ABSTRACT

The hydrophilization of polydimethylsiloxane (PDMS) using poly(vinyl alcohol)
(PVOR) thin films has been studied to utilize hydrophilic materials in PDMS-based micro- and
nanomanufactured devices more effectively. Previous studies have determined that PVOH
spontaneously adsorbs from aqueous solution onto hydrophobic substrates due to the
hydrophobic effect. Following spontaneous adsorption, PVOH thin films are stabilized via
crystallization driven by hydrogen bonding.

PVOH thin films can also be prepared via adsorptive spin coating on flat substrates. We
have found that the PVOH-PDMS system varies from the well-established Meyerhofer model,
which predicts film thickness from spin rate, solution viscosity (polymer concentration), and
other variables. We proposed a new model to describe film thickness (h) from spin coating,
which includes polymer-substrate interactions (spontaneous adsorption) and polymer-polymer
interactions (e.g., crystallization and the hydrophobic effect). We hypothesized that these two
types of interactions form the h, and h, thicknesses of the multilayered spin-coated
PVOH-PDMS thin films. However, recent evidence has shown that the structure of polymer thin
films is even more complex and nuanced.

In this study, we continue to elucidate the complex structure and dynamics of
PVOH-PDMS thin films via static adsorption, adsorptive spin coating, and water annealing
experiments. We use PDMS polymers of various molecular weights (MWs) (PDMS**, MW =
340 Da; PDMS*, MW = 2 kDa; PDMS*, MW = 9.430 kDa; PDMS**, MW = 49.350 kDa) since
the PDMS polymers vary in hydrophobicity and mobility. We also study two different PVOH
polymers (PVOH*®*"", MW = 85-124 kDa, 87-89% hydrolyzed; PVOH*"", MW = 89-98 kDa,
99+% hydrolyzed) since the PVOH polymers vary in hydrophobicity and crystallinity. We vary
the time before water annealing (0 h vs. 24 h) to determine the stability of partially dry vs.
completely dry films. We characterize film thickness, wettability, and morphology to identify
changes in the PVOH thin film layers.

We can separate the spontaneously-adsorbed h; layer into sublayers: a tightly-bound h,
layer and a loosely-bound h; layer. The tightly-bound h, layer is first formed when PVOH
adsorbs onto the PDMS substrate and is resistant to desorption in water. We found evidence of
this layer on almost all of the PVOH-PDMS systems in this study. The only exception was the
PVOH*””"M.PDMS** system, in which the hydrophobicity of the substrate and the polymer were
insufficient to drive spontaneous adsorption. The loosely-bound h; layer is formed on top of the
tightly-bound h, layer and is desorbed during water annealing. We found evidence of this layer
on PDMS** substrates alone. While a hydrophobic substrate is generally sufficient to form a
tightly-bound PVOH h; layer, it is insufficient at forming a loosely-bound h, layer.
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I. INTRODUCTION

1.1 Polymer thin film overview

Thin films (films with thicknesses of 100 nm or less) are employed to modify the surface
properties of objects without altering their bulk properties. They are ubiquitous in electronics,
adhesives, lubricants, paints, optical and dielectric coatings, and other applications.' Thin films
allow us to design materials with specific properties that do not exist naturally in the bulk
materials, and thus expand their possible applications. Thin films also enable green chemistry
practices since the material required to form a thin film is significantly less than the mass of a
bulk object.

Polymer thin film structure and properties can vary significantly from the bulk polymer’s
structure and properties as a result of the film thickness approaching molecular dimensions.”*
For example, the glass transition temperature tends to change’ and the Debye-Waller factor,
which describes thermal motion, tends to decrease.®” These and other changes in material
properties result in thin film stability and dynamics that vary from the bulk.

Thin films can be continuous or discontinuous, and either type of film can be beneficial,
depending on the intended application. Extensive literature has been published on the use of
continuous polymer thin films to manufacture flexible solar cells that can be integrated in
everyday items, such as clothing and building materials.'®!"* On the other hand, discontinuous
polymer thin films are used to pattern surfaces in studies of cell responses,'* protein and nucleic
acid structure and activity,"® and regenerative medicine.'® Controlled patterning of polymer films

is also instrumental in high-density data storage'” and microcontact printing.'*"



1.2 Stability of polymer thin films
1.2.1 Film stability regimes

Thin films can be categorized as stable, metastable, or unstable, according to whether or
not they are continuous and the conditions under which they are continuous or discontinuous.?
The three thin film stability regimes are represented on an effective interface potential vs. film
thickness graph shown in Figure 1. The effective interface potential is the excess free energy
required to bring two interfaces together to a certain distance (thickness) from an infinite
distance. The effective interface potential as a function of the initial film thickness is represented
as ¢(h). In Figure 1, curve 1 corresponds to a stable scenario, curve 2 corresponds to an unstable
scenario, and curve 3 corresponds to an metastable scenario. Curve 1 represents a stable scenario
since the global minimum occurs at infinity, meaning film thinning is not energetically favorable.
Curve 2 is unstable since the global minimum occurs at a finite value of h. Curve 3 corresponds
to a metastable scenario, where the films are stable when the initial thickness is greater than that
at the local maximum, and unstable when the initial thickness is less than that at the local

maximum.

¢

film thickness
Figure 1. Effective interface potential ¢ vs. film thickness h.*



1.2.2 Dewetting mechanisms

Unstable and metastable films are prone to dewetting, a spontaneous phenomenon during
which holes form in thin films. Three main dewetting mechanisms (Figure 2) produce three
distinctive dewetting morphologies in thin films (Figure 3). Spinodal dewetting occurs when
capillary waves in the liquid-air interface are spontaneously amplified to a height that is greater
than the film thickness.?’ Since the amplitude of a specific wavelength will grow the fastest,
spinodal dewetting results in evenly-distributed holes of the same size. Spinodal dewetting can
occur only when the effective interface potential curve is concave down ¢’’(h) < 0 in metastable
and unstable scenarios (Figure 1). Homogeneous or thermal nucleation occurs when there is
sufficient thermal energy to overcome the energy barrier around the ¢”’(h) sign change, resulting
in a decrease in film thickness. Since thermal nucleation takes place over an extended period, the
holes that form vary in size. Heterogeneous nucleation occurs when substrate defects or
contaminants nucleate holes. The holes formed via heterogeneous nucleation generally appear
larger than holes formed via spinodal dewetting and thermal nucleation.
Heterogeneously-nucleated holes in a thin film appear equal in size since they are formed close
in time to one another. Heterogeneous nucleation can occur at any ¢’ (h) sign in stable,

metastable, and unstable scenarios.

Figure 2. Schematic representations of spinodal dewetting (left) and thermal nucleation (right)
over time.?!



