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ABSTRACT

UNDERSTANDING AND CONTROLLING BEHAVIOR OF POLYMERS IN
POROUS MEDIA
Tian Ren
Daeyeon Lee

Raymond Gorte

Despite key advances in demonstrating the feasibility of catalytic conversion of plastic wastes
into high value-added chemicals, fundamental understanding on the interactions of polymers and
catalytic materials is currently lacking. To enable highly efficient catalytic processes, it is critical
to understand and engineer polymer-porous solid interactions. This thesis addresses this
knowledge gap. There has not been a general approach to characterize polymer-solid interfacial
properties quantitively. Although contact angle measurement is a powerful technique to quantify
the polymer-surface interactions, the traditional sessile droplet method for a normal liquid cannot
be easily applied to polymers. In our research, capillary rise infiltration of polymer into
nanoparticle packing is used to study the polymer dynamics and polymer-solid interactions. We
measure the rates for capillary infiltration of polymer, such as polystyrene (PS) and polyethylene
(PE), into disordered packings of silica nanoparticles that are modified by atomic layer

deposition (ALD) with sub-monolayer and monolayer coverages of TiO,, WO3, and CaCO:s.
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Infiltration times depend strongly on the size and surface composition of nanoparticles. The
confined infiltration rates measured as a function of surface-chemistry composition are used to
calculate contact angles and interfacial energies for PS and PE via the Lucas-Washburn model.
To understand the effect of composition, we perform microcalorimetry measurements with n-
hexane and benzene on ALD-modified SBA-15. Our results have shown a strong inverse
correlation between n-hexane adsorption and PE-solid interfacial energies and between benzene
and PS-solid interfacial energies. Molecular dynamics and density functional theory calculations
performed by our collaborators show strong agreement with our experimental results.
Confinement of polymers in nanopores also affect the polymer properties. Prior research in this
area has been limited to pore that are greater than the typical size of polymers, ~ 20 nm. In our
research, the confined viscosities of polymers are determined from the infiltration times via the
Lucas-Washburn equation. The effective viscosity is proportional to 1/pore size in the range
from 2 to 20 nm. Based on our observation on the effective viscosity of polyethylene in extreme
nanoconfinement, we have proposed a generalized formalism to describe polymer transport
dynamics in nanopores. Another important physical property of polymers that may be
significantly impacted by confinement is their phase transition temperatures such as melting
points of PE. The melting point of PE decreases as the pore size decreases and reaches a
saturated value at ~20 C below the bulk melting point. At this point, the pore size is smaller than
the minimum crystalline domain of PE. The thesis also introduces an outlook on the

investigation of hydrogen solubility in polyethylene within porous material, which is crucial in

vil



many catalytic reactions involved with hydrogen using quartz crystal microbalance. Overall, this
thesis contributes substantially to the field of polymer physics in porous media, paving the way

for future innovations in material science and engineering of nanocomposites and polymer

upcycling.
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CHAPTER 1. INTRODUCTION

1.1 Catalytic Recycling of Polymer

These days, plastic waste is produced globally at a rate of ~380 tonnes per year, while only 20%
are recycled. 1By 2050, there will be ~ 12 billion tonnes of plastic waste in landfills and the
environment. 2 To combat these wastes, chemical reactions, such as pyrolysis or cracking, is
considered as one of the most promising way for recycling and upcycling. >~ During these
processes, polymers firstly infiltrate into the porous catalysts and then contact with the metal
sites where hydrogenation dehydrogenation happens. The intermediate products have to diffuse
to the solid acid supports, where cracking and isomerization undergo.®-*° The infiltration and
transport of polymer chains in nanoscale pores is of significant importance as slow infiltration
could potentially lead to unnecessary cracking and generate useless gaseous products. While
many recent studies investigate the cracking of polymers on different catalysts, the catalytic
performance is normally attributed to the reactivity of the active sites, and the infiltration process

is neglected.

Although hydrocracking of polymer is a new topic in the field, hydrocracking of shorter-chain
carbon could be dated back decades ago, for example, petroleum residues %, gas oil *2, crude oil
13 and more recently biomass *.Considering that the catalysts used in these C-C bond cleavage
are similar and the polymer diffusivity is several orders of magnitude lower, understanding the

polymer-solid surface interaction and correlating the macromolecules to the micromolecules



could potentially transfer our knowledge from the short-chain hydrocarbon to the polymer

processing.

Thus, it is important to study polymer-catalyst interactions and transport of polymers in
nanopores, which could have a significant influence on the depolymerization of polymers using
heterogeneous porous catalysts. The first step of that objective is to study the surface chemistry
of possible porous surface and the polymer physics under confinement via our CaRI model

system.

1.2 Polymer-Porous Solid Interactions: Motivations

Polymers are ubiquitously applied in modern sciences and industries including packages,
coatings, and other multitude applications.’>-” The polymer-solid interactions are essential in
understanding and controlling polymer-filled nanocomposites and polymer diffusion in polymer-
involved reactions such as hydrogenolysis in polymer upcycling reactions.'82° These
interactions, crucial in determining the overall material performance, extend from affecting
mechanical strength to influencing thermal and chemical reactivity and stability.?*2° However,
the surface energies associated with the interface between the polymer and the inorganic solid
have not been widely studied®2® and the effects of these interactions on the nature of the

polymer composite and dynamics is not well understood.?5-0

The polymer-solid interactions affect polymer diffusion dynamics in both positive and negative

ways.3! Stronger interactions increase the viscous force but also increase the contact friction.3:33



The quantification of interactions is not clear and is expressed as weak and strong interactions in
different papers.2’>+37 The contact angle of polymer melt on a solid surface is a natural choice.
However, the contact angle cannot be measured precisely by a sessile droplet method because
the polymer cannot form a distinct blob when melting like water or other liquids. Therefore,
delving into the interfacial energy between polymer melts and solid surfaces, as described by
Young’s relation, offers a more intrinsic approach to characterizing these interactions. 3% As
Figure 1.1, the contact angle shows the relationship of the surface tension between liquid, solid,

and gas with Young’s relation*® as Eq (1).

Ys—L = ¥s—¢ — Y1—¢ " €os (8) (1)

Figure 1.1 The sketch of contact angle and surface tension.

¥s—=surface tension between liquid and solid;

¥s_g=surface tension between solid and gas;



y1.—c=surface tension between liquid and gas.

In conclusion, the challenge of measuring polymer contact angles on solid surfaces motivates me
to develop a novel approach focused on characterizing these angles through the dynamics of
polymer diffusion. Additionally, the limited quantitative understanding of polymer-solid
interactions inspires me to explore this relationship further by examining the interfacial energy

between polymers and solid surfaces.

1.3 Capillary Rise Infiltration(CaRl):a Paradigm for Studying
Polymer Diffusion Dynamics3%4!

The infiltration and transport of polymer chains in nanoscale pores depend strongly on the
wetting characteristics of the polymer on the pore surface as well as on the polymer-pore surface
interactions.%#244 Molecular dynamics simulations, for example**%¢, have shown that the
dynamics of polymer infiltration into nanopores as well as the final structure and mechanical
properties of the composite prepared using such a process depend strongly on the polymer-
surface interactions. The typical PINF is the structure of nacre which is a nanocomposite of
protein and carbonate. However, it is difficult for us to fabricate highly-loaded-NP NCs by melt-
mixing them with more than fifty percent of volume fraction. Different components in high
concentration tend to aggregate each other themselves and result into unacceptable
nonuniformity. However, CaRI can synthesize high-loading PINFs by polymer diffusion into the

fabricated matrix of nanoparticle packings.
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Figure 1.2 The sketch of CaRl.2"4

Our typical model CaRI shown in Figure 1.2 starts from the preparation of polymer and NP
bilayer. Then the bilayer is annealed above the glass transition temperature or the melting point
of the polymer to make the polymer infiltrate into the nanovoids between the NPs by the

capillary force.

The capillary rise infiltration (CaRlI) process serves as a model system for examining polymers
under nanoconfinement.3%448 This mechanism provides a versatile platform for investigating
how confined environments impact polymer properties and also offers a promising pathway to

fabricate high-loading polymer-infiltrated nanoparticle films (PINFs).2%2641

It is widely applied to various fields including catalysts, multifunctional materials and energy
storage with PINFs. Infiltration and motion of molten polymers in nanoporous solids have

important implications in several important phenomena and processes.*® A particularly important



example involves nanoparticle(NP)-polymer composite films and membranes with extremely
high filler fractions of NPs.2># These polymer-infiltrated NP films possess superb

mechanical®®%?, anti-corrosion®? and thermal transport properties*>°354,

1.4 The Nanoconfinement Effect on Polymer Behavior

Inside the PINFs, there is sometimes a nanoconfinement effect for the polymer.
Nanoconfinement imposes a physical state in which a polymer's dimensions are comparable to
its molecular size, often resulting in modified properties due to spatial constraints. The polymer
size is characterized by the chain length while the polymeric chain length is described by the
radius of gyration (Rg), the average square distance of monomers to the mass center of certain
polymer chains. The nanovoid size Rpore is measured from the nanoparticle skeleton with various
kinds of characterizations. For example, the spin-coated nanoparticle layer has a random
packing model and its nanovoid size can be calculated as 0.289 of the nanoparticle size. The
comparison between the gyration radius of the polymer and the nanovoid radius is demonstrated
as Rgy/ Rpore, Which defines the confinement ratio (CR). When CR is over the threshold of 1, it
indicates that the polymer can be confined into the nanovoid. When the combination has a CR

over 1, all the changed properties confirm the existence of the nanoconfinement.

R of different polystyrene (PS) can be calculated according to equation (2). The nanovoid size
is obtained from the random packing of NPs with porosity of 35 vol% for silica NPs and the
radius is described as 0.289 of the radius of NPs. Rpore Of different NPs can be calculated

according to equation (3)*. The comparison between Rq of polymer and Rpore is demonstrated as



Rg/ Rvoid, Which defines the confinement ratio (CR). When CR is over the threshold of 1, it
indicates that the polymer can be confined into the nanovoid. Different combinations of PS and
silica NP have different confinement environments according to the calculation from the Eq
(4)*". When the combination has a CR over 1, it confirms the existence of the

nanoconfinement.?’

—- .| == 05 . 55
R, = 18 (nm, polystyrene) 2)

_woid _ 0289 (Gaussian PSD, random packing)  (3)°

Rsphere

CR = Ri‘i_d = (.289 (Confinement ratio) @Y
In my previous research system, polystyrene with a molecule weight of 80,000 g/mol and 61nm-
diameter silica NP is studied in the infiltration process.®® The CR of this nanocomposite in my
system is 0.89 below 1 which indicates that PS is not confined in the nanovoids statistically. This
system is chosen because other variables like the interface chemistry between polymer and
nanoparticle wall is focused. However, the next step is to change the nanovoid sizes by varying
the nanoparticle sizes and resulting in an environment of nanoconfinement. The
nanoconfinement is applied to the system when the CR is below one when the 25nm and 7nm

diameter nanoparticle is fabricated into the system.



This phenomenon of confinement effect is not only of academic interest but is also crucial for
engineering advanced materials with specific, desired functionalities. It has broad implications
for the design of next-generation materials in various fields, including nanotechnology and
biomedicine. The study of confined polymers has a rich history. Over time, researchers have
explored how constraints affect polymer dynamics, glass transition temperatures, and
crystallinity. The interaction of polymers with porous solids, particularly under conditions of
nanoconfinement, represents a frontier in polymer research with implications for catalysis,
medical technology, and beyond.31:345357 Advances in analytical methods have brought new
precision to these investigations, leading to insights that reshape our understanding of polymer

physics.

1.5 Research Gaps and Current Challenges

While significant strides have been made, our understanding of polymers in extreme
nanoconfinement, especially concerning crystallinity and melting behavior, remains incomplete.
The development of predictive models to capture the essence of polymer behavior in various

confined conditions remains a challenge and an area of active research.
Polymer-solid interaction could be quantitively characterized by the interfacial energies between
the two materials or the contact angle of the molten polymers on the solid surface. 34:°8-69

However, conventional techniques such as the sessile drop measurement on solid surface is



difficult to perform because the operational temperature of the whole system has to be well
above the melting point or glass-transition temperature of the polymers. 23054 Moreover, it is
uncertain whether the confinement effect from nanopores could affect the polymer-solid surface
interaction similar to the effect on the viscosity. * The polymer-solid surface interaction
measured in nanopores structure could provide us the direct information without the concern
above. Our study of the polymer-solid interactions and confined polymer properties can assist in

improving the reactivity and selectivity of polymer upcycling reactions.

1.6 Aims of the Current Investigation

The central goal of this thesis is to shed light on polymer interaction with porous media and its
physics of the viscosity and melting point under nanoconfinement within nanoporous media. The

research endeavors to:

e Characterize and quantify the polymer-solid interactions by studying the impact of pore

surface chemistry.

e Understand and control polymer-solid interactions by relating to the adsorption energy of

small molecules.



e Quantify the influence of pore dimensions on polyethylene's effective viscosity.

e Examine shifts in polyethylene's melting behavior due to nanoconfinement.

e Refine theoretical models to accurately describe these effects.

1.7 Structure Outline of the Thesis

Organized into seven chapters, this thesis systematically addresses various aspects of polymer
confinement and interactions with porous solids. Subsequent chapters will provide in-depth
analysis based on the author’s published and pre-published works, leading to a synthesized
understanding of polymer-solid interactions and confined polymer properties. The final chapter

will summarize the findings and propose future research directions:

In Chapter 2, the study delves into the nuanced control and quantitative analysis of the
interactions between molten polystyrene and porous solids, facilitated by the precision of Atomic
Layer Deposition (ALD) techniques. It provides insights into how modifying surface chemistry

at the nanoscale can influence polymer behavior.

The focus of Chapter 3 shifts to understanding the subtleties of polymer-porous solid interactions
through the lens of small gas molecule adsorption. The chapter discusses how adsorption

behavior can reveal underlying interaction mechanisms and influence polymer dynamics.

Chapter 4 investigates the increased effective viscosity of polyethylene when subjected to
extreme nanoconfinement. It explores the development of a generalized formalism to describe

10



the translational dynamics of polymers, offering a theoretical framework for understanding these

phenomena.

Chapter 5 elucidates the factors leading to the decreased melting point of polyethylene in
extremely confined spaces. It examines the role of confinement on crystalline structure and phase
transitions, contributing to a deeper understanding of polymer thermodynamics under spatial

constraints.

In Chapter 6, a preliminary study on hydrogen solubility in polyethylene is presented, employing
a custom-built Quartz Crystal Microbalance (QCM). This investigation provides a novel
perspective on how confinement affects the solubility and diffusion of small molecules in

polymers.

Chapter 7 of the summary and outlook concluding chapter synthesizes the research findings from
the preceding chapters, providing a cohesive summary of the quantification and controlling of
polymer-solid interactions and the impact of nanoconfinement on polymer properties. It also
outlines potential future research directions, drawing from the gaps and questions unearthed

during this study.

This thesis enriches our fundamental understanding of polymer behavior under nanoconfinement
and its interaction with porous media. By elucidating the relationship between polymer
characteristics and confinement, it guides the synthesis of materials with tailored properties and

offers valuable insights for future research endeavors.
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CHAPTER 2. QUANTITATIVE
CHARACTERIZING AND CONTROLLING THE
INTERACTIONS BETWEEN MOLTEN
POLYSTYRENE AND POROUS SOLIDS USING

ATOMIC LAYER DEPOSITION (ALD)

Reproduced from Ren, T.; Huang, R.; J. Gorte, R.; Lee, D. Modulating Interactions between
Molten Polystyrene and Porous Solids Using Atomic Layer Deposition. Langmuir 2021, 37 (49),

14520-14526. https://doi.org/10.1021/acs.langmuir.1c02604.

2.1. Introduction

Infiltration and motion of molten polymers in nanoporous solids have important implications in
several important phenomena and processes.*® A particularly important example involves
nanoparticle(NP)-polymer composite films and membranes with extremely high filler fractions
of NPs prepared via capillary rise infiltration of polymer into packings of NPs.?>*! These
polymer-infiltrated NP films possess superb mechanical®®®!, anti-corrosion® and thermal
transport properties**°3°4, Diffusion of polymer chains into porous solids can also play an
important role in the catalytic reactions involved in polymer upcycling.'®6162 The infiltration and
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transport of polymer chains in nanoscale pores depend strongly on the wetting characteristics of
the polymer on the pore surface as well as on the polymer-pore surface interactions, 304244
Molecular dynamics simulations, for example*>4¢, have shown that the dynamics of polymer
infiltration into nanopores, as well as the final structure and mechanical properties of the
composite prepared using such a process, depend strongly on the polymer-surface interactions. It
is, however, difficult to change the surface composition of the solid without also changing the
size and shape of the pores. In this regard, atomic layer deposition (ALD) is ideal for modifying
the surface composition of porous solids because deposition is uniform and typical growth rates

are less than a monolayer per cycle.5%

Although a number of studies®35466-%8 haye demonstrated that changing the surface composition
by ALD can affect the physicochemical properties of solid surfaces, few studies have
systematically varied the surface composition to determine how this influences the interactions
of a molten polymer and the porous material. Polymer-solid surface interactions can be
quantitatively characterized by measuring the contact angle of the molten polymer on the solid
surface or determining the interfacial energy between the two materials.®®-"2 However, it is
difficult to perform conventional techniques such as contact angle analysis using sessile droplets
on a solid surface because such measurements must be performed above the melting or glass
transition temperatures of the polymer.?”3%%* Determining the contact angle of a molten polymer
on the surface of nanopores is even more challenging.®® Contact angle measurement on planar
substrates may not be relevant because of the potential curvature effect on the polymer wetting

on the pore surface. Also such a measurement is not trivial to perform for polymers because the
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entire system including the vapor phase has to be kept at the target temperature. The ability to
engineer polymer-surface interactions in porous solids and to quantify such interactions will be
important for understanding transport of the polymer into the solid and catalytic processes
involving molten polymers in porous media.*>4>** ALD modification of porous materials could
also enable fabrication of nanocomposite films and membranes with tailored interactions
between the solid and polymer, which has important implications for their mechanical and

transport properties. 305!

In this work, we take advantage of capillary rise infiltration of polymers into a disordered
packing of NPs to quantitatively characterize the effect of surface composition on the
interactions between polystyrene (PS) and surface of the packing. Successful deposition of TiOg,
WO3, CaCOs in the interstices of SiO2 NP packings is confirmed by directly measuring the mass
uptake and by characterizing the changes in the refractive index of the NP packing.®¢8" We
find that the contact angle of PS depends strongly on the surface compositions. The contact angle
of PS changes gradually from that on pure SiO; to that of the added material as the surface
coverage is increased, saturating once a complete monolayer is achieved. CaCO3 exhibits the
lowest interfacial energy of the materials we study, indicating highly favorable interactions with
PS, whereas WOs has the least favorable interactions with PS. Interestingly, water contact angles
on these ALD-modified surfaces are not an accurate predictor of the interfacial energy between
PS and ALD-modified surfaces, emphasizing the importance of determining the contact angle

and interfacial energy using the method introduced in this work. 574
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2.2. Experimental

2.2.1 Materials

Polystyrene (PS) with a molecule weight of 88,000 g/mol (polydispersity index = 1.1) is
purchased from Polymer Source Inc. 60 nm silica (Si02) NP suspension (ST-YL, 30 wt%
suspension in water) is generously provided by Nissan Chemical. Titanium chloride (TiCls),
tungsten hexacarbonyl (W(CO)s) and bis(2,2,6,6-tetramethyl-3,5-heptanedionato) calcium

(Ca(TMHD),) are purchased from STREM Chemicals, Inc.

