6, one sees that the number of chains with a large
absorbed fraction decreases with increasing N. Despite the bias away from completely free
chains, the fraction of slower moving, highly adsorbed chains is lower for longer chains. Figure
4.11c depicts this trend, plotting the fraction of highly adsorbed chains f,45 = 0.5 in red and the
fraction of weakly adsorbed chains f,;; < 0.5 in black for each simulated I'. This finding aligns
well with previous works 3678 demonstrating through both experiment and simulation that
surface adsorbed polymer concentration scales inversely with molecular weight. A model for the
probability distribution of adsorbed monomers has been developed previously® in which the

mean value of f, 4, is located at fean ~ fmax — N~ Y© where f,,,4, is the maximum adsorbed
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fraction. Such a model is for equilibrium distributions, which are not captured in Figure 4.11b,
but demonstrates the N dependence of the adsorbed fraction. Previous research has also shown
that polymer diffusion near surfaces exhibits non-monotonic behavior, at first increasing with
increasing surface coverage until a maximum is reached and diffusion slows as macromolecular
crowding at the surface dominates’® . Combined with work demonstrating that shorter chain
lengths have faster adsorption dynamics®®, one would expect lower surface coverage with
increasing N, as shown in Figure 4.11, and thus higher diffusion within the nanoporous gold in

comparison with bulk diffusion.

Previous simulation work modeling the dynamics of polymers confined in nanoparticle
packings found that polymer segments in contact with nanoparticle surfaces experienced higher
local friction, and thus slower dynamics’'. When the authors compared a polymer nanocomposite
system with a lower polymer fill fraction, ¢pory = 0.2, to a system with higher polymer fill
fraction, the higher ¢poly = 0.87 system contained a notable number of chains with faster
dynamics than the ¢poly = 0.2 system. Since both systems have the same amount of available
nanoparticle surface area, but there are more polymer chains in the more filled system, the
polymers in the ¢poly = 0.2 system have a higher percentage of polymer segments adsorbed to
nanoparticle surfaces than the polymers in the ¢pory = 0.87 system. The deviation in f 45 between
the two systems leads to a difference in local friction, explaining the enhanced dynamics in the
dpoty = 0.87 system 772, A similar argument can be applied to the system studied here. As
depicted in Figure 4.11, on average f,,4s decreases with increasing chain length. The local
friction due to surface adsorption in the system thus decreases with increasing chain length. The

capillary force balance is between the pressure gradient and the frictional force. Under constant
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capillary pressure, the frictional force decreases with increasing chain length. One would thus

expect larger deviations from bulk dynamics with increasing N due to a larger driving force

Ninfiltrated N14
Nbulk N34

during infiltration, which agrees well with the o« N~2 experimental scaling

behavior depicted in Figure 4.7, where the decrease from bulk viscosity grows with chain length.

This work bears several similarities with recent work by Zhou et al simulating capillary rise of
polymer chains in cylindrical nanopores>®, justifying a comparison of the results in that work
with the findings outlined here. The system studied in the aforementioned work involves an ideal
cylindrical pore with no tortuosity, while the current study centers on a bicontinuous network of
pores. Zhou’s work simulates chain lengths from N = 1 to N = 400, varying from well below to
well above the entanglement length for the simulation method used, Ne ~ 84 . In the present
paper, only chain lengths above the entanglement length, Ne = 17, are simulated, ranging from N
=25 to N =200. The confinement ratio in the simulations described here ranges from 0.46 to
1.35 and only the chain length impacts confinement; a constant bicontinuous gold structure is
used for all simulations. In Zhou’s work, confinement is varied via both chain length and pore
size using 3 different cylindrical pore radii. In the smallest pore size, R = 50, the confinement
ratio ranges from near 0 to 1.5. Because this range is most similar to our study, we will focus on
results in the R = 50 capillary for highly entangled chains, N > 100; N/Ne > 1.2. For these
conditions, Zhou observed faster than LWE capillary infiltration, similar to our results shown in
Figure 4.8a. However, the effective viscosity was found to scale with polymer molecular weight
as Nesr 0 N°33 | a smaller exponent than the 7,7 o< N'* scaling shown in Figure 4.8b. Similar
to the results shown in Figure 4.10 of this work, the radius of gyration of chains infiltrated into

cylindrical pores was measured, and chain extension in the direction of capillary flow was
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observed. In the cylindrical nanopores, the number of entanglements decreased for all highly

entangled chain lengths, similar to the findings shown in Figure 4.9a. However, in the cylindrical

Nepulk

capillaries, decreases with increasing molecular weight, the opposite trend to that

Cinfiltrated
shown in Figure 10b. As described previously, the trend found in Zhou’s work supports the idea
that the decrease in entanglements is the main driving force for the change in viscosity observed
in the confined cylindrical capillaries. The unique geometry of the bicontinuous nanoporous gold
structure introduces more dramatic surface effects, with the fraction of chains interacting with
the surface decreasing as chain length increases, as shown in Figure 4.11c¢. In this work, in
contrast with Zhou’s work, the decrease in entanglements is driven more by surface interactions
than pure confinement. Previous research has demonstrated that in the presence of nanoparticles
with radius on the order of the ligament-ligament distance of the gold surface simulated here, the
number of entanglements near particle surfaces is lower than bulk, with more dramatic
differences observed in the presence of neutral wetting surfaces’®, like the surface simulated
here. As the entanglement density of chains near the surface is lower than the bulk, one would

expect to see a larger impact of surfaces on the number of entanglements for the shorter chains,

explaining the observation that the trend in —Nebulk

shown in Figure 4.11c opposes the trend
Cinfiltrated

observed in cylindrical capillaries. This surface effect contributes to the difference in the scaling

of viscosity with molecular weight between these two works.

The results from molecular dynamics simulations of capillary rise infiltration of weakly-
interacting entangled polymers into nanoporous gold reveal two main factors driving the

experimentally observed reduction in viscosity and change in infiltration scaling exponent. The
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first is a reduction in chain entanglement density during infiltration. The number of
entanglements decreases for all chain lengths studied, but there is a smaller delta in
entanglements for larger chains. This trend means that entanglement density alone cannot fully
explain the observed viscosity changes, where the decrease in viscosity increases with molecular
weight. The second factor we attribute to the reduced viscosity is a decrease in the fraction of
chains adsorbed with increasing polymer molecular weight. Less adsorption leads to decreasing

friction with molecular weight, and thus lower viscosity.

4.4 Conclusion

In this work, the dynamic scaling of capillary rise infiltration of polystyrene as a function
of molecular weight is measured inside a nanoporous gold (NPG) structure. The bicontinuous
structure is characterized by SAXS, SEM and AFM. The NPG film is about 120 nm thick with a
pore radius of 37.5 nm and a pore volume fraction of about 0.50. For a moderate degree of
polymer confinement in the NPG (0.47 <I' <0.77) and entangled PS, the infiltration time scales
as Tgoy, ¢ ML3010920 which is weaker than predicted if bulk viscosity dictates capillary flow.
For 0.46 <T' <1.35, molecular dynamics simulations of polymer infiltration inside NPG yields
an apparent scaling Tinriitration € N 14 'in good agreement with experimental studies. Using the
infiltration time, the effective viscosity of entangled PS is significantly reduced compared to
bulk, with the difference increasing with molecular weight. Molecular dynamics simulations of
the nanoporous gold system demonstrate a reduction in entanglements for all chains, which
supports the increased kinetics. However, the reduction in entanglements decreases as chain
length increases, indicating that reduced entanglement alone does not explain the trend in

101



experimental viscosity. The simulations reveal a decrease in the fraction of highly adsorbed
chains with N, which reduces polymer-wall friction with increasing polymer molecular weight.
This behavior captures the observed experimental kinetics and viscosity. Through studying PS
kinetics inside NPG during the formation of PING, we now better understand how to infiltrate
polymers into a metal scaffold, facilitating future studies that utilize other polymeric materials to

create PING that can serve as actuators, cell membranes, and optical response materials.
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CHAPTER 5. POLYMER-WALL INTERACTIONS SLOW INFILTRATION DYNAMICS

IN BICONTINUOUS, NANOPOROUS STRUCTURES

Content in this chapter is currently under review in 2024 to Macromolecules, with authors
Weiwei Kong, Anastasia Neuman, Laetitia Moore, Daeyeon Lee, Robert A. Riggleman, Russell
J. Composto. R.J.C., D.L and R.A.R conceived and planned for the project. W.K. developed the

experimental procedures and conducted all experimental measurements and analysis. A.N.

conducted simulation development and analysis. L.M. conducted and analyzed a portion of

simulations. W.K and A.N. wrote the manuscript. R.J.C., D.L. and R.A R edited the manuscript.

5.1 Introduction

Polymer nanocomposites (PNCs) are of interest for commercial applications because
their wide range of properties makes them attractive materials for coatings 2, membranes **, and
actuators °. Typically, PNCs contain inorganic nanofiller dispersed in a polymeric matrix. PNCs
have been of interest in academia, national laboratories and industrial laboratories ¢ because of
their superior performance as compared to unfilled polymers. For instance, by adding
nanoparticles into a polymer matrix, PNCs with ultrahigh strength and toughness can be
designed as protective coatings *!°. In part, the properties of the PNC depend on processing
conditions which determine nanoparticle dispersion and material properties, such as nanoparticle
loading, nanoparticle type and matrix polymer properties. In most systems, the thermodynamics

of mixing is unfavorable and nanoparticles aggregate, particularly at high loadings. Even for the

rare cases where the nanoparticle and polymer have a favorable thermodynamics of mixing, slow
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nanoparticle diffusion due to the high viscosity matrix can lead to kinetically trapped aggregates
of nanoparticles. This arrested state is even more prevalent when producing PNCs with high
loadings. For example, below 0.05 vol%, nanoplates uniformly sequester in one domain of a
lamellar block copolymer (BCP), whereas at higher loadings nanoplates aggregate and frustrate
BCP ordering '*'2. In summary, PNCs with a high loading of nanoparticles (e.g., near

percolation) are typically difficult to prepare while maintaining control over PNC morphology.

1314 "we circumvented the difficulties of nanofiller-limited loading

In our previous studies
and inhomogeneous dispersion by infiltrating polymer into the pores of a prefabricated
bicontinuous nanoporous gold (NPG). This polymer-infiltrated NPG (PING) nanocomposite
exhibits inorganic loadings of ~50 vol%. PING preparation utilizes a capillary force to drive
molten polymer into the NPG with pore diameters from 15 to 75 nm'°, and similar strategies

16-24 and anodized

have been used in previous work to infiltrate densely packed nanoparticles
aluminum oxide (AAO) pores 2°28, Starting with a polymer film on top of the NPG, the bilayer
is heated above the polymer glass transition temperature (Tg). Subsequently, capillarity drives
the polymer melt through the porous network spanning the NPG thickness, resulting in a PNC
that retains the original NPG structure. Capillary rise infiltration (CaRI) has been used to prepare

16-24

PNCs using scaffolds of densely packed nanoparticles and anodized aluminum oxide (AAO)

pores 2°28, Through capillary-driven infiltration, high nanofiller loading was achieved.

Confinement can perturb polymer characteristics and properties compared to bulk
behavior '%142527.2944 The conformations of polymer chains are distorted when confined to
pores with a size comparable to the polymer, and this distortion, in turn, influences polymer

dynamics. Previous work has shown that polymers can exhibit a higher Tg in confined
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geometries 19244346 depending on the nature of the interactions of the polymer with the
confining surfaces. As confinement increases, the polymer segmental relaxation dynamics slow
down, and Tg increases *’. For example, Maguire et al. (2021) found that the Tg of PS increased
by 6°C when confined in NPG with a pore size (Rp) greater than the radius of gyration (Rg) °.
In a complementary study, for PS highly confined in packed nanoparticles (Rg < Rp), the Tg
increased by 57°C compared to the bulk #¢. Despite this increase in Tg for completely filled
nanocomposites, polymer infiltration into confined or semi-confined pores shows enhanced

14.16,19244849 For entangled PS infiltrating NPG under moderate confinement, the

kinetics
effective viscosity decreased by over an order of magnitude relative to the bulk viscosity, and
this difference increased as Mw increased . For entangled PS infiltration in highly confined
SiO» packing, the effective viscosity also decreased '®. However, for unentangled PS and P2VP

infiltrating into SiO», a significant slowdown is observed '°. The seemingly conflicting effect of

confinement on polymer infiltration kinetics has remained largely unresolved.

In this study, we investigate the effect of polymer / wall interactions on the kinetics of
polymer infiltration into NPG structures. In our preceding study '#, polystyrene (PS), which
weakly interacts with the NPG, exhibited a reduced effective viscosity relative to the bulk and a
weaker viscosity dependence on Mw over the range 424k to 1133k Da. To better understand the
underlying mechanism, molecular dynamics (MD) simulations were used to show that the weak
Mw dependence and the enhanced kinetics were attributed to a reduction in the chain
entanglement density and a reduction in the polymer-wall adsorption fraction as Mw increases '*.
Some prior studies indicated that interfacial energy did not affect chain-scale polymer dynamics

193051 For instance, Hor et al. (2018) investigated the infiltration of unentangled P2VP and PS
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for confinement parameter I' >1, where I' = R¢/R,;,, and found that the normalized viscosities
were impacted in the same way for stronger polymer-wall interaction system (P2VP) as well as
the weaker polymer-wall interaction system (PS) '°. However, other studies suggest that stronger
interfacial interactions decrease polymer kinetics. As a comparison, Maguire et al. (2021) found
that infiltration time of entangled P2VP in NPG was an order of magnitude longer than that of PS
under the same conditions '*. In summary, prior studies are inconclusive about the effect of the

polymer-wall interactions on infiltration kinetics.

The present study focuses on the kinetics of infiltrating poly(2-vinylpyridine) (P2VP)
into nanoporous scaffolds with Rp of 34 nm. For Mw from 51k to 940k, infiltration conditions
are “moderate” with I" ranging from 0.18 to 0.78. For comparison, I' > 1 would correspond to
stronger confinement of chains. A key finding is that infiltration time scales as Tsos < My,
which is much weaker than the prediction based on the bulk behavior, T x Mw3.4. For Mw <
180,000 Da., the effective viscosities are greater than the bulk values, whereas for Mw > 180,000
Da., the effective viscosities are lower than the bulk values. This transition occurs when the Mw
is approximately 5x above the bulk critical Mw and is consistent with confinement reducing
chain entanglements. The similarity of the molecular weight dependence of infiltration time for
P2VP and PS is attributed to a strongly bound layer in the P2VP case. To investigate the effect of
polymer-wall affinity, coarse-grained MD simulations were performed for systems with varying
polymer-wall interactions. MD simulations support experimental results and show that polymers
with a strong attraction for the wall results in slower infiltration. MD simulations show that
infiltration time scales as T ~ Mw1.4 in good agreement with experiments. This study allows us

to better understand the effect of polymer-wall adsorption on infiltration into nanoporous
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channels, and to prepare nanocomposites at high filler loadings that are difficult to achieve by

blending polymers and discrete particles.

5.2 Materials & Methods

Please refer to Chapter 3 for part of the Materials and Methods.

Samples. The poly(2-vinylpyridine) (P2VP) and polystyrene (PS) samples with different
molecular weights were purchased and used as received. Important molecular characteristics and

length scales are described in Table 5.1.

Table 5.1. Characteristics of polymer and confinement parameter values

Sample Name Mw (Da) PDI Rg (nm) I'=Rg/Rp
P2VP-51k 50,500 1.02 6.1 0.18
P2VP-85k 85000 1.08 8.0 0.23
P2VP-153k 152,500 1.06 10.7 0.31
P2VP-302k 302,000 1.09 15.1 0.44
P2VP-417k 417,000 1.13 17.7 0.52
P2VP-643k 643,000 1.18 22.0 0.65
P2VP-940k 940,000 1.10 26.6 0.78

PS-168k 168,000 1.05 11.2 0.33
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The P2VP are entangled with weight average molecular weights from 51k Da to 940 kDa and
have a narrow polydispersity (PDI). The radius of gyration (Rg) is given by Rg = b2N6. The Rgis
calculated from the Kuhn length, b = 1.8 nm and the number of Kuhn segments, N=Mw/M,,
where the Kuhn monomer molar mass is 720 Da 2. P2VP and PS solutions are prepared using
2.4 wt.% of polymer in methanol and toluene, respectively. After stirring overnight, solutions are
spin coated onto silicon wafers (1 cm x 1 cm) at 4000 rpm for 1 minute. After that, the polymer
films are annealed at 60°C in the Mettler heating stage (Mettler FP-82) under argon flow for 10
minutes to ensure evaporation of the solvent. The polymer thicknesses range from 100-300 nm as

measured by reflectometer (Filmetrics F3UV).

The Ty's for bulk PS and P2VP are nearly identical when measured at the same cooling
rate, Tg = 100 °C -4, The T, of PS-168k and P2VP-153k films on silicon substrates were
measured using in-situ SE. To ensure equilibrium, the polymer films were first heated to 150 °C,
held at 150 °C for 5 min., and then cooled down at a rate of 10 °C/min. Analysis of the SE output
to determine Tg is described in SI information (Fig. B2). The PS-168k film (90 nm) has a T =

97 £ 2 °C, whereas the P2VP-153k film (130 nm) has a Tg =98 + 2 °C.

Water Contact Angle Goniometry. Static Water Contact Angles are used to measure the
surface energy of the P2VP: NPG composite. Uniform DI-H»O droplets were deposited onto the
sample surface using a Gilmont Micrometer Dispenser. The system is illuminated using a
Stocker Yale Imagelite Lite Mite - Model 20. Pictures of the water droplets were captured using a
Sony CCD N50 Video Camera Module with a Navitar Zoom 7000 close-focusing macro video

lens mounted on an optical table. The captured pictures are analyzed using Image J, plugin “LB-
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ADSA,” which uses the Young-Laplace equation to fit the shape of the water droplet for the

exact contact angle.

Atomic Force Microscopy (AFM). Bruker Icon AFM with tapping mode is used to
probe the surface morphology of the NPG/composite. The images collected are 2 x 2 pm?.
Tapping mode AFM tips, Tap300Al, have a tip height of 17 pum and radius of 10 nm. The AFM

images are analyzed using Gwyddion software.

Scanning Electron Microscopy (SEM). FEI Quanta 600 SEM is used to detect the
secondary electron signals at 15kV. The images are taken top-down to measure the ligament-
ligament distance and in cross-section to measure the NPG thickness as well as infiltration

extent. SEM images analysis also utilizes Gwyddion software.