Figure 3. Three dewetting morphologies that are characteristic of (a) spinodal dewetting, (b)
thermal nucleation, and (c) heterogeneous nucleation.*

1.2.3 Contact angle and spreading coefficient

Film wetting and dewetting have been extensively studied.'?>?® The wettability of a
substrate is demonstrated by the equilibrium contact angle formed between the solid-liquid
interface and the liquid-vapor interface (Figure 4). This static contact angle 05, characteristic for
each system involving a solid (s), liquid (1), and vapor (v) phase, was first described by Young in
1805:%

Ysv = YsuT Yiv €os Og (1)

where y represents surface tension (surface energy per unit area), SL represents the solid-liquid

interface, SV represents the solid-vapor interface, and LV represents the liquid-vapor interface.

LV

Figure 4. Contact angle formed between solid-liquid and liquid-vapor interfaces.



The wetting of a substrate can be complete or incomplete, and the wetting regime can be
simplified via the spreading coefficient S:?*

S=vsv — (Ysrt Yiv) (2)
When S is positive, the static contact angle 05 between the SL and LV interfaces is 0°, the SV
surface tension is greater than the sum of the SL and LV surface tensions, and the liquid spreads
completely over the substrate (Figure 5). When S is negative, the liquid does not spread entirely
over the substrate, and 0g is non-zero. When there is incomplete wetting, 0° < 65 < 90° indicates
a mostly wetting regime, while 90° < 65 < 180° indicates a mostly nonwetting regime. Lastly, 6

equal to 180° indicates that there is nonwetting or complete dewetting.

complete wetting mostly wetting mostly nonwetting nonwetting
6,=0° 0°<6,<90° 90° <6, < 180° 6, =180°
S>0 S<0 S<0 S<0

Figure 5. Various wetting regimes and static contact angles as functions of surface tensions.

While Young’s equation describes the equilibrium static contact angle, this contact angle
is rarely observed in practice. This deviation can be explained by Young’s equation only
accounting for the horizontal forces, as well as physical and chemical heterogeneities in the
interfaces. Physical heterogeneities in the form of substrate roughness can be accounted for by
using Wenzel’s equation:*°

€08 0,.a =T cOS Og 3)



where the roughness factor r is the ratio between the actual surface area and the surface area of a
smooth surface with the same dimensions. As roughness increases, 0,.., increases when 65 >
90°, and 0,,,,, decreases when 05 < 90°.

Chemical heterogeneities in substrates can be accounted for by improved contact angle
models and/or by dynamic contact angles. Improved static contact angle models have been

3132 and continue to be studied and updated.*® The Cassie

proposed by Cassie and Israelachvili,
equation applies to substrates with chemically heterogeneous (possessing distinct surface
chemical groups) patches on the order of macrodomains, and the Israelachvili equation applies to
substrates with chemically heterogeneous patches on the order of molecules or atoms. On the
other hand, dynamic contact angles (advancing and receding) can be used to demonstrate the
maximum and minimum contact angles for a given system.**

The spreading coefficient has implications for the film stability regime and dewetting
mechanism in completely apolar and completely polar systems.? Films are stable when a liquid
completely wets a surface (S > 0). When a liquid partially wets a surface (S < 0), films can be
metastable or unstable.

Once holes form due to incomplete wetting or surface defects, they can coalesce and
form larger holes (Figure 6).2! Hole growth/coalescence is driven by the reduction in surface
energy as smaller droplets aggregate, reducing the overall surface area of the film. This

phenomenon is also known as Ostwald ripening, and it continues until the thermodynamic

equilibrium is reached or until it is halted by dampening effects, such as crystallization.*’



Figure 6. Schematic representation of aggregation/hole growth over time.?!
1.3 Polymer thin film morphologies
1.3.1 General morphologies

Dewetted polymer thin films can display a variety of morphologies, and the scale of these
morphologies depends on film thickness.** When holes initially form, they typically possess rims
due to the different rates of hole nucleation and film migration.?**¢** As the holes grow and
merge, ribbon morphologies are formed. Eventually, the ribbons decay into droplets due to
Rayleigh instabilities. If instability is present in the rim, droplet morphology can be seen directly
after hole morphology. Various factors, such as temperature, can promote or inhibit the
progression from hole to droplet morphology; by controlling these variables, it is possible to
obtain kinetically-trapped nonequilibrium morphologies.
1.3.2 Mesoscale morphologies

Additional mesoscale morphologies have been observed in polymer thin films, such as
dendrites, fractals, and honeycomb structures.*” These morphologies are typically born out of
Rayleigh instabilities, viscous fingering, diffusion-limited aggregation, and rim instabilities, to
name a few mechanisms. Fingering instability is known for producing Saffman-Taylor fingers
(Figure 7), which are characterized by puckering at the edges of holes.*’ Fingering instabilities

can be seen when a low-viscosity fluid (typically air) is pushed into a high-viscosity fluid



(polymer solution), resulting in failure of viscoelastic materials. They are characterized by the
wavelength, or the width of the fastest moving finger at a given location and time during
growth.*! The minimum wavelength is affected by factors such as the polymer-air interfacial

velocity, the interfacial tension, and the shear viscosities of the fluids.

e

Figure 7. Dewetting morphology consisting of a hole with fingering instabilities.**
1.3.3 Fractals

Other common mesoscale morphologies in crystalline polymer thin films are fractals. It is
widely accepted that fractals are formed via diffusion-limited aggregation, whereby small
particles (polymers) irreversibly aggregate at a speed which is limited by their diffusion.**-**
Fractals are shapes that possess self-similar features over multiple scales. They are typically
continuous but irregularly shaped.

There are numerous ways to characterize fractals. Fractal dimension D describes how a
fractal fills a given space and represents the structure’s complexity; the D value is a measure of
the increase in detail as the resolution increases.** In our study, binarized images of fractals

formed by polymers are analyzed via the box-counting method. In this method, grids are overlaid

on the images; boxes containing fractals are counted and used to calculate the D value:*

log N(r)

D= lim W (4)

r—0



where 1 is the reduction coefficient and N(r) is the number of boxes containing fractals for each
grid size. In our study, D values range from 1 to 2, where 1 corresponds to a solid line (1
dimension), and 2 corresponds to a completely-filled surface (2 dimensions).

Fractal dimension alone is insufficient to describe the shapes of fractals.***¢ In Figure 8,
both objects possess the same D value but appear very different from each other. Therefore,
fractal lacunarity L is also required to meaningfully characterize fractals. Examples of objects
with various L values are shown in Figure 9.

The L value can be thought of as the degree of structural variance within an object. We

can calculate the lacunarity of a binarized image from the pixel distribution:*
A= () )
In this equation, A is the lacunarity when using a grid of a particular box size, o is the standard

deviation of pixels per box and p is the mean number of pixels per box. The final lacunarity

value is the mean A value from all grid positions and orientations.