2.2.2 Fabrication of Polymer-NP Packing Bilayer

NP suspension is made by mixing 2 mL 30 wt% dispersion of 60 nm SiO2 NPs and 2 mL (~15
wt%) deionized (DI) water, which is sonicated for 3 hours. The suspension is filtered with a
hydrophilic syringe filter (0.45 um pore size, Fischer Scientific) to remove aggregates. A silicon
(Si) wafer is cut into 10x10 mm? pieces. 227+3-nm-thickness NP layer is spin-coated onto the
plasma-treated silicon wafers at 6,500 rpm for 60 sec with a spin coater (Model WS-400BZ-
6NPP Lite, Laurell Technologies Corporation). All the NP layers are dried under vacuum
overnight. Before ALD, they are heated at 773 K for one hour to remove water. Subsequently,

these NP layers are ALD-treated (see ALD method for details).

The PS solution is made at 2.5 wt% with toluene and sonicated for 3 hours. The solution is

filtered with a PTFE filter (0.22 pm pore size, Thermo Scientific) to remove the undissolved
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impurities. 175+£3-nm -thickness PS layer is also spin-coated onto a plasma-treated (oxygen

plasma for 6 minutes at 250 mTorr) Si wafers at 3,000 rpm for 60 s with the spin coater.

Bilayer preparation takes advantage of the hydrophobicity of PS. The newly spin-coated PS thin
film is scored along the edges and then immersed into DI water. The PS film delaminates from
the scored edges due to its high hydrophobicity and floats onto the water surface as a free-
standing film. This PS layer is loaded onto the NP film on a Si wafer by immersing and raising
the NP film through the water surface. The bilayer is subsequently dried in the ambient
condition. The polymer film conformally adheres to the nanoparticle film due to strong
capillarity that results from drying of water in the interstices of nanoparticles. To confirm that
there are no voids that could impact the infiltration time measurement, we confirm that the
thickness of each bilayer is equal to the sum of the thicknesses of the nanoparticle and the
polymer films measured separately on silicon wafers. We also confirm that the infiltration time
measured using a bilayer with a SiO» nanoparticle packing on top of a PS film is equal to the
infiltration time measured using the bilayer prepared using the method used in this study; these

results confirm that there are no voids between the polymer and the nanoparticle packing.

2.2.3 ALD Method

ALD is performed in a homebuilt, static system using procedures that have been described in
detail®”%873.75 A schematic of the sample holder used to prepare the NP films is shown in Figure

2.1.

(a)
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Figure 2.1 Schematic illustration of (a) ALD chamber and sample holder and (b) ALD

modification of a disordered packing of NPs.

The precursors for CaO, WOs3, and TiO> are Ca(TMHD). (TMHD = 2,2,6,6-tetramethyl-3,5-
heptanedionato), W(CO)s, and TiCls. (Note: CaO converts to CaCOs in the presence of CO, %)
Briefly, the evacuated substrates are exposed for 5 min to a few Torr of the precursor of interest.
The exposure temperatures are 573 K for Ca(TMHD). and 473 K for W(CO)s and TiCls. The

samples are then evacuated to remove excess precursor. For W(CO)s, the carbonyl groups is
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removed by exposure to air at 473 K®; for TiCls, exposure to water vapor at 473K is sufficient to
convert the precursor to TiO2%. However, with Ca(TMHD)., the sample is evacuated, removed
from the system, and then calcined in a muffle furnace for 10 min at 873 K to remove the TMHD
ligands”. One ALD cycle consists of an exposure to the precursor, evacuation, and removal of
the ligands. Growth rates are monitored using two methods. First, the weight gains are measured
after each ALD cycle on a bed of SiO, NP using a microbalance with the precision of 1 mg.
Separately, the refractive index of thin NP films is measured via ellipsometry with the precision
of 0.001. For ALD on NP thin films, 11 NP-film samples are prepared simultaneously in the
same static system. The refractive index of thin films is measured via spectroscopic ellipsometry

which enables estimation of ALD growth as discussed later.

2.2.4 Characterization of Capillary Rise Infiltration of Polymer into ALD-

Modified NP Packed Films

The infiltration time measurements are performed at 423 K (150 °C) on a Linkam THMS350 V
heating stage. It takes 4 minutes to increase the temperature from room temperature to the target
temperature then the temperature is held constant for one hour. We choose 423 K (150 °C) as the
annealing temperature because this temperature provides the most appropriate range of
infiltration times (100 — 1,000 sec). In situ ellipsometry is performed to monitor the polymer
infiltration process; the amplitude ratio (V') and phase difference (A) of the polarization between
the incident and reflected light are measured as a function of time. The infiltration process is
observed to be completed when the dynamic data stop changing. The infiltration time is defined

by measuring the time between time point when the A and W start changing and the time point
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when changes are no longer observed. After infiltration process, there is a residual PS layer atop
the PS-filled nanoparticle film after infiltration process. Our ellipsometry modeling accounts for
this residual PS layer. The thickness of the residual PS layer matches what would be expected
based on the loss of PS to fill the interstices of the underlying nanoparticle layer. Our prior

publications have provided SEM images of such bilayers after infiltration.?”-3041

2.2.5 Contact Angle Determination on ALD-Treated Samples

The contact angles of both water and diiodomethane on ALD-treated Si wafers are measured

using a goniometer ' to infer the interfacial energy between PS and ALD modified surfaces.

2.3 Results and Discussions

2.3.1 ALD Modification of SiO2 NP Packings

Atomic layer deposition (ALD) is used to modify the surface of the interstitial pores in random
packing of 60 nm (2 - Ryp) SiO2 NPs. Deposition of different materials on the surface of SiO2 NPs
(see Experimental Section for details) is characterized by measuring the mass uptake of bulk
samples of SiO2 NP packing as well as the changes in the refractive index of SiO2 NP films using
spectroscopic ellipsometry. We choose to modify the SiO» surfaces with TiO2, WO3 and CaCOs3
because these inorganic solids possess widely varying properties. The thickness of each ALD
deposition (Ah) is calculated from the mass uptake (Am) of the bulk SiO> NP packings (m) by
using Eq (1), which assumes that the surface area (S) of the packing stays constant through the

deposition process (see SI for derivation):
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Am Am- ‘R
Ah _ — PNP KNP ( 1)
PALD'VNP'S 3paLp'm

where pyp, Parp, Unp and v, p are the density and volume fraction of NPs and ALD material,
respectively. The ALD thickness inferred from the mass uptake increases linearly with the number
of cycles for the three materials studied in this work. Likewise, the thickness of each ALD on the
pore surface of the densely packed SiO> NP films is estimated by converting the change in the
refractive index of the film (An), which depends on the void fraction of the NP packing, to the

thickness increase (Ah') using:

«_ _m _ vap _ Rnp _ Rnp An
Ah_—.'___'vALD__'f (2)
pPNP'S Unp 3 3 (maLp—nair)

where ny;p and ng;, are the refractive indices of the material deposited via ALD and air,

respectively. Then the deviation is shown as following paragraphs.

The thickness of ALD layer on the surface of SiO> NPs (Ah') is estimated from the refractive
index increase at the range of 632.8 nm, An, using the mixing rule. The total refractive index
Neorar OF ALD-treated NP packing is the summation of the product of every component’ s

refractive index n; and its volume fraction v; as shown in Eq (3):

Ntotal = Z N " V; =Nyp " Unp + Nyp * Varp + Nair * Vair

= Nyp *Unp + Narp “ Varp + Nair * (1 — Unp — Varp)

= (MaLp — Mair) * Varp + Nyp * Unp + Ngir * (1 — vpp)
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= (NaLp — Nair) * VaLp + Neotal with no ALD- 4)

Using Eq (2), the refractive index increase An can be expressed as (n,.p — Ngir) * Varp- The
thickness increase Ah' can be calculated from the volume fraction of material deposited via

ALD, vy p, with Eq (5):

«__m vaip _ Rnp __ Ryp An
Ah = = Vap = (9)
pPNp'S Unp 3 3 (maLp—nair)

where S is the surface area and can be expressed as:

m 3m

S = 3 - 4‘7TRNP2 =

4
PNP'VNP'3TRNP

(6)

PNP VNP RNP

where the pyp is the density of silica and Ryp is the radius of silica NP.

The thickness determined from ellipsometry of NP films also show a linear increase and is in

good agreement with the results based on the mass uptake shown in Figure 2.2, indicating that

ALD is able to successfully modify the surface of the SiO2 NPs uniformly in the dense packings

of SiO2 NPs. The growth rates of TiO2, WO3 and CaCOs ALD are 0.7 A, 0.8 A and 0.5 A per

ALD cycle, respectively. On the atomic basis, the growth rates for three precursors are calculated

to be 8.6x10'% Ca/cm?-cycle, 1.6 x10** W/cm?2-cycle, and 2.1x10* Ti/cm2-cycle in reasonable
agreement with previous literature values. As a comparison, a previous work for ALD on high-
surface-area MgAI>O4 showed the growth rates for the precursors used in this study to be
6.9x10" Ca/cm?2-cycle”, 8.6 x10™® W/cm?-cycle®’, and 9.8x10*2 Ti/cm?-cycle.®®
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Figure 2.2 Thickness increase for (a) TiO2, (b) WOz and (c) CaCO3z ALD on packings of silica

NPs as a function of ALD cycles.

2.3.2 Determination of Contact Angle and Interfacial Energy

To investigate the effect of ALD on the wetting of PS on the interstitial pores of SiO2 NP
packings, a bilayer of ALD-modified SiO2 NP layer and PS (MW = 88,000 g/mol) is prepared.
Because ALD involves a high temperature oxidation treatment at 773 K, it is necessary to
prepare the ALD-modified NP layer first and then deposit the polymer layer on top as
schematically illustrated in Figure 2.3. Such a bilayer is prepared by transferring a free-standing
175£3 nm thick PS film on the water surface onto an ALD modified SiO2 NP film (227£3 nm in
thickness) (see Experimental Section for details). The bilayer is heated to 423 K to induce
capillary rise infiltration of PS into the interstices of ALD-modified SiO2 NP film. The
infiltration time is measured by monitoring the changes in the amplitude ratio (V') and phase
difference (A) of the polarization between the incident and reflected light as a function of time

using a spectroscopic ellipsometer.
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Figure 2.3 Schematic illustration of preparation of a PS-NP packing bilayer for contact angle
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determination.

The contact angle of PS on the ALD-modified pores of SiO2 NP films is inferred by using the
Lucas-Washburn equation*-"®"7 which describes the dependence of the height of capillary rise of
a liquid in a porous medium (h) on the surface tension (yps_¢), pore size (Rpore), cOntact angle

(6), liquid viscosity (u), tortuosity () and time (t):

YPs—G'Rpore,sio, €0S0
h? = por; 2 t (7)
4-T4 U

The polymer surface tension a and polymer size (molecular weight) can affect the infiltration
time. Our prior work has focused on the effect of molecular weight on the infiltration
dynamics?62044.78 |n our study, this PS is chosen as a model to investigate how the surface
chemistry of the nanopore impacts the infiltration process and thus the contact angle between the

ALD-modified surface and polymers.
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The Lucas-Washburn model is often modified with a tortuosity factor T to account for the
meandering path of the pores to describe the infiltration of polymers in nanoporous media.
21,3041,76,79.80 Bacause the tortuosity does not change upon ALD modification without changing

the pore geometry, the exact value of 1 is not necessary to determine the contact angle.

oRpcosO

The Washburn model can be expressed as h? = t & where the Ry, is hydraulic radius

272pu
which is the ratio of the fluid volume filled in pores to the wetted surface area of pores. The
average pore size Ry, in the wick volume is 2Ry, by equating the pore volume in the wick with
the total volume of the cylindrical tubes.®® In this way, the Lucas-Washburn equation is

IRpore€os6 . 76,79,80

expressed as h? = >
4t4u

The parameters that are used for the Lucas-Washburn equation are summarized in Table 2.1.

Table 2.1 Parameters used in the Lucas-Washburn model (Eq (1)).

NP Average Tortuosity, PS PS surface PS contact Height
radius, Ryp | pore  size, | 7% molecular tension, angle on of
(nm) Rpore (nm) weight, M\W. | yps_; (mN - capillary
Si0;
42,56 (g/mol) m~1) ¥ rise, h

surface, 6 (

° Y44 (nm)
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423K) 230

We use the infiltration time of PS in an untreated silica NP packing as a reference to calculate
contact angles of ALD modified packings using as Eq (3). The infiltration time (t) is measured
based on spectroscopic ellipsometry as described in the main manuscript; a representative
dynamic data of infiltration into a SiO> NP packing modified with 5 cycles of TiO, ALD is
shown in Figure 2.4. A bilayer of PS atop ALD-modified NP layer is annealed on the heating
stage for 1 hour. In the Figure 2.4, the start of infiltration is the first point that is different by 1%
from the 5 preceding data points. The end of infiltration is the first point smaller that is different
by less than 1% than the 5 preceding data points. It takes ~ 3 min for the sample to reach the
target temperature to observe the changes in the ellipsometry signals (y and A), indicating the
initiation of PS infiltration. The capillary rise infiltration of PS is observed to be completed
when y and A reach asymptotic values around ~14.3 min. In the example Figure 2.4, the

infiltration time is 698 sec.

(a)
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Figure 2.4 Representative data showing the changes in dynamic data as a function of time for

infiltration of PS into 5-cycle TiO2-ALD NP layer: (a) y; (b) A.

26



(a) 1200 \ 4 9 (b) 80 (c) 1.2
o TiO, ® [ ) [ )
° o
1000 | o WO, S 60 oo o ! ¢l
v | © CaCo; 2 ¢ &0 08
2 800 g ° o . 8 °
£ oo © 540 F o o TiO, 506 | ° e TiO,
= 600 | . ° g |8 o WO, 5 A * WO,
o )
400 ba ® 8 20 CaCO; 02 ba ° CaCO;
I [~
200 0 L : : 0 . :
0 5 10 15 20 0 5 10 15 20 0 5 10 15
Number of ALD cycles Number of ALD cycles Number of ALD cycles

Figure 2.5 (a) Infiltration time; (b) contact angle of PS on ALD-modified surfaces; (c) degree of
surface coverage of ALD materials as a function of ALD cycles. The thickness of the SiO2 NP

film is 22743 nm.

The average pore size in random packings of spheres is known to be ~ 30% of the size of the
particles, thus Ry, si0, = 9 nm. To infer the contact angle of PS on ALD-treated pore surfaces,
we use the reported value of 20 ° for the contact angle of PS on untreated SiO2 NP ( 6g;,, in Eq
(3)) *#+82. The change in the pore size (R,ore,aLp) induced by ALD is less than 1 nm, which is
less than 10% of the average pore radius in the NP packing. Contact angle (64,,) of PS on the
ALD modified pore surface of NP films is inferred by measuring the time of infiltration (t,;)

while taking into account the change in the size of the pore due to ALD.

For each of the three materials examined in this study, the infiltration time changes gradually
from its initial value to a saturation value as the number of ALD cycles is increased as shown in
Figure 2.5. For example, the infiltration time (t,,p) for PS in the TiO, ALD-treated NP films

increases with the number of ALD cycles, indicating that the wetting of PS on the modified
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surface becomes less favourable on TiO surface. More importantly, the infiltration time
saturates at ~700 sec after 5 cycles of ALD deposition indicating that TiO, completely covering
the SiO> surface. This result is consistent with our prior studies that showed that a complete layer
of TiO> is formed after 5 cycles of ALD as confirmed by using transmission electron microscopy
(TEM) and scanning transmission electron microscope (STEM).” The thickness of TiO, ALD
after 5 cycles based on the growth rate of 0.7 A/cycle is 0.35 nm, remarkably consistent with the
previously reported value for a monolayer of TiO> layer of 0.35 nm®. The contact angle of PS on
TiO2 ALD-modified SiO2 NP films increases from that of PS on unmodified SiO2 NP films to
~62 © as shown in Figure 2.5. The infiltration time of untreated silica NP is used as reference

tsio, at 342 sec.

Using the same approach, the contact angles of PS on the pore surface of SiO2 NP films fully
covered with WO3; and CaCOs are estimated to be 70° and 10°, respectively. The thickness at
which the contact angle shows saturation for each material is again in excellent agreement with
the reported value of a monolayer of the respective material (0.77 nm and 0.40 nm for WO3 and

CaCOs, respectively8+#),

The surface coverage (¢4, p) of each material deposited via ALD on SiO2 NP surface estimated
by assuming that the composite infiltration time is a linear combination of the two surfaces

using:

tsio,. . 2
—tALD)hALD ()

2 2
Rpore,sio, *€05(0si0, ) haLp—Rpore,ALD ‘cos(0aLp) i,

Rpore,sio, 'COS(GSiOZ )'(1_

PaLp =
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, increases linearly with the number of ALD cycles until the SiO; surface is completely covered
with the correspond material. We show how the contact angle of PS on ALD-modified surface can
be inferred. Based on the Eq (7), the infiltration time for PS into un-modified SiO> NP packing

can be expressed as:

2 2
4t uhgio,

tS'O — (9)41,76
Y92 cos (6si0,)YPs—G'Rpore,sio,

The subscript of each parameter represents the surface composition of the pore surface. The
infiltration time of PS into NP packing that is modified with a monolayer of TiO> can be

expressed as:

412-whrio,” 08 (05i0,)"Rpore,siog "hTio, (10)

tTiO = - z " Lsio
2 cos (87i0,)YPs-GRpore,ALD  €0S (6Ti0,) Rpore,Tio, Nsio, 2

The infiltration time of PS in TiO, ALD-treated surface, tr;,, is the summation of the product

of every component’ s surface coverage (¢;) on SiO2 NP surface and corresponding

infiltration time (t;):

tarp = Prio, * trio, T Psio, * tsio,

= Qap “trio, + (1 — @a1p) * tsio, = (tTio2 - tstoz) "@PaLp T tsio,

cos (85i0,)"Rpore,sio, haLp®
= ( —2—bore2 7~ 1) “tsio, * Pap +tsio,  (11)

cos (01i0,)Rpore,Tio, Nsio,
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The surface coverage of ALD material (¢4;p) can be expressed as:

tsio,
tTio,

2
Rpore,sio, *€0S(0sio, ) (1= Yharp

(12)

Prio, = 2 2
2 Rpore,sio, 'C05(95i02)'hDTioz_Rpore,ALD 'COS(GTiOZ)'hSioz

which can be generalized for other species as shown in Eq (8).