5.3 Results and Discussion

Nanoporous Gold Characterization

The pore radii of as-prepared and annealed, 175°C for 3 h, nanoporous gold (NPG) were
determined by small angle x-ray scattering (SAXS). For bicontinuous structures, the ligament to
ligament distance (d-spacing) is given by *¢%* d=1.23*27/qmax. Figure 5.1 shows that the SAXS
intensity from the as-prepared and annealed NPG exhibits distinct scattering peaks with the peak
for the annealed sample shifted to lower q. In both cases the intensity scales as q* at high q. The
as-prepared NPG exhibits an average d-spacing of 62 nm, whereas the d-spacing increases to 136
nm for the annealed NPG. Using a porosity of ~ 50% measured previously >4, the radius of

pore (Rp) can be determined from the d spacing using Ry,= d/4 . Thus, the as prepared NPG has a
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radius of Ry, as prepared = 15.5 nm, whereas the value for the annealed NPG is Ry, annealed =
34 nm. For the annealed NPG, a shoulder exists at q = 0.025 A-1, corresponding to a R,= 7.7
nm. The shoulder may reflect the scattering from smaller NPG pores or Au nanoparticles
resulting from incomplete ligament formation. In our prior work '*, we demonstrated that
annealing of the NPG at 175°C for 3 h prevents the NPG structure from coarsening during
infiltration at 150°C at times up to 3 h. In the present study, only the annealed NPG will be
utilized to study infiltration of P2VP. In the remainder of the paper, “NPG” will refer to the

annealed NPG.

1000 ——————————

100 £

<a

Intensity (a.u.)

o
—
T

0.01 == NPG as prepared

NPG annealed 175°C, 3h S ‘

0.001 L—— —
0.001 0.01 0.1

q (A"

119


https://www.zotero.org/google-docs/?Nz4kjk

Figure 5.1. SAXS of as prepared NPG and NPG annealed at 175°C for 3 h. The characteristic peak shifts to lower q
upon annealing. The d-spacings or ligament to ligament spacings increase from 62 nm to 136 nm upon annealing.

At high q, the intensity scales as q*. The NPG thickness is 120 nm.

To complement SAXS, SEM images of the annealed NPG scaffolds were taken at
different magnifications from increasingly smaller areas. Figure 5.2 shows the morphologies
with scale bars of 5 um, 2 pm and 500 nm (left to right). The SEM images show that the NPG
ligaments are relatively uniformly distributed across the sample with few defects at higher
magnifications. The uniform morphology ensures similar infiltration at different locations across
the film. From this top view, the Au ligaments appear interconnected and form a bicontinuous
structure of gold ligaments and open pores. From a line scan analysis, the Rp from the SEM
images is 31 = 7 nm, in statistical agreement with the SAXS results. In summary, SAXS and
SEM characterization of the ca. 120 nm thick NPG are consistent with a bicontinuous structure

exhibiting pores of 34 nm.

Figure 5.2. SEM images of annealed NPG at different length scales. The Au scaffold and open pores are light and
dark respectively. 5.2b is taken from the region in 5.2a denoted by the red box. 5.2¢ taken from the region denoted

by the red box 2b.
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Infiltration of P2VP into the NPG scaffold

In this work, the effective viscosities as compared to the bulk, as well as the effect of
polymer-wall interactions on polymer infiltration are studied by selecting a polymer, P2VP, that
is attractive towards the Au surface of the scaffold. Several factors influence polymer infiltration
into pores including polymer radius of gyration, polymer viscosity and polymer affinity with the
wall. Polymer infiltration inside porous media is often described by the Lucas-Washburn

Equation (LWE) 6366,

RpY cosb, ¢

h(t) - 210

Eq. 5.1

In Eq. 5.1, h(t) is the height infiltrated by the fluid (polymer), t is the infiltration time,
R, is the radius of the pore, Y is the surface tension of the liquid, 6, is the equilibrium contact
angle, and 7, is the bulk viscosity. Originally, the LWE was derived for a Newtonian simple
fluid, treated as a continuum medium, infiltrating a cylinder. According to Eq. 5.1, t ~ h2,
implying that if the medium is a Newtonian fluid, h? should be linearly related to the t of
infiltration. In our previous study ', we demonstrated that the infiltration height of polystyrene

(PS) into a NPG scaffold scales as t%° during the early time of infiltration in agreement with Eq.

5.1.

Using in-situ spectroscopic ellipsometry (SE), Figure 5.3a shows the infiltration height of
P2VP-940k and P2VP-85k plotted as a function of t%° at 140°C. For ease of comparison with
MD results, the same data was also plotted as h? vs. t in the SI (Fig. B1). However, Figure 5.3a

better distinguishes the difference between the P2VP-940k and P2VP-85k results when plotted as
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h vs. t%. The maximum height corresponds to the thickness of the NPG, 120 nm '4. From
Figure 5.3a, the P2VP-940k infiltration height deviates from linearly, even at early times, and the
slope decreases with increasing time in contrast to the infiltration of PS. This slowing down may
be attributed to the affinity of the P2VP for the Au surface and the weak interaction of PS with
Au . As described later, MD simulations of the infiltration height capture this slowing down.
Figure 5.3a also shows that infiltration slows as the My, of P2VP increases from 85k to 940k. We
use Tso% to quantify the infiltration time for P2VP to reach a height of 96 nm in the NPG. As
shown in Figure 5.3a, ts0% increases from 5 min. to 106 min. as My increases from 85k to 940k,
respectively. The infiltration kinetics for P2VP was measured for seven values of My, ranging
from 51k to 950k, corresponding to confinement ratios from 0.18 to 0.78. For P2VP:NPG
bilayers annealed at 140°C, Figure 5.3b shows that infiltration time increases as My increases. If
bulk viscosity determines the scaling of the molecular weight dependence, then Tggy, o M3*.

0 Fi 1.43 +0.03
However, as shown in Fig. 5.3b, 7gg9, ¢ M;*°+

, implying that the molecular weight
dependence of P2VP infiltration is weaker than expected from bulk behavior. Interestingly, the
scaling of the infiltration time for P2VP is similar to that of PS '* (slope = 1.30 + 0.20), even
though P2VP and PS have different affinities for the Au surface. This observation will be
discussed later. In summary, P2VP infiltration height exhibits a nonlinear h vs. t%> relationship,

infiltration time scales as and scales as M;*3 , and the scaling of infiltration times with My, for

P2VP and PS are similar.
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Figure 5.3. a. Infiltration height as a function of t%> for P2VP-85K and P2VP-940k at 140°C. b. Tso», versus P2VP
for molecular weights ranging from 51k to 940k. All My, values are greater than M. = 31k. The slope is 1.43.

Inserted cartoon depicts the P2VP:NPG bilayer structure prior to infiltration.

The effective viscosity determined from infiltration studies can be compared to the bulk
viscosity. The effective viscosity (1,rr) of P2VP can be calculated using a modified Lucas-

Washburn Equation 7,

2 _ Y Rpcos 6
h* = (—4 m_—— ) t Eq.5.2

where the bulk fluid viscosity is replaced by the effective viscosity, n,¢5. For the P2VP:NPG
system, the Y of P2VP is 37.9 mN/m '° at 140°C, the average Rpore 18 34 nm, tis 1.5 68 and 0
between P2VP and gold ® is 9°. Using these values, experimental data (e.g., Fig. 5.3) and Eq.
5.2, neps of P2VP can be determined. As shown in Figure 5.4a, the effective viscosity increases
from 1.03 * 10° to 6.14 * 107 Pa * s as My increases from 51k to 940k, respectively. The bulk
viscosities were taken from the literature >* and scale as 9y, ~ M3*. Figure 5.4a shows that the

effective viscosity is lower than the bulk viscosity at low My, and greater at high My. This trend
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is reiterated by plotting the ratio (M) as shown in Figure 5.4b. As My, increases, Jelf g greater

Nbulk Nbulk

than 1, approaches 1 near 180k Da (I' = 0.34), and then decreases below 1. In our previous study
of PS infiltration ', the 1, rrwas lower than the bulk for My values from 424k (I' = 0.47) to
1133k Da (I' = 0.77). For PS under confinement, we attributed this reduced 15 to a decrease in
entanglements and a relative reduction in the fraction of highly adsorbed chains as M,,, increases.
Both contributions also explain the reduction in 75 for P2VP-302k (I' = 0.44) and above, as
detailed in the MD studies. However, for the range P2VP-51k to P2VP-153Kk, n.¢r < Npy With
the viscosity difference, N.rr — Npwik , decreasing as M,, increases. For unentangled P2VP (8k,
I'=0.70 and 22k Da., I' = 1.13) infiltrating into a dense SiO; structure, the effective viscosities
increased by nearly 100x and 30x, respectively °. Although these studies are for unentangled
chains and ours are above the bulk M. (Figure 5.4), the results are consistent with each other. In
summary, the effective viscosities are greater than the bulk values below 180k (I' = 0.34) and

less than the bulk values above this molecular weight.

The effective viscosity of polymer inside a channel can be divided into three regimes®*. For low

R . .
confinement, I’ = R—‘g << 1, nesy increases due to the narrowing of the channel due to adsorbed
14

polymer, also called the dead zone "°. In the intermediate range, 0.1 < I' < 1, the

Nes s decreases as confinement enhances the chain mobility due to chain elongation and reduced
friction with the wall. However, for high confinement, I' > 1, 1, ¢ increases again because
chains are strongly confined, resulting in an enhanced entropic barrier to infiltrate >*. These three
regimes agree with experiments >7°, As shown in Table 5.1, the confinement ratio in this study

ranges from 0.18 and 0.78, corresponding to the second regime where 7, is expected to be less
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than the bulk value?® according to Ren et al. (2024). However, for I' = 0.18, 0.23 and 0.31,

Nesy for P2VP is greater than the bulk values; whereas for I' = 0.44, 0.52, 0.65 and 0.78, the

effective viscosities are less than the bulk values. Based on the regimes defined above, for the

P2VP:NPG system we expect s < Npyix, however this is only observed for I' = 0.44 and

above.
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Figure 5.4. a. Effective viscosity (1.5f) and bulk viscosity (1)) of P2VP as a function of M,,at 140°C. Effective
viscosity scales as 1,5 ~ ML* while bulk viscosity scales as 1, ~ M3*. The M,, ranges from 51k to 940k Da.,
resulting in confinement ratios from 0.18 to 0.78. From M,, 51k to 153k Da. (Region I), the effective viscosities are

higher than the bulk viscosity, whereas for M,, greater than 153k (Region II), the effective viscosities are lower than

Neff

the bulk viscosities. In Region 11, this difference increases as M,, increases. b. Using data from 4a, the ratio of ;
bulk

is plotted as a function of M,,. The ratio of :EJ =1 near M,, = 180k Da.
bulk

As shown in Figure 5.4, the effective viscosities of P2VP can be divided into regions I (orange)
and II (blue) with a crossover near 180k Da (I" = 0.34). The transition suggests that ca. 180k Da
represents an effective critical molecular weight (M, ) under confinement. For PEO infiltrating

into cylindrical pores with R, =35 nm, a similar transition was observed between 100k (I" =
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0.35) and 280k Da (I" = 0.58) 2*7°. For bulk melts, M, separates Rouse from reptation dynamics
"I where n ~ M,,,, and 1 ~ M3*, respectively. For both PS and P2VP, M, is 31,000 Da’!. The
finding that M confrinea > M. 1s consistent with a reduction of entanglements for weak
polymer/wall attraction '*. For stronger polymer-wall attraction (¢ = 5.0), MD simulations
described later indicate that confinement reduces polymer entanglement. Thus, in region 1, the
higher effective viscosity is attributed to the formation of a physisorbed layer resulting in an
effective pore size R, — AR, where AR is the physisorbed layer thickness 70 Results found in
Region Il (s < Mpuix ) are consistent with our previous studies of PS infiltration across a
similar range of I' '*. Because I' is between 0.18 and 0.78, our experiments would fall into the
intermediate regime described above ?*. Our results suggest that the I' denoting the transition

between the low and intermediate confinement regimes may be greater than expected.

Infiltration Kinetics of P2VP versus PS in NPG

Here we focus on how the polymer melt/Au interface impacts infiltration kinetics, noting that
P2VP has a stronger attraction for Au than PS. The different interfacial properties of polar P2VP
and hydrophobic PS are reflected in their water contact angle (WCA) values '* of 60.0° (Fig.
B5) and 89.9°, respectively. For comparison the WCA of gold is 64.4° . Figure 5.5 compares
the infiltration extent in NPG for PS-168k (R, = 11.2 nm, I’ = 0.33) and P2VP-153k (R, =
10.7 nm, I' = 0.31) at 140°C. Whereas PS-168k reaches 7ggo, in 3.1 min, P2VP-153k is slower
with Tgge, = 5.8 min., nearly twice as long as PS. Similarly, PS-168k reaches 99% infiltration
extent, Tgq, , after 7.9 min, whereas for P2VP-153k, T999,=17.9 min. The g4, and Tq9¢, values

are both longer for P2VP as compared to PS at similar I". The effective viscosity of P2VP-153k
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is given in Figure 5.4, whereas the value for PS-168k is calculated from Eq. 5.2 using Y =29.60

mN/m and 6 = 20° '*. Whereas 7,7, for PS-168k is 1.3 * 10° Pa*s, the value for P2VP-153k is

3.4 * 10° Pa*s, which is 2.6x greater than PS. Because the T, for these polymers are similar 53,54
as noted in the methods section, the slower infiltration of P2VP should be attributed to other

factor(s) such as the affinity of P2VP for the Au surface of the scaffold.
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Figure 5.5. Comparison of PS-168k and P2VP-153k infiltration extent inside NPG at 140°C. The insert shows the
annealing time plotted on a log scale from t = 0.4 to t = 27 mins. The green dotted line represents the 80%

infiltration extent while the blue represents the 99% infiltration extent.

Surface Topography of Fully Infiltrated PING composites

After the NPG scaffold is completely infiltrated by PS-168k or P2VP-153k, the surface
topography was characterized. Figures 5.6a-c show AFM phase images of pristine NPG, P2VP-

153k infiltrated NPG and PS-168k infiltrated NPG, whereas Figures 6d-f represent drawings of
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the cross-sections corresponding to the images in the top row. The corresponding height images
are given in the SI (Fig. S4). Figure 6a shows that the surface of the pristine NPG exhibits

interconnected ligaments (bright) and unfilled pores (dark). The R, is 30.7 + 7.3 nm, which

agrees with SEM and SAXS measurements. Compared to the pristine NPG, the P2VP-153k:NPG
displays a more uniform morphology suggesting a surface covered by polymer. From height
images (SI), the roughness values for pristine NPG and P2VP: NPG are 15.5 nm and 5.8 nm,
respectively. Furthermore, hemispherical bumps due to the P2VP appear at the surface that are
ca. 15 nm high by 80 nm wide. This observation suggests that molten P2VP spreads on the Au
ligaments, as sketched in Figure 6e. However, the molten hydrophobic PS doesn’t spread,
leaving the top-most NPG ligaments exposed as sketched in Figure 5.6f. The roughness of
PS:NPG is 4.7 nm, 3x lower than the pristine NPG and slightly less than P2VP:NPG surface.
After PS completely fills the NPG (phase image in Fig. 5.6¢), the NPG ligaments remain visible,
thus supporting the claim that PS does not form a wetting layer over the Au ligaments. In
summary, the attraction of P2VP for Au produces surface features that cover the entire surface,
whereas the weaker interaction between PS and Au results in a surface exhibiting a mixture of

Au ligaments and PS.
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Figure 5.6. a-c. AFM phase images of NPG, P2VP:NPG and PS:NPG respectively. The P2VP and PS infiltration
was carried out at 140 °C until the extent of infiltration was 100% (e.g., Fig. 5). d-f. Cartoon of cross-section

representations of the NPG with open pores, NPG filled with P2VP (purple) and NPG filled with PS (green).

The main experimental results for P2VP infiltration into NPG are as follows. The infiltration
time of entangled P2VP scales as M5*3 903 similar to that of entangled PS M};30 £0-20,
Additionally, the effective viscosities of P2VP are greater than the bulk values for M,, <
180,000 g/mol, but lower than the bulk values above this M,,. We attribute a crossover above
the bulk M. to polymer disentanglement under confinement as described in the next. P2VP
infiltration into NPG is found to be slower than PS because of its stronger affinity for the Au
surface of the pore. After complete infiltration, the surface of the NPG becomes covered by
P2VP, whereas a heterogeneous surface with exposed Au ligaments is observed for PS
infiltration. In the next section, MD simulations are compared with experimental results and
provide insight into how molecular properties are perturbed for weak and stronger attraction

between polymer-wall conditions.