A B

éw

Figure 8. Two images with equal fractal dimension D values.*
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Figure 9. Images with a variety of fractal lacunarity L values.*
1.4 Polymer system of interest
1.4.1 System overview

The polymer system used in this research is shown in Figure 10: polydimethylsiloxane
(PDMS) polymers serve as our substrate, silicon wafers serve as our solid support, and
poly(vinyl alcohol) serves as the polymer thin film. Silicon wafers contain thin surface layers of
silica as well as surface silanol groups, which give silicon wafers high surface energy and render
their surfaces superhydrophilic.*” Water completely wets the surface of silicon wafers (0 = 0°).
Silicon wafers are also atomically-smooth, allowing us to image PDMS substrates and PVOH

thin films using atomic-force microscopy.

silicon wafer

Figure 10. Silicon-supported PVOH-PDMS system used in this study.
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1.4.2 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a hydrophobic polymer that is used in many
applications due to its unique properties. The average water contact angle is about 104.5°.%%
PDMS is optically clear, nontoxic, and highly flexible.*’ It is gas-permeable and resistant to most
chemicals under 200 °C. Many of these properties originate from the structure of PDMS (Figure
11), which grants PDMS high flexibility and low surface tension compared to linear
carbon-based polymers with similar structures. Due to its unique flexibility, it has a low
glass-transition temperature of -125 “C.** PDMS covalently bonds to silicon wafer through
acid-catalyzed silanolysis (Figure 12, left) or by hydrolysis of a Si-O bond, followed by
condensation with a surface silanol (Figure 12, right). In this research, PDMS polymers of

various molecular weights are used to study the effects of substrate hydrophobicity and mobility

on PVOH thin film stability.

CHs y.c CHz H.C CHgj
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T
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Figure 11. Polydimethylsiloxane structure.
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Figure 12. Polydimethylsiloxane bonded to silicon wafer through two different mechanisms.*

1.4.3 Poly(vinyl alcohol) (PVOH)

12

Poly(vinyl alcohol) (PVOH) is a water-soluble, non-toxic, and amphiphilic polymer. It is

atatic yet semicrystalline.”! PVOH is prepared from the hydrolysis of the acetate groups in

poly(vinyl acetate) (PVA), shown in Figure 13. The PVOH degree of hydrophobicity and

crystallinity can be controlled by the ratio of acetate groups to hydroxyl groups, where a greater

ratio of acetate groups to hydroxyl groups results in a more hydrophobic, less crystalline

polymer. This is due to the hydroxyl groups imparting greater hydrophilicity and more extensive

intramolecular and intermolecular hydrogen bonding compared to the acetate groups. For bulk
PVOH films prepared by hydrolyzing 99% of the PVA acetate groups, the advancing and

receding water contact angles are 63° and 17°.%
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Figure 13. Preparation of poly(vinyl alcohol) from the hydrolysis of poly(vinyl acetate).
1.5 Preparing PVOH thin films

Polymer thin films can be prepared using a variety of methods, including static
adsorption and adsorptive spin coating. PVOH is the polymer of interest in this study since there
are few literature reports on hydrophilic polymer thin films due to the challenging nature of the
destabilizing polar interactions during solvent evaporation.* Despite these challenges,
understanding and employing aqueous, nontoxic solutions to form hydrophilic polymer thin
films are crucial to further this area of research, expand their applicability, and limit the toxicity
of materials.
1.5.1 Static adsorption

One method that is used to hydrophilize hydrophobic surfaces is through the spontaneous
adsorption of poly(vinyl alcohol) (PVOH) from aqueous solution.’* 37 The adsorption occurs in
two steps: physisorption due to the hydrophobic effect then crystallization at the liquid-solid
interface.”

PVOH adsorption generally occurs within minutes,** >

and the pseudoequilibrium PVOH
thickness is dependent on the solution concentration.’* >**% 3’8 Rearrangement of PVOH films

has been observed in PVOH solutions within a few seconds of adsorption,® and desorption of

PVOH has been reported under different conditions.”
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1.5.2 Polymer conformations

Common conformations in which polymer chains can adsorb onto a surface are train,
loop, and tail conformations (Figure 14).°° The conformation in which a polymer adsorbs, along
with the surrounding chemical environment, can affect the chemical groups at the surface of the

resulting thin film.

Train Log) Tail \.

[7//7/7/77277777 77

Figure 14. Conformations of adsorbed polymer chains.*

1.5.3 Adsorptive spin coating

Adsorptive spin coating is another method by which PVOH thin films can be used to
hydrophilize hydrophobic surfaces. The steps to spin coating consist of deposition of aqueous
PVOH solution, spin-up, spin-off, and solvent evaporation.®'-*> Between deposition and spin-up,
we allow PVOH to adsorb spontaneously onto the hydrophobic substrate for 1 min.®* Recently,

1*® to address inconsistencies between the

our group proposed a new spin coating mode
predictions made by the Meyerhofer model® and the results from our experiments. This new
model accounts for the spontaneous adsorption of polymer onto a substrate, as well as the
intermolecular interactions between polymers, such as crystallization.

1.6 Objective

In this study, we continue to investigate the stability and dynamics of PVOH thin films on

hydrophobic PDMS substrates via static adsorption and spin coating. We also investigate the
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stability of PVOH-PDMS thin films to water. We study two PVOH polymers with different
degrees of hydrolysis and various PDMS molecular weights since substrate molecular weight
and mobility have been shown to affect the adsorption and rearrangement of macromolecules.®%
Our results give additional insight to the multilayered structure of PVOH-PDMS thin films,

ultimately assisting in the optimization of PVOH coatings for advanced and everyday

applications.
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II. MATERIALS AND METHODS

Materials

Silicon wafers (<100> oriented; P/B doped; 1-10 Q-cm resistivity; 475-575 pum thick)
were purchased from International Wafer Service. Trimethylsiloxy terminated
polydimethylsiloxane polymers (PDMS**, MW = 340 Da; PDMS*, MW = 2 kDa; PDMS*,
MW = 9.430 kDa; PDMS** MW = 49.350 kDa) were purchased from Gelest, Inc. Poly(vinyl
alcohol) polymers (PVOH®"H, MW = 85-124 kDa, 87-89% hydrolyzed; PVOH”"", MW =
89-98 kDa, 99+% hydrolyzed) were purchased from Sigma-Aldrich. Toluene (HPLC Grade) was
purchased from Pharmco. Ethanol (ACS Grade) was purchased from Pharmco-Aaper. Water was
purified using a Millipore Milli-Q Biocel System (resistivity > 18.2 MQ-cm) obtained from
Millipore Corp. Oxygen gas (99.999%) was purchased from Airgas®. Nitrogen gas (99.998%)
was purchased from Ivey Industries, Inc. All reagents were used without further purification.
Glassware was cleaned in a base bath (potassium hydroxide in isopropyl alcohol and water),
rinsed with deionized water, and stored in an oven at 110 °C until use.
Instrumentation