These results convincingly show that the surface chemistry, and thus their wetting properties, is
significantly changed by the surface composition, modified by ALD. These measurements
indicate that the wettability of PS on WOs3 is even less favourable than that on TiO; and SiO»
with the saturation contact angle of 70°, whereas PS favourably wets on the CaCOj3 surface with

the contact angle of 10°,

Contact angle of PS on ALD-modified surface provides an important insight into the strength of
interactions between the polymer and the surface. Another important parameter that can be
inferred from the contact angle is the interfacial energy between PS and ALD-treated surface.
While the contact angle provides a convoluted measure of the strength of interactions that
balances three interfacial tensions based on the Young’s relation, the interfacial tension is a
direct measure of the strength of interactions. To estimate the interfacial energy between PS and
the ALD-modified surface, the surface energy of the solid surface as well as the surface tension
between PS are needed. We estimate the interfacial energy of the solid surfaces by using the
method introduced by Owens and Wendt.%®71.748687 Thjs method gives an estimation of the
surface energy of a solid surface by measuring the contact angle of two well-characterized probe

liquids, water, and diiodomethane on the surface. The contact angles of water and diiodomethane
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on the ALD-modified surfaces are summarized in Table 2.2. Using the Young’s equation, the
interfacial energy between PS and pore surfaces studied in this work can be estimated as shown

in Figure 2.6.

Table 2.2 Contact angles (°) of water, diiodomethane and PS on solid surfaces prepared via ALD.

Material CaCOs Si0; TiO; WO;
Water 38 20 18 16
Diiodomethane 53 43 33 28
PS 10 20 62 70
80 80
z »
Z z
£ 60 4 60 -
g 2
5 o
] =
> <
— 40 1 40 =
S <
[3) N
& - s
> o
N
= 20 l 4 20
0 0
SiO:2 TiO: WOs3 CaCoOs
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Figure 2.6 Contact angle and interfacial energy of different surfaces prepared via ALD. The
interfacial energy between PS and solid is plotted in orange, whereas the contact angle of PS on

solid is presented in blue.

As shown in Figure 2.7, the contact angle of a liquid droplet on a solid surface depends on the

three interfacial tensions involved following the Young’s equation®’:

Ys—L = ¥s—¢ — Y1-¢ " €0s (0s_) (13)

Figure 2.7 Schematic illustration of contact angle and interfacial tensions. ys_;,vs—¢ and y._¢
are interfacial energy between liquid and solid, surface energy of the solid and surface tension of

the liquid, respectively.

To estimate the surface energy of ALD-modified surfaces, we measure the contact angles of two

different liquids, water and diiodomethane, and infer the surface energy from such data.
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717148888 g\wkes showed that the dispersive interactions between the solid and liquid are stronger
than all other forces.”® Based on Owens and Wendt method with Fowkes’ finding, the surface

energy of a solid surface can be calculated using: ™"

2 ’Yg—a 'YLd—G + 2,’)/51‘1—‘16 'VLn—dG = Y- - (1 + cosbs_;) (14)71’74

where y; _; and ys_ are the surface tension of the liquid and the surface energy of the soild,
respectively. y& . and yf.; are dispersive components whereas y&%. and y/*4; are non-

dispersive ones.

Table 2.3 Surface tension and their components of water, and diiodomethane at 293 K from

reference.”!,7488

Liquid Vi-emN-m™)  ylo(mN-m™)  ypdmN -m)
Water 72.8 21.8 51.0
Diiodomethane 50.8 49.0 1.8

Using Eq (14), contact angles of water and diiodomethane from Table 2.2 and surface tensions

from Table 2.3, the dispersive (y& ;) and non-dispersive components (y24.) of each solid
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surface energy can be calculated. The surface energy is the summation of y& . and y2%.. The

results of surface energies are summarized in Table 2.4.

Table 2.4 Surface energy and dispersive and non-dispersive components of different solid surfaces.

Solid Ys—g(mN-m™)  ylo(mN-m™)  yi(mN-m™)
CaCOs 58.5 21.6 36.9
N{o 68.8 25.2 43.7
TiO, 70.4 29.7 40.7
WOs3 71.6 31.6 40.0

According to Reference 8, the surface tension of solid metal oxide is not very sensitive to
temperature and changes less than 5 mN - m~?! from 293 K to 423 K. Using Eq (13), surface
energies solid surfaces (ys_g) in Table 2.4 and contact angle of PS on the corresponding solid
(65_;) in Table 2.2, the interfacial energies between PS and ALD-modified surfaces are

calculated and the results are plotted in Figure 2.6.
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As seen, the interfacial energy between PS and the four different surfaces shows a strong
correlation with the PS contact angles; WOz and PS has the least favorable interaction whereas
that between CaCOs and PS is the most favorable among the four surfaces examined in this
work. Interestingly, the water contact angle of these surfaces, which is often used to characterize
their hydrophilicity, is an imperfect predictor for the PS contact angle and the PS-surface
interfacial energy. These results indicate that caution must be exercised when predicting or
estimating the strength of interactions between polymer and solid surface solely based on its

reported hydrophilicity.

2.4 Conclusions

In this work we quantitatively characterize the strength of interactions between PS and ALD-
modified pore surfaces by analyzing the capillary rise of PS into a disordered packing of 60 nm
SiO2 NPs using spectroscopic ellipsometry. Our study shows that ALD is a powerful technique
to drastically change the wetting characteristics of nanoscale pores while minimizing the changes
in the pore dimensions and structures. Sub-nanometer ALD layers can drastically convert the
surface wetting characteristics and even sub-monolayer coverage can result in gradual changes in
the wetting of PS on the pore surface. Among the four types of solid surfaces characterized in
this work, CaCOs shows the strongest interactions with PS, whereas WO3 exhibits least

favorable interactions with PS. The contact angles of PS on solid surfaces and in turn the
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interfacial energy between PS and ALD-modified pore surfaces provide important insights into
how to control interactions between a molten polymer and a solid surface of porous media which
have significant implications for fabricating nanocomposite films as well as for controlling
transport and molecular contact between polymer and catalytic materials. Notably, the water
contact angle on a surface is not a strong predictor of the strength of interactions between PS and
the ALD-modified surfaces, thus caution must be exercised in deducing how polymers would
wet solid surfaces and infiltrate pores merely based on the known hydrophilicity of the surface.
The method introduced in this work also provides a robust method to characterize the interfacial
tension between polymer and surfaces with complex compositions, and potentially will enable
controlling the interactions between polymer and porous media for the fabrication of functional

composites as well as controlling the catalytic conversion of polymers into useful chemicals.
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CHAPTER 3. UNDERSTANDING POLYMER-

POROUS SOLID INTERACTIONS BASED ON

SMALL GAS MOLECULE ADSORPTION

BEHAVIOR

Reproduced from Ren, T.; Wang, C. Y.; Huang, R.; Deng, C.; Xu, Y.; Majumder, A.; Ra, J.;
Shen, K.; Vohs, J. M.; de Pablo, J. J.; Gorte, R. J.; Lee, D. Understanding Polymer-Porous Solid
Interactions Based on Small Gas Molecule Adsorption Behavior. Chem. Eng. J. 2023, 473

(August), 145220. https://doi.org/10.1016/j.cej.2023.145220.

3.1. Introduction

Understanding and controlling the interactions between molten polymers and porous inorganic
solids bears significant importance for a number of processes and phenomena. For example,
heterogeneously catalyzed reactions of polymers, such as hydrogenolysis of polyethylene, is
considered to be a promising way to recycle and upcycle plastic wastes. >~ During such a
process, polymer chains infiltrate into porous catalysts and subsequently undergo hydrogenolysis

in contact with catalytically active sites. 8% The infiltration and transport of polymer chains in
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nanoscale pores of catalysts likely play an important role in determining the reaction rate,
reactivity and selectivity; slow infiltration could potentially lead to unnecessary side reactions
and generate undesirable products such as gaseous molecules of low value. Infiltration of
polymers into the pores of nanoparticle packings also has proven to be a versatile method of
producing highly filled nanocomposite films with superb mechanical, thermal transport, and
optical properties.>*°1:53540 The strength of interactions between the polymer and nanoparticles
plays a critical role in determining the infiltration rate as well as the fracture toughness of the

resulting nanocomposite films.

Several techniques have been developed to measure and quantify the interactions between
polymers and inorganic surfaces. One such method is the AFM-based single-molecule force
spectroscopy (SMFS), which directly measures van der Waals (vdW) forces between a single
polymer chain and a solid surface under high vacuum conditions.®* The magnitude of the
observed vdW forces is found to be dependent on the substrate species and the size of the repeat
unit of the polymer, in agreement with theoretical predictions.®? Another technique that has been
used to determine the adhesion strength between a polymer and an inorganic surface is the
Johnson-Kendall-Roberts (JKR) contact mechanics method. This method provides a way to infer
the interfacial energy from the adhesion strength between the two materials. For polymers with
low glass transition temperature (i.e., below room temperature), the sessile droplet contact angle
measurement can be used to determine interfacial energy based on Young’s equation. However,
using these techniques to study the interactions between polymers and porous solids presents a

challenge since most of these methods rely on planar surfaces for characterization. This
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limitation highlights the need for new methods that can be employed to study the interactions

between polymers and porous solids.

A recent study by some of us has shown that the contact angle and interfacial energy between
molten polystyrene and various porous inorganic materials can be determined by measuring the
time of capillary rise infiltration (CaRl) of the polymer into nanoporous packings of
nanoparticles.®® The surface of nanoparticles was modified using atomic layer deposition (ALD),
which allows precise modification of pore surface without significantly affecting the pore
geometry and size. Our work showed that the interactions between polystyrene and nanoporous
solids can be changed dramatically by depositing sub-nanometer thick oxide layers via ALD.
Although this previous study suggests that ALD is a powerful method of modifying the high
surface materials to control the interactions between polymers and porous solids, the origin of
such differences remains unclear. In fact, it remains unknown how to predict the strength of
interactions between the two species based on the chemical structure of the polymer (or its repeat

unit) and the surface chemistry of the porous inorganic solid.

In this study, we investigate the relationship between polymer-solid interfacial energy and the
strength of interactions between small molecules and the porous solid. Given that a polymer
chain consists of a large number of repeat units, we hypothesize that the interactions between a
polymer and a porous solid will depend strongly on the strength of interactions between the solid
surface and small molecules that resemble the repeat unit of the polymer. This approach can be
particularly insightful given that the interactions between small molecules and high-surface-area

porous solids can be readily characterized. However, it is also possible that the polymer-solid
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interactions may be dominated by the entropic effect of large molecules whereas the small
molecule-surface interactions by the enthalpic effects; and, thus, there may not exist a strong
relationship between these two characteristics. We quantitively characterize the interactions
between polymers and different porous solids using CaRI of two types of common polymers,
polyethylene (PE) and polystyrene (PS), into a disordered packing of SiO» nanoparticles (NP)
that is modified with atomic layer deposition (ALD). N-hexane and benzene are chosen as the
representative small molecules for PE and PS, respectively. To accurately measure the strength
of interactions of these small molecules with various oxide surfaces, we perform calorimetric
measurements of the small molecules on the mesoporous SiO2, SBA-15, before and after ALD
modification. We find that the strong interaction between a polymer and different oxide surfaces
(i.e., lower interfacial energy) correlates well with strong adsorption strength (i.e., higher heat of
adsorption) of the representative small molecule. Our work provides a path to understanding
polymer-solid interactions from a microscopic point of view based on the interactions between
small gas molecules that bear a structural resemblance to the polymer and a solid surface. These
findings have strong implications for designing catalysts that will favorably interact with

polymer chains, potentially enabling enhanced reactivity or selectivity in polymer upcycling.

3.2. Material and Methods

3.2.1 Polymer Infiltration Study

Polystyrene (PS, molecular weight (MW) = 88,000 g/mol and polydispersity index (PDI) = 1.1)

and polyethylene (PE, MW = 50,000 g/mol, PDI = 1.07) are purchased from Polymer Source
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Inc. 61 nm silica (SiO2) nanoparticle (NP) suspension (ST-YL, 30 wt % suspension in water) is
generously provided by Nissan Chemical. A 2.2 wt% PE solution is made with decalin
(Decahydronaphthalene, mixture of cis + trans, Sigma-Aldrich) and stirred for 2 hours at 443 K.
A silicon wafer is cut into 10x10 mm? pieces and heated on a hot plate at 443 K for 2 minutes. A
PE film is prepared by placing a drop of the heated PE solution and spin coating at 7,000 rpm for
30s. The thickness of PE films, determined using ellipsometry, is 115 + 7 nm. PS films of 175 +
3 nm; SiO2 NP films of 223 £ 8 nm are prepared in the same way as described in our previous
paper. SiO, NP packings are subsequently modified with SiO, WOs3, TiO2 and CaCOs using
ALD. To deposit a polymer atop the NP layer, a polymer film is floated at an air-water interface
by submerging a spin-coated film on a silicon wafer into water. The polymer film is transferred
onto an ALD-treated silica nanoparticle film, which gives a very well-defined bilayer structure to

perform the infiltration dynamics study.*

3.2.2 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) of SiO2, TiO2, WOs3, and CaCOz on SiO2 NP packings is
performed using a home-built ALD system as described in detail previously. 3% TEOS, titanium
tetrachloride (TiCls, Sigma-Aldrich, 99%), tungsten carbonyl (W(CQ)e, Strem Chemicals, 99 %),
and bis(2,2,6,6-tetramethyl-3,5-heptanedionato)calcium (Ca(TMHD),, Strem Chemicals, 97%)
are used as the Si, Ti, W, and Ca precursors, respectively. In a SiO2, ALD cycle, the sample is
evacuated then exposed to TEOS vapor at 523 K for 3 min, followed by oxidation at 773 K in air
for 10 min. In a TiO2 ALD cycle, the evacuated sample is exposed to TiCls vapor at 423 K for 3
min, followed by evacuation and oxidation in humid air containing 10 % water at the same
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temperature for 9 min. In a WO3 ALD cycle, the evacuated sample is exposed to W(CO)e vapor
at 473 K for 3 min, followed by evacuation and then oxidation at the same temperature in air for
6 min. In a CaCOz ALD cycle, the evacuated sample is exposed to Ca(TMHD)2 vapor at 523 K
for 10 min, followed by oxidation at 773 K in air for 10 min. ALD growth rates are measured
using two methods: the mass gain of the bulk sample and the refractive index change of the NP

films via spectroscopic ellipsometer. %

The ALD growth (Ah) can be estimated based on both the mass uptake (Am) of the NP pellets
and the refractive index increase (An) of NP thin films as our previous paper showed using Eq.

(15) and Eq. (16):%®

Ah = Am-pnpRnp (15)

3paLp'm

‘ R An
AN L L E—
3 (naLp—Nair)

(16)

where pyp is the density of silica; Rypis the radius of silica NP; m is the mass of NP pellets;
n,.p and ng;,- are the refractive indices of the ALD-deposited material and air in room

temperature, respectively.
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3.2.3 High-Resolution Transmission Electron Microscopy and the Scanning
Transmission Electron Microscope with Energy-Dispersive X-Ray Spectra

Maps

The high-resolution transmission electron microscopy (HR-TEM) and the scanning transmission
electron microscope (STEM) with energy dispersive X-ray spectra (EDS) maps are collected
using a JEOL JEM-F200, operated at 200kV. The sample for microscopy study is first grounded
to powder, then dispersed in ethanol and deposited on the carbon support on a copper grid from

Electron Microscopy Sciences.

3.2.4 Capillary Rise Infiltration (CaRl)

Capillary rise infiltration (CaRl) is conducted at 423 K on a Linkam THMS350 V heating stage
and monitored in situ using a J.A. Woollam Alpha-SE spectroscopic ellipsometry under N2

environment. The analysis of the infiltration time is similar to our previous study.3®

The infiltration time can be inferred by the change of refractive index of the NP film. The
dynamic data of amplitude (W) and phase difference (A) are fitted with a two-layer Cauchy
model to obtain the refractive index. Figure 3.1 is an example of the dynamic data of PE
infiltration into a 5-cycle TiO2-ALD NP film. With an annealing rate of 30 K/min from room
temperature at 293 K, it takes about 2.8 mins to reach the melting point of PE at 377 K where the
infiltration starts. The 5-cycle TiO2-ALD NP layer should have a refractive index of 1.38 but the

initial fitting is 1.47 possibly due to the inhomogeneous interface between the PE film and the
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NP film. After annealing to the melting point of PE at 377 K, the NP refractive index returns to
1.38. This is the point at which the infiltration of polymer into the pores of the NP packing starts.
According to the change of the refractive index, it takes 56 mins (3,378 s) to finish the
infiltration. The ending point for polymer infiltration is defined as a point that is different by less

than 1% compared to the previous 5 data points.

All the infiltration times are obtained using the same method.
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Figure 3.1 Representative data showing the changes of refractive index of NP film as a function

of time for infiltration of PE into TiO2-ALD NP layer with a ALD thickness of 3.6 A.

The contact angle and the interfacial energy of polymers on different solids are calculated based

on the infiltration time.
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The infiltration behavior is described by the Lucas-Washburn model (Eqg. (17)) and the

parameters are listed in the Table 3.1. %

2 _ VPolymer—G'Rpore,SiOZ'5059 41,76
h? = o t (17)

Table 3.1 Parameters for Lucas-Washburn model.(Eq (17))

Polymer | NP Average | Tortuosity, | Molecular Polymer Polymer | Height
radius, | pore ad weight, M.W. | surface contact | of
Ryp size, (g/mol) tension, angle on | capillary
(nm) Rpore yPolymer—G SlOZ rlse,h
(nm) surface,
(mN-m™) (nm)
42,56 6 (°)
PS 30 8.7 1.95 88,000 31.3(423 |20 220-230
K) 81
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PE 30 8.7 1.95 50,000(quoted | 28 (423 K) | 21 220-230
as 82kDa but | %
measured as
50kDa by

HT-GPC)

The average pore size is estimated as 0.289 of Ry, according to dense random packings #2. The
contact angle of PS (8 in EqQ. (17)) on silica is regarded as 20 ° based on different references
4144 The contact angle of PE (8 in Eq. (17)) on silica is measured in following method to be

21.2+4.8°°.

Spherical silica nanoparticles with very low dispersity are synthesized using the Stober solution
method.® These nanoparticles have an average size of 135 + 6 nm, verified via scanning electron
microscopy (SEM) and dynamic light scattering (DLS). To measure the contact angle of
polyethylene in silica, a previously reported method that determines the three-phase contact
angle of nanoparticles trapped at the air-polymer interface is used.®® Briefly, a sparse coating of
the silica nanoparticles is made on a thin film (~450 nm in thickness) of polyethylene on a
silicon substrate. Then the sample is heated at 323 K on a Linkam THMSEL350V heating stage
for at least 48 h and up to 236 h to reach saturation value under N2 purge. The heated sample is

quickly quenched in liquid nitrogen. Then, the height, h, of the nanoparticle above the polymer-
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air interface is measured by Bruker Icon atomic force microscopy (AFM) for 20+ nanoparticles.

Finally, the polymer-silica contact angle is obtained by Eq. (18):
h
cosf =1 - (18)

where R is the radius of the nanoparticle and 6 is the polymer-solid equilibrium contact angle.
The average particle size from DLS is slightly higher than the average size from SEM because
DLS also measures an additional hydration layer around the particle. It is assumed that all
particles have an average diameter of 135 nm and sensitivity analyses show negligible variation
in contact angle for the two extremes of the size distribution obtained from SEM. The sample
was heated on a heating stage at 150 °C inside a chamber for different amounts of time while
constantly purging the chamber with N2 gas. After almost 10 days of heating, the PE-SiO>

contact angle equilibrates to a value of 21.2 + 4.8°.