Molecular Dynamics (MD) Simulations of Polymer Infiltration
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To provide insight into experimental results, we performed MD simulations of infiltrating
entangled polymers into nanoporous gold. Figure 5.7 shows simulation images and density
profiles of polymer infiltration into the gold scaffold for weak and strong polymer/gold
interaction strengths, € = 1.0 and 5.0, respectively. The local density of the polymer in the z
direction, p(z), is used to calculate the height of the polymer infiltration front. To track
infiltration, two thresholds are utilized: z'90 and z'ss, where | Z'99 p(z)dz = 0.99piotal and | z'ss
p(z)dz = 0.85potal, indicating where 99% or 85% of the total polymer density is contained,
respectively. These thresholds, represented by red dashed lines in the density plots of Figure 5.7,
denote the infiltration front (z'99) and the infiltration height of the bulk of the polymer (z'ss).
Additionally, the dashed gold lines plots indicate the z position of the bottom of the nanoporous
gold, zgoid. The polymer height, hog or hgs, is defined as z’ — zgo14 and serves as our primary
measure of infiltration. This figure will be further discussed when comparing simulations with

experiments.
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Figure 5.7. (Top) The left image shows the system configuration after T = 762,000 for a degree of polymerization N
= 50 and weak polymer-gold interaction, € = 1.0. The particles constituting the nanoporous structure are depicted in
gold, the polymer beads are illustrated in red, and the particles within the thin support structure at the bottom of the
polymer layer are shown in blue. The center image presents a zoomed-in portion of the simulation box and aligns
with the density plot on the right. The plot on the right displays the density profiles of polymer chains as a function
of z position. (Bottom) System configuration at T = 860,000 for N = 50 and stronger attractive polymer-gold
interactions, € = 5.0. The center figure again presents a zoomed-in portion of the simulation box, aligned with the

density plot on the right. The plot shows the density profiles of polymer chains vs z position. For both simulations,



the entire polymer reservoir has infiltrated into the nanoporous gold, causing the gold structure to descend and fill
the empty space at the bottom of the simulation box. The red dashed lines represent the height corresponding to 99%
(249) and 85% (zgs) of the total polymer density, respectively. The gold dashed line denotes the bottom of the

nanoporous structure (Zgoq )-

Simulations are presented for weak and strong attractive interactions between the
polymer and scaffold wall. Figures 5.8a and 5.8b show how the squared infiltration heights, h%
and h’ss, respectively, increase with simulation time for N = 25, 50, and 100 and polymer-gold
interaction strengths € = 1.0 (open symbols) and € = 5.0 (solid symbols). For this range of N,
N/Ne increases from 1.5 to 6.0; correspondingly, the confinement ratio, I, ranges from 0.46 to
0.95. For comparison, I" for P2VP experiments are from 0.18 to 0.78 (Table 1). Figures 5.8a and
5.8b show that both h%9 and h%ss, respectively, increase more slowly as N increases from 25 to
100. At early infiltration times for N = 25 and 50, infiltration is faster for € = 5.0 compared to € =
1.0. However, at later times, the polymer with weaker interactions (open symbols) infiltrates
more quickly than the stronger interaction case; this is observed for both h% (Figure 5.8a) and
h%ss (Figure 5.8b). We do not observe the crossover for N = 100, which we speculate is due to the
limited simulation time. For the weaker interaction case, a relatively linear relationship with time
is observed for both h%y and h%ss. However, for stronger attractive interaction, the h%ss values
increase linearity at early times whereas h?s is nonlinear for N = 25, 50 and 100. Due to this loss
of linearity, the slope of the h%s plot is used to calculate the infiltration time shown in Figure
5.8c. For strong polymer attraction for the wall (¢ = 5.0), the infiltration time scales as N'# in
good agreement with the experimental results for P2VP:NPG (Fig. 5.2b), where tgqo, &

MLA3 %003 Previous MD studies '* for € = 1.0 also shows that infiltration time scales as N'.
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Similar scaling for the weaker and stronger attractive interactions between polymer and wall will

be discussed later in the context of physisorption changing the interface for the latter case.
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Figure 5.8. (a) The square of the infiltrated polymer height h%o9 as a function of simulation time for N = 25 (orange),
50 (black) and 100 (red). Height calculations for weaker and stronger polymer-gold interactions are represented by
€ = 1.0 (open circles) and € = 5.0 (filled squares), respectively. (b) The square of the infiltrated polymer height h?gs

dhis

as a function of simulation time. (c) Inverse infiltration rate, 1/ s

as a function of degree of polymerization for

d

2
hi’s. Taking the

€ = 5.0. The linear region of the plots in Figure 5.8b are used to calculate the infiltration rate, ”

inverse of the infiltration rate allows the data to be interpreted as an infiltration time for more direct comparison with
experimental results. A log-log plot is shown to determine scaling with polymer length. The infiltration time scales

with N as Tinfiration € N'**. h%ss was used rather than h% due to the lack of linear scaling for the latter.
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The presence of strong attractive polymer-surface interactions (€ = 5.0) may lead to the
formation of a strongly adsorbed polymer layer on the gold surface that perturbs infiltration. To

probe for this behavior, we calculate the instantaneous velocity in the z direction of the center of
. . . d . . d
mass of each polymer chain within the simulations, d—j. The effect of polymer physisorption on d—i

is quantified by determining the fraction of adsorbed beads out of the total number of beads of
chain length N for each polymer. We define adsorbed beads are those within 1.5¢ of a gold
surface bead. For N= 25, 50 and 100, Figure 5.9a shows how % decreases as the fraction of
adsorbed beads per polymer increases for € = 1.0 and 5.0. For reference, f,450rpea = 0
represents a free chain that doesn’t interact with the gold surface whereas f,450rpea = 1

represents a chain fully adsorbed on the gold surface. As described in our previous work'4, a

bound layer doesn’t form when polymer-gold interactions are weak (¢ = 1.0); furthermore, all
chain lengths exhibit motion at high f,450rpeq, With % > 0. However, when attractive polymer-
gold interactions are relatively strong (¢ = 5.0), a physisorbed layer behavior is more apparent.
As shown in Figure 5.9a, % is lower for € = 5.0 for N =25, 50 and 100. For all N, the velocity
decreases at more rapidly with f,4s0rpeq for € = 5.0, implying a more profound effect of
adsorption when polymers are strongly attracted to the wall. Above f,450rbea > 0.2, %

approaches 0 for the longer chain lengths N = 50 and N = 100. For N =25, the reduction in z
velocity is significantly reduced when € = 5.0 and approaches small values above f,450rped >
ca. 0.5. Overall, this analysis shows that the velocity of chains near the surface is strongly

reduced by attractive interactions.
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To further discern the adsorption behavior as a function of N and polymer-gold
interaction strength, the fraction of total chains at each value of f, 50rpeq 1S determined. This
fraction is calculated using all time points throughout infiltration. The results for € = 1.0 was
presented in our previous work '#. Briefly, the largest fractions of weakly interacting chains have
a low fraction of adsorbed monomers f,sorped»> aNd fenaqin decreases mostly monotonically as
fadsorpea Increases (open circles). In simulations with stronger polymer-gold interactions (€ =
5.0), the behavior is quite different, and the largest populations of chains are either weakly
adsorbed with f,450rpea < 0.1 or strongly adsorbed, fyasorpea > 0.9. This data supports the
physisorption of attractive chains on the pore surface that form a bound layer, while a subset of

free chains infiltrate the narrowed pore.
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Figure 5.9. (a) Chain center of mass z velocity %, versus the fraction of adsorbed polymer chairs for N = 25, 50 and

100. A monomer is adsorbed if the chain bead is within 1.5¢ of any gold surface bead. The adsorbed fraction is

# of adsorbed beads

defined as fogsorvea = ( N

). For each N, open circles and closed squares represent polymer-gold

interactions with € = 1.0 and € = 5.0, respectively. (b) The fraction of total chains (f,;4ins) at each adsorbed
fraction for each N. (c) Normalized radius of gyration versus adsorbed fraction (f,4sorpeq)- A value of 1.0 for

Ry /Rpyuuk represents a polymer size in the pore equal to the radius of gyration in the bulk.

Previous work exploring the conformations of polymers during capillary infiltration has
demonstrated a variety of effects, finding both unperturbed dimensions ?° and chain extension in
the direction of flow’. To understand the interplay between chain stretching and adsorption, we
examine the impact of adsorbed fraction on the polymer chain radius of gyration. Figure 5.9¢
shows the normalized radius of gyration Ry /R, for the polymer chains versus the adsorbed
fraction f,gsorpeq- Values are normalized to the bulk polymer R in each direction such that a
value of 1 represents a chain that has retained bulk dimensions in that respective direction. For
simulations at all chain lengths N = 25, 50, 100 with attractive polymer-gold interactions (e =
5.0), the R initially increases with increasing adsorption as the chains extend to access
additional gold surface area, reaches a maximum extension, and then decreases at a very high
adsorbed fraction. The effect of adsorption on the chain dimensions increases as chain length
increases. The chain distortions (both stretch and compressed) are greater for the stronger

attractive polymer-surface interactions. Of particular note is that the longest chains, N = 100, that

Rg

are fully absorbed are strongly compressed with ~ 0.85, whereas the shorter chains, N = 25

Rpulk
R R
9 ~0.96 and —~2

bulk bulk

~0.92

and 50, are less compressed at high adsorbed fraction, with
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respectively. These studies show that chains absorbed to the pore wall are more strongly

perturbed when interactions with the wall are stronger.

The adsorption and distortion of polymer chains leads to a reduction in entanglements
within the confining nanopore. Figure 5.10 shows the decrease in the average number of
entanglements per chain, 4(Z), over the duration of infiltration for N =25, 50 and 100. Only
infiltrated chains, i.e. chains with a center-of-mass z position above the bottom of the nanoporous
gold structure (Figure 5.7), are included in the average, and the Z1+ algorithm is used to
analyze entanglements. As discussed in our previous work using for € = 1.0'%, there is a
reduction in entanglements as infiltration progresses for all chain lengths. For stronger attractive
polymer-gold interactions (¢ = 5.0), the change in entanglements with time depends on chain
length. For N = 25, 50, and 100, the initial decrease in entanglements at the start of infiltration is
larger for € = 5.0 (solid symbols) than € = 1.0 (open symbols). The larger disentanglement
reduction for € = 5.0 is likely driven by an initial disentanglement of chains from the bulk as the
chains are confined and begin to wet the gold surface. After the initial decrease in entanglements,
the number of entanglements for the shorter chain lengths (N = 25 and 50), remains
approximately constant, while that for the N = 100 chains continue to gradually decrease.
Previous work has shown that chain confinement drives a reduction in entanglements via a
reduction in the pervaded volume of chains and thus the number of interchain contacts "*’¢. For
N = 100 and € = 5, the larger compression and disentanglement may explain the lack of a

crossover in the infiltration kinetics on the simulated time scales shown in Figure 5.8.
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Figure 5.10. The change in average number of entanglements per chain over the course of infiltration, 4(Z) =
(Z) = (Z)puix- For N =100, chains have only partially penetrated the porous structure as shown in Figure 5.7. For

each chain length, open circles and closed squares represent simulations using € = 1.0 and € = 5.0, respectively.

Comparison of experiment and simulation

Experiments and simulations are consistent with the formation of a physisorbed bound layer
followed by infiltration of P2VP into narrowed pores in a nanoporous scaffold. In experiments,
the physisorbed layer is driven by the affinity of P2VP to wet the gold surface. In simulations,
for N =50, Figure 5.7 shows the infiltration of polymer with weaker, € = 1.0 (top), and stronger,
€ = 5.0 (bottom), attractive interactions for the gold surface. Comparing the polymer infiltration
front (red) for € = 1.0 and € = 5.0, the former shows mainly filled pores whereas the latter
shows a polymer wetting layer on the pore surface at the growth front. This qualitative

observation is supported by the broader front edge of the polymer density profile in Figure 5.7
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for € = 5.0 (bottom right). Further analysis is needed at various infiltration times to examine this
precursor layer at the growth front. For € = 5.0, the formation of a physisorbed layer is
supported by the near zero velocities for highly adsorbed chains shown in Figure 5.9a, as well as
the increase in the fraction of highly observed chains shown in Figure 5.9b. As noted later, the

formation of this physisorbed layer is similar to the dead zone 7° proposed by Yao et al. (2018).

For PS and P2VP, the similar scaling of infiltration time with molecular weight, M1,
can be attributed to the formation of a physorbed P2VP covering the Au surface. Namely, the
backfilling P2VP interacts with pore having the composition of P2VP (rather than Au). We
attribute the similar molecular weight dependence of P2VP and PS infiltration to the weak
interactions that both polymers have with the confining walls, P2VP and Au, respectively. For
weak interactions (¢ = 1.0), MD simulations yield T ~ ML* 4. Similarly, for stronger attractive
interactions (€ = 5.0), Figure 5.8c shows that T ~ ML*. This agreement in scaling behavior for
experiments and simulations is consistent with the formation of a physisorbed P2VP layer

followed by backfilling of P2VP through the coated pore.

Lastly, P2VP is found to infiltrate more slowly than PS when compared at similar
confinement ratios. Simulations in this study provide insights into four factors that influence
kinetics of infiltration. First, the larger reduction in entanglement density for € = 5.0 (Fig. 10)
suggests that stronger adsorption increases infiltration kinetics. Second, the chain velocity along
the pores is greatly reduced for € = 5.0 (Fig. 9a). Third, for € = 5.0, a physisorbed layer first
forms and then polymer infiltrates through this narrowed pore as noted in Scheme 1. The
effective radius (R,ys) of the pore is now R.rs = R, - AR. Previous studies 7" have

qualitatively shown that a bound layer will increase the effective viscosity. A fourth factor is that
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the physisorbed layer provides a stickier interface for the backfilling polymer than the original
metal pore as noted in Scheme 1. Namely, the adsorbed polymer forms loops and tails that can
entangle with backfilling polymer. As a result the local effective viscosity would increase
compared to the non-slip conditions at the polymer/wall in the LW derivation. This last factor
requires further investigation by experiments and simulations. Previous simulations '*77 of
solvent-driven polymer infiltration identifies dissolution-dominated and adhesion-dominated
modes, which depend on the interaction strength between each component. The adhesion-
dominated mode results in a slower kinetics when the interaction is strong. Our experimental and
simulation studies imply that the P2VP:NPG system belongs to the adhesion-dominated mode,
consistent with slower kinetics. In summary, the slower infiltration of P2VP compared to PS has
its origin in the formation of the physorbed layer on the Au pore surface, which could provide

entanglements while narrowing the pore size.

P2VP Infiltration and Interface

/)U 7

Scheme 1. Cartoons showing a macroscopic view of the physisorbed P2VP layer as a continuous coating on the Au
scaffold (left), a free P2VP chain (black) infiltrating the nanopore and the ability of the P2VP chain (black) to

entangle with the physisorbed P2VP chain (red molecule).
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5.4 Conclusion

In this work, experiments and simulations are used to investigate the infiltration of
moderately confined polymers into nanoporous scaffolds. Experimentally, poly(2-vinylpyridine)
(P2VP) with molecular weights from 51k to 940k are infiltrated nanoporous gold (NPG)
scaffolds to form polymer infiltrated nanoporous gold (PING) composites at 140°C. For a pore
diameter of 34 nm, the confinement ratios vary from 0.18 to 0.78. In-situ spectroscopic
ellipsometry is used to determine when 80% of the NPG (7gq,) has been filled with P2VP. This
infiltration time scales as M}* which is similar to PS infiltration across similar confinement
ratios. Both the PS and P2VP infiltration times have a much weaker M,,, dependence than
expected from bulk viscosity where Tp,,;x ~ M3*. The infiltration time for simulations with
strong attractions between polymer and pore walls agree with experimental scaling results. At
similar conditions, P2VP infiltration is slower than PS in the same scaffold. Simulations show
that polymer with a stronger attraction to the scaffold (¢ = 5; P2V P) infiltrates more slowly than
polymer with a weaker interaction (¢ = 1; PS). For P2VP, the effective viscosity crosses over
from greater than to less than the bulk viscosity near 180 kDa. This transition is attributed to the

narrowing of the pore walls and a reduction in entanglements, respectively.

Simulations of the infiltration process of polymers with strong and weak attraction for the pore
wall provide important macro and molecular insights. First, the dynamics of infiltration exhibited
a scaling with chain length that was consistent with experimental results. Furthermore, for chains
that strongly wet the pore surface, the structure of the infiltrating polymer chains was altered

compared to polymers with weaker interactions. Simulations revealed a growth in the population
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of chains that have a larger fraction of their monomers adsorbed to the pore wall for the strong
attraction case compared to the weaker case. This observation is consistent with the formation of
a physisorbed layer on the wall. This strong attraction of polymer for the pore wall led to
significant changes in the polymer conformations, disentanglement of the polymers that had
infiltrated the pores, and the emergence of a population of chains with drastically reduced
infiltration rate. Presumably, the disentanglement plays a key role in the change of the scaling of

Nefs With M,,, though the precise origin of the observed scaling with 7, ¢ o< My;* remains

unknown.
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CHAPTER 6. OPTICAL ABSORPTION OF NANOPOROUS METAL SCAFFOLDS

INFILTRATED WITH POLYMER

Content in this chapter will be submitted in 2024 to ACS AMI, with authors Weiwei Kong, Chuyi
Pan, Rongyue Lin, Mengjie Fan, John M. Vohs, Russell J. Composto. R.J.C. and W.K. conceived
and planned for the project. W.K. developed the experimental procedures and C.P. and W.K.
conducted all experimental measurements. R.L. conducted simulation development. M.F
conducted the XPS characterization. W.K conducted the analysis. W.K wrote the manuscript.

R.J.C edited the manuscript.

6.1 Introduction

Polymer nanocomposites (PNCs), materials containing both organic and inorganic
fractions, have been extensively studied in national laboratories and industry'~ because of their
versatile use as coating *°, membranes 7 and actuators . Among PNCs, those with high
inorganic nanofiller loading have received particular attention because of their potential as
mechanically enhanced materials *!°. However, high nanofiller loadings are challenging to
fabricate because the thermodynamics of mixing is often unfavorable resulting in nanofiller
aggregation. To circumvent limited loading and non-uniform dispersion, various approaches to
infiltrate polymers into pre-fabricated membranes or nanoparticle assemblies have been

developed. Examples include polymer infiltration into anodized aluminum oxide (AAO)

11-16 17-27

membranes 16, nanoparticle assemblies and nanoporous gold (NPG) 2*%°_ In our previous

28,29

studies , we fabricated polymer infiltrated nanoporous gold (PING), which has ultra-high
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nanofiller loading (~ 50 vol%) by infiltrating a polymer melt into a NPG scaffold. During the
fabrication of the final PING composite, polymer kinetics were investigated for conditions of
moderined confinement, namely chain size slightly less than pore diameter. Polymer kinetics
under confinement has received much attention recently because confinement can perturb
polymer conformations '"131328-44 thys affecting adsorption, thermal properties and melt
viscosity. For instance, studies have shown that polymers reptating inside confined channels
exhibit an enhanced glass transition temperature (T;;) as compared to the bulk *'"*2*4> Among
the properties, infiltration kinetics has been of special interest 2°~2°2%2° as by precisely
controlling the infiltration extent, properties such as optical response, mechanical performance,
and surface topography could be precisely controlled and tuned. The study of polymer kinetics
inside confined channels has been an essential topic to create new possibilities for membranes

for stimuli-response and ion conductivity membranes.

To quantify polymer infiltration into porous media, cross-section SEM '®, small angle x-
ray scattering (SAXS) 3, dielectric spectroscopy (DS) 111214154649 "and spectroscopic
ellipsometry (SE) 21726282945 have been used. Cross-section SEM provides direct visualization
of polymer displacement inside confined pores. In the study by Hu and Cao (2012), polyethylene
(PE) melt is monitored to infiltrate inside AAO templates at 130°C '°. PE kinetics is determined
from the PE growth front (H) as a function of infiltration time '°. Here, the infiltration height is
proportional to square root of infiltration time ‘6, such that H(t) ~ 0.28t%5, where H and t are in
units of 107® m and s, respectively. This scaling agrees with Lucas-Washburn Equation,
implying that the PE inside AAO behaves like simple fluids and the infiltration pattern can be
predicted 6. Cross-section SEM enables direct visualization of the infiltration front.
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Simultaneously, this technique requires image analysis to define the height from the images.
Additionally, studies have shown that electron beams could degrade the polymer *°. Thus, cross-

section SEM has limited applicability on monitoring polymer kinetics in nanopores.