Silicon wafers were cleaned in a PDC-001 Harrick plasma cleaner. The hydrodynamic
diameters of the PVOH chains in aqueous solution were measured using a Malvern Zetasizer
Nano-ZS. PVOH thin films were spin-coated using a Laurell WS-650MZ-23NPPB spin coater.
Nanoscopic PVOH thin film topography was captured using a Veeco Dimension 3100 atomic
force microscope (AFM) with a silicon tip operating in tapping mode. Microscopic PVOH thin

film morphology was imaged using an Olympus BXS51 optical microscope in reflective dark field
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mode. Thicknesses of surface layers were measured using a Gaertner Scientific LSE Stokes
ellipsometer with a 70° incident angle and a He—Ne laser (A = 632.8 nm) light source. The
following refractive indices were used to calculate the surface layer thicknesses: air, n, = 1;
silicon oxide and polymer layers, n, = 1.46; silicon substrate, n, = 3.85, and k, = —0.02.
Advancing (0,) and receding (6y) water contact angles were obtained by adding and withdrawing
water using a Gilmont syringe and a 24-gauge flat-tipped needle, and were digitally-measured
using a Ramé-Hart telescopic goniometer.
Number of measurements on PDMS**’, PDMS?, and PDMS**

Each of the reported thickness values is an average of three readings at different locations
per sample from 1 to 6 samples per batch from 1 to 8 different batches, for a total of 6 to 48
measurements. Each of the reported dynamic contact angle values is an average of four readings
at different locations per sample from 1 to 4 samples per batch from 1 to 5 different batches, for
a total of 4 to 36 measurements. Each AFM image included is chosen from 1 to 9 images per
batch from 1 to 3 batches to determine the most representative morphology. Each optical
microscope image included is chosen from 3 to 14 images per batch from 1 to 4 batches.
Number of measurements on PDMS*

Each of the reported thickness values is an average of three readings at different locations
per sample from 2 to 3 samples per batch from 1 to 2 different batches, for a total of 6 to 15
measurements. Each of the reported dynamic contact angle values is an average of four readings
at different locations per sample from 2 samples, for a total of 8 measurements. Each optical

microscope image included is chosen from 3 to 4 images per batchfrom 1 to 2 batches.
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Preparing silicon wafers

Silicon wafers were diced into 1.4 cm x 1.4 cm squares, rinsed thoroughly with deionized
water, dried with compressed air, and further dried in an oven at 110 °C for 30 min. The silicon
wafers were allowed to cool before being cleaned with oxygen plasma at ~300 mTorr for 15 min
at high power (30 W). Surface charges were allowed to neutralize for 15 min prior to further
treatment.
Fabricating PDMS substrates

PDMS was covalently attached to silicon wafer by dispensing 100 uL of PDMS onto a
clean silicon wafer in a 20 mL glass scintillation vial and heating the capped vial at 100 °C for
24 h. After the reaction, each substrate was rinsed with toluene (3%), ethanol (3x), and Milli-Q
water (3x). The substrates were dried under a nitrogen gas stream and desiccated overnight using
CaSO0,.
Preparing PVOH solutions

PVOH crystals were dissolved in Milli-Q water by heating at 88-92 °C with stirring for 3
h in clean polypropylene bottles. The PVOH solutions were allowed to equilibrate for at least 3
days before characterization with dynamic light scattering.
1-min static adsorption of PVOH on PDMS

450 uL of PVOH solution was allowed to adsorb for 1 min onto a PDMS substrate. The
PDMS?** and PDMS?* samples were rinsed with Milli-Q water using a wash bottle (3x) while the
PDMS’* and PDMS** samples were rinsed (1x) with 1 mL of Milli-Q water. All samples were

dried under a nitrogen gas stream and desiccated overnight using CaSQO,.
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10-min immersive adsorption of PVOH on PDMS

PDMS substrates were placed in separate wells in a well plate. 3.4 mL PVOH solution
was poured into each well to fully submerge the PDMS substrates. After 10 min, each sample
was removed from solution, rinsed with Milli-Q water (3%), and dried under a nitrogen gas
stream. The samples were desiccated overnight using CaSQO,.
Adsorptive spin coating of PVOH"' " on PDMS

After allowing 450 pL of PVOH"! " solution to adsorb onto each PDMS substrate for 1
min, the samples were spin-coated for 1 min at 900, 1400, 2200, 3500, 4800, or 6000 rpm under
nitrogen gas. After spin coating, the visibly wet samples were allowed to dry while lying flat
inside of a fume hood. All samples were desiccated overnight using CaSO,.
Water annealing of PDMS-PVOH thin films

After PDMS-PVOH thin film fabrication via static adsorption or adsorptive spin coating,
the samples were immersed in 125 Milli-Q water for 1 h in a custom-made glass holder placed
horizontally in a 180 mL 70 x 50 mm crystallization dish. Immediately-annealed films were
immersed in water directly after fabrication (omitting drying under a nitrogen gas stream).
Delayed-annealed films were immersed in water 24 h after fabrication (followed by drying and
overnight desiccation). After 1-h immersion in water, each sample was dried under a nitrogen
gas stream and desiccated overnight using CaSO,. Optical images were taken in the same
locations on the samples before and after delayed-annealing.
PVOH fractal analysis

Optical images of PVOH films obtained at 500x magnification were analyzed. Adobe
Photoshop 2023 was used to fill in images of PVOH*”! fractals using the Brush, Magic Wand,

and Fill tools. Fractal dimension (D) and lacunarity (L) values were determined through Dy Box



Counting by the FracLac plugin in ImageJ. PVOH percent coverage was determined through

area analysis in Imagel.
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I1II. RESULTS AND DISCUSSION

3.1 Substrates (controls)

Silicon wafer, PDMS**°, PDMS?*, PDMS’*, and PDMS** were characterized prior to
interaction with PVOH solution. As the molecular weight (MW) of the PDMS substrates
increased, the thickness and hydrophobicity increased (Figures 15 and 16), as demonstrated by
the increasing advancing contact angles (6,). While there were significant increases in PDMS
thickness as the MW increased, the contact angles (CAs) for PDMS%*, PDMS’, and PDMS**
were similar, indicating that substrate mobility was the primary variable that differentiated the

PDMS substrates.
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Figure 15. Thicknesses of PDMS substrates.
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Figure 16. Contact angles of PDMS substrates.*

The PDMS substrate roughness increased as the MW increased (Table 1). The relatively
high RMS roughness value of silicon wafer can be attributed to the visible contamination as a
result of the high surface energy. The difference in RMS roughness was the greatest between
PDMS* and PDMS?, which can be attributed to the increased heterogeneity in the attached
PDMS chain lengths as the MW increases. Based on the AFM images, section analyses, and
RMS roughness values of the substrates, PDMS**’ most closely resembled silicon wafer in

nanoscopic topography, while PDMS’* and PDMS** closely resembled one another.
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Table 1. AFM images, section analyses, and RMS roughness values of substrates (AFM image
size: 1.25 um X 5 um; height scale: 10 nm).