The infiltration data of the SiO- is used to calculate the viscosity of polymer x under
confinements. The ALD does not change the pore structure because the maximum coating
thickness is all below 1 nm which is less than 10 % of the average pore size (Ry,.). The contact
angle (6,,) of PS or PE on the ALD-coated surface is calculated using Eq. (17) from the

infiltration time (t4,,) obtained in by infiltration analysis and the parameters in Table 3.2.

Our previous paper reported the solid surface energies at 293 K by using the probe liquids of

water and diiodomethane based on the Owens and Wendt method 38, and the surface energy of
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the solid are listed in Table 3.2, column ys_. The surface energy of solid metal oxide is not very

sensitive to temperature and changes less than 5 mN-m™ from 293 K to 423 K. &°

Table 3.2 Surface energy for different solids.

Solid ¥ (mN-m™) at 293 K
SiO; 68.8
TiO: 70.4
WO3 71.6
CaCOs 58.5

Ys—L = ¥s—¢ — Yi—¢ " €0s (8s_1) (19)

With Young’s equation (Eq. (19)), the interfacial energy between polymer and solids ys_;, can

be calculated with the ys_,, in Table 3.2, Yp1ymer—¢ in Table 3.1, and 65_,, obtained from Eq.

(19).
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Sensitivity analysis shows that the contact angle of PE on SiOz ranging from 0 to 30 © changes

less than 1 % of the calculated values of contact angle and interfacial energy on other solids.

3.2.5 SBA-15 Synthesis and Characterization

SBA-15 is synthesized following a process reported in the literature.®” 4.0 g of Pluronic P-123 is
initially dissolved in 120 g of 2 M HCI solution and 30 g of deionized water with stirring at 298
K. 8.5 g of tetraethoxysilane (TEOS, Sigma-Aldrich, 99%) is then added dropwise with stirring
at 308 K, followed by stirring at this temperature for 20 h. The solution is then maintained at 373
K for hydrothermal treatment for 24 h. The resulting sample is filtered, washed with deionized
water, and dried at 353 K for 8 h in air. To remove P-123, the sample is calcined in flowing air at
773 K for 6 h with a ramping rate of 1 K/min. Our previous results demonstrated that metal
oxides can be uniformly deposited on SBA-15 support.®® ALD of SiO,, TiO2, and CaCOs on
SBA-15 is performed using the same ALD equipment and procedures as described above for the
SiO2 NP films. For ALD of WOs3, SBA-15 is first treated with piranha solution
(H2S04:H20,=3:1) for 30 min to form silanol groups for anchoring of WO3 in the pores of SBA-
15. N2 adsorption-desorption isotherms are measured at 78 K using a Micromeritics, TriStar |1
Plus surface area and porosity analyzer. For these measurements, the samples are pretreated at
573 K under evacuation. Surface areas are determined using the BET method and pore-size
distributions are determined from the adsorption isotherms using the Barrett-Joyner-Halenda

(BJH) method.
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3.2.6 Heat of Adsorption Measurement Using Calorimetry

A home-built Calvet calorimeter is used to measure the heats of adsorption of hexane and
benzene on solid surfaces and has been described in detail elsewhere.®1%° A schematic diagram

of the calorimeter is shown in Figure 3.2.

Gas —®—
—

Sample Loop
6-way Valve
Rotary Pump
Sample Cell
Thermopiles
Aluminum Block
Heater Plate

Liquid

Nk wWwN -

Figure 3.2 A schematic diagram of the home-built Calvet calorimeter.

The calorimeter consists of two parts, dosing section and heat flow section. The dosing section is
constructed using valves, pressure transducers and a vacuum pump. A 6-way valve is used to
introduce the adsorbate molecules from the gas chromatography (GC) sample loop to the sample
cell. The amount adsorbed is determined by the difference between the number of molecules

admitted and the number of molecules remaining in the gas phase in the dead volume of the

50



sample cell at equilibrium. The heat flow section is used to measure the heat flux from the
sample cell made of a Pyrex glass cube. Five, 2.54 cm?, thermal flux meters/thermopiles
(International Thermal Instrument Company, INC, Del Mar, CA, USA) connected in series are
placed between the sample cell and a large aluminum block which serves as a heat sink for rapid
heat dissipation and small temperature changes. The aluminum block is placed in a Styrofoam
container. Thermally conductive compound (DOWSIL340 silicone heat sink compound, the
Dow Chemical Company, USA) is pasted onto the surfaces of the sample cell, thermopiles and
the aluminum block to facilitate heat transfer. Six heating plates (Icstation, Guangdong, China)
are attached to the outside walls of the aluminum block to heat up the aluminum block. The
power is provided by a controllable DC power supply (Model 1688B, B&K Precision, Yorba
Linda, CA, USA). The aluminum block temperature is measured by an adhesive K-Type surface
thermocouple that is attached on the center of the top surface of the aluminum block. The voltage
signal from the thermopiles, which is proportional to the heat flux, is recorded by a computer.
The total heat released during the adsorption process is obtained by numerical integration with

respect to time.

In a typical measurement, a sample of ~ 0.5 g, pressed into pellets, is loaded to the sample cell
through the 0.5-inch-OD glass tube. Next, a layer of quartz chip is loaded to cover the sample to
prevent heat losses from radiation. The sample is evacuated by a mechanical pump and heated at
573 K for 1 h to remove adsorbed water. After cooling to room temperature, the sample cell is
inserted into the aluminum block, with a copper box as the lid. The sample cell, thermopiles,

aluminum block, and copper box are all located in the Styrofoam container. The aluminum block
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is heated to 358 = 1 K by the heater plates. The experimental temperature is chosen at 358K to
obtain reasonable adsorbate coverages at the atmosphere pressure. Furthermore, since
adsorption enthalpies are weakly dependent on temperature, the discrepancy in measurement

temperatures would not vary our conclusions.

After the temperature is stabilized, the samples are exposed to the gas from the GC sample loop
and the heat flux is recorded. n-Hexane and benzene-are used as the adsorbates in this study.
After collecting the data in an adsorption process, the sample is evacuated and the next set of
data is collected, which ensures both the reversibility of the adsorption and the reproducibility of

the data.

The calibration constant for the instrument was measured previously by passing current through
a Pt wire placed between the sample cell and the thermopiles.®* The calibration was confirmed
in the present work by measuring the isosteric heat of adsorption for propane on H-ZSM5(280),
which previous studies have shown is 40 kJ/mol and essentially independent of coverage.®® To
avoid chromatographic adsorption and to ensure adsorbates are able to approach all possible
sites, all the calorimetric measurements are performed at an elevated temperature where

adsorption is reversible by evacuation.

H-ZSM-5 is used for the calibration of calorimetry. The commercial ZSM-5 samples (CBV
28014, Si/Al; molar ratio = 280, Zeolyst International) in the ammonium-ion form is calcined in
air at 773 K for 4 hours and converted to the acidic form as H-ZSM-5. The surface area of H-

ZSM-5 is not well defined, so the surface area of 400 m?/g given by the company is used.
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3.2.7 Coarse-Grained (CG) Simulation of Solid-Liquid Interfaces: CG Model

and Interaction Parameters

The solid substrate and the simple liquid are represented by spherical beads, denoted as type S
and type L, respectively. The mass of each bead, ms and my, is 1.0 in dimensionless units. The
polymer chain connectivity is modeled using the bead spring model*%2, where the type L beads
within a polymer chain are connected by the finitely extensible nonlinear elastic (FENE) bonds.
The parameters for the FENE bond potential are Ro = 1.50 6, K= 30, &= 1.0, and 6= 1.0 o,
where o is the dimensionless length unit. Chain stiffness is controlled by the harmonic bond-
bending potential. While the bond angle is maintained at 180°, the bending spring constant ka is
set to 2 to represent a flexible chain, and 10 to represent a relatively rigid chain. The beads
interact with one another through the Lennard-Jones potential with a cutoff radius of 2.50 and a
smooth decay starting at 2.4 6. As summarized in Table 3.3, the LJ parameters are 6ss=1.0 ¢ and
£ss=2.0 for two type S beads, 6L..=1.0 ¢ and .. =1.0 for two type L beads. For the LJ interaction
between type S and type L beads, osi is maintained at 1.0 o, while €si is varied from 0.4 to 0.9 in
increments of 0.1 to model the different adsorption strength. The LJ nonbonded potential is
turned off for beads connected by one or two consecutive bonds. The simulation is performed

using the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package!®

The pairwise Lennard-Jones (LJ) nonbonded interaction is in the form:
Uij 6
) l 20)

o\ 12
E(Tij) = 4€ij (E) —
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where r;; is the separation distance between atoms i and j, o;; is the Lennard-Jones diameter, and

& is the Lennard-Jones interaction strength. See below for the LJ parameters.

Table 3.3 Nonbonded interaction potential parameters for polymer atoms.

Pair i €ij

S-S 1.0 2.0

S-L 1.0 0.4,05,0.6,0.7,0.8,0.9
L-L 1.0 1.0

The finitely extensible nonlinear elastic (FENE) bonds!%? takes the form

2 s \12 /g \6
E = —0.5KR%In [1 - (R—O) ]+ 4e, [(ﬁ) - (ﬁ) l + &, (21)

where K=30, Ro=1.5, 0,=1 o, and &,=1. R, is the maximum extensible bond distance. The first
attractive term is balanced by the second LJ repulsive term, giving an equilibrium bond distance
of 1 o, which equals the LJ diameter of the type L bead. A harmonic bending potential is applied

to 1-2-3 bonded beads in the form:
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Epena(8ijx) = k(01 — Hijk(O))z; (22)

Where k, is the spring constant, 6, is the angle between beads i, j, and k, and 6, j ©=180° is

the equilibrium bond angle. Chain stiffness increases with k,.

3.2.8 Coarse-Grained (CG) Simulation Protocol

The simulation is performed using the Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package!®. For each simulation, an empty, elongated simulation box is
first initiated with a dimension 16 ¢ x 16 o in the plane of the substrate (x—¥) and 36 o along the
substrate normal (Z). Then, substrate beads and the liquid molecules are inserted into the bottom
and top halves of the simulation box, respectively. Each system contains 1000 substrate beads
and 2000 liquid beads. This means that for chain molecules of length N = 20, the system contains
100 chains. The system first undergoes a short relaxation under the NVT ensemble for 5 x 10*
steps at T=1.0, tdamp = 100 timesteps. The system is then equilibrated under the NPT ensemble
for 2 x 10° at T=1.0 to ensure that the equilibrium density is achieved. The barostat is applied
along Z direction at P; = 0.05, tgamp = 1000 timesteps. The production run is carried out under the
NVT ensembled at T= 1.0 for 5 x 10° timesteps. The simulations are integrated using the
velocity-Verlet algorithm with the integration time step is 0.001 1, where t is the derived LJ unit

for time.
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3.2.9 Coarse-Grained (CG) Calculation of Interfacial Tension

This study employs the test-area (TA) perturbation method®1% to determine the interfacial
tension. This method applies test changes in the interfacial area, then derives the interfacial
tension from the free-energy perturbations caused by the area change. Relevant equations and
details are described in the following paragraphs. The magnitude of the perturbation is expressed
as AA" = AA/Ao, where AA is the area change, and Ao is the interfacial area. To check for
hysteresis and robustness, each calculation is repeated at three different perturbation magnitudes
in both directions of perturbation: AA™ = + 0.001, + 0.004, and + 0.005. Figure 3.3 shows that the

collected trajectory is sufficient for the calculation to converge.

The interfacial tension is estimated by Eq(21).

_ 1 AFp-q _ kT _
y = Jim (4=2) = —Ein(exp (-AU/kT))o, (21)

where AA is the test area change. AF,_,; is the perturbation in Helmholtz free energy of the
system due to the area change. (...)y  r denotes that the calculation is performed under the NVT
ensemble. AU is the change in potential energy due to the area change. (... ), denotes that an
ensemble average of the excess Boltzmann factor over the configuration space of the initial

trajectory. In LJ unit, KT=1.

Running estimates of interfacial tension are plotted below a function of integration time, using
the flexible chain (N=20, ka=2) as an example. As indicated by the legend in Figure 3.3, the

calculation at each es_ is repeated at three different perturbation magnitudes in both directions of
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perturbation: AA* ==+ (0.001, £ 0.004, and £ 0.005. The overlapped result indicate that the
running estimates stabilize by the first half of the simulation time and are invariant of the

direction and magnitude of the perturbation.

€5, =0.4 €5, =0.5 £5,=0.6 £5,=0.7 €5, =0.8 €5, =0.9

Figure 3.3 Running estimates of interfacial tension as a function of integration steps for es.

ranging between 0.4 and 0.9.

3.2.10 Density Functional Theory (DFT) Calculation of Adsorption Energies

Periodic CaCOs and amorphous silica models are used in the analysis of the adsorption energy of
benzene and alkane molecules. A gaseous ethane molecule is chosen to represent the alkane
molecules. The unit cell of the CaCO3(100) slab model has an area of 10.0 A x 16.2 A and
contains 24 CaCOs units shown in Figure 3.4 (a). Given the pristine CaCO3(100) model, a
defected slab is also considered, where a CaCOs unit is eliminated, and the surface is optimized

using DFT, resulting in an undercoordinated Ca?* ion shown in Figure 3.4 (b).
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Figure 3.4 Top view of the CaCOs slab models: (a) a pristine CaCO3(100) surface and (b) a
defected CaCOz3(100) surface where a CaCOs unit is eliminated, followed by the DFT

optimization; such treatment results in an undercoordinated Ca ion. (marked as light blue) (

The amorphous silica model was originally generated by Comas-Vives and coworkers,% which
has been employed in multiple computational catalysis works. "1 The model contains 106
SiO2 units with a unit cell size of 21.4 A x 21.4 A x 34.2 A shown in Figure 3.5. The
amorphous property originates from an annealing process, followed by dehydration steps to
produce a silanol density consistent with the environmental temperature and partial pressure of

water (1.1 OH nm™). As seen in Figure 3.5., various surface features are found on the amorphous
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silica model, including hydroxyl (Si-OH) moieties and siloxane rings forming cavities with

various sizes. Given the surface models, we place the gaseous molecules on the surfaces of both
CaCOs and silica and perform DFT optimizations to determine the adsorption energy (Eads). Eads
is obtained through the equation: Eads = Etotal — Esurface — Egas, Where Etotal, Esurface, and Egas are the

total energy, the energy of empty surface, and the energy of a gaseous molecule, respectively.

@)

Figure 3.5 Top (a) and side view (b) of the amorphous silica slab model. (Si: blue, O: red, H:

white)

All periodic DFT calculations are performed using Vienna Ab-initio Simulation Package (VASP,
6.2.1),11%-113 where planewave basis sets describe the Kohn-Sham orbitals, and the Kahn-Sham
equations are solved self-consistently. The BEEF-vdw exchange-correlation functional using

projector augmented wave (PAW) pseudopotentials was employed in all DFT calculations.**41¢
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The k pointgrids of 2x 2 x 1 and 3 x 2 x 1 are used in the calculations of silica and CaCO3
surfaces, respectively, and a cutoff energy of 400 eV are used in all simulations. The energy
convergence criterion for completing a geometric step is 10 eV, and the force convergence

criterion of 0.02 eV Al is considered.

3.3. Results

3.3.1 Determination of Polymer-Porous Solid Interfacial Energy

To characterize the interactions between polymers and porous solids, we measure the time of
infiltration of polymers into the packing of silica nanoparticles. In our recent study, we have
shown that the interfacial energy as well as the contact angle between a molten polymer and a
porous solid can be inferred from the infiltration time. Polystyrene (PS) and polyethylene (PE),
common polymers with different structures and properties, are chosen as the model polymers. To
study the effect of surface chemistry, we measure the time of infiltration to fully fill the ~225 nm
thick disordered packings of 61 nm SiO2 nanoparticles that are modified via atomic layer
deposition (ALD) using spectroscopic ellipsometry as shown in Figure 3.6. The infiltration time
increases gradually to an asymptotic value as the thickness of the ALD metal oxide layer is
increased. For example, the infiltration time for PE into TiO2, ALD-treated NP (Figure 3.6 (a), 0)
films increases with the ALD thickness of TiO». This indicates that PE wets the TiO> surface less
favorably compared to the SiO> surface. The infiltration time reaches a saturated value of ~350 s
after depositing 0.35 nm TiO», which is consistent with the previously reported value 0.35 nm for

a TiO2 monolayer. & The thickness at which the infiltration time shows saturation for WO3 and
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CaCOg are 0.75 nm and 0.43 nm respectively, which also agree with the reported values for the
thickness of WO3 and CaCO3z monolayers (0.8 nm and 0.4 nm). 8 HR-TEM and STEM
coupled with EDS are used to characterize the growth of TiO2, WO3, CaCOs, and SiO2 on SiO>
NPs, as shown in Figure 3.7. The observations reveal the occurrence of a ring localized at the
periphery of each individual NP and no distinct signal is identified at the central region of the
NPs. This suggests the application of ALD vyields an ultrathin and uniform coating, characterized

by the absence of prominent crystalline features.
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Figure 3.6 Infiltration time of (a) PE, and (b) PS at 423K on ALD-modified surfaces as a

function of the ALD thickness.
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Figure 3.7 Representative TEM, STEM, and EDS maps of (a) TiO2, (b) CaCQOs, (c) WOs, and (d)

SiO2 on SiO2 NP.

As shown in Figure 3.6 (b), the infiltration of PS shows similar patterns. The fact that the

infiltration time of PS saturates at the same ALD thickness as PE confirms that the SiO> surface
is completely covered with the oxide layer via ALD at these thicknesses. It is worth mentioning
that depositing SiO> onto the SiO2> NP packing does not change the infiltration time of PE or PS

(Figure 3.6, +). Considering a monolayer of SiO2 is ~0.25 nm, the SiO2 NP packings modified
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with 3 monolayers of SiO, show the same infiltration time as the pristine NP film. 118 This
implies that the SiO; layer prepared via ALD has similar wetting properties as pristine SiO-

nanoparticles.

The infiltration time provides an important insight into the strength of interactions between
polymers and the oxide surfaces. For a given polymer, more favorable wetting leads to a faster
infiltration rate and thus a shorter infiltration time. While the infiltration time provides a
qualitative measure of the interactions between polymer and solid, the interfacial energy is a
direct measure of the strength of the polymer-solid surface interactions. The interfacial energies
(v), calculated from the infiltration time in Figure 3.6 using the method we have previously
reported, are displayed in Figure 3.8. For PE, SiO2 shows the lowest interfacial energy, which is
consistent with the shortest infiltration time as shown in Figure 3.6 (a). TiO2, WOs3, and CaCQO3
show similar interfacial energies with PE. Although yre-cacos is the smallest among these three,
the infiltration time of PE in CaCOs is not the shortest because CaCOs has a lower solid-air
interfacial energy among the four materials including SiO2 as shown in Table 3.2 %8, It is
interesting that for all four types of surfaces we investigate, PS has lower interfacial energies

than PE, implying that PS wets these surfaces more favorably than PE.
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Figure 3.8 Interfacial energies between different surfaces prepared via ALD and polymer: PE is

plotted in orange, and PS is in blue.