SAXS has also been proved successful in monitoring polymer infiltration 3. Shin et al. (2007)
used timed resolved SAXS to detect the capillary rise of polystyrene (PS) inside AAO membrane
13 To assess infiltration extent, multiple procedures were performed by Shin et al. (2007). Firstly,

the integrated intensity (Q) is used to extract the volume fractions of the pore (¢,,) and the

alumina (¢4, ) in the membrane using Q ~ [Pypio + Or(Pao — Pps)?1dpPao, where p is the
electron density, and ¢ and ¢y are the volume fraction of filled and unfilled pores such that ¢

+ ¢y =1 3. The total flux (J) is given by

241 _ 1 4(0/2)

J =mr At At

Equation 6.1

where r is the radius of the pore and 1 is the length polymer that has traveled into the membrane
In Eq. 1, the flux is related to the change in Q through K = mr2Lp4,/(2p40 — Pps)Pps, Where L
1s membrane length. As the pores fill with polymer, the integrated scattering intensity decreases
from Q, to Q '*. The ¢, could thus be calculated through the preceding equations. Although
being one of the first methods to measure infiltration, SAXS has several limitations including
access to x-ray scattering, polymer degradation >!, low flux due the the thick foil over the

membranes, and heavy calculations.

Dielectric spectroscopy (DS) measures dielectric properties of the membrane. A thin gold

sputtered layer serves as the upper electrode while the substrate acts as the lower electrode 324,

DS measures the complex dielectric permittivity (¢*) as a function of frequency (w) and
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temperature (T) such that e*(w,T). The measured &*(w,T) are fitted through the Havriliak and

Negami (HN) equation:

Agg(T) ao(T)
T,k (T) k] ™k iefw

eanW,T) = €0 (T) + Zi=1[1+(iw Equation 6.2

where Ag (T)is the relaxation strength, Ty, (T) is the relaxation time of my and ny (myn, <1,
my > 0), and €, is the dielectric permittivity at high frequency limits. The infiltration time ' is

determined from the relaxation time at maximum 10Ss (T, )-

mmy )Sin_l/m( TmTmeng )

2(1+ny)

2t Equation 6.3

Tmax,k = THN,k (T)Sin_ 1/m (

Previous studies !!-114.15:46-49

showed that DS is a reliable method for tracking polymer kinetics
inside a confined channel. However, to track kinetics, DS is an indirect method and requires

complex calculations post measurement.

Spectroscopic ellipsometry (SE) is a widely used method to measure polymer infiltration
23.2428.29 QF detects the change in light polarization in the s-plane and p-plane after light is
reflected off the front and back surfaces of a film*. The polarization change is represented by the
amplitude ratio ¥ and phase difference A, and various optical properties, such as refractive
index, extinction coefficient and optical anisotropy, can be obtained by building models to fit the
¥ and A at different wavelengths *. SE has been used in our previous studies investigating
polystyrene (PS) and poly(2-vinylpyridine) (P2VP) infiltration into NPG 2*2°. SE can be easily
adjusted to track the kinetics in situ over a period of time as the heating chamber is easier to set
up than the vacuum chamber. However, SE relies on fitting parameters and approximating the

infiltration front as a sharp boundary between filled and unfilled pores..
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Ultraviolet-Visible (UV-Vis) Spectroscopy is an analytical technique used to study the
absorption and transmission of ultraviolet and visible light by a sample. UV-Vis composed of
light in the UV (200-400 nm) and visible (400-700 nm) ranges. UV-Vis spectroscopy measures
absorbed, reflected and transmitted radiation by the sample. When the radiation passes through
the sample, elements absorb electromagnetic radiation of different wavelengths, depending on
materials shape, chemical bonds, and molecules **. Because specific molecular structures absorb
light at characteristic wavelengths, the resulting absorption spectrum provides insights into the
sample’s chemical composition and electronic properties. UV-Vis has not been widely used to
measure polymer infiltration. UV-Vis has proved the most reliable in nanomaterials
characterization in optical properties, electronic structures, size and size distribution, and
concentration *°. In this project, we validate UV-Vis as a reliable and facile tool of polymer

kinetics tracking inside nanoporous gold (NPQG).

Optical properties depend on the characteristics of the material. For instance, Au
nanostructure plasmon resonance shifts with separation, orientation >’ and volume fraction of the
nanostructure °%. Similar to Au nanorod, NPG are composed of gold particles which evolve into
bicontinuous gold ligaments through the fabrication procedure as described in previous
publication 2°. NPG has been found to exhibit unique optical properties % because of the
bicontinuous structure, which causes the conducting electrons motion to be greatly suppressed ¢
and induces unique localized surface plasmon resonance (LSPR) response in the visible range ¢°.
Utilizing the LSPR to detect peak shift under different refractive index surroundings, plasmonic
sensors can be fabricated using different metals %%, Unlike planar gold or gold nanorods, the

optical response of NPG depends on various factors. For instance, the NPG transmission spectra
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has been found to be highly related to the NPG ligament aspect ratio 5. As the aspect ratio
increases, the short-wavelength transmission peak experiences a blue shift while the long-
wavelength transmission peak experiences a significant red shift ®. The optical response of NPG
also depends on the pore size . Lang et al. (2011) found increasing pore size cause remarkable
the LSPR red shift ®°. Different from the existing studies investigating the optical response of
NPG, this work focuses on investigating the optical response of NPG under different polymer

infiltration extent (IE).

In this study, the optical response during polymer infiltration of NPG is measured from
the absorbance spectra from 450 nm to 700 nm. The sample consists of a NPG foil placed over a
poly(2-vinyl pyridine) (P2VP) film deposited on a glass substrate. The NPG is pre-annealed for 3
h at 175°C to prevent coarsening during infiltration at 140°C 2%, During infiltration, the
absorbance peak shifts from 517 nm to 521 nm (red shift), increases in intensity, and grows
broader. Analysis of the peak height, peak width, and peak area can be used to determine the
infiltration extent. In our previous study %°, the scaling of infiltration time with molecular weight
M,, was measured using in-situ SE. Polymer exhibit enhanced kinetics inside NPG as compared
to the bulk, and the infiltration time dependence on M,, is greatly reduced ?°. Comparison with
in-situ SE shows that UV-vis produces statistically identical infiltration times as well as the same
scaling of IE with M,,,. This result demonstrates that changes in plasmonic absorption during
infiltration correlates with polymer infiltration. Later XPS and DDA analysis suggest that the
change in optical response at different IE is due to 1. interface electron flow from P2VP to NPG,
and 2. change in surrounding effective refractive index. This study demonstrates that UV-Vis

spectroscopy is a straightforward method to determine polymer infiltration into a nanoporous
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metallic scaffold. Through better understanding the optical responses of polymer type and
polymer infiltration extent inside NPG, polymer infiltrated/ partially infiltrated NPG can be

applied for advanced plasmon sensors.

6.2 Materials and Methods

Part of the Materials and Methods section have been described in Chapter 3.

P2VP Bilayer Preparation

Poly (2-vinyl pyridine) (P2VP) is dissolved in butanol ( = 99.9 %, Sigma-Aldrich), and stirred
overnight. The molecular weight, radius of gyration and confinement parameter for P2VP is

shown in Table 6.1.

Table 6.1. Characteristics of the P2VP.

P2VP-85k 85,000 7.98 0.23
P2VP-302k 302,000 15.05 0.44
P2VP-643k 643,000 21.96 0.65
P2VP-940k 940,000 26.55 0.78
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Atomic Force Microscopy (AFM)

Surface topography of the P2VP:NPG before and after full infiltration are measured using AFM.
Tapping mode AFM is performed using Bruker Icon AFM with tips (TAP300AL-G-50 radius of
curvature < 10 nm, Ted Pella). The images collected are 1*1 pm?2. The surface properties images

are processed using Gwyddion software.

X-Ray Photoelectron Spectroscopy (XPS)

XPS is used to quantify the binding energy of elements in NPG and NPG with polymer
before and after it is completely infiltrated. X-ray photoelectron spectroscopy (XPS) was
performed in an ultrahigh vacuum chamber equipped with a hemispherical electron energy
analyzer (Leybold-Heraeus) and an Al-Ka X-ray source (VG Microtech). The penetration depth

is ~10 nm. XPS is used to quantify the electron flow at the P2VP:Au interface.

Discrete Dipole Approximation (DDA) Simulations

The Discrete Dipole Approximation (DDA) is used to simulate the optical properties of
the NPG:polymer composite as a function of infiltration extent. The optical properties are the
extinction coefficient, localized surface-plasmon resonance (LSPR) wavelength, and LSPR
absorption strength, which are calculated using the MATLAB toolbox %7, In this simulation, the
electromagnetic radiation propagates in the z direction. Because the light absorption coefficient
of P2VP and air are negligible, the scattering only needs to simulate the ligament structure of the

NPG. A T-shape structure is found to more accurately capture experimental absorption behavior
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than a Au nanorod (Figure S13). Figure 6.1 shows the T-shape structure representing the NPG.
This structure captures the plasmon hybridization of the unfilled NPG as well as the reduction in
intensity upon replacing air with a medium (polymer) having a dielectric constant /1’2, As
shown in Figure 6.1, the T structure is constructed of two nanorods with diameter and length of

25 nm and 125 nm, respectively.

Propagating
light

N

Figure 6.1. The T-shape structure used to model the ligaments in the NPG using the DDA simulation. The

dimensions are r =25 nm and L = 125 nm for both rods forming the T-shape.

6.3 Results and Discussion

Transmittance of NPG filled with air, water and polymer

Plasmon adsorption of metals depends on its surrounding medium. For example, Kim et
al (2023) found that the absorbance spectra of gold nanorods experience blue shifts by grafting

PS to it ™. Detsi et al. (2014) showed that the transmittance peak wavelength position of
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nanoporous gold (NPG) increases with increasing aspect ratio (AR) of the ligaments, such that
doe the AR ranges from 1.2 to 1.8, peak wavelength increases from 560 to 580 nm %. In the
present study, NPG with a pore radius (R,) of 34 nm is used. To study the effect of the
surrounding medium on NPG, transmittance spectra are compared for NPG filled with air, water
and P2VP at room temperature. Absorption from the glass substrate has been subtracted from the
transmission spectra. The fully infiltrated NPG was fabricated by annealing NPG: P2VP at

140°C for 3 h as described previously 5.

The transmittance peaks of NPG are very different when the surrounding medium is
varied. Figure 6.2 shows the NPG transmittance spectra in air, water, and P2VP. It is worth
noting that the transmittance minimum for NPG in air is weak because of the high reflectivity of
the gold in the visible light region, causing most of the light to be reflected rather than being
absorbed or transmitted. When the absorbance intensity is weak, transmittance spectra better
represent the optical response because T = 1074, where T is the transmittance intensity and A is

the absorbance intensity.
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Figure 6.2. Transmittance of NPG in air, water and P2VP. As noted by the asterisk symbol, the transmittance peak
minimum shifts from 514 to 515 to 520 nm as the surrounding media changes from air (orange) to water (green) to
P2VP (blue). The oscillation in the transmittance curve of NPG in water is accounted for by the instability of the

NPG:water interface.

The transmittance intensity increases, and the peak position redshifts as the refractive
index of the surrounding medium increases. As shown in Figure 6.2, the NPG transmittance
spectra exhibit shifts in minima wavelength positions, resembling the absorbance peak maxima.

When the pores are filled with air, the minimum is weak and the transmittance minimum appears
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at 514 nm. When pores are filled with water, the transmittance peaks become stronger relative to
the minimum. Compared to air (n=1), NPG has a lower reflectivity in water (n = 1.33 @
wavelength = 632.8 nm) because the refractive index difference between gold and water is
smaller than gold and air. The NPG filled with water also undergoes a red shift in the peak
position (515 nm) due to the increase in the surrounding refractive index. For the NPG:Water
system, the oscillations at higher wavelengths are due to interference fringes. As NPG are fully
immersed in P2VP (n=1.54), the transmittance peaks become stronger than the NPG:Air and
NPG:Water due to a further reduction in reflectivity of the NPG-P2VP composite. The NPG -
P2VP transmittance minimum appears at 520 nm, indicating a red shift compared to air and
water. NPG absorbance spectra undergoes peak red shift and higher intensity (more apparent

shape) as the surrounding media refractive index increases.

Absorbance Spectra during polymer infiltration

As polymer fills the NPG film from below, the refractive index of the NPG-P2VP
composite increases. As mentioned in our previous studies **%°, the polymer kinetics inside NPG
can be monitored using in-situ spectroscopic ellipsometry (SE) and modeled using effective
medium approximation (EMA). Motivated by the previous section examining how the
transmission of NPG depends on the medium filling the pore, the absorbance spectra of a P2VP-
643k:NPG bilayer is determined at 140°C for annealing times from 0 to 300 min as shown in

Figure 6.3.
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Figure 6.3. Absorbance data of P2VP-643k:NPG under various annealing times. The asterisks indicate the peak

location. Absorbance for 10 min to 300 min is shifted vertically to better visualize each time point.

As annealing time increases, the absorbance peak red shifts and moves to higher wavelength. At
0 min, when P2VP-643k:NPG exhibits a discrete bilayer, the absorbance peak lies at 517 nm. In
Figure 6.2, the NPG:Air sample showed a minimum in transmission near 514 nm. The P2VP
absorbance spectra shows no outstanding absorbance in the range of 400-700 nm wavelength as
shown in SI Figure S9. However, though there is no P2VP infiltrated into the NPG, the P2VP

underneath the NPG creates a P2VP-NPG interface. The change in the interface causes the
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change in the peak position which will be further discussed in the mechanism section. At 300
mins of annealing (full infiltration), the absorbance spectra peak shifts to 521 nm, increased by 4
nm as compared to the 0 min spectra. Additionally, similar to the observation from Figure 6.2,
the P2VP-643k:NPG absorbance curve exhibits an increased width and an enhanced height
(intensity) as annealing time increases. Absorbance measurements on P2VP-85k:NPG, P2VP-
302k:NPG, and P2VP-940k:NPG at 140°C have also been performed and are shown in SI Figure
S10. The trend in absorption peak position and intensity are consistent with those showing in
Figure 6.3. Research has shown that the Au localized surface plasmon resonance (LSPR) is
enhanced when Au is conjugated with poly(vinyl pyrrolidone) (PVP) through electron doping in
the valence band through the adsorption of hydride ’*. P2VP has a stronger electron donating
behavior as compared to PVP since PVP:Au has a Au-Au coordination number (CNyy_4,,) 0f 7.5
+ 0.7, while P2VP:Au has a much enhanced CNy,,_ 4, of 8.3 £ 0.7 7°. As a result, when P2VP
binds to the gold, the gold undergoes more electron doping, thus causing a much enhanced LSPR
response as shown in the measurements. In the later section, the P2VP:NPG interfacial electron

doping phonmena will be quantified using XPS and discussed in more detail.

UV-Vis Absorbance Analysis and Comparison of Infiltration Kinetics with SE

In this section, we relate the absorbance characteristics, namely peak height, peak width
and peak area to the extent of P2VP infiltration into the NPG. As shown in Figure 6.4a, the
relative peak height increases rapidly at early annealing times and then more slowly after 100
min. This parabolic behavior mimics the increase in the change of refractive index measured by
the in-situ SE system in our previous publication ??°. From UV-vis absorption spectra, the
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initial peak height (h;) and final peak height (hr) can be used to determine the infiltration extent,

—:o — Zi. The time dependence of IE calculated from UV-vis spectra is shown in Figure
™

IE =

6.4b. Similarly, the IE was determined from the peak width and peak area and shown in SI. The
IE determined from these three approaches (height, width, area) statistically agree with each
other. In the rest of the experimental study, we use the peak height approach. For the P2VP-
643k:NPG system in Figure 6.3, Figure 6.4b compares the time dependence of IE for the UV-Vis
(green) and in-situ SE (pink). The IE values are in excellent agreement to ca. 0.85. Between IE =
0.85 - 1.0, the UV-vis data is slightly greater than the SE values. The greater values of UV-Vis
can be attributed to the P2VP wetting ahead of the growth front which in turn affects the plasmon
absorption peak before P2VP backfilling occurs. Because SE uses a two layer EMA model with a
well defined interface, the IE is slightly less than the values measured by UV-vis particularly
near the top of the NPG due to P2VP traveling faster at the NPG:P2VP interfaces. At very long

annealing times (i.e., 300 min), the IE values converge as expected for completely filled NPG.

Using data like Figure 6.4b for M,, = 85k, 302k, 643k and 940k Da., the time to reach
80% IE (tgg9,) is determined. Figure 6.4c shows the scaling of 7gq9, vs. M,, for the UV-Vis
(green) in-situ SE (pink) methods. The tg¢¢, values at each M,, are in statistical agreement
according to their standard deviations. Additionally, we further investigate the 7gq, vs. M,,
relationship using those two approaches. Shown in our other publication, for the in-situ SE
approach, tggo, vs. M,, displays a slope of 1.40 £+ 0.03, whereas the UV-Vis approach yields 1.35
+ 0.04. The excellent agreement indicates that the UV-Vis approach is an accurate method to

determine infiltration kinetics in a metallic scaffold. In this section, we measured the infiltration
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extent using a new approach UV-Vis, and found it to be in excellent agreement with the more

often used in-situ SE approach.
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Figure 6.4. (A) UV-Vis spectra of peak height versus annealing time for P2VP-643k:NPG at 140°C . (B) Infiltration
extent for P2VP-643 in NPG measured by UV-Vis and SE. (C) The times for 80% infiltration for P2VP having My,

of 85k, 302k, 643k and 940k.

The previous section demonstrated that the plasmon resonance peak can be used to
quantify polymer infiltration kinetics in a nanoporous metal scaffold. Here, we investigate the
contribution from the NPG:P2VP interface and the surrounding medium filling the pore. To
quantify the NPG:P2VP interfacial phenomena, XPS is used to probe the binding energy of the
Au 4f orbital. The interfacial contribution will be discussed in the following section. The
surrounding medium effect on the absorbance shape is approached using DDA simulation, which

will be elaborated in the next section.