Silicon wafer PDMS?** PDMS* PDMS* PDMS**

Y
adh Wk b b 1
Wyt S o . V\m-"y",‘(u\v‘lM\W‘;‘JWW \u,‘.h’\.%1:Av{jw,"(\m‘,"wj\wl

Y

0.119 nm 0.087 nm 0.116 nm 0.234 nm 0.265 nm

The optical images show that the PDMS substrates were microscopically featureless,
except for some patches of light that appeared to be randomly-distributed (Table 2). These
patches of light were likely contaminants due to their scale and scarcity, and should be
disregarded in subsequent optical images.

Table 2. Optical images of PDMS substrates (500x magnification).

PDMS** PDMS* PDMS* PDMS**

3.2 Static adsorption
3.2.1 Effect of time, [PVOH], and % hydrolysis

Following the static adsorption of PVOH onto PDMS* and PDMS*, the PVOH thin
film thickness appeared to be independent of time and PVOH concentration ([PVOH)]) (Figure
17), contrary to previous studies.’*>* "% The inconsistency between the results might be due
to differences in substrates or PVOH solutions used in these studies. The PVOH film thickness
increased with decreasing % hydrolysis and increasing PDMS MW, consistent with the

hydrophobic effect acting as the driving force for spontaneous adsorption onto PDMS.
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Figure 17. Thicknesses of PVOH-PDMS films after static adsorption for 1 or 10 min.

The 0, of the adsorbed PVOH films on PDMS** and PDMS?* was also independent of
time and [PVOH] (Figure 18). The 0, was greater for PVOH*"! films than PVOH*"*" films
since PVOH®*"! contains relatively fewer hydroxyl groups and relatively more acetate groups.
The 0, of the PVOH”""-PDMS?** films was approximately equal to the 0, of the PDMS**
substrates, while the 0, of the PVOH*""-PDMS** films was higher. The 0,s of the
PVOH¥*"H_.PDMS?* and PVOH””"-PDMS?* films were lower than the 0, of the PDMS*
substrates. While PVOH can hydrophilize hydrophobic materials, including PDMS*, PDMS3**
substrates are equally as hydrophilic or more hydrophilic than PVOH and are not easily
hydrophilized by PVOH. The receding contact angles (0z) show similar hydrophilicity across the
different adsorption times, % hydrolysis, concentrations, and substrates (Appendix; Figure 51),
indicating that similar kinds and amounts of hydrophilic chemical groups from PVOH and

silicon wafer were exposed at the surface of the films.
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Figure 18. Advancing contact angles of PVOH-PDMS films after static adsorption for 1 or 10
min.

The AFM images of the adsorbed PVOH-PDMS** films show that the nanoscopic
morphology depended on the % hydrolysis and was independent of time and [PVOH] (Table 3).
The PVOH*”*"-PDMS** films were significantly rougher than the PVOH*""-PDMS** films
and the PDMS** substrates (Table 1) and appeared to have undergone spinodal dewetting,
evidenced by evenly-distributed holes across the films. Due to the increased contamination, the
PVOH”"H.PDMS** films were slightly rougher than the PDMS** substrates. Disregarding the
contaminants, the PVOH””"-PDMS** film morphology was very similar to that of the PDMS**
substrate. The negligible thickness of the PVOH”""-PDMS?** films (Figure 17), the negligible
change in contact angles after the adsorption of PVOH**" (Figures 16 and 18), and the similar
morphology after the adsorption of PVOH”"" suggest that PDMS**° lacks the necessary

hydrophobic driving force for spontaneous PVOH”"" adsorption.
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Table 3. AFM images, section analyses, and RMS roughness values of PVOH-PDMS?** thin
films after static adsorption for 1 or 10 min (AFM image size: 1.25 pm x 5 pm; height scale: 10
nm).

PVOHSS%H, 0.1 wt% PVOH88%H, 0.5 wt% PVOH99%H, 0.1 wt% PVOH99%H, 0.5 wt%
. ’ Y v v
1 min o r‘\‘,_ﬂ\'.,",‘“,‘ty\"-“’r"‘r',\;‘h'\’,‘\’y'\" f""’"\ \‘M.‘v”v\i‘."h’,"!:”-‘v‘\"l‘";’ﬁ',/"I‘\‘ I . J‘.j\“ ‘v‘f'.l‘l[‘lu""\ ’J“‘r,u','v"‘v"w"‘"'l,~W‘_“'a“’,\““"“‘:"","‘\"I,w.‘ﬁﬁ W ”»A«\Mw/r\u{w LY R PRNE TN AR WX YV P © P N A A Mg
0.283 nm 0.232 nm 0.095 nm 0.113 nm
10 min i Bk bt Mo h] -md'v'..whv‘\ | ) N i L Y M |
phL TR TP AT f/'ﬂ"'."" I il by Aot oo itocipen Al
0.360 nm 0.404 nm 0.123 nm 0.130 nm

The AFM images of the adsorbed PVOH-PDMS?* films all display significant dewetting
(Table 4). Similar to the PVOH*"*"-PDMS** films, the PVOH*"*"-PDMS?** films contained
evenly-distributed holes characteristic of spinodal dewetting. Also similar to the PVOH-PDMS3%
films, the PVOH®*"*"_PDMS?* films were rougher than the PVOH**"-PDMS* films since the

PVOH®"H_PDMS?* film thickness was greater than the PVOH**”H-PDMS?* film thickness.
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Table 4. AFM images, section analyses, and RMS roughness values of PVOH-PDMS?* thin
films after static adsorption for 1 or 10 min (AFM image size: 1.25 pm x 5 pm; height scale: 10
nm).

PVOHSS%H, 0.1 wt% PVOH88%H, 0.5 wt% PVOH99%H, 0.1 wt% PVOH99%H, 0.5 wt%

1 min l ﬂ ﬁ 1 I NN | ‘ M g ww‘ \ iy
MY U*WWW\W L A e
0.606 nm 1.256 nm 0.557 nm 0.544 nm
10 min W’ ’V w.' jiit ;\w M | IIH‘H uww' “‘\“lm""‘“‘\ AT - e M”M ]
l‘ | ‘ ‘ H/ I \ l il Ll
1.064 nm 0.979 nm 0.523 nm 0.444 nm

3.2.2 Effect of substrate

Since thickness, advancing contact angle, and morphology appeared to be independent of
adsorption time and [PVOH], subsequent static adsorption experiments were conducted with
only PVOH*!'** for 1 min. Following the static adsorption of PVOH"!*" onto PDMS*%,
PDMS*, PDMS*%, and PDMS** for 1 min, the PVOH film thickness appeared to depend on both
the substrate and the % hydrolysis (Figure 19). Generally, the PVOH®"H- 1" films were thicker
than the PVOH®"!- %1% filmgas seen previously in section 3.2.1.