3.3.2 Determination of Heat of Adsorption of Small Molecules on Porous

Solids

To test how the interactions of small molecules and porous solids correlate with the polymer-
solid surface interactions, we measure the heat of adsorption of hexane and benzene in
mesoporous silica. While it is straightforward to produce disordered films of SiO. nanoparticles
via spin coating, producing bulk samples of SiO. nanoparticle packings is challenging due to
cracks and defects that form during preparation. Therefore, the silica NP packing for the polymer
infiltration measurements has a range of pore sizes. Because SBA-15 has uniform well-defined
pores, we use this material for our calorimetry measurements. To prepare porous silica with
well-defined nanopores, we produce SBA-15 mesoporous materials and modify their surfaces via
ALD. The amount of TiO,, WO3, CaCO3, and SiO deposited on the SBA-15 support is
determined gravimetrically. The growth rates are in reasonable agreement with the previous
literature values of ALD growth rate on SBA-15, where the sample masses increase linearly with
the number of ALD cycles for all oxides deposited. Based on the mass changes, the growth rates
are calculated to be 5.2x10%" Ti atoms-m™2 -cycle?, 1.8x10" W atoms-m -cycle?, 3.1x10%' Ca
atoms-m2 -cycle?, and 4.2x10%" Si atoms-m2-cycle’* shown in Figure 3.9.57.7397119 physijcal

properties of SBA-15 modified with ALD are summarized in Table 3.4.

64



—
[4}]
—

Mass of Siozlmass of SBA-15 (-)

—_
O
~—

Mass of Wog/mass of SBA-15 (-)

0.35 .
0.2
0.3 o _
o 3
0.25 (o] 015 S
. W
o 3
0.2 (o] £
©
0.15 © 01 5
o] o
0.1 (o] [
0.05 A
0.05 © =
(o]
010 0
0 2 4 6 8 10
ALD cycle (#)
0.8 \v, 0.15
0.6 £
01
A\ 8
0.4 %
£
005 ™
0.2 v g
VV
N 0
0 5 10 15
ALD cycle (#)

—
(=}
~—

—_
(o}
~—

Mass of TiOZ/mass of SBA-15 (-)

Mass of CaCOafmass of SBA-15 (-)

o
)

o
n

o
'S

o
©

o
)

o

o

o
o

o
~

o
w

o
N

o

(=]

1

o
-
o

o
-

0.05

0 2

4 6 8 10
ALD cycle (#)

o o
N N
w
Ca\CO3 thickness (nm)

o
-
3

1
=

0.05

5 10
ALD cycle (#)

T|02thickness (nm)

Figure 3.9 Mass and film thickness growth of (a) SiO», (b) TiOz, (c) WOs3, and (d) CaCOs as a

function of ALD cycles on SBA-15.

Table 3.4 Properties of SBA-15 modified with ALD. The film thickness of oxides is calculated

based on the bulk density of the oxides.

Samples

BET

Surface Area

(m?/g)

Film

Thickness

(nm)

Composition | Surface
Density
by Weight
(atom/m?)

# of ALD

cycles
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SBA-15 733 - - - -

SiO2/SBA-15 | 457 0.19 ALD-SIiOz: - 10
24%

TiO2/SBA-15 | 466 0.20 TiO2: 35% 5.8x10'8 Ti 11

WO3/SBA-15 | 326 0.15 WOs3: 44% 2.8x10 W 15

CaCOs/SBA- | 255 0.23 CaCOs: 32% 3.7x10® Ca |12

15

Figure 3.10 (a) and Figure 3.10 (b) show the N2 adsorption-desorption isotherms and the pore
size distributions of the ALD-modified SBA-15. The SBA-15 presents a hysteresis loop in the
isotherm and has a unimodal pore size distribution centered at 9.5 nm which is comparable to the
average pore size of the SiO2 nanoparticle packings used in this study. The hysteresis loop
indicates the predominance of well-defined cylindrical pores. After ALD of SiO,, TiO2, and
CaCOg, similar hysteresis loops are observed in the isotherms, implying that SiO3, TiO», and
CaCO:s deposited as conformal films in SBA-15, decreasing the pore size but without changing
the cylindrical pore structure. As shown in Figure 3.10 (b), the pore sizes decrease from 9.5 nm
to 8.5 nm for SiO2/SBA-15, 8.7 nm for TiO2/SBA-15, 9.2 nm for WO3/SBA-15, and 8.1 nm for

CaCOs/SBA-15.
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Figure 3.10 (a) N2 adsorption-desorption isotherms and (b) pore size distributions for SBA-15,

SiO2/SBA-15, TiO2/SBA-15, WO3/SBA-15, and CaCO3/SBA-15.

Hexane is chosen as the representative small molecule for PE. The differential heats of
adsorption of hexane on pristine SBA-15, and ALD-modified SBA-15 are shown in Figure 3.11.
In all four types of materials examined in this study, the heat of adsorption decreases with

increasing adsorbate coverage.

(@) (b} (©
55 55 55
® SBAIS Q) 5i0,/58815 ©Q SI0,/58A15
O S0,/58A15 WO, /S8AS Cato,/SBA-15
. O Tio,/58A-15 50 o
245 @X 2 2as
® ® = %
2 2 2
] o o
§o BT g 3o S
z [ i S0
b B ki E O
O O
35 % 35 a5 l‘%
m)
0
o 0.2 0.4 06 o8 o 02 0.4 06 08 o 02 04 06 o8
Coverage (,..mnl'miju Coverage (,.-mol'm“] Coverage {pmelim?)

Figure 3.11 Differential heats of adsorption of n-hexane on (a) SBA-15, SiO2/SBA-15, and

TiO./SBA-15, (b) WOs/SBA-15, and (c) CaCOs/SBA-15.
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The temperature-programmed desorption shown in Figure 3.12 of 2-propnaol on SBA-15 before
and after piranha solution treatment and sample of WO3/SBA-15 show change of surface
chemistry. Since differential heats for propane adsorption on ZSM-5(280) were constant shown
in Figure 3.13, the decreasing heats reflect the energetically heterogeneous nature of the solid

surfaces and are not an artifact of the experimental technique.
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Figure 3.12 Temperature-programmed desorption of 2-propnaol on SBA-15 before and after

piranha solution treatment and WO3/SBA-15. m/e=41: propene; m/e=45: 2-propanol.
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Figure 3.13 Differential heats of adsorption of propane on H-ZSM5.

The curves of SBA-15 and SiO2/SBA-15, as shown in Figure 3.11 (a), overlap, implying that the
pore-size changes from ALD have little effect on the heat of adsorption. In contrast, the heats of
adsorption on the TiO2-modified SBA-15 are reduced by ~ 5 kJ/mol compared to that on SiO»,
indicating that hexane has weaker interactions with TiO> compared to SiO,. Results for
WO3/SBA-15, displayed in Figure 3.11 (b), show the heat of adsorption is ~ 5 kJ/mol lower
compared to that for SiO2/SBA-15. The isosteric heat of CaCO3z/SBA-15 is ~ 6 kJ/mol lower
compared to that for SiO2 in the low coverage region (< 0.2 pmol n-hexane/m?), while

overlapping with the SiO: at higher coverage, as shown in Figure 3.11 (c).

The heats of adsorption for n-hexane agree well with the polymer infiltration times shown in
Figure 3.6 and the polymer-solid interfacial energies shown in Figure 3.8. Additional ALD
modification beyond the complete monolayer coverage does not change the heat of adsorption
and the infiltration time. These observations indicate that the heat of adsorption%1129.121 and the
polymer infiltration** are not strongly affected by small differences in the pore size. TiO2, WOs,
and CaCOs show a lower heat of adsorption for n-hexane than SiO, implying that interactions
between n-hexane and these three ALD materials is weaker than that between n-hexane and
SiO2. More importantly, these trends are consistent with the interfacial energy between the
polymer and solids. The interfacial energy between PE and TiO2, WO3, or CaCQOzs is greater than

that between PE and SiO».
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Benzene is chosen as the representative small molecule for PS, which has a phenyl group in each
repeat unit. As shown in Figure 3.14 (a), the heats of adsorption for benzene in SiO2/SBA-15
overlap with that in SBA-15, confirming again that the addition of SiO, by ALD does not affect
benzene adsorption in SBA-15. Moreover, the heats of adsorption for benzene on TiO: films are
lower than that on SiO2 (~ 5 kJ/mol). Figure 3.14 (b) shows that the heat of adsorption on WO3
films is 8 kJ/mol lower than that on the unmodified SBA-15, while SBA-15 coated with CaCOs

films show a heat of adsorption significantly larger (> 10 kJ/mol).
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Figure 3.14 Differential heats of adsorption of benzene on (a) SBA-15, SiO2/SBA-15, and

TiO2/SBA-15, (b) WOs/SBA-15, and (c) CaCOs/SBA-15.

Although the experiments convincingly show that surface chemistry has a profound impact on
the strength of gas-surface interactions, the molecular origin of such difference is not evident.
We perform DFT calculations to estimate adsorption energy which agrees well with the

experimental heat of adsorption. As shown in Figure 3.15 and Figure 3.16, benzene exhibits a

significantly stronger binding to the defected CaCO3 surface than ethane molecules (0.70 eV

difference).
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Figure 3.15 Schematics of benzene and ethane physisorption on (a, d) CaCO3(100), (b, €)

defected CaC0O3(100), and (c, f) amorphous silica surfaces, respectively.
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Figure 3.16 Adsorption results of benzene and ethane on CaCOj3 and amorphous silica surfaces.

We find that the adsorption of benzene is markedly more sensitive to the surface defects of
CaCOs than alkane, where an under-coordinated Ca?* ion exhibits strong interaction with
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benzene, leading to a binding energy of 0.6 eV higher than that on the planar CaCOs3 surface.
Notably, such sensitivity is absent on SiO2 surfaces, where both molecules are physisorbed on a
cavity moiety formed by siloxane rings (Figure 3.16) and exhibit nearly the same adsorption
strengths. The DFT results suggest that the CaCO3 defects, present as steps and kinks, enable a
stronger cation—r interaction between Ca%* and aromatic hydrocarbons. Further, this difference
in the heat of adsorption agrees well with the lower interfacial energy between PS and CaCO3
surface compared to that between SiO> for PS. This consistency between the high adsorption
heats for benzene and the low interfacial energy for polystyrene on CaCOs films indicates that

the phenyl group has a strong influence on the interactions of PS and benzene on CaCOs surface.

3.4. Discussion

Our results show a strong correlation between the heat of adsorption of small molecules and the
interfacial energy between molten polymer and solid surface. The heats of adsorption (Figure
3.11 and Figure 3.14) and the interfacial energies (Figure 3.8) are compared in Table 3.5. Using
the n-hexane as the representative molecules for PE and the benzene as the ones for PS, ~ 4
kJ/mol heat of adsorption difference leads to a ~30 mJ/m? difference of interfacial energy for
both polymers. Another interesting observation is that while the interfacial energy of PE on
CaCO:s is higher than the one on SiO» and lower than TiO2 and WOg3, the interfacial energy for
PS on CaCOs is less than SiO2, TiO2 and CaCOs. The WOs has the highest interfacial energy for
both PS and PE. We attribute such difference to the strong interaction between the phenyl group

and the CaCOs surface, which is validated by the much larger heat of adsorption of benzene on
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CaCOs (> 13 kJ/mol above that on SiO2 and TiO). This strong interaction could also be seen

from the fact that the phenyl functional group helps PS infiltrate faster than PE.

Table 3.5 The heat of adsorption for small molecules and interfacial energy of polymers on

different oxides.

Heat of Adsorption' Interfacial Energy?
Samples

(kJ/mol) (mJ/m?)

Hexane Benzene PE PS
Si0; 44.8+1.2 47.2+1.0 42.7140.00 3942
TiO2 40.1+0.7 42.6x1.3 68.271+0.14 5543
W03 40.0+1.8 38.4+0.9 69.5310.11 61+3
CaCOs3 39.2+41.1 59.444.1 56.68+0.06 27+1

! Average value of coverage smaller than 0.2 pmol/m?.

2 Interfacial energies in Figure 3.8.
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To probe whether a more quantitative relationship could be gleaned from the correlation between
polymer-solid interactions and gas-solid interactions, we plot the interfacial energy between a
polymer and a surface vs. the heat of adsorption for a respective small molecule-surface pair.
The heat of adsorption is calculated as the average value obtained for coverage smaller than 0.2
umol/m? in Figure 3.14. The selection of this range for averaging does not affect the overarching
conclusion or the trends. The fact that the interfacial energy estimation based on the interaction
between molten/condensed polymer and inorganic solid surface correlates well with the gas
phase experiment at low concentrations is one of the most important findings of this work. As
Figure 3.17 shows, the polymer-solid interfacial energies are negatively correlated with the
adsorption heat of small molecules. We believe the high polarity of the benzene ring due to the
presence of delocalized electrons induces stronger interactions with CaCOs and in turn causes a
more dramatic change in the heat of adsorption for benzene. Moreover, our DFT calculations
show that the non-crystalline structure of CaCOs is responsible for increasing the strength of
interactions with benzene as shown in Figure 3.16. This trend indicates that interactions between
polymers and solid surfaces are dominated by the enthalpic interactions between each repeat unit
and the solid surface even if there are no polar functional groups that may undergo specific
interactions with the surface chemistry of the solid. Our results indicate that characterizing gas
adsorption is a powerful approach to predict interaction strength between polymers and solids.
Moreover, the information from this study could inform how to design surfaces to favor

interactions with one species over another to facilitate catalysis or separations.
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Figure 3.17 Interfacial energy of polymer (PE/PS) as a function of the heat of adsorption
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symbols (O) use the data of Figure 3.8 (PS) and Table 3.5 and Figure 3.14. (The heat of

adsorption data is based on the average value obtained for coverage smaller than 0.2 pmol/m?.)

To corroborate the observed monotonic trend between the solid-melt interfacial tension (y) and
the solid-gas adsorption heat, we use coarse-grained (CG) simulations combined with the test-
area perturbation method'% to evaluate y at the solid-liquid interfaces under a broad range of
conditions. The simulations use the bead spring model*?? to describe the polymer, whose chain
length and stiffness are specified by N and ka, respectively. The heat of adsorption of the gas-
phase small molecules is described by the LJ parameter, gs., which controls the interaction
strength between a substrate bead and a polymer bead. In this work, we construct the relationship
between y and es. by scanning across a wide range of s, then investigate how chain length and

stiffness affect the y-es relationship.
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The simulation results agree well with the experimental trend. Figure 3.18 compares the
calculated vy as a function of es_ for a simple liquid and those for polymer melts. These
simulation results show a monotonically decreasing relationship between y and €s.. for the simple
liquid. The trend is preserved as monomers connect into chain molecules, which corroborates the
experimentally observed trend between interfacial energy and heat of adsorption. The results
indicate that y increases with chain length and chain flexibility. The increase in y with chain
length has been reported for pure chain-molecule fluid at the vapor-liquid coexistence'?*?4, and
is attributed to an increase in the cohesive energy of the liquid phase as chain length increases.
Chain flexibility, however, is found to decrease surface tension, for the relatively short chains
(N<5) studied in that work'?*, Although further simulation and theoretical work would be
necessary to extend these theoretical models to heterogenous interfaces involving chain

molecules, such a study is beyond the scope of this work.
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Figure 3.18 Interfacial tension (y) of different liquids as a function of solid-liquid interaction
strength (esr) at T=1.0. The monomer (black) represents a simple liquid. The red and blue chain

molecules represent inflexible and flexible polymers, respectively. While the factor of five
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difference in stiffness may not necessarily apply to PS and PE, we believe such a generalized
knowledge is valuable and can be applied when comparing many other polymers. The error bars,
which are smaller than the size of the symbols, arise from averaging over different choices of

area perturbation (AA*).

In this work, we investigate the relationship between polymer-solid interfacial energy and heat of
adsorption of small molecules onto solid surfaces. Our results, combining the experimental and
computational efforts, show that the wetting characteristics of molten polymers on solids is
highly correlated with the heat of adsorption of small gas molecules that bear structural similarity
to the repeat unit of the polymer. The trends uncovered in this work shed light on the relationship
between interactions of small hydrocarbon molecules and large macromolecules/polymers with
solid surfaces. These concepts will enable the prediction of interactions of polymers with various
surfaces via small molecule-based measurements and vice versa, which could be vital for
designing porous solids and/or polymers that have desirable interactions for applications in gas
separation membranes and polymer upcycling reactions. For example, the strength of
interactions between the polymer and solid support can potentially influence the conformation of
polymer chains or provide selective contact between a polymer and the surface, consequently
affecting the reactivity and selectivity of polymer upcycling reactions. Our work primarily
focused on a restricted set of polymer-surface pairs, with specific emphasis on non-polar
polymers. To gain a more comprehensive understanding of solid-polymer interactions, it is

crucial to conduct additional investigations exploring the influence of polar functional groups
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and varying molecular weights of polymers. These aspects present promising avenues for future

research.