P2VP forms a thin wetting layer on the NPG surface after complete infiltration. Figure
6.5a shows the AFM height image from the surface of a NPG (120 nm):P2VP-643k (100 nm)
bilayer, whereas Figure 6.5b shows the height image after P2VP has completely infiltrated the

top NPG film. Prior to infiltration, Figure 6.5a shows the ligaments (bright) and pores (dark) of
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the NPG. The initial RMS roughness is 10.2 nm. Upon annealing for 5 h at 140°C to ensure
complete infiltration (c.f. Figure 6.3b), the top most surface of the NPG no longer shows distinct
ligaments. This observation differs from our study of polystyrene infiltration into NPG where
the surface displays ligaments adjacent to PS filled pores. In contrast, Figure 6.5b shows a
topography where NPG ligaments are covered by P2VP, evidenced by “blobs” appearing on the
surface. Correspondingly, the RMS roughness decreases to 3.4 nm (Figure 6.5b), indicating a
smoother surface as compared to the pre-infiltration sample. Figures S1-S3 show the
corresponding AFM images of P2VP bilayers at M,,, = 85k, 302k, and 940k Da before and after
complete infiltration. Figures S4-S7 show the corresponding phase images. All images are
consistent with a smooth surface after complete infiltration. To future confirm that the surface is
wet by P2VP, Figure S8 compares the water contact angles (WCA) of fully infiltrated P2VP and
PS, indicating surface wetting properties of P2VP. A thin P2VP wetting layer is formed atop

NPG, allowing additional XPS characterizations.

After we confirm the formation of a P2VP wetting layer on top of the NPG, XPS is used
to demonstrate strong coupling between plasmons in the gold due to binding of P2VP at the
interface.. XPS measures the binding energy, with a probing depth of 5-10 nm. Figure 6.5¢
shows the gold 4f5/, and 4f7/, orbital binding energies before and after complete P2VP
infiltration. The gold curve denotes the binding energy of pristine NPG, while the blue curve
denotes the binding energy of P2VP infiltrated NPG. For both 4f5, and 47, orbitals, binding
energy decreases after complete infiltration. The pristine NPG has 4f5, binding energy at 87.63
eV, while the 4f7/, binding energy lies at 84.02 eV. The pristine NPG binding energies are in

good agreement with literature values "°. For the P2VP infiltrated NPG, the corresponding
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binding energies are 87.15eV and 83.56 eV, which are 0.48 eV and 0.46 eV less than the pristine
case. The lower binding energies at the P2VP:NPG interface implies that the NPG is negatively
charged through electron donations from the NPG:P2VP interface stabilization ’¢. The decrease
in gold binding energies implies that the electrons flow from P2VP to NPG when P2VP wets the
NPG. The strong electron-donating behavior of P2VP is originated from the electron-donating
alkyl chains adjacent to the nitrogen atom 7>, making nitrogen more electronegative, thus further
enhancing the tendency for electrons to flow from P2VP to NPG upon conjugation. At the P2VP-
NPG interface, electrons flow from P2VP into NPG, making NPG more electron rich and

negatively charged.
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Figure 6.5. a. AFM height image of as-cast NPG:P2VP-643k composite. b. AFM height image of fully infiltrated
NPG:P2VP-643k composite after annealing at 140 °C for 5 hours. Root-mean-square (RMS) roughness for (a) is
10.2 nm, RMS roughness for (b) is 3.4 nm. c¢. XPS spectra of gold 4f orbital for pristine NPG and P2VP infiltrated

NPG.

The change in interfacial electron flow and polarity change account for the peak shift in
Figure 6.3. In addition to interfacial interactions, the bulk P2VP filling the pore changes the
surface plasmon resonance of the Au ligaments. Prior to infiltration, the NPG is composed of

gold and air. However, after complete infiltration, the pores are filled with a dielectric, namely
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P2VP. P2VP has a much higher refractive index (n = 1.54) than air (n = 1.0). Recall that
infiltration is modeled in SE by a bilayer having a top thickness filled with air and a bottom layer
filled with P2VP. To further investigate how this change in refractive index impacts the SPR,
the Discrete Dipole Approximation (DDA) is used along with the Effective Medium

Approximation (EMA).

Simulation of NPG absorption spectra using DDA

“T” shape is used in DDA simulation to capture the NPG structure and finds an
absorbance peak experiencing red shifts as the medium refractive index increases. As mentioned
in the method section, a “T” shape gold is constructed to mimic the structure of NPG. Previous
research has used a rod shape to mimic the structure of NPG %, however, it is found that the “T”
shape could better capture the adsorption. The rod shape DDA simulation results are shown in
Figure S13. To compare simulations with experimental results, DDA is used to determine the
optical properties of NPG, with a focus on the transverse LSPR. To first test the accuracy and
precision of the simulated T-shape model using DDA as compared to the experimental settings,
the absorption behaviors of the T-shape model in three different medias are simulated. As shown
in Figure 6.6, the resulting absorption peak wavelength positions of the T-shape gold ligament in
air (n=1.0003), water (n=1.33), and P2VP (n=1.54) are 515, 521, and 522 nm respectively. As the
media refractive index increases (from n = 1 to n = 1.54), the peak shifts towards higher
wavelength. This observation is in good qualitative agreement with the experimental optical
response surrounded by the same medium as shown in Figure 6.2, which yields peaks at 514
(air), 515 (water), and 520 (P2VP) nm respectively. Besides the peak position, the absorbance
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peak height also increases upon increasing the surrounding medium refractive index. The peak
height increases from 0.264, 0.581, to 0.815 (a.u.) upon the change of medium from n =1 (air) to
n = 1.33 (water) to n = 1.54 (P2VP), which also agrees with experimental observation as shown
in Figure 6.2. Since the DDA simulation only accounts for the change in the surrounding
refractive index, Figure 6.6 curves implies that the surrounding refractive index also possesses an

influential effect on NPG LSPR.
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Figure. 6.6. Absorption coefficient of NPG in air, water, and P2VP by DDA simulation, with incident light
wavelength from 400 to 700 nm. Plot of the above three media shows peak shift from 515 to 521 to 522 nm, peak

broadening, and strong absorption effects as surrounding medium refractive index increases.
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Conversion of DDA Absorbance Spectra to Infiltration Extent

To investigate the effect of P2VP infiltration extent on absorbance behavior, the optical
properties of polymer-NPG bilayer/composites at different infiltration extent (IE) are simulated
and calculated at incident light wavelengths from 400 to 700 nm. The total height (TH) of the T-
shape gold model is 150 nm, and the infiltrated height (IH) is manually set as shown in the

cartoon in Fig. 7a. The surrounding medium of the infiltrated part is set to be n = 1.54, and the
infiltration extent (IE) is calculated by IE = 100% * % a partial infiltration scenario (i.e. Fig.

7a, IE = 0.5), while the bottom region is filled with P2VP, the non-infiltrated region remains
surrounded by air (n=1.0003). As shown in Figure 6.7b, the resulting absorption coefficient
curves show weak peak shift from 515 to 522 nm during infiltration, with broadened peak width
as well as higher absorption peak upon increasing IE. The simulation results qualitatively agree
well with the experimental observations in Fig. 6.3. Noticeably, the left shoulder of the
absorption coefficient curve remains stable at ~ 470 nm during the process, which agrees with
the experimental observations shown in Figure 6.3, while the red-shifted right shoulder leading
to broadening effect. Interestingly, the work by Detsi et al. (2014) also shows a relatively stable
left shoulder and a much shifted right shoulder when altering the NPG aspect ratios (AR). Detsi
et al. (2014) found that the NPG AR could greatly influence the optical response. When the AR
increases from 3.8 to 5.1 %, the transmittance peak becomes broader and deeper. The left
shoulder experiences a blue shift for ~ 3 nm while the right shoulder experiences a ~ 32 nm red
shift . Upon NPG structural changes or surrounding medium changes, the right shoulder
experiences a more prominent shift towards the red, accounting for the peak broadening

observations.
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The surrounding medium refractive index also accounts for the peak shifts. Figure 6.7c
clearly shows the peak experiencing a red shift as the peak position is at 515 nm before
infiltration, shifted to 521 nm after IE = 0.5, and moves and keeps constant at 522 nm for higher
IEs. It is interesting to note that while the P2VP reaches complete infiltration at IE = 1.0, the
peak position stops shifting red at IE = 0.67. Though the peak position remains constant at 522
nm for IE = 0.67, 0.83, and 1.0, those three circumstances still induce change in peak shape

(width & height).

a

IE

I
o

(o3
0

T T
f— =)

sut e o o -
_08f
2 s21t .
8 o
Sos6l £ s} °
2 g 519
§ 0.4+ = o e B
g g sis . %
2ol /_..-—*—-—._.____
2 =¥ 516 _______-—-*—-\
0.0F 5151 e ™~
1 1 1 1 I 1 1 5I4 1 1 1 1 1 1
400 450 500 550 600 650 700 00 02 04 06 08 L0
wavelength (nm) IE

Figure. 6.7. a. DDA cartoon scheme of IE = 0, IE = 0.5, and IE = 1.0. b. absorption coefficients calculated by DDA
simulation, with different infiltration extents (IE) from pure NPG to fully infiltration. IE is defined as the P2VP

infiltrated height over the total height of the T-shape model. Curves showing weak peak red-shifting, peak
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broadening effect, and stronger absorption with higher IE. c. the extracted peak position vs infiltration extent,

inserted with a magnified figure demonstrating peak shift.

DDA Correlation between theoretical and simulated IE

The absorbance spectra shape and shifting are directly related to the effective medium
refractive index. As the polymer infiltration extent increases, the simulated peaks exhibit an
enhanced peak width as well as peak height, in addition to the shift of the peak wavelength
position. As we noticed similar trends for DDA as compared to the experimental observation
(Figure 6.3), additional analysis of absorption spectra shape with respect to different infiltration
extent is conducted. The DDA simulation circumvents the infiltration time of the P2VP:NPG
infiltration process. Compared with experimental data from the UV-Vis, which shows a parabolic
relationship between peak height and annealing time, the linear relationship from simulation
results in circumvents of time variation. Infiltration time is eliminated as a parameter in DDA,
and as shown in the experimental section, infiltration time scales parabolically to the infiltration
extent. The IE in the DDA simulation is manually set as a height in the T-shape gold model box,
thus there is no kinetics associated with the polymer travel. To analyze the simulated peaks under
different IE, peak height, full width half maximum (FWHM), and area under the curve (AUC)
are quantified and analyzed. The peak height (a.u.) increases from 0.264 to 0.815 when the IE
increases from 0 to 1 as shown in Figure 6.8a. Additionally, the peak height is linearly related
with [E, with Pearson’s r=0.99962 and R-square (COD)= 0.99925, implying this linear
correlation has high reliability and precision. The linear slope of peak height vs. IE is 0.55 +

0.01. The AUC and FWHM are also calculated and linearly fit as a function of IE as shown in
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supplemental Figure. By using the peak height, AUC, and FWHM linear fit, given a specific IE,
the absorbance spectra shape can be easily predicted. The peak height, FWHM, AUC all show
the same trend such that as IE increases, the according value linearly increases. The DDA
simulation shows that as IE increases, the peak height, AUC and FWHM increases linearly as
shown in Figure 6.8a and C15, implying that the absorbance spectra is directly related to the

medium refractive index.

To further interpret the relationship between the peak shape and the IE, the manually set
IE (x-axis) for the DDA simulation is compared with the calculated IE (y-axis) as shown in
Figure 6.8b. The calculated IE utilizes the peak height (h) values from Figure 6.8a, and apply the

equation that Calculated IE = : —
e

’:’ , where h, = 0.264 and hy = 0.815. The calculated IE

exhibits a linear relationship with respect to the IE, with a slope of 0.99 = 0.01, implying that the
calculated IE agrees with the manual set IE, confirming that the absorbance peak shape can be
used to analyze the polymer kinetics. Similar procedures are also conducted for AUC and
FWHM, leading to similar results showing linear slope close to 1 (figure S16). The DDA
analysis proved that the optical spectra is a valid tool for tracking polymer infiltration kinetics

inside a NPG scaffold.
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Figure. 6.8. a. peak height of P2VP infiltrated NPG with different infiltration extents from DDA simulation, linear
fitting with Pearson's r=0.99962 and R-square(COD)=0.99925. Infiltration extent is defined as infiltration height /
total height of the T-shape model. b. plot of calculated infiltration extent vs. pre-defined infiltration extent, slope of

the linear fitting equal to 0.99 with standard error of 0.01.

6.4 Conclusion

UV-Vis is used to measure the optical responses of polymer infiltrated nanoporous gold (PING)
at different annealing times. At temperatures higher than Ty, P2VP (M,, = 85 - 940 kDa)
infiltrates into the 34 nm NPG bicontinuous pores. Different annealing times induce infiltration
extents (IE) which range from O to 1. At higher annealing times, the UV-Vis optical response
curve is measured to have an enlarged height and width, as well as red shifts in the peak position.
Through analyzing the peak height, width, and area under the curve (AUC), it is found that those
three parameters change accordingly with the IE. Upon further comparison between the UV-Vis
and the previous in-situ spectroscopic ellipsometry result, it is found that those two methods
yield statistically the same time to reach 80% IE (tggq,) as well as slope of 7gqq, vs. M,,. UV-Vis

proves to be a valid tool for polymer kinetics tracking, also implying that the optical response
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curve properties (height, width, AUC) are directly proportional to the IE. To further investigate
the physics behind the optical curve to the IE, XPS is used to find that electrons flow from P2VP
to the NPG at the P2VP:NPG interface, and DDA simulation is used to found that the effective
medium refractive index also accounts for the optical curve shape change. In this project, we
have proved UV-Vis to be a reliable and facile tool for polymer kinetics tracking inside
nanoporous scaffolds, allowing future studies of simultaneous investigation of polymer kinetics

and optical properties.
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CHAPTER 7. EFFECT OF TEMPERATURE ON POLYMER KINETICS INSIDE SEMI-

CONFINED NANOCHANNEL

Content in this chapter will be submitted in 2024 to Soft Matter, with authors Weiwei Kong and
Russell J. Composto. R.J.C and W.K conceived and planned for the project. W.K. developed the
experimental procedures and carried all experimental measurements and analysis. W.K wrote the

manuscript. R.J.C. edited the manuscript.

7.1 Introduction

Polymer nanocomposites (PNCs) have received a lot of attention in industry and
academia ! because of their enhanced properties, making them attractive materials for coatings
43 actuators ®, membranes ¥, and optical response materials °!!. Typically, PNCs are fabricated
by adding inorganic nanofillers (NF) into a polymeric matrix, thus imparting properties that the
individual component alone does not possess. The resulting PNCs properties are closely tied to
the NF geometry, dispersion, and percent loading '>"'®. Various NF shapes have been used to
fabricate PNCs. For instance, studies have been conducted on adding nanoparticles into polymer
blends, thus creating a unique domain size !"'®, Additionally, studies have used gold nanorod
self-assembly inside a polymer matrix to tune the absorption properties across the visible
spectrum %1 Although inorganic synthesis methods allow for various shapes beyond spheres
(e.g. plates, cubes and rods), creating PNCs with a homogeneous dispersion at high percent NP

loading remains challenging. The dispersion of NFs depends on the thermodynamics of mixing

or kinetically arresting of NPs to prevent aggregation. A uniform dispersion at high loading of

187


https://www.zotero.org/google-docs/?Bz3Gtz
https://www.zotero.org/google-docs/?QoBEvk
https://www.zotero.org/google-docs/?oqZank
https://www.zotero.org/google-docs/?lNBPYt
https://www.zotero.org/google-docs/?JBChZI
https://www.zotero.org/google-docs/?SKRrm2
https://www.zotero.org/google-docs/?2PDhm4
https://www.zotero.org/google-docs/?SwXNhO

NF is particularly challenging when interparticle NP spacings are on the order of NP. For
instance, whereas the equilibrium spacing between nanoplates in a lamellar diblock copolymer
was 6.4 nm ', the maximum loading without disrupting the lamellae structure was only 0.05
vol% . Thus, the traditional method for fabricating PNCs with a good dispersion typically

results in low to moderate levels of NF loading.

To circumvent limited loading as well as the tendency for NF to aggregate, infiltration of
polymer into inorganic scaffolds has been growing interesting. In a study where PS is infiltrated
into TiO2 NP packings, capillary rise infiltration (CaRI)*’, was developed. Starting with a bilayer,
CaRl infiltrates the underlying polymer film into densely packed nanoparticle (NP) assembly by
annealing above the polymer glass transition temperature (Ty) to allow the polymer to fill
interstitial sites between particles. The present approach replaces the packed NPs with a
bicontinuous nanoporous gold (NPG) scaffold. A significant difference is that the pore channels
are continuous and uniform rather than the “bottle” neck structure in CaRI. The NPG is a
combination of the AAO scaffold which exhibits continuous pores that are linear, and the CaRI
packed system with a random array of interstitial pores. Using a NPG scaffold, high loading
(>50 vol%) PNCs can be prepared with polymers that weakly and strongly interact with the

confining gold surface.

Here we review results using the NPG scaffold, as well as relevant studies using AAO
and CaRI approaches. Previously, infiltration of polymers with weak, polystyrene (PS), and
strong, poly(2-vinylpyridine) (P2VP), interactions with NPG were investigated 2. PS with

molecular weights (M,,) from 424k Da to 1133k Da are infiltrated into a 120 nm thick NPG
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scaffold, resulting in confinement ratios (I’ = };—g) range from 0.47 to 0.77 2!. For this moderate
P

confined scenario, PS infiltrates faster, and exhibits a weaker dependence on M,,, compared to
bulk predictions which is attributed to disentanglement and reduction in polymer-wall friction as
M,, increases 2!. Under moderate confinement, P2VP infiltration exhibits slower kinetics
compared to PS, which is attributed to the formation of a physisorbed layer of P2VP on the NPG
pore. Using CaRl, extensive studies have also been conducted 2>***%°. For instance, for
entangled PS infiltrated into SiO2 NP packings that results in I ranges between 0.5 to 60, it is
found that an increase in the degree of polymer confinement enhances polymer chain dynamics
while slows polymer segmental dynamics %2. Kinetics of infiltration has also been conducted
using anodized aluminum oxide (AAO) membranes 333, For instance, the adsorption kinetics of
cis-1,4-polyisoprene (PI) inside AAO (I =0.02 - 0.345) membranes suggest that the adsorption
time is strongly dependent on I" *!. Studies of the temperature dependence of (moderately)
confined entangled polymers remain limited. The infiltration of unentangled PS (I'=0.7 and 1.1)
and P2VP (I'=0.7 and 1.1) into SiO2 NP packings suggests that unentangled polymers display a
significant (~100x) increase in viscosity in confined pores, and simultaneously an increase in
effective viscosity normalized by bulk viscosity that appears independent of temperature 2°. In
this work, the temperature dependence of the effective viscosity of moderately confined and

confined P2 VP is studied.