The PVOH thickness increased from PDMS**° to PDMS?, but decreased from PDMS* to
PDMS** (Figure 19), following the hydrophobicity and substrate mobility trends. The
hydrophobicity noticeably increases from PDMS**° to PDMS?, but remains fairly constant for

PDMS*, PDMS*%, and PDMS** (Figure 16). While the hydrophobicity is constant from PDMS*
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to PDMS**, the MW continues to increase, resulting in longer polymer chains and greater
substrate mobility. Similar to other studies,* substrate mobility destabilizes PVOH thin films,
leading to thinning and less stable films. Substrate hydrophobicity and mobility appear to oppose
each other in their effects on PVOH thickness, resulting in increasing PVOH film thickness as

the PDMS MW (hydrophobicity) increases and as the substrate mobility decreases.
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Figure 19. Thicknesses of PVOH-PDMS films after static adsorption for 1 min on various
substrates.

Following the static adsorption of PVOH"! " onto PDMS**°, PDMS*, PDMS®, and
PDMS** for 1 min, the 0, increased with PDMS MW (Figure 20). The CAs of the PVOH films
were generally independent of the % hydrolysis, except on PDMS?** due to the lack of
discernible PVOH*"*!- 01 "%_pPDMS3* film. The adsorption of PVOH*!' ** onto PDMS?* resulted
in a slight decrease in 0, and a significant decrease in 0 due to a significant amount of adsorbed
PVOH film with continuity in between that of the low molecular weight and high molecular

weight substrates. The adsorption of PVOH"! ** onto PDMS’* and PDMS** resulted in no
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change in 0, due to extensive dewetting and substrate exposure, but a significant decrease in 0y

due to the presence of the hydrophilic groups in PVOH.
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Figure 20. Contact angles of PVOH-PDMS films after static adsorption for 1 min on various
substrates.

3.3 Water annealing following static adsorption
3.3.1 Effect of substrate

After annealing the PVOH®! ""*-PDMS thin films in water for 1 h immediately following
1 min of static adsorption, the PVOH film thicknesses showed similar trends as the PDMS
substrates before annealing: the PVOH film thickness was the least on PDMS** and the greatest
on PDMS* (Figure 21). The PVOH film thickness was within standard deviation before (Figure
19) and after (Figure 21) water annealing on PDMS**, PDMS?*, and PDMS** for each
respective substrate and % hydrolysis. These results indicate that the PVOH films were
composed of tightly-bound PVOH only. While the PVOH”! %1 "%_pDMS* film thickness was

within standard deviation before and after water annealing, the PVOH®"! 01" _pDMS®* film
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thickness decreased slightly after water annealing. However, the annealing experiments on

PDMS®* were performed once, so replicates are required to verify this result.

45

w A
wn O
e |

W
(=}

[a—
wn

PVOH Thickness (A)
B
ey |

p—
(=]

W

0 L
PDMS340 PDMS2k PDMS9k PDMS49k

88%H, 0.1 wt% m99%H, 0.1 wt%

Figure 21. Thicknesses of PVOH-PDMS films after static adsorption for 1 min and water
annealing after O h.

After annealing the PVOH*! **-PDMS thin films in water for 1 h immediately following
1 min of static adsorption, the PVOH*! *"*-PDMS CAs were very similar to those before
annealing (Figures 20 and 22). The 0, still increased with increasing PDMS MW, and the
greatest difference between the CAs of the PVOH*"" and PVOH"" films occurred on PDMS**
(Figure 22). Both the 0, and 0y of PVOH"" %1% _pDMS?** decreased slightly after annealing,
which can be attributed to the absorption of water or the removal of hydrophobic dust particles

after annealing.
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Figure 22. Contact angles of PVOH-PDMS films after static adsorption for 1 min and water
annealing after O h.

The AFM images of the annealed PVOH -PDMS** films (Table 5) show similar
morphologies as the adsorbed films (Table 3). The annealed PVOH®**"*" films appear to have
undergone spinodal dewetting, while the annealed PVOH**! films appear similar in morphology
to the adsorbed PVOH*”! films and the PDMS?**° substrate (Table 1). The RMS roughness

values were also similar before and after annealing.
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Table 5. AFM images, section analyses, and RMS roughness values of PVOH-PDMS?** thin
films after static adsorption for 1 min and water annealing after 0 h (AFM image size: 1.25 pum x
5 um; height scale: 10 nm).

PVOHSS%H, 0.1 wt% PVOHSS%H, 0.5 wt% PVOH99%H, 0.1 wt% PVOH99%H, 0.5 wt%

° 'WWW\WJWWWWWWW JRPUTIS SRV TP OYPUIOT R VTV IRS, AU N oy

|
> Ay AR A g

0.164 nm 0.264 nm 0.094 nm 0.104 nm

The AFM images of the annealed PVOH -PDMS?* films (Table 6) also show similar
morphologies as the adsorbed films (Table 4). All of the annealed films appear to have
undergone spinodal dewetting. The PVOH”""-PDMS* films were generally less rough than the
PVOH®"H_PDMS? films, in agreement with previous trends in the roughness values of the

adsorbed films.

Table 6. AFM images, section analyses, and RMS roughness values of PVOH-PDMS?* thin
films after static adsorption for 1 min and water annealing after 0 h (AFM image size: 1.25 pm X
5 um; height scale: 10 nm).

0, 0, 0, 0, 0, 0, 0, 0,
PVOH88 %H, 0.1 wt% PVOHSS %H, 0.5 wt% PVOH99 %H, 0.1 wt% PVOH99 %H, 0.5 wt%

50

0.904 nm 0.839 nm 0.563 nm 0.834 nmn

The optical images of the adsorbed and annealed PVOH*!' " -PDMS*¥ films (Table 7a)

appear similar to the optical image of the PDMS**° substrate (Table 2), indicating that the PVOH
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-PDMS** film feature sizes are not large enough to be detected via optical microscopy. However,
the PVOH film feature sizes are large enough to image via optical microscopy on PDMS*,
PDMS’, and PDMS** (Tables 7b-7d).

Table 7a. Optical images of PVOH-PDMS?** thin films after static adsorption for 1 min and
water annealing after 0 h (500% magnification).