78



CHAPTER 4. INVESTIGATING THE INCREASE
IN THE EFFECTIVE VISCOSITY OF
POLYETHYLENE UNDER EXTREME
NANOCONFINEMENT: DEVELOPING A
GENERALIZED FORMALISM TO UNDERSTAND
CONFINEMENT EFFECT ON TRANSLATIONAL

DYNAMICS OF POLYMERS

Reproduced from a manuscript accepted for publication on 12/12/2023 in the Journal of

Chemical Physics (Special topic: Polymer nanoconfinement):

Manuscript Number: JCP23-AR-POLY?2023-03872
Title: Increase in the Effective Viscosity of Polyethylene Under Extreme Nanoconfinement
Authors: Tian Ren, Zachary Hinton, Renjing Huang, Thomas H. Epps, 111, LaShanda Korley,

Raymond J. Gorte, and Daeyeon Lee
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4.1 Introduction

Understanding the dynamics of polymers in nanoscale pores is crucial for advancing polymer
upcycling reactions via heterogeneous catalysis. Polymer chains infiltrate catalyst pores that are
often smaller than the polymers themselves, initiating interactions with catalytic sites.!*® The
slow diffusion of polyethylene (PE) in the nanopores of catalysts has been shown to severely
limit their conversion into useful products.'?® Conversely, strategic confinement can be exploited
to engineer upcycling reactions for high-value-added products. The confinement of PE in
mesopores, for example, has been used to modulate the distribution of the products via
processive hydrogenolysis.8® Confinement of polymers in well-defined cylindrical mesopores

has also been shown to enhance the conversion of PE into high-valued liquid fuels.*?®

The dynamics of confined polymers also play a significant role in the fabrication of
nanocomposite films and membranes with extremely high nanoparticle (NP) fractions. Capillary
rise infiltration (CaRl) of polymers has emerged as a versatile method for producing
nanocomposites with extremely high fractions of NPs (> 50 vol%).264144.127 Confinement of
polymer chains in these nanocomposite films can dramatically enhance their fracture toughness?

and also can enhance the thermal stability of the polymer chains in these nanocomposites.>*

While it is well established that nanoscale confinement influences polymer transport, especially

when polymer chains are larger than the nanopores,**°4128.129 the literature offers contrasting
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observations on the specific nature of the impact on polymer dynamics. Some studies indicate
accelerated polymer motion under confinement. For example, studies using molecular dynamics
simulations and depth profiling using elastic recoil detection found enhanced polymer diffusion
along the axis of cylindrical pores in anodized aluminum oxide (AAO) membranes.**° Likewise,
polymers confined within layered clay materials and AAO pores exhibit higher mobility than
unconfined chains.*>! In contrast, other studies report slower polymer movement under
increased confinement. Reduced diffusivity of poly(butadiene) in AAO channels!3? and
decreased diffusion coefficients for deuterated poly(methyl methacrylate) (lPMMA) near the
solid-polymer interface have been observed.! Likewise, slower diffusion rates for deuterated

polystyrene (dPS) and dPMMA in crowded composites have been reported. 13413

These contrasting results indicate a complex relationship between nanopore confinement and
polymer dynamics, necessitating further exploration.32334450.136 Eyyrthermore, few studies have
focused on the impact of extreme nanoconfinement in which the radius of the pores (Rpore) iS
smaller than 10 nm, a size range particularly relevant for heterogeneous catalysis of polymers
and fabrication of highly loaded nanocomposites via CaRI. Moreover, few studies have
investigated the translational dynamics of polyethylene (PE), which is by far the most abundant
commodity polymer,*¥” partly due to challenges in creating sub-20 nm geometries and in situ
monitoring. The high crystallinity and low solubility of PE in common organic solvents at room
temperature also make it challenging to prepare samples to probe the extreme confinement effect

on the translational dynamics of PE.
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In this study, we explore the effects of extreme nanoconfinement on PE transport by using CaRl
in disordered spherical SiO> NP packings. By adjusting SiO2 NP sizes, we cover a broad range of
pore radii from approximately 1 to 9 nm, which represents confinement conditions seldom
explored. Using decalin as a high-boiling-point solvent, we prepare geometrically well-defined
samples and employ in situ ellipsometry for real-time monitoring. Our findings reveal an inverse
relationship between effective viscosity (1.77) and Rpore,3233#4128:130138 jrrespective of chemistry
of pore surface or polymer chain. These findings underscore the dominant role of physical
confinement on polymer dynamics. We refine an existing model to better account for extreme
nanoconfinement effects, offering a generalized framework for understanding polymer
translational dynamics. Our results have important implications for catalyst support design,

advancing polymer upcycling and nanocomposite fabrication.
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4.2 Experimental Section

4.2.1 Materials

Two samples of PE were purchased from Polymer Source Inc. The molecular weight and the
dispersity index (P) of each PE was characterized using high-temperature, gel permeation
chromatography (HT-GPC) and were found to have weight-average molecular weights (Mw) = 27
kg/mol and H = 1.17, and My = 50 kg/mol and D = 2.04, respectively. Detailed GPC
characterization results are in presented in the Supporting Material. Decalin, an equal mixture

of cis + trans decahydronaphthalene (anhydrous, >99%), was purchased from Sigma-Aldrich Inc.
PS was also purchased from Polymer Source Inc. with My = 88 kg/mol and = 1.1. The 61 nm-
diameter silica NP suspension was generously provided by Nissan Chemical, and the 7, 17, and
25 nm silica NP suspensions were purchased from Sigma-Aldrich Inc. The ALD precursor TiCls
(99%)was purchased from STREM Chemicals, Inc, while the precursor titanium isopropoxide

(TTIP) (97%) was purchased from Sigma-Aldrich Inc.

4.2.2 Preparation of Polymer and NP Layers

PE and NP thin films were separately prepared by spin-coating them onto 10 x 10 mm? silicon

wafer substrates. Prior to spin coating, the silicon wafers were heated at 170 °C for 2 min. A 2.2
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wt.% solution of PE with My = 50 kg/mol was prepared by stirring at 170 °C for 2 h and
subsequently spin-coating at 170 °C and 5,000 rpm to achieve a film thickness of 135 + 10 nm.
PE samples with My = 27 kg/mol were coated using the same technique. All PE films are dried
under ambient condition overnight. All NP films were spin-coated from aqueous suspensions to a
thickness of 223 + 8 nm with NPs of different sizes. Owing to their hydrophobic nature, the
polymer films were easily delaminated from the substrates and floated at a water-air interface.
These free-standing films were then placed onto the NP films to create a well-defined bilayer
structure, which was allowed to dry in ambient air overnight. This process, as previously

demonstrated in earlier work, 3 ensures the formation of a uniform bilayer structure.

4.2.3 Monitoring the Infiltration Dynamics of PE into SiO2 NP Layers via

Spectroscopic Ellipsometry

As discussed in a previous paper, polymer infiltration into the interstitial pores of NPs packings
were monitored using spectroscopic ellipsometry. * The bilayer was annealed using a Linkham
heating stage, which heats the sample at a rate of 30°C/min from 20°C to 120, 135, 150, 165, and
180°C. During this procedure, measurements of the refractive index as well as the thickness of

polymer-infiltrated region of the NP packing and thickness of the top polymer layer, facilitate the
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tracking of infiltration dynamics. ., under various confinement conditions was inferred based

on the infiltration data as described in more detail below.

4.2.4 Atomic Layer Deposition (ALD) on NP Layers

ALD was used to deposit TiO2 on spin-coated SiO. NP films, as previously reported in our
work. TiO, was selected for comparison with SiO, because PE interacts differently with these
two surfaces, as reported in our previous report. *® Titanium isopropoxide was chosen as the
precursor for films made of NPs with diameters of 7 nm, 17 nm, and 25 nm, and TiCls was used
for 61 nm-diameter SiO2 NP films. The reactor was initially purged with the precursor at 90 °C
for 60 s, followed by a 30 s evacuation. This purge and evacuation process was repeated thrice,
with the final evacuation lasting 90 s. During oxidation, the reactor was purged with saturated
water vapor (60 °C, ~12 vol%) to react at 150 °C for 150 s, followed by a 60 s evacuation. This
oxidation step was carried out five times to guarantee complete reactions, with the last
evacuation in the final oxidation lasting 90 s. Additional TiO2 ALD cycles could be conducted
based on the desired final deposition thickness. After the ALD process, the samples were

annealed at 500°C for an additional 10 min to ensure complete dehydration.
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4.3. Results

4.3.1 Effective Viscosity (nerr) of Polymers Infiltrating Spherical SiO2> NP

Packings based on the Lucas-Washburn Model

To study the effect of confinement on the dynamics of PE infiltration into nanopores, we prepare
a bilayer consisting of a 135 = 10 nm PE film on top of a 223 £ 8 nm thick SiO2 NP film as
schematically illustrated in Figure 4.1. The bilayer is subsequently heated at a temperature higher
than the melting point of PE to induce CaRlI of PE into the interstices of the SiO> NP film.
Previous studies have evaluated the extent of polymer infiltration in the interstitial spaces
between NPs by measuring the refractive index changes upon CaRl using ellipsometry. 273041 |n
the limit of the resolution that ellipsometry provides, polymers fully fill the interstitial voids in
the NP packings. 2*%#! Previous studies have shown that the average pore size of the random
close packings of spherical particles is approximately 30% of the particle size, an estimation that
has been confirmed in recent work using an ellipsometry porosimeter for SiO2 NP films.*?” Table
4.1 summarizes Rpore 0f NP packings based on the size of SiO2 NPs as random packing used in
this study.®® All of the NPs used in this work are spherical in shape. The interstitial pores in these
NP packings are interconnected, and thus polymer can infiltrate throughout the entire packing.
The shape and size distribution of the interstitial pores have been characterized computationally

in a previous publication.*®
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Figure 4.1 Schematic illustration of PE infiltration into random packing of spherical SiO> NPs.

PE is induced to undergo CaRl by heating the bilayer at temperatures above its melting point.
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Table 4.1 Average pore radius (Rpore = 0.289 X Ryp) of NP packing as a function of NP

radius.>6140

Average NP radius Average pore radius
(Rnp)/nm (Rpore)/nm
3.5+0.6 1.0+0.2
8.5+1.2 2.4+0.3
12.5+2.1 3.6x0.6
30.5+6.0 8.81+1.7

The degree of confinement as defined by the ratio of the radius of gyration (Rg) of PE in its
molten state to Rpore Can be readily adjusted by changing the size of NP or the molecular weight
of PE. In this study, by using SiO> NPs ranging between 3.5 and 30 nm in radius and two PEs
with weight average molecular weight (My) = 27 kDa and 50 kDa, we vary the confinement ratio

Rg

(r=

) from 0.92 to 11.0.

pore
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The molecular weight distributions of the polyethylene (PE) samples are determined using HT -
GPC (Tosoh HLC-8312GPC/HT). Samples are prepared at 2 mg/mL in mobile phase (1,2,4-
trichlorobenzene, HPLC grade, with 500 ppm butylated hydroxytoluene added), and 0.3 mL
injections are eluted for 80 min at 140 °C and 0.8 mL/min. Three columns in series (two TSKgel
GMHHR-H(20)HT and one TSKgel G2000HHR (20)HT) are utilized in conjunction with a
refractive index detector. Molar masses are determined using a calibration curve constructed
from runs of nine narrow PS standards (between 6x10? and 2x10° g/mol) and, for PE, corrected
for differences in intrinsic viscosity via the Mark-Houwink relationship.*! The molecular weight
averages, the number-average molecular weight (M) and weight-average molecular weight (Mw)
are calculated by integrating the obtained distributions, and dispersity () of the polymer
samples is determined as the ratio of My to M. The HT-GPC results, presented in Figure 4.2 and
Table 4.2, reveal a multimodal distribution in the case of the 50 kDa PE likely due to chain
scission during the manufacturing process (i.e., hydrogenation of polybutadiene). In our study,

the measured My, values are primarily used to quantify the bulk viscosity of the samples.
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Figure 4.2 The molecular weight distribution of two PEs is characterized using HT-GPC.

Table 4.2 The measured molecular weight characteristics for the PEs used in this work.

PE Mn (kg/mol) My (kg/mol) D
27 kDa 23.3 27.3 1.17
50 kDa 24.5 50.0 2.04

Building upon recent work,*® we deduce the infiltration time from the changes observed in the
refractive index of the NP film. The dynamic ellipsometry data for amplitude (¥) and phase

difference (A) are fitted using a two-layer Cauchy model, allowing us to obtain the refractive index
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of the polymer-infiltrated NP layer. By analyzing the initial and final states and evaluating the
refractive index changes, the time (t) to fully infiltrate the NP film can be determined. Additionally,
the infiltrated thickness (h) can be obtained by using a three-layer Cauchy model, which results in

an infiltration time (t) that is consistent with the one based on the refractive index tracking.

Subsequently, n. ¢ of PE is calculated based on the Lucas-Washburn model for liquid

infiltration, as shown in Eq (22):

2 _ YPE'Rpore Np'€OSO 41,76
R

wherein the surface tension of PE, ypg, is calculated based on the prior results at different
temperatures from 120 to 165 °C. °** The contact angle (6 in Eq (22)) of PE on silica is taken as

21°3n, 7r under confinement is calculated by using the time it takes to fully infiltrate the NP film
(i.e., infiltration time). Alternatively, 7.5 can be inferred from the raw data by plotting h? as a

function of time as shown in Figure 4.3. 71,5 can be calculated from the slope of such a plot

(VPE'Rpore,NP "cos6

pEc ); these two methods yield essentially the same values for 7,¢. The extensional

viscosity of the polymer could potentially influence the transport of polymers through the porous
network in these NP packings. Any impact of extensional viscosity as well as the distribution in

the pore size within the NP packings would be lumped into 7.
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Figure 4.3 Representative data showing the square of PE infiltrated thickness (h?) as a function

of time into a SiO2 61 nm-NP packing.

By using NP films as the model porous media, we change Rpore from 1.0 to 8.8 nm. We

investigate the impact of Rpore ON 77, OF PE at different temperatures. A temperature increase of
about 15 °C decreases 7,7, by a factor of 10%% across all pore radii. More importantly, our data
reveal that the n. ., of PE with My = 50 kDa exhibits an inverse relationship with Rpore. This
trend is clearly illustrated in the log-log plot shown in Figure 4.4, where a slope of -1 indicates
the inverse proportionality. To probe the effect of Mw on the observed trend, we determine the
Nerr Of PE with My = 27 kDa at 150 °C, which also exhibits the same inverse relationship as
shown in Figure 4.4 (b). To the best of our knowledge, this finding is the first report describing

such a scaling relationship between 7, of PE and Rpore in highly confined systems.*
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Figure 4.4 (a) n.rr of 50 kDa PE as a function of R, at different temperatures and (b) n.¢f

of 27 kDa PE as a function of R, at 150 °C.
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Figure 4.5 7., of PE at 150 °C as a function of R,,,,.. before and after TiO, modification using

ALD. The contact angle of PS on TiO; is taken to be 85° based on our prior work.

To study how the surface chemistry of the pore may impact the relationship between 7., and
Rpore, We measure the 7,4 of PE in TiO2-coated nanopores. Our previous work has shown that
PE’s interaction with SiOz is much stronger than that with TiO; as represented by interfacial
energy. The interfacial energy between PE and SiO; and between PE and TiO> are 42.7 and 68.3
mJ/m? 3°, respectively, indicating that PE has more favorable interactions with SiO, than with
TiO,. SiO2 NP films are modified with a 0.4 nm thick TiO2 coating prepared via ALD. This
thickness ensures that the TiO2 completely covers the surface of SiO2 NPs while the structure
and the size of the pores are minimally impacted. As illustrated in Figure 4.5, the 1. of PE in

both cases overlap, indicating that surface composition or surface-polymer interactions have little

impact on the dependence of n.sr 0N Ry,pc.-
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To test whether this inverse relationship between 7,¢¢ and Ry, also applies to other polymers,
we examine the 7, ¢, of confined polystyrene (PS, Mw = 88 kDa), a widely studied amorphous
commodity polymer, infiltrating SiO2 NP films. We find that both PE and PS show the same
relationship with a slope of -1 between n,¢ and R,,. As shown in Figure 4.6. These results

highlight the potential universality of this inverse relationship.
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Figure 4.6 . n.¢¢ of PE and PS as a function of R,,,,.. measured at 150 °C.

4.4. Discussion

Our results convincingly show that n. ¢ of both PE and PS is inversely proportional to Ryore for

polymers that are infiltrating the interstitial pores in the random packings of NPs. To understand
this inverse proportionality, we use the modeling approach proposed in Ref 32, which provides a

relationship between the ratio of n, ¢ to bulk viscosity (17,) and R
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Mo Rpore 3<NRporeZ Rpore

wherein N is the number of Kuhn segments, N, is the entanglement segment number, and « is the
exponent chosen to be 1.5; R, is the effective pore radius while AR is the thickness of adsorbed
layer of polymer on the pore surface (i.e., Resr = Rpore — AR); b is the Kuhn monomer length; ¢
is the friction constant for a single Kuhn segment; ¢ is fraction of polymeric chains that are
undergoing reptation and is regarded as 1 in our system because both of the PE samples used in
this study are entangled (i.e., M,, > M. (entanglement molecular weight)). The M, for PE, PS, and

PEO are 1k, 17k, and 2kDa respectively.”

This generalized model was developed to describe the 1.5 of confined polymers undergoing
CaRlI in a cylindrical pore by calculating the translational velocity of a polymer chain along the
reptation tube under a pressure gradient that is produced by capillary forces. Based on 7nsfof
poly(ethylene oxide) (PEO) undergoing capillary rise in AAO, this model showed a qualitative
agreement with experimental results when R,,,, was varied from 12.5 nm to 200 nm, and the
molecular weight was varied between 50 kDa and 1 MDa. The first term inside the bracket
accounts for the influence of adsorbed polymer chains on the pore surface. These chains effectively
reduce Rpore to an effective radius (R.p), thereby creating a "dead zone" within the pore. The second
term represents the reptation of free polymer chains, driven by a pressure gradient within the
polymer melt. In scenarios where R0 is significantly larger than 4R, the first term becomes
dominant, leading to an increase in normalized effective viscosity. Conversely, when Rpore < Rg,
the second term gains prominence, resulting in a reduction of the normalized effective viscosity.
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However, the expected trends based on this model (dashed lines in Figure 4.7), do not agree well
with our experimental results as shown as in Figure 4.7. While our data indicate that

nesrincreases with decreasing pore radius, the model predicts the opposite trend. Upon close
inspection, the data presented in Ref 32 and 142 also show that the 7., increases when the pore

radius becomes smaller than 17.5 nm.32142 Another recent study*® has reported that the time for
infiltration of PS into mesoporous silica increases when Ryore decreased from 2.4 to 1.7 nm;

however, no quantitative relationship between Ryore and 1., Was presented.
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Figure 4.7.1.¢¢/n, of PE and PS based on global fitting using Eq(23).

The inverse scaling between n,r and Rypore hints at a possible refinement to Eq(23), particularly
the second term on the right hand side.3? In its original derivation, the cross-section of the
reptation tube was chosen as the cross-section of the moving path of a polymer chain, which
would be a reasonable choice for entangled polymers that are not highly confined. However, for

a highly confined chain (i.e., Rg < Rpore) the conformation of the chain and its entanglement

97



length are likely to be influenced by Rpore.13%14414° Alternatively, we choose the cross-sectional
area of the pore (Rpore2) as the cross-section area of the moving path of the chain. Moreover, we
consider the effect of extreme confinement on ¢, the dimension of the chain along the moving
direction <Ry> and the primitive path contour length of the polymer chain (L) (see Supporting
Information for detailed derivation). These refinements to the second term of Eq(23) yield the
following equation for the normalized effective viscosity:

Ne 3\/6{0N ’0_0'5 1
L = —20 . —— when Ry > Rpore (24)
Mo 32¢t“'Rpore B'N™

wherein {y and N, are the friction coefficient and the number of entanglement segments for bulk
polymer, respectively, and B is a prefix indicating the dependence of 1, on the number of
segments, following 79 = B-N°*. Eq (24) provides the scaling relationship between Ry, and 7, Ff
observed in our work. Moreover, the normalized viscosity of PEO confined in pores smaller than

20 nm in Ref 32 and 142 show good agreement with the -1 scaling as shown in Figure 4.8.
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Figure 4.8 7¢ss/Mo of PE (experimental results from the current work) and PEO (from Ref 32)

obtained experimentally and predicted based on the refined model as a log-log plot. The dotted

curves are based on Eq (36) and Eq (37) which are derived in the following paragraphs.

We refine the generalized theory proposed by Ref 32 to better understand the impact of pore size
on polymer infiltration. Here, we summarize the derivation of the original model and then
discuss modifications we introduce. The theory aims to describe how pore size influences the
ratio of effective viscosity to bulk viscosity as given by Eq(25):

Reif - l(M)4 + qbwl_l: [(1 -ty ¢m]_l (25)

Mo Rpore 3{NR? R 3{NR?