Although the effect of confinement on the temperature dependence of polymer infiltration
is not extensively investigated, the temperature dependence of the bulk viscosity is well known.
The Williams-Landel-Ferry (WLF) equation describes the temperature dependence of polymer

viscosity (1):
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0 _ B (1,-T)
w = P Gy Eq. 7.1

where T) is the reference temperature corresponding to free volume f;, and 7, and T,, is the

Vogel temperature. The WLF describes the temperature dependence over the range of Ty <T <

T+100K 4. The time scale shift factor a; = 111 is
0

Ci(T-Tr)

C4TT) Eq.7.2

log (ar) = —

Here, C; and C, are related to physical properties, namely the free volume at Tg, f;, and thermal

expansion coefficient, ar, such that C; = —2 _andC 5 = f—g. The WLF equation enables the
g 2.303f, ay d

construction of a "master curve" of viscosity (and other viscoelastic properties) by shifting
experimental data at different temperatures which allows for predicting polymer behavior over a
wide range of temperature and time scales. To investigate the effect of confinement on
temperature dependence, the WLF parameters from bulk P2VP will be compared to the WLF

parameters determined from P2VP infiltration into NPG.

This present study investigates how confinement influences the temperature dependence
of poly(2-vinylpyridine) (P2VP) infiltration into nanoporous gold (NPG) scaffolds with R, of
27.5 nm. Two M,, of P2VP are used — P2VP-302k which is moderately confined (I" = 0.55), and
P2VP-940k which is more confined (I" = 0.97). P2VP-302k and P2VP-940k are infiltrated into
NPG at 130 - 160°C and 150 - 180°C, respectively. At all infiltration temperatures and both
M,,’s, the effective viscosities (1. 5¢) of P2VP are reduced as compared to the bulk viscosities

(Mpuire) With the reduction being greatest for the I' = 0.97 system. For the temperature range
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studied, :ei remains relatively constant for each M,, with values of 0.66 (P2VP-302k) and 0.26
bulk

(P2VP-940k). The shift factor for the moderately confined P2VP-302k agrees with the bulk WLF
prediction. However, the shift factor overshoots the WLF prediction for P2VP-940k which is
attributed to a reduction in thermal expansion coefficient (a) under confinement. The apparent
activation energy (A Hyg) shows that A Hyg pruik =A Hog povp—30k > Haq povp—9sok. The
lower activation energy is consistent with the larger values of 7y — 7eff Observed for the
P2VP-940k system. This study provides new insight into the temperature dependence of

infiltration under moderately confined and confined conditions and thus allows for optimizing

processing conditions to efficiently prepare nanocomposites at high filler loadings.

7.2 Materials and Methods

P2VP Bilayer Sample Preparation.

P2VP (My = 302k and 940k Da.) are dissolved in butanol ( = 99.9 %, Sigma-Aldrich), and
stirred overnight. The P2VP solutions (2.4 wt %) were spin-coated (4000 rpm, 60 seconds,
Laurell Technologies) onto 1x1 cm? cleaned SiO» wafers and dried at 70 °C for 10 minutes to
remove the residual solvent. All films were smooth and homogeneous as-cast. Film thickness
was measured with a white-light reflectometer (Filmetrics F3-UV) and ranged from 120-150 nm.
Nanoporous gold (NPG) with a pore radius of 27.5 nm and a thickness of 120 nm is used in this
study. The NPG is deposited on top of the P2VP polymer film. The resulting bi-layer is then
dried at 70 °C for 10 minutes to remove residual H.O. More details about the bilayer sample

preparation can be referred to our previous publications 2!,
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Atomic Force Microscopy (AFM).

Surface topography of the P2VP/NPG before and after full infiltration are measured using AFM.
Tapping mode AFM was performed using Bruker Icon AFM with tips (TAP300AL-G-50 radius
of curvature < 10 nm, Ted Pella). The images collected are 1*1 um?. The surface properties

images were processed using Gwyddion software.

In-Situ Spectroscopic Ellipsometry (SE).

Spectroscopic ellipsometry (SE) ( J.A. Woollam, Alpha SE) is used to measure the instant
refractive index of the P2VP bilayer/ composite during the infiltration process. The SE
measurement wavelength range is 380 - 900 nm. A Linkam THMSEL350V heating stage is used
for in-situ heating. The precision of the heating stage is 0.1°C with respect to the set temperature.
The heating rate is 30°C/min. The samples are heated to 70°C and held at this temperature for 5
minutes to ensure system equilibrium. Then, the temperature is heated at a rate of 30°C/min and
then held at the targeted temperature to study infiltration. Because the bulk P2VP has T, around
100°C, temperatures higher than 100°C will induce polymer infiltration into NPG. As a result,
the infiltration time refers to the time after the heating stage reaches 100°C. During infiltration,
the temperature is stably held at the targeted temperature. Effective Medium Approximation
(EMA) Model with two material constitutes is used to capture the change in optical constants
within the NPG composite as polymer fills the pores and approaches the top surface. The

detailed SE modeling has been described in our previous publications 2!*. The infiltration extent
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(IE) is given by, IE = H The initial refractive index, n; , is calculated by averaging the
£

refraction index values during the first six min (i.e., prior to the P2VP infiltration). The final

refractive index (after complete infiltration), ny, is calculated by averaging the refraction index

during the last two minutes when infiltration is complete. The 80% infiltration time (Tso%) used

in the analysis is the time that the P2VP infiltration front reaches IE = 0.8.

Small Angle X-Ray Scattering (SAXS).

Dual Source and Environmental X-Ray Scattering (DEXS, Xenocs Xeuss 2.0) at the University
of Pennsylvania is used for measuring the NPG ligament to ligament distance. Six tubes with
sample to detector distance of 6390 mm results in a qo range of 0.003-0.09 A™!. Cu K,, with a
wavelength of 1.54 A, is used as the light source. NPG samples are peeled off from the substrate
using Kapton tape. The scattering data is collected for 20 mins for each sample. The collected
spectra are then azimuthally integrated for analysis. A control scattering experiment from pure
Kapton tape is also performed for 20 mins to eliminate contributions from the tape to the

scattering curve.

Scanning Electron Microscopy (SEM).

FEI Quanta 600 SEM is used to detect the secondary electron signals at 15kV. The images are
taken top-down to measure the ligament-ligament distance and in cross-section to measure the
NPG thickness as well as infiltration extent. SEM images analysis also utilizes Gwyddion

software.
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7.3 Results and Discussion

The infiltration membrane, nanoporous gold (NPG), is pre-annealed to prevent structural
coarsening during the annealing process. NPG was prepared by using HNO3 to selectively etch
Ag atoms from 12k Au/Ag alloy. The detailed procedure has been described in a previous

publication 2!. NPG structure is subject to coarsening under conditions such as temperature

36,37 38,39

treatments %37, exposure to chemicals **-, or ion beam irradiation *’ due to excessive surface

energy >°. The NPG coarsening rate has been reported to be non-uniform at different stages. At

the early stages, NPG coarsening scales as t*? because surface diffusion dominates coarsening

39,41-43 44,45

, while later stage coarsening exhibits a slower rate and scales as t*%°. Previous
research > has shown that pre-annealing NPG at elevated temperatures for an extended time
prevents coarsening during the infiltration process. Because a temperature range of 130 to180°C

is used in this study, the NPG is pre-annealed at 180°C for 12 h to ensure that the structure

remains stable during P2 VP infiltration.

The pore radii of as-prepared and pre-annealed NPG were determined by small angle x-

ray scattering (SAXS). The ligament to ligament distance (d-spacing) of the bicontinuous NPG

4440 i given by d = 1.23 % ==

PR Figure 7.1 shows the scattering intensity of as-prepared and pre-
max

annealed NPG as a function of the scattering vector q. Both scattering patterns exhibit distinct
peaks, with the pre-annealed peak shifted towards the lower q. In both cases, the intensity scales
as q** at high q as shown in Figure 1. The as-prepared NPG exhibits a d-spacing of 80 nm while
the pre-annealed NPG has a larger d-spacing of 110 nm. Because the NPG porosity is ~ 50%

21,35

measured from previous works , and also through ellipsometry modeling, the pore radius
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(Rp) is givenby R, = %. The pore radii for the as-prepared and pre-annealed NPG are 20nm

and 27.5nm, respectively. In this study, only the annealed NPG (180°C for 12 h) will be used to
study the temperature dependence of infiltration time for P2VP-302k and P2VP-940k. “NPG”

refers to the pre-annealed NPG in the rest of the paper.

100
10 .
3 | \‘V\wﬂ/
L 1% 5
a r
2
a) 0.1 3 '-g'
IS .
0.01} -;
f——=NPG as prepared
[ NPG annealed 12h, 180°C ’
0.001 S —————— — . 1.
0.001 0.01 0.1

q (A7)

Figure 7.1. SAXS of as-prepared NPG and NPG pre-annealed at 180°C for 12 h. The scattering peak shifts to lower
q upon thermal annealing. The d-spacings between ligaments increase from 80 nm to 110 nm upon annealing. At

high q, the intensity scales as q**. The NPG thickness is 120 nm.

The P2VP used for infiltration are entangled with weight average molecular weights of

302k Da and 940 kDa and polydispersity (PDI). These polymers are denoted as P2VP-302k and

2
P2VP-940k, respectively. The radius of gyration, Ry = /bTN, is calculated from the Kuhn length,
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M, .
b = 1.8 nm, and the number of Kuhn segments, N = M—W, using a Kuhn monomer molar mass of
o

720 Da *. The molecular characteristics and R, values are listed in Table 7.1. For R, = 27.5nm,

the confinement ratios (I' = 2—"’) of P2VP-302k and P2VP-940k are 0.55 and 0.97, respectively.
14

Because I' < 1, this study investigates infiltration under moderate confinement conditions. For
P2VP in NPG, our previous study found that the critical molecular weight separating reduced
and enhanced effective viscosity is M, = 180k Da which is greater than the bulk value of 47k
Da. We attribute this larger value of M, to a reduction in entanglement density due to the
confining walls captured by MD simulations. Because P2VP-302k and P2VP-940k have M,,’s
well above 180k Da., P2VP infiltration in this study occurs in the entangled regime where the

effective viscosity is expected to be less than the bulk values.

Table 7.1. Characteristics of the P2VP used in the study.

P2VP-302k 302,000 15.05 0.55

P2VP-940k 940,000 26.55 0.97

To complement SAXS, the NPG was also characterized using real space imaging, namely
SEM and AFM. Figure 7.2 shows the SEM images of the NPG across a range of length scales as
noted by the scale bars in Figures 7.2a, 7.2b and 7.2¢, namely 3 um, 1 um, and 500 nm,
respectively. At low magnification, Figure 7.2a shows a uniform bicontinuous morphology

across a roughly 10 pm x 10um area, with no large-scale defects (e.g. holes). At higher
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magnification (Figures 7.2b and 7.2¢), the pore diameters (dark) and ligaments (bright) become
evident. Heterogeneity of pore size is observed with some pores being slightly smaller than the
pore size determined from the characteristic length from SAXS. Qualitatively, the distribution of
the NPG pore size observed by SEM is consistent with the breadth of the scattering peak from
the pre-annealed NPG shown in Figure 7.1. Using line scans from SEM images in Figure 7.2c,
R, = 28.6 = 3.2nm, which is statistically similar to the SAXS value of 27.5nm. Figure 7.2d
depicts the AFM height image of the NPG across a 2 um x 2um area. The height image also
captures the heterogeneity of pore sizes and gives R, = 25.4 £ 5.2 nm. In summary, the SEM
and the AFM images yield values of R), that are in statistical agreement with SAXS

measurements. Additionally, NPG pore size has a narrow distribution of pore sizes as visualized

by SEM/AFM characterization as well as the peak width of SAXS.
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Figure 7.2. SEM images of pre-annealed NPG across different length scales. namely (a) 10 um x 10 um, (b) 5 pm x
5 um and (¢) 2 um x 2 um. The gold ligament and pores are the light and dark regions, respectively. (d) AFM

topography image of NPG across 2 pum x 2 um. The gold ligaments and pores are gold and dark, respectively.

The temperature dependence of P2VP infiltration through nanopores is described next.
Figure 7.3 shows that infiltration time decreases strongly as temperature increases for P2VP-
302k (green) and P2VP-940k (blue). The 80% infiltration time (tso%) denotes the time for the
underlying P2VP to reach a height of 80% of the NPG thickness, namely 96 nm. As shown in

Figure 7.3, the ts0% increases with M, and reduced temperatures. As shown in our previous
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publications, P2VP M,, is proportional to the infiltration rate such that Tse, ~ ML*, which agrees
with Figure 7.3 that the higher the M,, is, the longer the tso is. For instance, at 150°C, P2VP-
302k possess a g0y of 16.81 mins, while P2VP-940k possess a tso% of 187.8 mins, which is
almost 10x increase in time. Note that the Tso% for P2VP-302k and P2VP-940k does not
perfectly follow the precious publication trend of Tsos ~ M;**. This is due to the decreased pore
size of the NPG, and increased fraction of smaller pores as shown in the AFM/SEM. The tgo
also decreases non-linearly with reduced infiltration temperatures. P2VP-302k has a tso% of 590
min at 130°C, while the tso% is decreased 5x to 295 min at 135°C, and then decreased to 96.3
mins at 140°C. P2VP infiltration time inside NPG increases with enhanced M,, and decreased

infiltration temperatures.
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Figure 7.3. g% versus P2VP-302k and P2VP-940k at different temperatures. P2VP-302k infiltrates at temperatures
between 130 - 160°C, while P2VP-940k infiltrates at temperatures 150 - 180°C. tsoe represents the infiltration time

that the P2VP reaches 80% of the NPG height.

For P2VP-302k and P2VP-940Kk, the effective viscosities (1. 55) are lower than the bulk
viscosities (1pyx) at all temperatures. The 7,5 can be calculated using a modified Lucas-

Washburn Equation %7,

2 _ (YRpcos®
h™ = (4neff g ) t Eq.7.3
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where the bulk fluid viscosity is replaced by the effective viscosity, 7,¢5. For the P2VP:NPG
system, the Y of P2VP is 37.9 mN/m »°, the average Rpore is 27.5 nm, o is 1.5 *%, and 6 between
P2VP and gold *° is 9°. Using these values, experimental data (e.g., Fig. 7.3) and Eq. 3, Nefr Can
be determined. As shown in Figure 7.4a, the P2VP-302k 7.7 increases by over two orders of
magnitude, from 7.8 * 10° to 2.8 ¥ 10° Pa * s as infiltration temperature decreases from 160°C
to 130°C. For P2VP-940k, the 1,5 increases from 5./8 * 10°to 8.95 107 Pa * s as infiltration
temperature decreases from 180°C to 150°C. 1, values were calculated from the literature .,

For P2VP-302k, 0y, increases from 3.00 * [ 0°to 5.29%10° Paxs as temperature decreases

from 160°C to 130°C, whereas for P2VP-940k, 1, increases from 1.44 % 10" to 6.17 % 1 0
Pa * s as temperature decreases from 180°C to 150°C. Figure 7.4a shows that at all temperatures

for both My, 1.5 is lower than the 1p,,,,. The difference (Npyix — Negr) is larger for P2VP-

940k. This trend is reiterated by plotting the ratio (

1 . )
» ¢/ as a function of temperature as shown in
bulk

Figure 7.4b. In Figure 7.4b, JeIL for both P2VP-302k and P2VP-940k at all temperatures are
ulk

NMb

below 1. As previously noted, for P2VP infiltration into NPG, r5 > Npyii for My < 180k Da,
whereas .5 < Npyix for Mw > 180k Da. In the present study, the M,, are 302k and 940k Da,
which are above the threshold of 180k Da; thus, it is expected that the 1,7 is lower than 175,

This study supports previous findings at a single temperature but shows that effective viscosity is

more strongly reduced at a higher confinement ratio.
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We further compare the behavior of 2<IL - L as a function of temperature for P2VP-302k
bulk

and P2VP-940k. It is interesting to note that the 1, for P2VP-940k at 150°C (6.17 * 1 0° Pa x

s) and Ny for P2VP-302k at 130°C (5.29 * [ 0® Pa * s) are similar to each other, but that 7,¢
for P2VP-940k is much lower than P2VP-302k. 7, for P2VP-302k at 130°C is 2.81 * [ 0’

Pa * s while 1y, for P2VP-940k at 150°C is 8.95 * 10" Pa * s, which is a decrease of nearly

Neff

4x. The change in 1,5y with respect to 7y, can be better visualized in Figure 7.4b where —= .
bulk

for P2VP-940k is much lower than P2VP-302k. For P2VP-302k this ratio varies between 0.53
and 0.77 without any systematic trend with temperature. For P2VP-940k, the ratio is lower,
slightly increasing from 0.15 to 0.36 as the temperature increases. This trend requires further

exploration for systems with high confinement ratios over a broad temperature range. According

Neff
Nbulk

to the previous research where the is systematically studied as a function of M,,, as M,,

Neff

bulk

increases, decreases, which agrees with the two M, trend in this study. However,

e

interestingly, the
Nbulk

—¢IL is relatively constant over its respective temperature range for P2PV-302k

and P2VP-940k. CaRI studies of unentangled polystyrene (PS) and P2VP infiltrating into Si0>

nanoparticle packings also found that —— - e/ does not strongly depend on temperature, polymer-
bulk

SiO; interfacial energy, and polymer My, *. For P2VP-940k, the greater reduction in 1,7, may be

attributed to a lower fraction of highly absorbed chains on the NPG wall, which reduces the

Neff
Nbulk

polymer-wall friction ?!. These studies show remains relatively constant for P2VP-302k

and P2VP-940k across the temperature range investigated and that 7,5 is lower for the P2VP-

940k system.
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Figure 7.4. a. Effective viscosity (ne ; f) and bulk viscosity (nbulk) of P2VP-302k and P2VP-940k as a function of
temperatures. 77, s are lower than 1), . for all temperatures, implying that for both M,, P2VP travels faster in NPG

Nesf

Mhuik

as compared with in bulk. b. Using data from 4a, the ratio of is plotted as a function of temperature. The ratio of

Teff are below 1 for both M,, at all temperatures, and the Reff
Mputk Mpulk

value decreases with M,,,.