[PVOH]

88%H 99%H
(Wt%) PVOH PVOH

Substrate Treatment

Adsorbed

Annealed

PDMS?** 0.1

The adsorbed PVOH®"H- 01 "% _PDMS?* morphology consists of droplet-like fractals,
while the adsorbed PVOH"H- %! _PDMS?* morphology consists of branch-like fractals (Table
7b). The fractals did not appear in the annealed PVOH®*" %! "% _PDMS* optical image, but did
appear in the annealed PVOH”"H %1 " _PDMS?* optical image, along with the growth of smaller
fractals. While the optical images of the adsorbed and annealed PVOH-PDMS* films were not
taken on the same sample, these trends indicate that the PVOH*! ** -PDMS?* films rearrange and
redistribute polymer from the fractals to the bare substrate after annealing, resulting in

PVOH®". 0.1 w% _PDMS* film feature sizes that are too small to image via optical microscopy.
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Table 7b. Optical images of PVOH-PDMS? thin films after static adsorption for 1 min and
water annealing after 0 h (500x magnification).

Substrate Treatment [PV?H] PVOH?#"H PVOH®%H
(Wt%)
Adsorbed
PDMS* 0.1
Annealed

The optical images of the adsorbed and annealed PVOH on PDMS’* (Table 7¢) and
PDMS** (Table 7d) also show droplet-like PVOH®*"" fractals and branch-like PVOH*"*!
fractals. The morphologies appear similar on PDMS* and PDMS**, but are slightly larger on the
PDMS** substrates due to the higher MW and greater substrate mobility. The film morphology
appears independent of [PVOH] on PDMS** (Table 7d). After annealing, the PVOH®"" droplets
appear smaller and more numerous on PDMS® (Table 7c). The PVOH?”" branches appear more
irregular in width after annealing on both PDMS®* and PDMS**. These changes after annealing
suggest that some PVOH”"" polymer chains from the existing branches dissociate and form new
branches. This also suggests that the strength by which PVOH*"" branches adhere to the

substrate can vary.
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Table 7¢. Optical images of PVOH-PDMS®* thin films after static adsorption for 1 min and water
annealing after 0 h (500x magnification).

[PVOH]

88%H 99%H
(Wt%) PVOH PVOH

Substrate Treatment

Adsorbed

PDMS* 0.1

Annealed
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Table 7d. Optical images of PVOH-PDMS** thin films after static adsorption for 1 min and
water annealing after 0 h (500x magnification).

Substrate Treatment [I(’V\;&Ig] PVOH?#"H PVOH»"H
0.1
Adsorbed
0.5
PDMS**
0.1
Annealed
0.5

3.3.2 Effect of time before annealing

The PVOH"!' " -PDMS’* films were annealed in water 0 h after (“immediate-annealing”)
or 24 h after (“delayed-annealing”) 1 min of static adsorption in order to determine the effect of
time before annealing on thickness, wettability, and morphology. All optical images of the
delayed-annealed films were taken in the same location as before annealing. The PVOH?®"H. 01

“% _PDMS’ film thickness was the same after immediate-annealing and delayed-annealing
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(Figure 23), and was slightly less than the adsorbed PVOH®"H- 1 "% _PDMS® film thickness.
The delayed-annealed PVOH** %1 "% _PDMS®* film thickness was equal to the adsorbed
thickness and was greater than the immediately-annealed thickness since PVOH”"" films are
more hydrophilic and crystalline than PVOH®*"" films. The results can also be attributed to the
greater crystallinity of PVOH*”" compared to PVOH®"!, resulting in greater stability when the

PVOH*"! films are allowed to dry and crystallize more thoroughly.
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Figure 23. Thicknesses of PVOH-PDMS®* films after static adsorption for 1 min and water
annealing after 0 or 24 h.

The contact angles of the annealed PVOH"! *** -PDMS’* films were the same across the

different % hydrolysis and times before annealing (Figure 24).
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Figure 24. Contact angles of PVOH-PDMS®* films after static adsorption for 1 min and water
annealing after O or 24 h.

The optical images of the PVOH®*- 01" PDMS®* films show that the PVOH"H. 0-1 wt
fractals became similarly homogeneous in size and distribution after immediate-annealing and
delayed-annealing (Table 8). On the other hand, the changes in size and distribution of the
immediately-annealed and the delayed-annealed PVOH”""- %1% fractals differed; the
immediately-annealed fractals appeared more even in size but less even in distribution compared
to the delayed-annealed fractals. While the images of the adsorbed and immediately-annealed
films were captured on different samples, the time before annealing appears to influence the
thickness and morphology of the adsorbed PVOH®*"H- ! _pDMS®* films differently than the
PVOH*#. 01 w%_pDMS®* films, which can be attributed to the differences in the degree of

crystallinity of the two polymers.
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Table 8. Optical images of PVOH-PDMS’* thin films after static adsorption for 1 min and water
annealing after 0 or 24 h (500x magnification).

Treatment [PVOH] PVOH?®"H PVOH"H
(Wt%)

Adsorbed 0.1

0 h-later
annealed 0.1
24 h-later 0.1
annealed )

3.4 Fractal analysis following static adsorption and water annealing
3.4.1 Effect of time before annealing

The morphologies of the adsorbed, immediately-annealed, and the delayed-annealed
PVOH"!'*" _PDMS’* films were analyzed by determining the % PVOH surface coverage, the
fractal dimension D values, and the fractal lacunarity L values. The % surface coverage was
independent of the % hydrolysis, but slightly depended on the film treatment (Figure 25). The %
surface coverage of the adsorbed films was equal to that of the delayed-annealed films, and was

slightly greater than that of the immediately-annealed films.
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Figure 25. % PVOH surface coverage on PDMS®* after static adsorption for 1 min and water
annealing after O or 24 h.

The D values of the PVOH®”H- 1" _PDMS®* films were equal across the different
treatments (Figure 26). The D value of the delayed-annealed PVOH*""- %! " _PDMS* film was
slightly greater than the D values of the adsorbed and immediately-annealed PVOH"H 01 %
-PDMS’* films. This result is consistent with the delayed-annealed PVOH** 1 " _ppDMS*

fractals displaying the greatest complexity out of all three treatments (Table §).
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Figure 26. Fractal dimension D of PVOH-PDMS* films after static adsorption for 1 min and
water annealing after 0 or 24 h.

Similar to the D values, the L values of the PVOH®"H: 01 %% _pPDMS®* films were also
equal across the different treatments (Figure 27). The L value of the delayed-annealed
PVOH*#. 01 w% _PDMS®* film was slightly less than the L values of the adsorbed and
immediately-annealed PVOH"!: %! _PDMS®* films. This result is also consistent with the
optical image of the delayed-annealed PVOH?” %1% _PDMS’* film appearing more
homogenous than the adsorbed and the immediately-annealed PVOH*" %! ¥ _pPDMS®* films

(Table 8).
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Figure 27. Fractal lacunarity L of PVOH-PDMS* films after static adsorption for 1 min and
water annealing after O or 24 h.