The first term inside the bracket accounts for the influence of adsorbed polymer chains on the pore
surface. These chains effectively reduce the pore radius (Rpore) to an effective radius (Reff), thereby
creating a "dead zone" within the pore. The second term represents the reptation of free polymer
chains, driven by a pressure gradient within a network. For scenarios in which the pore size (Rpore)
is significantly larger than the dead zone (4R), the first term becomes dominant, leading to an

increase in normalized effective viscosity. Conversely, when Rpore < 4R, the second term gains

prominence, resulting in a reduction of the normalized effective viscosity.

In our current study, we focus on a range of pore sizes (Rpore = 1 — 9 nm) that predominantly fall
within the regime wherein the second term in Eq S1 is the dominant factor. Accordingly, we

refine the derivation of this term, accounting for the effects of extreme nanoconfinement. The
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motion of a polymer chain along the direction of the pressure gradient can be described as

follows:

[—p(x + R) + p(0)] - 12 = —I2R, 2 (26)

X ox

in which 12 is the cross-section of the moving path, and R,, is the x-component end-to-end vector.

Figure 4.9 Schematic representation of the reptation motion of a polymer chain under a pressure

gradient reproduced from Ref 32.

As illustrated in Figure 4.9, the velocity of a polymer chain along its reptation tube under a
pressure gradient®?, v, and the friction of the free chain, N{v, (wherein { is friction coefficient),

is related to the number of segments, N. Balancing the pressure gradient and frictional force

results in:

N¢v, = —I?R, 2 27)

* ox

and thus, v can be expressed as:
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12 op

v, = —
¢ N X ox

(28)

The average velocity of the center of mass of the polymer chain, denoted as vy, is related to the

entanglement length, N,:

- @D e

By averaging the pressure gradient along the entire polymer melt (i.e., — Z—Z = Zfﬂ), the speed
pore
of capillary filling can be expressed by
dh _ _ lzﬂ 2y cos (8)
dt - (p<vg) =@ 3(N thore (30)

wherein @ represents the fraction of polymer chains involved in the reptation process. The choice
of the cross-sectional area [ is not trivial. The diameter of the reptation tube was chosen as the

cross-section, denoted as (12 = a?), resulting in,

dh N.15b3 2y cos (8)
—=¢ (31)

dt 3N hRpore

The exponent for Ne can also be 1 if a different expression for the cross-section is used.'#°

Defining the effective viscosity (7ef) as

dh __ ycos (O)Rpore _ ® Rporezb3 2y cos (6) (32)
dat 4nesrh 8MNefr hRpore .
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The ratio of the effective viscosity to the bulk viscosity (";i) can be expressed as
0

neff _ 8Nel.5b3n0 1 33
Mo ( 3<NRporeZ) ' ( )

As highlighted in Figure 4.7, our experimental results starkly contradict the predictions of this
model. We believe that this discrepancy arises from the extreme nanoconfinement conditions;
the pore radius (Rpore) is smaller than the Rq of the polymer. This level of confinement contrasts
with the conditions in References 2 and 2, for which Ry is either comparable to or larger than
Rpore. Under extreme nanoconfinement, the translational motion of a polymer chain is not only
constrained by interactions with other chains but is also significantly influenced by the physical

boundaries, i.e., the pore surface.

To address this, we refine the model to account for the potential impact of extreme
nanoconfinement on certain parameters. We adopt Rpore? instead of aas 12. Furthermore, under

extreme confinement conditions, ¢ is known to depend on the size of the confining pore,
-2
following {~ Ry, 3 .1 The primitive path contour length of the chain under biaxial

2
confinement (L) also exhibits a similar dependency on the pore radius, given by L ~ Ry, 3.1%
Another parameter likely influenced by confinement is the x-component of the end-to-end
distance ((sz)). This dependency is inferred from simulations results in Ref 130, which

explored the effects of cylindrical biaxial confinement on the chain dimension along the long

1
axis of the pore. The relationship is given as (R,*) ~ Ryore 3.2
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Incorporating these four parameters to account for the extreme nanoconfinement conditions that
a polymer chain would experience during translation motion under a pressure gradient,’® the

second term in EQq(25) can be reformulated as follows:

- 3\/6'<0N1'5'Ne,0_0'5
Nefr =

(34)

3272 Rpore

wherein {o and Ne are the friction coefficient and the number segments in an entanglement strand
for bulk polymer, respectively. This refined model suggests that the effective viscosity is inversely

proportional to Rpore, Which aligns well with our experimental findings.

Interestingly, if we maintain Rg2as 1% in Eq(30), even in the unconfined case (i.e., Rpore > Ry),
Eq (23) in the main text can be reformulated as follows:

-1

4
”ﬂ:l(1— AR) +_—_2ob T p. N3 (35)

Mo Rpore 9'Ne_0'5'<'Rpore

for which B is a prefix indicating the dependence of bulk viscosity on the number of segments,
following 7o = B-N3#. The reformulated Eq (35) shows improved agreement with the experimental
results presented in Ref 32, compared to the original generalized equation, as shown in Figure 5

in the main text.
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By incorporating these refinements into Eq (23), we offer a generalized formalism that
describes the non-monotonic variation in normalized effective viscosity using the following two

equations:

Neff _ 3V6:{oNeo™® 1
Mo 32(PT2'Rpore B-N19’

Rpore < Rg (36)

4 .h34+2 -1
le(1— AR) + P ——B-N3*|  Rye 2R, (37)
‘Ne

-0.5 2
Rpore 'f'Rpore

These two equations offer a new perspective on how the effective viscosity of an entangled

polymer varies with pore radius as qualitatively illustrated in the Highlight image.

These results suggest that the dependence of the normalized effective viscosity of polymer
undergoing translational motion due to a capillary pressure gradient has at least three different

regimes:

These results suggest that the dependence of the normalized effective viscosity of polymer
undergoing translational motion due to a capillary pressure gradient has at least three different

regimes:
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1) a slight increase when the pore is not too small (Rpore > ~ 150 nm, or Rpore/Re >> 1) due to the
so-called dead-zone effect, which effectively decreases R0, as summarized by the first term in

Eq (23);

2) a decrease at an intermediate Rpore range (Rpore =~ 20 —~150 nm, or 1 < Rpore/Re <~ 10) due
to the confinement enhanced mobility of reptating chains, which is expressed by the second term

in Eq (23) and

3) a dramatic increase at high degrees of confinement when Rpore <~ 20 nm, or Rpore/Re < 1 (Eq

(24)).

N1.5

Additionally, Eq (24) predicts that n,¢¢ ~ . The dependence of n.¢, on the chain length

Rpore

(Mess ~N'?) is indeed consistent with the trends observed in prior studies although validating

this dependence is not the focus of our current study.>“® While the agreement between the
experimental results and Eq (24) is remarkably good when Rq < Rpore as shown in Figure 4.8, the

dependence of n,¢r on Rpore Clearly warrants further investigation. We believe more detailed

computational and theoretical modeling efforts will be necessary to fully understand the

molecular origin of the observed trend.

4.5. Conclusions
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In this study, we explore the influence of sub-20 nm confinement on . of PE undergoing
CaRlI into random packings of SiO, NPs. We use the Lucas-Washburn model to determine
nesrOf the confined polymer undergoing CaRlI. Our findings reveal an inverse relationship
between 7, rand Rpore. This inverse proportionality holds true not only for PE infiltrating TiO>-
coated NP packings but also for PS infiltrating SiO, NP packings. These results suggest that
physical confinement rather than surface composition and surface-polymer interactions has the
dominant impact on the dependence of 1. +r on Rpore. We adopt and refine a previous theory to
model the dependence of 7.+ 0n Rpore. This new generalized formalism provides an insight into
the non-monotonic changes in 7, ¢¢0f confined polymer as Rpore is reduced. The molecular scale
mechanism responsible for the inverse scaling relationship when Ryore is smaller than the radius
of gyration of the polymer requires future investigation. Our research makes important
contributions to our understanding of polymer dynamics in confined environments and provides
crucial insights into the impact of Rpore and surface chemistry on 7., of infiltrating polymers.
These findings have far-reaching implications for various applications involving polymer
upcycling reactions utilizing heterogeneous catalysts and the fabrication of polymer

nanocomposites via CaRl.
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CHAPTER 5. ELUCIDATING THE DECREASE OF

MELTING POINT FOR POLYETHYLENE UNDER

EXTREME NANOCONFINEMENT

5.1. Introduction

Many widely used commodity polymers as well as specialty polymers such as conducting
polymers are semi-crystalline. The arrangement of repeat units in these polymers exhibits a high
degree of regularity, enabling the formation of crystalline domains despite their long-chain
architecture. Semi-crystalline polymers generally offer enhanced mechanical strength,
exceptional resistance to degradation, and superior barrier properties relative to their amorphous
counterparts, which can be attributed to the tightly packed chains within the crystalline regions.
Unlike small molecules that can achieve 100% crystallinity, polymers seldom reach full
crystallinity due to challenges like chain entanglement, structural irregularities, and steric
hindrance. These limitations result in materials comprising both crystalline and amorphous
domains. The melting of semi-crystalline polymers induces a phase transition, changing the
polymer chains from an ordered lattice structure to a disordered, amorphous state. This transition
dramatically alters key physical characteristics, including permeability, mechanical strength, and
transport properties; thus it is critical to understand how different factors would affect the

melting and formation of these crystalline domains.
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Confinement of polymers is known to induce fundamental changes to their properties and
behavior. For example, the glass transition temperature (Tg), an important thermal transition in
glassy polymers, is affected significantly by physical confinement. Both increases and decreases
in T4 have been reported depending on the geometry and surface chemistry of confining
boundaries. Confinement has also shown to dramatically change the translational dynamics of
polymers significantly from their bulk state; again, both increases and decreases in dynamics in
confined polymers have been reported. The critical temperature for the miscibility of polymer

blends also shifts upward or downward under extreme nanoconfinement.

Several studies have reported a decrease in the melting (Tm) and crystallization (Tc) temperature
when polymers are confined within small pores. For example, both the crystallinity and Tr, are
decreased substantially when PE is confined to cylindrical pores of anodized aluminum oxide
(AAO) membranes. The trend suggests that the decline in the melting point is minimal when the
pore size is reduced to less than 50 nm.#"~5! The decrease in the crystallinity of confined PE
was attributed to the constraints in chain motion and nucleation due to confinement-induced
changes in the chain conformation. In addition to physical confinement, the importance of
interfacial effects on the T of confined semi-crystalline polymers such as PE has also been
reported. For example, Tr of a thin PE film decreases with decreasing thickness below 72 nm

and the extent of this reduction depends on the strength of interactions between the polymer and
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the substrate; stronger interactions result in more significant depression of Tm.1°2 Despite these
advances in investigating the influence of physical confinement on Tm of PE, most of these
studies have focused mainly on physical confinement of 20 nm or larger.2*~5! The limitation in
the length scale of confinement is likely due to the difficulty in confining PE into sub-20 nm
pores.14"~1%3 This length is of particular importance as the size of a single crystalline lamellae of

PE is reported to be ~ 11 nm, 137154

In this work, we investigate the effect of extreme nanoconfinement (< 20 nm) on the melting
point of polyethylene. Utilizing capillary rise infiltration, we confine PE into the interstices of
randomly packed SiO2 nanoparticle (NP)s. By controlling the size of NPs, the size of the
confining pores is varied from 2 to 18 nm of diameter. The effect of surface chemistry is also
explored by coating SiO2 NP with sub-1 nm TiO2 and CaCOs using atomic layer deposition. Our
in-situ spectroscopic ellipsometry results revealed two key insights: First, as the pore size
diminishes, the melting transition of PE correspondingly decreases; second, this suppression in
melting point plateaus when the pore diameter is below ~8 nm. This overall trend is unaffected
by the surface chemistry of the pores, indicating the dominating influence of physical
confinement on melting transition. The results in the depression of Tm show a strong correlation

with the decrease in the crystallinity of PE in the random packings of NP.
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5.2 Experimental Section & Method

5.2.1 Materials

The commercial PEs are purchased from Polymer Source Inc.: #P2861-E with a measured
Mw=50,000 and PDI=2.01, and #P1984-E with a measured M2=27,000 and PDI=1.17 by high-
temperature gel permeation chromatography (HT-GPC). The low-density polyethylene (LDPE)

of low density, melt index 25 g/10 min (190°C/2.16kg) is purchased from Sigma Aldrich Inc.

The solvent decalin is decahydronaphthalene, a mixture of cis + trans, and is purchased from

Sigma-Aldrich.

The SM, HS, and TM-50 silica NP suspension are purchased from Sigma-Aldrich Inc.

The ST-YL silica (SiOz) suspension is given by Nissan Chemical.

In the ALD system, all the precursors are purchased from STREM Chemicals, Inc including bis

(2,2,6,6-tetramethyl-3,5-heptanedionato), calcium (Ca(TMHD)2), and titanium chloride (TiCla).

5.2.2 Preparation of the Polymer and NP Layer

In this research, the PE solution is made at 2.2 wt % with decalin and stirred for 2 hours at
170°C. The silicon wafer is cut into 10 X 10 mm? substrates and annealed at 170°C for 2

minutes. Then a PE film of 115 + 7nm is spin-coated onto the 170°C substrates.
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All the NP films are spin coated at 223 + 8nm, and then some of them are deposited with TiO:
and CaCOs. The polymer films are peeled off and floated on the water-air interface because of
hydrophobicity. Then the free-standing polymer films are loaded onto the ALD-treated NP. This
process can give a well-defined bilayer structure and be dried naturally overnight, which has

been demonstrated in our previous paper.*

5.2.3 Atomic Layer Deposition on NP Layer

The ALD method deposits TiO2, and CaCO3 onto both spin-coated NP films and NP pellets as
our previous paper showed®. In that system, the ALD growth rate is calculated by the weight
gain of the pellets and confirmed the same by calculation with the refractive index change of the

thin films under an ellipsometer.

5.2.4 Estimation of Melting Points via Spectroscopic Ellipsometer

Capillary rise infiltrations are observed via our ellipsometry as our previous paper discussed. 38
The bilayer is annealed with a Linkham heating plate at a rate of 30°C /min from 20°C to 150°C.
Then, extra cooling at 10°C /min to 30°C is added after the infiltration is finished. Another
annealing at 30°C /min to 150°C and cooling at 10°C /min to 30°C are added for 2 cycles.
During this process, both the refractive index of the nanocomposite layer and the thickness of the

polymer layer can help to analyze and determine the melting point. **°
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5.2.5 XRD

The crystalline size of the bulk polymer is checked by Rigaku MiniFlex 600 XRD at the
University of Pennsylvania.>>% The 2% hot solution in decalin is prepared at 170C and drop-
coated on the silicon holder. All the coated samples are dried at 170°C for 1 hour. The diffraction

angle ranges from 10 to 90 degrees with a scanning rate of 20 degrees per minute.

LDPE-infiltrated NP pellets are also characterized using XRD. NP and LDPE pellets are
compressed into pellet form using pelletizers, utilizing 0.2g of the respective powders. The
LDPE pellet is placed on top of the NP pellets, annealed to 200°C, and the infiltration is
completed within 2 hours. For XRD of LDPE-infiltrated NP pellets, the infiltrated section is
excised, ground into powders using a crucible, affixed to a substrate using a ceramic adhesive,
and subsequently analyzed by XRD. The only NP samples and bilayers are directly subjected to

XRD analysis.

5.3 Results and Discussion

We study the effect of confinement on the melting point of PE by infiltrating the polymer into
the interstices of randomly packed NP film as illustrated in Figure 5.1. The average of pore size
of such a packing is approximately 30% of the pore size; thus, the extent of confinement can be
readily changed by varying the size of NPs. Moreover, the polymer can be confined to pores that

are smaller than 20 nm, a range that has not been explored extensively in prior studies. A bilayer
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of PE and SiO2 NPs is produced by spin coating and loading (see experimental section). The
average size of NPs and the pore size of random packings of SiO> NPs are summarized in Table
5.1. Linear PEs of two different molecular weights (weight average molecular weight (Mw) = 27

kDa and 50 kDa) and commercial low-density polyethylene (LDPE) are used.
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(a) Spin coating of NP layer
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(b) Loading of spin-coated
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Figure 5.1 Schematic illustration of sample preparation for melting point characterization.

Table 5.1 Average pore size (Dyore) based on the random packing of SiO, NPs.%®
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D of NP(nm) Dypore(nm)

7 2.0
17 4.9
25 7.2
61 17.6

To determine the melting point of PE confined in these random packings of SiO2 NPs, we
monitor the changes in the refractive index of the PE-infiltrated PE packings using spectroscopic
ellipsometry. Spectroscopic ellipsometry has previously been used to determine the melting
temperature of various materials including indium, zinc and water with high accuracy.’
Ellipsometry also has been used to detect the shift in the glass transition of amorphous
polymers.>*"8 Thus we test the possibility of using spectroscopic ellipsometry to detect the
temperatures of crystallization and melting for PE. As shown in Figure 5.2 (a), abrupt changes in
the refractive index of the PE-filled NP packing is observed during cooling and heating. The

115+7nm-thin film of PE has a melting point (Tm) of 112°C and crystallization point (T¢) of
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99°C based on these thermograms.*%1%¢ A heating and cooling temperature scan of a neat SiO;

NP packing does not show any abrupt transitions as expected.

We subject a PE-filled ~223-nm SiO2 NP packing to a heating and cooling cycle to determine Tm

and T.. The refractive index decreases as the temperature is increased and exhibits an abrupt

change in the slope at 87°C indicating melting of the PE crystalline domains as shown in Figure

5.2 (b). Likewise, an abrupt change, due to crystallization of PE in the NP packing, is observed at

83°C in the cooling process. The same method based on a temperature scan of PE-filled NP

packing is performed for NPs of different sizes to determine Tm and T¢ of PE under confinement.
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Figure 5.2 The melting curves of refractive index for 50k PE & (a)7nm, (b)17nm, (c)25nm, and

We also study the effect of surface chemistry by modifying the surface of the NP packings with
sub-1 nm layer of TiO2 and CaCOz using atomic layer deposition (ALD). ALD is a particularly
well-suited method for this study, as the method allows for deposition of ultra-thin layers without

changing the structure of porous materials. We have recently shown that sub-1 nm ALD layers
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on the surface of NPs can dramatically change the interactions between polymers and NPs. We
modify random packings of silica NP with TiO, and CaCOs using ALD. Our results show that
PE has because of their various interactions with PE. *® As our previous chapter shows, the
material growth rate is linearly fitted for both pellets from weight gain and thin films from the
refractive index. The coating thickness is designed to gain one monolayer coverage which is 0.35
nm for TiO2® and 0.40 nm for CaCOs%®. The growth rate of the ALD layers is not affected by the

size of NPs.

The melting curves for ALD-treated 25nm-NP films with 50kg/mol PE are shown in Figure 5.3.
The Figure 5.3 (a) and Figure 5.3 (b) show the melting and crystalline points of PE inside TiO»-
ALD and CaCOs-ALD 25nm-NP nanocomposite, respectively. The observed melting
characteristics are notably similar to those in silica NP, suggesting that surface chemistry

modifications do not significantly impact these properties.
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Figure 5.3 The melting curves of refractive index for 50k PE & 25nm (a)TiO2-ALD, (b) CaCOs-

ALD 25nm-NP nanocomposite in cooling &heating cycling.