The temperature dependence of the shift factors, ar, of P2VP-302k is next compared to

the bulk behavior. Experimental a; are calculated using M, where 7, o is the effective

TefT
viscosity at a given temperature in Figure 7.4, and the n, o is the effective viscosity at reference
temperature, T,- = 160°C. The bulk P2VP log (ar) can be calculated through the WLF equation
with C1 and C2 parameters of 7.63 and 131.9 respectively *°. Figure 7.5a shows log (ar) plotted
as a function of temperature for P2VP-302k (green), P2VP-940k (blue) and bulk P2VP (pink
dotted line). The P2VP-302k shift factors (green) are in good agreement with literature values
over the temperature range investigated. Figure 7.5b shows the best fits of the WLF shift factor

predictions to the individual shift factors for P2VP-302k and P2VP-940k. In the WLF model,
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B
2.303 fy

C1 is related to the inverse of the free volume at T, (C1 = ), whereas C2 is the ratio of f to

the thermal expansion coefficient (C2 = Z—g). The value of f; is relatively constant across many
f

polymers, ca. 0.0025 3, and therefore in fitting log (ar), C1 is kept constant while C2 is varied
to optimize the fit. As shown in Figure 7.4b, the bulk parameters from the WLF are in good
agreement with the P2VP-302k results where the best fit for C2 is 130.7 + 2.1, in statistical
agreement with the bulk C2 value of 131.9. As noted in Table 1, the P2VP-302k / NPG system
has a I' = 0.55, corresponding to moderately confined conditions for P2VP inside the pores. The
agreement between bulk and measured shift factors suggests that moderate confinement does not
perturb the thermal expansion coefficient (a) compared to the bulk. In summary, the bulk
polymer temperature dependence behavior can be used to predict the viscosity dependence on

temperature for moderately confined systems.

Infiltration of P2VP-940k into NPG indicates a reduced thermal expansion coefficient,
and correspondingly a weaker dependence of viscosity on temperature. For P2VP-940k, Figure
7.5a shows that log (ar) values are greater than WLF predicted values at high temperatures (i.e,
165°C to 180°C). Figure 7.5b compares the experimental and WLF fit to log (ar) using
C2povp—_gsor =220.9 £23.0 and C2 ;.= 131.9, respectively. The larger value of C2p,yp_osk
captures the weaker temperature dependence of ar and 7,5, which is captured in Figure 7.5b
(blue symbols) and Figure 7.4a (solid blue symbols), respectively. We attribute this weaker
dependence on temperature for P2VP-940k to the effect of confinement on thermal expansion.
As shown in Table 1, the P2VP-940k / NPG system corresponds to a confined system where I' =

0.97. Based on previous work, when P2VP infiltrates inside NPG, a physisorbed layer is formed.
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As aresult, the effective radius (Refr) is reduced to Ress = Rp — AR. For P2VP-940k, R, is 26.6
nm, whereas the NPG has a pore radius R, = 27.5 nm (Figure 7.1). Including the formed

physisorbed layer during infiltration, the confinement ratio (Rg¢/Refr) is greater than 1,
corresponding to a highly confined state where the infiltrating polymer down the center of the
pore is strongly perturbed. Due to the high degree of confinement, the thermal expansion
coefficient is reduced. A weaker temperature dependence would be accentuated at higher

temperatures (further from Tg) as shown in Figures 7.4a (viscosity) and 7.5b (shift factors).
Using C2pyp_ogor =220.9 £ 23.0 and f, = 0.0253*, ay is 1.13 = 10~%, which is less than that of
bulk P2VP, oy = 1.90 x 1 0~*. Thus, the weaker than expected temperature dependence of
log(ar) and 7, is attributed to a reduction of the thermal expansion coefficient under high

confinement conditions.

a 25 b
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J = P2VP-940k 20f o P2VP-302k Fitted 1
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Figure 7.5. a. Temperature shift factor (ay) of the P2VP-302k and P2VP-940k and compared with the bulk P2VP
ar. The bulk a; agrees well for experimental P2VP-302k while is inconsistent with P2VP-940k. b. Experimental fit
of the ar while keeping C1 at the bulk value and varying C2. P2VP-940k exhibits a much enhanced C2 as compared

to the bulk while P2VP-302k well agrees with the bulk C2.
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The apparent activation energy (A H,,) is much lower for P2VP-940k, which partially
accounts for the higher degree of enhanced kinetics as compared to P2VP-302k. The A H,, can
be expressed >! through the derivative of In ar such that A H,, = R = d Inay/d (1/T), and

through the differentiation, A H,, can be calculated through the Equation 7.4 °!.

2.303%R*CIxC2+T?

AHea = (C2+T-Ty)?

Eq. 7.4

The Eq. 7.4 is found to be most reliable when T — T} is within 100°C 3! In this study, the
temperature ranges is 130 - 180°C, and the P2VP T} is 100°C 30 thus this equation is applicable.
As shown in the Figure 7.6, A H,, for bulk P2VP, P2VP-302k in NPG, and P2VP-940k in NPG
are plotted as a function of temperatures. The C2 analysis from Figure 7.5b are used to calculate
and plot the P2VP in NPG A H,,. Since the C2p,yp_302r 1s statistically identical to the bulk, it is
not surprising that the A Hyg poyp—302x aligns with the A Hyg poyp puik, implying that the energy
barrier for P2VP to initiate movements within the system is almost the same for bulk P2VP and
P2VP-302k. On the other hand, P2VP-940k in NPG exhibits a much reduced A H,,. For
instance, A Hgg povp-300k = 55.9 kcal at 150°C while A Hyg poyp—oggor = 34.4 kcal, which is
reduced by more than 30%. For the entire P2VP-940k temperature range (150-180°C), A

Haa pove—9sok <A Hgg povp—302k- The much reduced A Hyg poyp—oggox also accounts for the high
Nputk — MNeyy difference as indicated in Figure 7.4a. Activation energy is reduced for P2VP-

940k, which results in the enhanced kinetics and reduced viscosity.
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Figure 7.6. Apparent activation energy (A H,,) for bulk P2VP, P2VP-302k inside NPG, and P2VP-940k inside

NPG. The reference temperature (T;.) for this calculation is 160°C. The A H , is much lower for P2VP-940k as

compared to bulk P2VP and P2VP-302k.
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7.4 Conclusion

In this work, poly(2-vinylpyridine) (P2VP) infiltration kinetics inside nanoporous gold
(NPQG) at different temperatures are investigated and analyzed. P2VP-302k (I" = 0.55) and P2VP-
940k (I' = 0.97) are used to infiltrate into NPG at 130 - 160°C, and 150 - 180°C respectively. The
80% infiltration times (Tso%) exhibit a nonlinear relationship with the temperature such that as
temperature decreases, Tgov increases. To better understand the infiltration kinetics in NPG at

different temperatures, effective viscosity (1.5r) are calculated. 7,5 for both M,, at all

infiltration temperatures are reduced as compared to the bulk viscosity (17pyx), implying that
P2VP kinetics inside NPG is faster than in bulk. Additionally, 7. is found to decrease with

enhanced M,, while Jeff temains relatively stable for each individual M,, across the

Nbulk

experimental temperature range. The WLF analysis shows that the moderately confined P2VP-
302k well agrees with the bulk P2VP WLF prediction, implying bulk WLF parameters can
accurately predict the temperature dependence for weakly confined polymers. On the other hand,
P2VP-940k deviates from the bulk WLF parameters, and additionally analysis shows that P2VP-
940k exhibits a much enhanced C2 parameter, originated from the reduced thermal expansion
coefficient (ay), due to the P2VP-940k being more confined in spacing. Lastly, the apparent
activation energy (A H,,) for P2VP-940k is found to be much smaller than that of P2VP-302k
and the bulk P2VP, which explains for the much enhanced kinetics and the bigger difference in
Nputk — MNefs- This study enables a better understanding of temperature dependence of polymer
kinetics under different degrees of confinement, providing insights of preparing nanocomposites

at high filler loadings.
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CHAPTER 8. CONCLUSIONS AND FUTURE DIRECTIONS

8.1 Conclusions and Broader Future Directions

Understanding the polymer kinetics under confinement while fabricating an ultra-high
nanofiller loading polymer nanocomposites (PNCs) is critical for industrial applications and the
next generation advanced materials. To reach the high loading of PNCs, we utilized nanoporous
gold (NPG) as the starting membrane template and infiltrated polymer inside to fabricate
polymer infiltrated nanoporous gold (PING). These high loading PNCs possess enhanced
mechanical properties !, as well as unique optical properties >* and structure and material

stabilization *.

This thesis presents fundamental science research on polymer kinetics under confinement
and tunable optical properties of the resulting PNCs. In chapter 1-3, the general introduction,
theoretical background for better understanding the thesis, and the experimental methods and
characterization techniques are presented. In chapter 4, the polystyrene (PS) infiltration kinetics
inside moderately confined NPG with a weak polymer-wall interfacial energy is investigated.
Followed by chapter 4, chapter 5 delves into the poly(2-vinylpyridine) (P2VP) kinetics inside
NPG, which possess a stronger polymer-wall interfacial energy. By the studies of chapter 4 and
5, the effect of interfacial energy on the polymer kinetics are well studied, extending PING for
new possibilities for stimuli-response and ion conductive membranes. Chapter 6 introduces UV-
Vis as a novel and facile tool to track polymer kinetics inside NPG. The optical properties of
P2VP infiltrated NPG at different infiltration extents are measured and simulated, introducing
this novel type of PNCs for optical sensing membranes. Chapter 7 investigates the temperature

effect of the P2VP kinetics inside NPG. It is found that as the polymer is moderately confined,
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the temperature dependence follows the bulk WLF performance; however when the polymer is
more confined, the WLF parameter deviates from the bulk. The temperature dependence enables
further machine learning studies and better predictions of PING fabrication processes under
different conditions. The current chapter 8 discusses the future directions of the NPG-derived

PNCs that are worth investigating.

8.2 Polymer grafted NPG

In this section, the polymer grafted NPG fabrication and characterization will be first
introduced, followed by the future research directions of the grafted NPG membranes. Section
8.2.1 presents successful fabrication of 47k Da PEO graft onto the NPG (R, = 27.5 nm). The
grafting-to mechanism utilizes the thiol-gold chemistry. The successful grafting of linear PEO
inspires future directions to graft loop, and interlocked loops to the NPG, which opens up doors

for future advanced studies in polymer kinetics, stability and mechanical performances.

8.2.1 Polymer grafted NPG Fabrication and Characterization

Inspired by the thiol-gold chemistry, we fabricated polymer grafted NPG which enables
plenty of future research. When a thiol molecule interacts with the gold surface, a strong covalent
bond forms in between the sulfur end and the gold surface, thus forming self-assembled
monolayers (SAMs) >S. The thiolate SAMs on gold have found various applications in fields
such as sensing ’, electronics ® and surface patterning °. This section focuses on the use of thiol-
gold chemistry to fabricate polymer-grafted NPG, which allows future research on polymer
kinetics with modified surface interfacial energy. In the following section, the detailed logistics
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of the polymer grafted NPG will be introduced and the future research directions will be

discussed.

The polymer grafted NPG are first studied on a 2D flat surface. SH-PEO (My, = 47 kDa)
are dissolved in DI-H>O with concentrations of 0.1 - 0.5 uM. Then, QCM measurements were
performed using a flat gold quartz crystal and the frequency measurement is shown in the
following Figure 8.1. The first 6 minutes were used to reach the equilibrium baseline, then the
gold crystal started to be exposed to the SH-PEO solution. The change in frequency (Af) rapidly
decreases from t = 6 min to t = 10 mins, implying a fast bonding process. Then, after the Af'is
completely stabilized (t = 29 min), DI-H>O is used to rinse off the extra unbonded SH-PEO,
which resulted in the little increase of Af between t = 29 min to t = 40 min. After the unbonded
polymer is completely rinsed off, the Af is stabilized to ~ 13 Hz. The grafting density can thus be
calculated using the Saubery Equation mentioned in Chapter 3. As the SH-PEO grafts onto the
QCM gold crystal, the contact angle dramatically decreases. Before PEO grafting, the Au flat
surface '° is reported to have a contact angle of 64.4° while after grafting the contact angle
decreases to 46.4°. SH-PEO grafting density onto gold surfaces is quantified using QCM and the

water contact angle decreases upon grafting.
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Figure 8.1. QCM-D measurement of 0.5 uM SH-PEO solution grafting onto planar Au QCM sensor. The inserted

image is the resulting water contact angle measurement after the complete grafting.

The grafting densities, as well as the contact angles, are relatively consistent for SH-PEO
grafting concentration of 0.1 - 0.5 uM given long enough time to equilibrate. As shown below in
Table 8.1, the grafting density is relatively stable at 0.13 chains/nm?, implying that at those
concentration regimes, grafting density is independent of polymer concentration. The water

contact angle, similarly, also implies a stable grafting density. By extrapolating the 2D flat gold
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surface into the 3D gold surface (NPG), the NPG also experiences a stabilized grafting density in

the concentration range of 0.1 - 0.5 uM.

Table 8.1. Grafting density and water contact angle at different grafting concentrations given a long even time. The

grafting density and contact angle appears to be relatively consistent, being at 0.13 chains/nm? and 46° respectively.

Concentration Grafting Contact Angle
Density
(chains/nm?)

I D Y

oaw o Jwr
oaw o [wr
aw o [ee
orw Jos e
ow o Jme
T R U

The thickness of the 47k Da. SH-PEO graft is measured to be 10.5 nm on a flat gold
surface. The thickness of the SH-PEO on a gold wafer is measured by x-ray reflectivity (XRR) as
shown in the following Figure 8.2. The gold wafer, where the SH-PEO is grafted to, is made by
sputter coat ~ 50 nm gold nanoparticles on top of the silicon wafer. The fitting of the XRR results
well captures the gold wafer nature, which is evidenced by 51.1 nm of gold coating atop of Si
wafer as shown in Figure 8.2, validating the precision and accuracy of the fit. The PEO layer
thickness is measured to be 10.5 nm, with a roughness of 1.8 nm. The calculated Ry of the PEO

is 8.32 nm, with b= 1.1 nm and M, = 137 g/mol !!. Since 2R, > PEO height, it can be implied
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that the PEO grafts are in mushroom form, where the PEO melt chains collapse together towards

the gold surface. Similarly, the PEO height information is carried over to PEO-NPG system.

Intensity (a.u.)

——PEO an Au-Coated Si Wafer
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Figure 8.2. XRR analysis of SH-PEO grafted gold wafer. The analysis shows the SH-PEO graft thickness is 10.5

nm.

After quantifying the grafting density and the grafting thickness on the planar gold

surface, SH-PEO is grafted onto the 3D bicontinuous NPG. Because the NPG is 50 vol% porous

and it is hydrophilic, NPG can be lifted off from the glass substrate easily when in contact with

water solution. To prevent NPG from detaching the substrate surface, a thin layer of 900k PS is

spin coated onto the glass substrate and is annealed at 150°C for 1 min to induce ~5% infiltration

extent inside NPG. The 5% infiltrated PS serves as an adhesive layer that well binds the substrate

and the NPG together, even with the presence of water solution. Subsequently, the 5% infiltrated

NPG are immersed into SH-PEO solutions for grafting for 24 h. After 24 h, the grafted samples

are immersed into water for 10 min to remove unbonded polymer chains on the surface. After

each of the precedingly described steps, the absorbance spectra are taken as shown in Figure 8.3.

The plain NPG has a relatively weak peak, with the peak wavelength at 513 nm. After the PS
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thin film is deposited underneath and infiltrates 5% inside the NPG, the peak wavelength
increases to 520 nm and the peak shape becomes more apparent. The 5% PS infiltrated NPG is
then immersed into SH-PEO solution of 0.1 uM and 0.05 uM concentration, followed by a
complete water rinsing afterwards. Both 0.05uM and 0.1 uM grafting on NPG ligament induce a
blue shift in absorbance peak position, from 520 nm to 515 nm. The change in the absorbance

spectra implies that the SH-PEO has been successfully grafted onto the NPG.

As cast gold i
e— 900k PS
e ).05 UM SH-PEO 24 hrs
(.1 UM SH-PEO 24 hrs

Absorbance (A.U.)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 8.3. Absorbance spectra of plain gold, 900k-PS, SH-PEO grafted NPG at different concentrations.

To further investigate the effect of grafting thickness on absorbance spectra, DDA
simulations are performed as shown in Figure 8.4. In the DDA simulation, a brush resembling

P2VP (n = 1.54) is grafted onto the T shape gold ligament (described in Chapter 6) with
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thickness varying between 0 to 15 nm. The brush is set to fully cover the T-shaped gold surface.
As shown in Figure 8.4a, as the brush thickness increases, the peak gradually undergoes a red
shift, and the shape becomes more apparent. When no P2VP brush is grafted to the surface, the
absorbance spectra exhibit a peak position at 515 nm, while when the grafting thickness
increases to 15 nm, the peak increases to 522 nm. As shown in Figure 8.4b, the peak position
initially increases linearly with bigger grafting thickness, but when thickness reaches 10 nm, the
boundary effect of grafting thickness on peak position saturates and remains constant at 522 nm.
The shape analysis also agrees with the peak position analysis that the shape stops changing as
the brush thickness reaches to 10 nm. The peak height, area under curve (AUC), and full width
half maximum (FWHM) are analyzed in Figure 8.4c. Similar to the change in peak position,
initially the shape parameters increase linearly with the grafting thickness, and when the

saturation is reached (thickness = 10 nm), the shape parameters stop changing.
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Figure 8.4. a. DDA simulation results of absorbance spectra at different grafting thickness. b. Absorbance peak
position as grafting thickness from 0 to 15 nm. c. analysis of height, area under curve (AUC) and full width half

maximum (FWHM) at different grafting thickness.

The DDA simulation further confirms the UV-Vis observation that SH-PEO are successfully

grafted onto the NPG ligaments. As a result, the 2D gold wafer measurements could be
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extrapolated onto the 3D NPG system. Thus, SH-PEO grafted NPG possess a grafting density of

~0.13 chains/nm?, while the grafting thickness is 10.5 nm.

This previous section presents the successful fabrication and characterization of SH-PEO
grafted NPG. The grafting density is found to be 0.13 chains/nm?, and the grafting thickness is
10.5 nm. The grafting also found to decrease the water contact angle from 64° to 46°. In the
following section 8.2.2, the future research directions of the polymer grafted NPG will be

discussed in more detail.

8.2.2 Polymer grafted NPG Future Research Directions

Polymer grafts inside NPG decrease the NPG R, which could allow more research of
highly confined polymers inside nanochannels. For instance, the graft height is measured to be
12.9 nm, so the effective radius (Refr) of the NPG decreases accordingly such that Ress = R, - graft
height. As in the 8.2.1 section, NPG Rj, = 27.5 nm, so the Retr=17.0 nm. According to the
modified LWE in Chapter 2, the decrease in radius will induce a significant increase in viscosity.
Simultaneously, the SH-PEO graft induces a change in interfacial energy between the infiltrating
polymer and the wall. Different polymer (block copolymer, homopolymer) infiltration kinetics
would be an interesting future direction to research to better understand the confinement effect

and the interfacial energy effect.