The depressions in Tr and T are plotted against 1 over the pore size (1/D) for different
combinations of PE and NPs as shown in Figure 5.4. The melting point decrease is linearly
proportional to 1/D when 1/D is less than 0.16 and 0.10 for Tm and T respectively. This trend is
because of the decreased crystalline domain size in the decreased pore sizes, which has been
observed in lower 1/D situations. 37 After 1/D reaches the turning point at ~6 and 10nm for T,
and T respectively, the decrease saturates to a value of 22°C for Tr and 16°C for T, because of
the smaller pore sizes in comparison to the minimum crystalline size, lamellar size. The new
observation of the initial rise and subsequent plateau is a unique contribution to the

understanding of polymer behavior under confinement.
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Figure 5.4 (a) -ATm, (b) -ATc of PE in different NP nanocomposite vs 1/Pore diameter.

For different solid surfaces, the decrease of melting points shows the same trend for various PEs

including commercial linear ones and low-density polyethylene(LDPE), indicating that the
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surface chemistry doesn’t affect the melting point nor the crystallinity of polyethylene, even

though PE demonstrates different interfacial energies on SiO2, TiO2, and CaCOs. *°

Prior studies have shown that various characterizations including diffraction, scattering, nuclear

magnetic resonance, and electron microscopy can characterize PE crystalline structure but XRD

is particularly effective for crystal forms due to its precision in distinguishing crystalline
arrangements. 147155159-184Thys we perform XRD to probe the size of crystals in PE. As shown in
Figure 5.5, the XRD profile of unconfined 50k-PE, 27k-PE, and LDPE show the characteristic
peaks at 21.2° and 23.1°, which are indicative of the (110) and (200) planes, representing crystal
transitions including the pseudo-hexagonal and the orthorhombic crystal structures.®° In
accordance with the Scherrer equation, the analysis of the experimental data reveals crystal sizes
of 18 nm and 11 nm shown in Table 5.2. The crystalline lamellar size (L) is 11nm?*®2 for 27 and

50kg/mol, and LDPE which is confirmed by the same trend with the PE of different Mw.
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Figure 5.5 XRD of different Pes.

Table 5.2 Analysis of XRD.**

PE Sample 20 D/ nm
21.57 16.70+0.07
50kg/mol PE
23.76 10.03+0.09
21.58 17.04+0.16
27kg/mol PE
23.81 11.19+0.27
21.68 18.01+0.15
LDPE
23.92 11.88+0.17

To enable reliable XRD of confined PE, we increase the amount of infiltrated PE by inducing
infiltration of LDPE into macroscopic pelletized NP packing. LDPE in the 7 and 25nm NP
packings with a pore size of 2 and 8nm does not show a clear crystalline peak, whereas the 61nm
NP packings with a pore size of 18nm show a crystalline peak at 21° of PE as shown in Figure
5.6. Crystalline peaks are observed for LDPE in the 61 nm packing; however, their intensity is
substantially reduced compared to those from the bulk LDPE as shown in Figure 5.6. These
results indicate that the PE loses the crystalline structure when the pore size is smaller than the

crystalline size.
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Figure 5.6 XRD of LDPE, LDPE atop NP bilayer, and LDPE infiltrated NP packing.

5.4. Conclusions

We have demonstrated that the melting and crystallization temperature of PE is strongly affected
by confinement and that this effect saturates when the pore size becomes equivalent to the size of
PE crystals in bulk. The change of melting point in the confined system can be observed with an

ellipsometer with annealing and cooling cycles. When the pore size is larger than the lamellar

124



size, the change of melting point increases because the crystalline domain size is decreased in
more confined pores in a linear fitting. When the pore size is smaller than the minimum
crystalline domain size as the lamellar size, the change of the melting point leads to a saturation

value of 22C while the crystalline point leads to a saturation of 16C.

As pore size reduces to the scale of PE's lamellar size, there's a pronounced alteration in the
crystalline domain structure due to spatial confinement. When pore sizes decrease to the scale of
PE’s lamellar size, significant changes occur in the crystalline domain structure under
confinement. This results in a linear decrease in melting points within larger pores, indicative of
diminishing crystalline domain sizes. However, when pores are smaller than PE's lamellar size, a
threshold is reached where further size reduction doesn't significantly affect the crystallinity.
Here, the melting point stabilizes as a limit to the influence of confinement on the crystalline
structure of PE. This behavior can motivate deeper insight into the complex relationship between

polymer crystallinity and the confinement effect.
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CHAPTER 6. SUMMARY AND OUTLOOK

6.1 Summary

This thesis has comprehensively explored the polymer-solid interactions and the the effective
polymer properties change including melting point and crystalline point under extreme

nanoconfinement.

The chapter 2 talks about the Interactions between Polymer melt and Porous Solids.
Understanding and modulating the interactions between molten polymers and porous solids is
important for numerous processes and phenomena including catalytic conversion of polymers
and fabrication of nanocomposites and nanostructured materials. Although changing the surface
composition of pores would enable modulation of interactions between polymer and nanoporous
solids, it is challenging to achieve such a control without inducing significant changes to the size
and structure of nanopores. In this work, we demonstrate that the interactions between molten
polystyrene (PS) and disordered packings of SiO2 nanoparticles (NPs) can be modulated by
changing the surface composition of the NPs using atomic layer deposition (ALD). A disordered
packing of silica NPs is modified with varying surface coverages of TiO2, WO3 and CaCQO3, with
coverages estimated by the mass gain and the refractive index change of NP packings. Based on
the time required to fully infiltrate these ALD-modified NP packings via capillarity, the contact
angles for PS on different surfaces prepared via ALD are determined. The contact angle
gradually changes from that of pure SiO- to that of the fully covered surfaces. The contact angles
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for PS on SiOz, TiO2, WOz and CaCO3 are found to be 20°, 62°, 70° and 10°, respectively.
Interestingly, the contact angles and interfacial energies between PS and the ALD-modified
surfaces do not correlate strongly with the water contact angle of these surfaces; thus, caution
must be exercised in predicting how a polymer would wet or interact with porous solids solely
based on their hydrophilicity. The method presented in this work can be extended to study the
interactions between a wide range of polymers and surfaces in porous media, which will have
important implications for designing new catalytic materials for polymer upcycling reactions as
well as novel NP-polymer composite films and membranes with enhanced mechanical and

transport properties.

The Chapter 3 talks about the understanding polymer-porous solid Interactions via gas.
Understanding the interactions between molten polymers and inorganic porous solids is critical
for the heterogeneous catalytic conversion of waste polymers into useful chemicals and the
fabrication of nanocomposites and nanostructured polymers. Developing experimental and
theoretical approaches to quantify and understand polymer-surface interactions would be
extremely useful for the design of new catalysts and composites. Here, we demonstrate that the
interfacial energy between molten polystyrene (PS) or polyethylene (PE) and various inorganic
surfaces prepared via atomic layer deposition (ALD) such as SiO», TiO2, WO3, and CaCOs are
correlated with the adsorption of small molecules that bear structural similarity to the repeat unit
of the two polymers. The interfacial energy inferred from the dynamics of polymer infiltration
into ALD-modified porous solids is compared with the heats of adsorption of small molecules on

mesoporous silica (SBA-15) modified with ALD. Both our experimental and computational
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results suggest a strong correlation between the polymer-solid interfacial energy and the
adsorption strengths of their respective small molecules on the same surface. These results
highlight that even though there are no specific modes of interaction between the polymers and
the inorganic surfaces, their interaction energies vary significantly and are dominated by
differences in the enthalpic interactions between each repeat unit and the solid surface. Besides
providing a novel method for measuring the polymer-solid interaction, this work bridges the gap
between the behavior of macromolecules on solid surfaces and the adsorption properties of small
gas molecules. This understanding will have important implications for designing new catalysts

for polymer upcycling and composite membranes for gas and potentially polymer separation.

The Chapter 4 talks about the effective viscosity of polyethylene under extreme
nanoconfinement, a significant increase in polyethylene’s effective viscosity was observed and a
generalized formalism was developed to explain this phenomenon. Understanding polymer
transport in nanopores is crucial for optimizing heterogeneously catalyzed processes in polymer
upcycling and fabricating high-performance nanocomposite films and membranes. Although
confined polymer dynamics have been extensively studied, the behavior of polyethylene (PE)—
the most widely used commaodity polymer—in pores smaller than 20 nm remains largely
unexplored. We investigate the effects of extreme nanoconfinement on PE transport using
capillary rise infiltration (CaRl) in silica nanoparticle packings with pore radii ranging from ~1
and ~9 nm. Using in situ ellipsometry and the Lucas-Washburn model, we discover a previously

unknown inverse relationship between effective viscosity (n.rf) and pore radius (Rpore).

Additionally, we determine that PE transport under these extreme conditions is primarily
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governed by physical confinement, rather than pore surface chemistry. We refine an existing
theory to provide a generalized formalism to describe the polymer transport dynamics over a
wide range of pore radii (from 1 nm and larger). Our results offer valuable insights for
optimizing catalyst supports in polymer upcycling and improving infiltration processes for

nanocomposite fabrication.

The Chapter 5 shows the unfinished work that the confined melting point and crystalline point of
polyethylene decrease inside nanocomposite. This decrease linearly correlates with pore size
reduction but reaches a saturation point when the pore diameter is approximately 8 nm and 10nm
for confined melting point and crystalline point respectively, which is similar to the crystalline
lamellar size of PE as 11nm.This phenomenon is consistent across different types of PE and is
not affected by the solid surface chemistry. These findings provide valuable insights into the
confinement effect on polymer properties, which can benefit the reactor design of polymer-

involved reactions from manufacturing to upcycling.

6.2 Outlook 1: Preliminary Study on Hydrogen Solubility of
Polyethylene inside Porous Material via Our Custom-Built Quartz

Crystal Microbalance (QCM)

6.2.1 Introduction and motivation to study hydrogen solubility of polymer
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Hydrogen solubility in polymer melt or solution is a crucial factor in various chemical processes
applied to catalytic recycling of polymers. These hydrogen-involved upcycling techniques
include thermal pyrolysis?, catalytic depolymerization®®®, hydrocracking®°16,
hydrogenolysis!?:14.18.2061.126,167-169 'and dehydrogenation!’® processes, where the existence and
diffusion of hydrogen significantly affect the reactivity and selectivity in the transformation of
polymers into high-added value chemicals. In hydrogen-involving reactions for thermal
pyrolysist, catalytic depolymerization®®, hydrocracking®®1%¢, and
hydrogenolysis!?14.18.2061.126,167-169.171 ‘high hydrogen solubility correlates with increased
reactivity. This is because the availability of hydrogen can accelerate reaction kinetics, leading to
more efficient breakdown or restructuring of polymer chains. However, for hydrogen-producing
reactions such as dehydrogenation’®, high solubility decreases the reactivity because the by-
product hydrogen in the polymer melt can impede the removal of hydrogen molecules from the
polymer chain, slowing down the dehydrogenation process. Although there has been some
research without any additive hydrogen for polymer upcycling'’2, most hydrogen-involved
reactions need additional hydrogen to tune the experiments. Although some studies focus on how
hydrogen pressure impacts various reactions involving polymers, limited information is available
on the effect of hydrogen solubility in polymers on the selectivity of polymer upcycling
reactions.*’* Indeed, while pressure and solubility are interrelated, the specific effects of
solubility on selectivity need more focused investigation in this field. This gap in research
motivates us to gain a deeper understanding of how hydrogen solubility influences polymer

upcycling.

130



Understanding and controlling hydrogen solubility in polymer melts is vital for optimizing these
recycling processes. However, most existing research focuses primarily on the bulk properties of
polymers or their surface interactions.*”®1"® Studies exploring the behavior of polymers confined
within porous materials, especially regarding hydrogen solubility, are relatively scarce. As the
confinement within pores can dramatically alter the interaction dynamics of polymers with
hydrogen and affect the efficiency of catalytic recycling processes, it is worthwhile to conduct a

model study.

The interaction of hydrogen with polymers, especially within confined spaces, is a topic of
significant interest, particularly in fields like energy storage and catalysis. Understanding these
interactions at a molecular level can lead to advancements in material design for hydrogen
storage technologies. Polyethylene, due to its widespread use and unique properties for polymer

recycling, is an ideal candidate for such a study.

6.2.2 Custom-Built QCM to Measure the Gas Solubility in Polymer: Design

and Functionality

The quartz crystal microbalance (QCM) is a sensitive instrument capable of detecting minute
changes in mass per area from the frequency shift of a quartz crystal sensor at the nanogram
level has been used to measure gas solubility including hydrogen.’® Due to its high sensitivity
and reliability, it has been widely applied to measuring the adsorption and desorption of

molecules on surfaces. This principle has been used to detect the sorption of gas molecules into
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thin films made of polymers and lipids. These sorption curves can be used to determine the gas

diffusivity and solubility in a variety of materials such as polymers.

Bilayer

Figure 6.1 Design of the QCM system.

We have set up a custom-built QCM system to determine hydrogen solubility in polyethylene—a
common polymer—when subjected to the unique environment of nanoconfinement within
porous materials. We have purchased a QCM flange with a CDS-AQ0F47-47 sensor from Inficon

Inc. and fabricated a sorption chamber with a parr reactor as shown in Figure 6.1.

To obtain accurate H» solubility, it is critical to control the pressure and temperature of the
chamber. In the past several months, | have successfully made the high vacuum less than 50

mmtorr (6.7 Pa) and made some preliminary measurements of H solubility in pure PE at room
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temperature. This system will enable determination of H2 and other gas solubility in PE confined
in nanoparticle packings with different pore sizes. The QCM sorption system can be further
improved by incorporating a thermocouple for precise temperature regulation. This setup will
need to be rigorously tested and validated across a wide temperature range from 20°C to 200°C,

and under varied pressure conditions spanning 1 kPa to 100 MPa.

6.2.3 Experimental Setup of QCM and Methodology Based on Sauerbrey

Equation

This section outlines the experimental procedure, including the preparation of polyethylene
samples %3 and QCM measurement of hydrogen sorption. SiO, NP films are spin-coated on
O2-plasma-treated Inficon crystals (008-010-G10, Gold 6MHz) for QCM as same as silicon
wafers in the previous papers at ~220nm and ~450nm. Then the spin-coated 130nm-thickness PS
and PE films are peeled off from the silicon wafers in water due to their hydrophobicity and then
loaded onto the NP films. 382 Then the bilayer is annealed above the melting point of PE or
glass transition temperature of PS, which can infiltrate the polymer into the NP packing via
capillary force as a CaRI procedure to make a nanocomposite. The extra polymer layer is
removed by plasma and only a nanocomposite layer on the quartz is left and checked via
ellipsometry. As a start, the only polymer coated crystal is also fabricated as a control to validate

the solubility measurements,’4177:178
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Figure 6.2 Sketch of coating on quartz for QCM.

Then the coated crystal as shown in Figure 6.2 is installed on the QCM flange which is
connected to Parr reactor with all the connections as shown in the Figure 6.1. The QCM flange is
connected to a PC via a Q-pod panel. The sealed system is evacuated by the oil pump until the
limit of 50 mmtorr and then introduced by the hydrogen. The QCM's sensitivity to mass changes
enables precise measurements of hydrogen uptake in polymer within the porous structures. The
parameters monitored by the QCM, such as frequency shifts Af [Hz] corresponding to mass

changes 4m [g], are analyzed by Sauerbrey equation as Eq (38):

_ —A-Af- //iq'pq (38)
N 2fo?

Am

where, fo is the frequency of the quartz crystal prior to a weight change (6.0 x 108 [Hz]), xq is
the shear modulus of quartz (2.947 x 10%® [g m™ s72]), uq is the density of quartz (2.648x 10°® [g

m~3]), and A is the electrode area (4.9 x 107° [m?]).17®18! Sauerbrey equation demonstrates a
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linear proportional correlation between frequency change and mass change of a crystal with a

high intrinsic precise frequency along with a high sensitivity.

6.2.4 Preliminary Qualitative results and Future Work

Initial results from the QCM experiments are not presented this time because we need to repeat
more to confirm our results, but we have some qualitative results. We have found some
interesting trends that the hydrogen solubility of 50kg/mol polyethylene increases when confined
in smaller pores from 20 to 2nm diameter. The observed hydrogen solubility of polyethylene in
various porous materials needs further investigation. We aim to examine the relationship
between hydrogen solubility, polymer confinement, solid surface chemistry and the
characteristics of the porous structures. A comprehensive analysis will be conducted to connect
the measured hydrogen solubility under confinement. Possible mechanisms behind the observed

phenomena are explored, and the results will be compared with existing literature.

6.2.5 Summary

The integration of custom-built QCM technology in studying hydrogen-polymer interactions
within nanoconfined spaces is highlighted as a significant step forward in this research area. The
challenges faced during the study, including issues with QCM sensitivity and sample
preparation, are discussed. The limitations of the current study are acknowledged, providing a
realistic perspective on the findings. Potential areas for future research are identified, such as
exploring different types of polymers and porous materials or scaling the experimental setup for

larger sample sizes.
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We have done paper research about the significance of hydrogen solubility in polymer-involved
reactions, highlighting its impact on reactivity and selectivity in polymer upcycling techniques.
This outlook details the design and functionality of the innovative QCM system and explains the
experimental setup and methodology based on the Sauerbrey equation. Preliminary qualitative
results suggest a possible increase in hydrogen solubility in polyethylene confined in smaller
pores. This outlook concludes by acknowledging the challenges, the limitations of the current

study, and potential directions for future research.

6.3 Outlook 2: Big Picture for Understanding and Controlling

Behavior of Polymers in Porous Media

From the past to the future, there are various meaningful directions for understanding and
controlling of polymers in porous media. The first challenge is seriously continuing to
characterize, understand, and control the solubility of hydrogen or other small molecules such as
solvent or other products of low My in polymer confined in porous media, which can benefit
most reactions in catalytic recycling of polymer because of the wide involvement with small
molecules. However, it remains more challenging in our measurement techniques such as QCM
for better accuracy and reliability in hydrogen solubility studies. In comparison with different
pore structures and surface chemistry, it is believed that some scientific trends correlated to these
factors may affect reactivity and selectivity in various ways. The smaller pores may enhance the

contact surface area but may decrease the diffusion of small molecules in polymers and increase
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the controlling of conformation, which may cause a tradeoff between reactivity and selectivity

and needs deeper investigation.

The polymer dynamics needs further exploration into polymer dynamics within various porous
structures and polymer mixtures to model and pilot the industrial application, particularly in

polymer upcycling reactions.

The generalized model for effective viscosity needs one more step to check the extreme sub-
nanometer confinement environment. We are also limited to our system though our pores can be

smaller than most of the reference via random packing of monodispersed NP.

Our methodology of polymer physics in nanoporous materials can assist in designing high-
throughput and automatic systems to screen polymer-contained porous materials, which opens

another door in conventional fields such as reduced-novel-metal catalysis.

In summary, this thesis provides significant advancements in the understanding of polymer-
porous solid interactions and effective polymer properties, drawing a big picture for future
innovations in polymer physics in porous media and material science and engineering of

nanocomposite.
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