Polymer grafted NPG could also be used to investigate the effect of entanglement on
infiltration. When PEO graft on NPG is exposed to air, the graft resides as a mushroom shape.
However, if the PEO graft is exposed to good solvent such as water or ethanol, the graft will

become more linear and elongated. Thus, by utilizing solvent vapor annealing to infiltrate
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polymers, the effect of entanglement on kinetics and mechanical strength can be further

investigated.

8.3 Polymer interlock/loop modified NPG

Polymers can also be grafted onto NPG as individual loops or interlocked loops. For
instance, instead of a mono-thiol terminated PEO chain, a di-thiol terminated PEO chain could
be covalently bound to Au surface on both ends, resulting in loops of unknown radius. The PEO
loop grafted NPG can be then used to investigate the polymer kinetics. After the PING is
fabricated, the polymer stability and degradation, as well as mechanical properties, could be
further investigated and compared to the bulk. The PEO loop allows future investigation of
entanglement effects on kinetics and pathways to enhance polymer stability and strength. By
interconnecting the individual loops, loop interlocks on the NPG ligament could be formed. The
interlock polymers with different sizes inside the NPG can be used as a trapping net which could

facilitate practical applications such as water/molecule filtration.

8.4 Summary

Based on the research findings from Chapter 4 - 7, multiple interesting aspects are
proposed in this Chapter, including using polymer grafted NPG as the starting membrane
template and fabricating individual or interconnected loops inside the NPG. There are other

aspects that worth more research, such as the mechanical properties of PING and ion
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conductivity of PING with different counterion concentrations. The promising properties of

PING calls for further research.
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Appendix A. Supplemental Information for Chapter 4

FWHM of SAXS Analysis

In the article, the d spacing of annealed NPG is directly characterized via SAXS as shown
in Fig. 4.1a. However, as shown in the SEM and AFM analysis in Figure 4.1b and 4.1c, the pore
size of the NPG is not constant. Indeed, the pore size is distributed among a range. In this
section, we analyze the range of the NPG R,, via the Full-Width-Half-Maximum (FWHM)
Approach on SAXS data. First, the measured annealed NPG data is fitted through a Gaussian
function to enable the best fit. Then, the maximum intensity, where intensity = 470.66, is found
at q=0.00524 A, corresponding to d = 148 nm. Afterwards, the half intensity point, where
intensity = 235.33, is found at two q positions. From the lower end, where q = 0.00218 A, the

dypper = 355 nm, implying that Ry, ,,,per = 89 nm. While at the higher end of q where q =

0.00829 A, the djpyer = 93 nm which leads to Ry jower = 22.5 nm.

T T I T I
=== Gaussian Fit of Annealed NPG

500 F = = + » Half Intensity Line T

400
300

200

Ab. Intensity (a.u.)

100

0 R 1 N I N I . 1 . 1
0.000 0.002 0.004 0.006 0.008 0.010

q(A")

Figure A1. FWHM analysis of annealed NPG SAXS plot.
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SEM Line Scans

Below in Figure A2 presents SEM line scan analysis of NPG annealed at 175°C for 3 h.
In the SAXS plot shown in Figure 4.1a, the average d-spacing for annealed NPG is 150 nm. The
SEM line scan data well agrees with the SAXS analysis such that d = 146 + 9 nm. Therefore, we

further proved the accuracy of the annealed NPG d-spacing.

Figure A2. SEM line scans of annealed NPG

229



AFM 2D Correlation Graph

Fig. A3 presents the 2D correlation relationship of the annealed AFM height image in 4
directions, -45°, 0°, 45°, and 90°, as depicted in the AFM height image insert. The annealed NPG
d can be calculated by measuring the average distance between the 2D correlation graph local
minimums. The average d calculated from the AFM 2D correlation analysis utilizing the 4

directions mentioned above yields d = 114 &+ 39 nm.
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Figure A3. 2D correlation function of NPG AFM height image shown in Fig. 4.1. The x-axis represents the
autocorrelation projection at certain angles. The d-spacing can be calculated by finding the peak-peak positions in

the preceding graph.
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Color Change of Infiltrated vs. Non-infiltrated

Below in Figure A4 it presents the color change of the composite before and after the
complete infiltration. In Figure A4a, it shows the as prepared bilayer sample, in which the top
NPG structure is bronze-ish gold. In part b, it shows the fully infiltrated sample, where the top
most PING is more dimmer as compared to the part a. The change in the color as PING forms is
also evidenced by the increase in the refraction index during the infiltration process through in

situ ellipsometry measurement.

As prepared bi-layer prior to Infiltration Fully infiltrated PING

Figure A4. Color changes of PS infiltrated into NPG. a. picture of an as prepared bilayer; b. picture of fully

infiltrated PING.
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AFM Phase Images infiltrated vs. non-infiltrated

In the main text Figure 4.3, we have presented the AFM height images of the bilayer
before annealing and the PING nanocomposite. In the Figure A5, we present the phase images of
the as prepared bilayer, where NPG sits on top of PS, and the fully infiltrated PING. From those
two images, we see that though the pores get filled up, after complete infiltration, there is not a
top uniform wetting layer that covers the whole structure. This phenomenon also explains Figure
4.4 that the water contact angle (WCA) of the fully infiltrated PING is different from the WCA

of PS thin film.

65.8 deg

60.0
55.0
50.0

45.0

38.3

Figure AS. (left) AFM phase image of NPG atop of PS-400k; (right) AFM phase image of PS-400k fully infiltrated

into NPG by annealing at 150°C for 3 h.
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Dynamic Water Contact Angle on PING

Since in Figure 4.4, the final contact angle of a PING is not consistent with the contact
angle of a thin PS film, we also performed dynamic water contact angle. As shown in Figure AS,
the advancing contact angle (6,4,) # receding contact angle (6,...) # static contact angle shown
in Figure 4.4. The difference in the contact angle, A8 = 0,4, - 0o = 29.6°, is caused by
hysteresis. Hysteresis effect is caused by the required activation energy for a droplet to move
from a metastable phase to another metastable phase®. Hysteresis as visualized in Figure A6
implies that the PING surface is not perfectly smooth and the PS may not form a uniform wetting

layer, which could both lead to difference in activation energy.

Figure A6. Dynamic water contact angle of PING. a. advancing water contact angle of PING; b. receding water

contact angle of PING.

233


https://www.zotero.org/google-docs/?OiVbBb

PS Bulk and Non-Equilibrium Viscosity During Infiltration Calculation

Bulk PS viscosity calculation. The bulk viscosity for entangled PS could be calculated at

150 °C using Equation A1%7:

1 1 _1330
- ) e M
Té 4906

log (X)) = 2.68 * 106 ( Eq. Al
N217

where in Eq. A1, 1517 is the PS viscosity at 217 °C, T is temperature in Kelvins, and M is PS

molecular weight. 7, for entangled PS can be calculated in Eq. A2%:
lOg 77217 E 3.4‘ lOg M - 13.4‘0 Eq. A2

Non-equilibrium PS effective viscosity under confinement calculation. Effective

viscosity (1r5) could be calculated using the modified Lucas-Washburn Equation shown in Eq.

5. The total distance, h, traveled at time t could be calculated using the infiltration extent and the
thickness of NPG (120 nm) measured by XS-SEM. The surface tension (y) could be calculated

by Equation A3%7.

k
Y =Yoo — 725 Eq. A3

Where Y, is the surface tension that varies with temperature, k is a constant. From literature
studies, for PS with M = 240,000 Da, Y is expressed as a function of temperature (in °C) through

Eq.Ad4and Y  is expressed as a function of temperature shown in Eq. AS.
mN
Y =34.6 — 0.05T — Eq. A4
mN
YYo =42.3 — 0.071T — Eq. AS
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Thus, the surface tension of PS at 150 °C could be calculated through Eq. 3-5. Then, by
substituting Y into Eq. 5 together with other parameters, we can calculate the PS effective

viscosity at a certain M.
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MD Simulations
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Figure A7. Entanglement statistics of polymer chains during equilibration.

The entanglement statistics during polymer equilibration for the three configurations of each
polymer chain length are shown in Figure A7. The equilibrated N /N, values are shown by the

dotted lines. The number of monomers per chain are 25, 50, 100, 150, and 200, with N /N,

approximately equal

to 1.5, 3.0, 6.0, 8.5, and 11.5, respectively.

236



Structure Factor
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Figure A8. Structure factor of simulated nanoporous gold structure.

Figure A8 shows the structure factor of the simulated nanoporous gold structure. The red line

marks qmax = 0.308212. The ligament-ligament distance d,;_; is calculated from the structure

factor with the equation d;_; = (1.23 * 21) /qmax » Where 1.23 is the form factor for the

nanoporous gold structure. The ligament-ligament distance is defined as d;_; = 2Rjjgament +

2Rpore - Assuming equivalent values for Ryjgament and Ryore allows for calculation of the

average pore radius via the equation Ry, = d;_;/4. Using the calculated gmax=0.308212

gives an average pore radius Ry, = 6.270.
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Figure A9. The square of the infiltrated polymer film height h3; as a function of simulation time. Each color
corresponds to a different polymer chain length, N, as noted in the legend. An average of triplicate runs is shown,

with error bars included on the plots.

The infiltration of the bulk of the polymer is characterized via the z threshold z", where
) OZ " p(z)dz = 0.85p;ytq1, OF at which 85% of the total polymer density is contained. The
difference between this height and the bottom of the nanoporous gold structure, z"" — zg44, is

referred to as hgg (t). The change in the square of the infiltrated polymer film height as a

function of simulation time is shown in Figure A9.
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The ratio of bulk entanglement length versus infiltrated entanglement length during the course of

infiltration is shown in Figure A10. The data at the final simulation point for each chain length

Ne . . . .
was used to calculate ——24£— ag shown in Figure 4.9b in the main text.
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Appendix B. Supplemental Information for Chapter 5

h? vs. t for the 85k and 940k p2vp
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Figure B1. h? vs. t plot for 85k and 940k P2VP. (top) On a linear-linear plot; (bottom) On a linear-log plot. The
thickness (h) of the NPG is 120 nm, thus the maximum h? is 14400.
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PS-160k and P2VP-153k T, Measurements
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Figure B2. The polymer glass transition temperature (T) is measured using in-situ spectroscopic ellipsometry. (left)
PS-160k refractive index as a function of temperature. The T}, is analyzed to be 97 + 2 °C. (right) P2VP-153k
refractive index as a function of temperature. The T} is analyzed to be 98 + 2 °C. The T}, is statistically identical

between P2VP and PS.
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AFM Height Images of PS/NPG Infiltrated NPG
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Figure B3. (top) AFM height image of P2VP-153k fully infiltrated NPG. (bottom). AFM height image of PS-168k

fully infiltrated NPG. P2 VP infiltrated NPG has blob structures on the surface while PS does not.
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Water Contact Angle of P2VP Infiltrated NPG
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Figure B4. WCA of P2VP thin film. The water contact angle is 59.5°.
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Figure B5. WCA of different My, P2VP fully infiltrated NPG. The WCA remains relatively constant at 70° at various
M.
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Appendix C. Supplemental Information for Chapter 6

Atomic Force Microscopy and Image Analysis

Tapping mode AFM was performed using Bruker Icon AFM with non-contact tips
(TAP300AL-G-50 radius of curvature < 10 nm, Ted Pella). Image analysis was performed using
Gwyddion software. The images were leveled using mean field subtraction function. Background
noise was removed using a 2" order polynomial background. Autocorrelation functions were

performed on 1 x 1 um? images with filters and background subtraction as described above.

Height Image

Figures C1-C3 show the AFM height images of the NPG composites at various stages of
infiltration with various molecular weights. For as-cast NPG, the ligament structure was visible,
with a constant pore diameter of around 100 nm. The as-cast composites displayed high surface
roughness (~10-15 nm), whereas fully infiltrated NPG composite with P2VP displayed low
surface roughness (~2-3 nm). The bi-continuous structure was also invisible in the fully
infiltrated composites. Similarly, the height of the as-cast composite had a large range, whereas
the fully infiltrated material had a small range for height. We interpret this phenomenon as
polymer has filled all pores to the surface. The infiltration for each material involved thermal
annealing at 140 °C for various times, followed by quenching on a metal plate to room

temperature. Table C1 below shows the infiltration time for each P2VP molecular weight. We
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note that this characterization method only probes the surface of the NPG film, and hence cannot
provide information on the remainder of the composite, (e.g., if the polymer has filled half of the

pore).

Table C1. P2VP Mw and their full infiltration time

Sample 100 % Infiltration Time
P2VP-79 10 min
P2VP-277 5 hours
P2VP-547 5 hours
P2VP-855 17 hours
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Figure C1: (A) AFM height image of as-cast P2VP-79:NPG composite. (B) Height image of fully infiltrated P2VP-

79:NPG composite.
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Figure C2: (A) AFM height image of as-cast P2VP-277:NPG composite. (B) Height image of fully infiltrated P2VP-

277:NPG composite.
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Figure C3: (A) AFM height image of as-cast P2VP-855:NPG composite. (B) Height image of fully infiltrated P2VP-

855:NPG composite.

Phase Image

Figures C4-C7 show the AFM phase images of the NPG composites at various stages of
infiltration with various molecular weights. For as-cast NPG, the ligament explored a high
difference in degrees, indicating a significant phase lag from tapping hard materials. The fully
infiltrated surface had lower difference in degrees, which showed that polymers have filled the
pores, and potentially wets the gold surface as the tip explored smaller phase lag when tapping

soft surfaces.
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Figure C4: (A) AFM phase image of as-cast P2VP-79:NPG composite. (B) Phase image of fully infiltrated P2VP-

79:NPG composite.
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Figure C5: (A) AFM phase image of as-cast P2VP-277:NPG composite. (B) Phase image of fully infiltrated P2VP-

277:NPG composite.
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Figure C6: (A) AFM phase image of as-cast P2VP-547:NPG composite. (B) Phase image of fully infiltrated P2VP-

547:NPG composite.
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Figure C7: (A) AFM phase image of as-cast P2VP-855:NPG composite. (B) Phase image of fully infiltrated P2VP-

855:NPG composite.
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Surface Wetting Properties

Figure C8 shows the phase image of the water contact angle (WCA) of PS filled NPG
composite and P2VP filled NPG composite. Each contact angle was an average of three
measurements. As the contact angle is between gold’s contact angle (65°) and PS contact angle
(90°), we are certain that PS does not wet the surface yet forms a mushroom-like formation on
the NPG surface. The P2VP filled composite’s contact angle is similar to that of P2VP (67°). We
acknowledge that since P2VP’s WCA is similar to that of gold, WCA alone is not sufficient in
proving the surface wetting property of P2VP. However, by combining the phase image data, we

can infer this property.

A. B.

Figure C8: (A) WCA of PS filled composite, angle = 70.4 °. (B) WCA of P2VP filled composite, angle = 63.3°.
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UV-Vis Measurements of Absorbance

Absorbance spectra of the glass substrate and the different polymer thin films were taken
using Varian Cary Win 5000 UV-VIS-NIR Spectrophotometer with wavelengths ranging from

200-1000 nm. Figure C9 below shows the absorbance spectra of the different substrates.
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Figure C9: Absorbance spectra of the glass substrate and different P2VP thin films.

Absorbance spectra of each composite at different infiltration times were taken using Varian
Cary Win 5000 UV-VIS-NIR Spectrophotometer with wavelengths ranging from 200-1000 nm.
Each polymer composite’s spectrum was taken from as-cast to full infiltration, with various time
intervals in between. All polymer molecular weights have been used to test absorbance for 3
trials. The spectra showed a rightwards shift of the resonance peak, indicating that the refractive
index of the material has changed at various stages of infiltration. We could then utilize the

absorbance spectra to determine infiltration kinetics. Figure C10 below shows the absorbance

spectra of different P2VP composites.
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Figure C10: Absorbance spectra of different P2VP-NPG composites.
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P2VP Infiltration Kinetics

It is also worth noting that as P2VP infiltrates into the pores, the absorbance increases,
the peak width gets wider and therefore, the peak area gets larger. To determine infiltration
kinetics, all three variables have been plotted against infiltration time, as shown in Figure C11,
and the infiltration kinetics was determined using MATLAB curve fitting software. Figure C12
shows the infiltration extent vs time from all three variables. The 80% infiltration time is similar
from each of the three methods (~3% difference), indicating that the usage of any variable to
determine infiltration kinetics is acceptable. For best simplification, we used peak height vs time

for all P2VP composites.
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Figure C11: Peak height, width and area vs time for P2VP-547 composite.
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Figure C12: Infiltration extent vs annealing time of P2VP-547 composite.
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DDA: Au Rod Absorbance Spectra in air, water, and P2VP
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Figure C13. Gold Rod absorbance behavior in air, water and P2VP respectively.
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DDA Analysis on three different surrounding mediums
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Figure C14. Relationships between (a) Area Under Curve (AUC) and (b) Full Width Half Maximum (FWHM) with
dielectric constant, as the medium changes from air (n=1), water (n=1.33), to P2VP (n=1.54). Linear fitting with

Pearson’s r equal to (a) 0.99791, (b) 0.99573, and R-square(COD) equal to (a) 0.99582, (b) 0.99147.
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DDA: Relationship of Infiltration Extent on Area Under Curve and Full Width Half Maximum
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Figure C15. Area under curve and Full Width Half Maximum of NPG with different P2VP infiltration extents from
DDA simulation. Linear fitting with Pearson’s r equal to (a) 0.99843, (b) 0.9968, and R-square (COD) equal to (a)

0.99686, (b) 0.99361.
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DDA: Calculated IE vs. IE for Area Under Curve and Full Width Half Maximum Analysis

& . . . . . & . . . . .
§ LOT M@ Calculated Infiltration Extent ] § L.OF m  Caleulated Infiltration Extent, ]
» »

€3] €3]

= 0.8f . = 0.8f .
A= =

— —

£ 06F . g 06 ,
= =

= =

= 04f 1 = 04f "
E E

= 02 1 = 02 1
2 2

= L 4 = L 4
U O.O 1 1 1 L 1 L U O.O 1 1 1 L 1 L

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Infiltration Extent Infiltration Extent

Figure C16. Plot of calculated infiltration extent from (a) area under curve and (b) full width half maximum vs. pre-
defined infiltration extent. Slope of the linear fitting equal to (a) 1.01929, (b) 1.05831, with standard error of (a)

0.02558, (b) 0.03794
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