3.4.2 Effect of % hydrolysis and [PVOH]

The morphologies of the adsorbed and immediately-annealed PVOH -PDMS** films
were also analyzed. The % PVOH surface coverage increased slightly with the [PVOH] and the
% hydrolysis (Figure 28). Generally, the % PVOH surface coverage was independent of
treatment. While these results are opposite from those on PDMS® substrates (Figure 25), this
suggests that PVOH"! *** - PDMS** films are more stable to immediate annealing than PVOH"!
"% _PDMS’* films due to a more significant loosely-bound h; PVOH layer on PDMS®* substrates

compared to PDMS**,
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Figure 28. % PVOH surface coverage on PDMS** after static adsorption for 1 min and water
annealing after 0 h.

The D values of the PVOH -PDMS** films generally appeared independent of treatment
and [PVOH] (Figure 29). The PVOH*"" _PDMS** films had greater D values than the

PVOH*"" _.PDMS** films as a result of the greater morphological complexity (Table 7d).
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Figure 29. Fractal dimension D of PVOH-PDMS** films after static adsorption for 1 min and
water annealing after O h.

The L values of the PVOH -PDMS** films also appeared generally independent of
treatment and the [PVOH] and dependent on the % hydrolysis (Figure 30). There was a slight
decrease in the L value of the adsorbed PVOH®*"H- 95" _pDMS** films compared to the
adsorbed PVOH®"H- 01" _pDMS** films, corresponding with a slight increase in the D value
(Figure 29). These changes were also accompanied by decreased droplet size (Table 7d). These
data suggest that morphological differences between the adsorbed PVOH®*H. 01 " _pDMS** and
PVOH™*H.05w% _PDMS** films were due to the higher [PVOH] providing a stronger driving
force for adsorption. However, these small morphological differences were negligible following

water annealing and polymer rearrangement.
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Figure 30. Fractal lacunarity L of PVOH-PDMS** films after static adsorption for 1 min and
water annealing after O h.

3.5 Spin coating
3.5.1 PDMS** Substrate

The thicknesses and CAs of the spin-coated PVOH®*"H- %1 _pPDMS* and
PVOH"H-01w% _PDMS® films were independent of % hydrolysis and spin rate (Figures 31 and
32), indicating that the films contained extremely dewetted morphologies and no additional

deposition during spin.
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Figure 31. Thicknesses of PVOH-PDMS®* films after spin coating.
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Figure 32. Contact angles of PVOH-PDMS®* films after spin coating.
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The optical images of the PVOH"! ** -PDMS* films prepared by spin coating at 900 rpm
and 6000 rpm (Table 9) show extreme dewetting similar to the adsorbed PVOH*! *** . PDMS**
films (Tables 7c). This result, combined with the independence of film thickness from spin rate,
indicates that PVOH-PDMS’* is an unstable system, which is consistent with previous
postulations.”® Additional optical images of the spin-coated PVOH"! *** -PDMS’* films prepared
at the intermediate spin rates are provided in Tables 16a and 16b in the Appendix.

The optical images of the spin-coated PVOH"! *** - PDMS’* films show a small
dependance of morphology on spin rate and location on sample, where the fractals at the center
of the 6000 rpm films were more dense than at the edge of the 6000 rpm film (Table 9). This
dependence of morphology on the location of the sample was not evident in the 900 rpm films
since 900 rpm is the slowest spin rate, and the films are still slightly wet after spin coating.
Drying takes place over a longer period after spin coating at 900 rpm, resulting in increased

uniformity in morphology.
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Table 9. Optical images of PVOH-PDMS* films prepared by spin coating (500 magnification).

Spinrate  Location PVOHB8%H. 0.1 wi% PVOH%H. 0.1 wi%

(rpm)  on sample

Center
900

Edge
Center

6000
Edge

3.5.2 PDMS** Substrate

The thicknesses of the spin-coated PVOH®"H. 0.1 W% _pDMS** and PVOH?"#H. 0-1 %

-PDMS** films were also independent of % hydrolysis and spin rate (Figure 33), consistent with
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previous observations that the PVOH -PDMS** system is unstable.*® The high standard
deviations in thickness can be attributed to the extreme dewetting and more numerous replicates
compared to the spin-coated PVOH-PDMS’* experiments. The thicknesses of the spin-coated
PVOH"! " _PDMS’* (Figure 31) and PVOH"! "> . PDMS** films (Figure 33) were all
approximately 20 A, which is within standard deviation of the adsorbed and delayed-annealed
PVOH?”H.0.1w% _PPHMS®* films, the adsorbed and immediately-annealed

PVOH"H. 0.1w% _PHMS* films, and the adsorbed and the immediately-annealed

PVOH *!' " _PDMS** films (Figures 21 and 23). The thickness data suggest that the spin-coated
PVOH®"H_PDMS®* films only contain a tightly-bound h, layer, while the spin-coated
PVOH*”M.PDMS®* films contain a tightly-bound and a loosely-bound h; layer. On the other
hand, the thickness data suggest that all PVOH"! **-PDMS** films only contain a tightly-bound

h, layer.
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Figure 33. Thicknesses of PVOH-PDMS** films after spin coating.
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The CAs of the spin-coated PVOH"! " -PDMS** films were also fairly independent of
spin rate, but the CAs of the PVOH”H- 1" _PDMS** films were slightly greater than the CAs
of the PVOH®"H. 0-1v% _pDMS** films (Figure 34). This result could be due to a greater extent of
dewetting in the PVOH®"H- 01 "% _PDMS** films compared to PVOH?®¥"H: 01 w% _pDM Sk

leaving more of the hydrophobic substrate exposed.
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Figure 34. Contact angles of PVOH-PDMS** films after spin coating.

The AFM images also show nanoscopic morphological differences in the spin-coated
PVOH"!"*_.PDMS** films that depended on % hydrolysis and location on sample (Tables 10a
and 10b). On the nanoscopic scale, the PVOH®"! %1% filmg contained thin branches between
droplets, and the branch width seemed to decrease toward the edge of the sample (Table 10a),
most likely due to the greater centrifugal force. The PVOH”!- %1% filmg contained thicker
branches and did not appear to contain droplets (Table 10b). The PVOH"H- 01 "% fractal width

also appears to decrease toward the edge of the sample, but more images are necessary to
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confirm this result. Lastly, the height of the PVOH?"™ %1% fractals was less than half of the
height of the PVOH®"H- 01" droplets, indicating that the PVOH*"! polymers possess a
stronger tendency to aggregate vertically compared to the PVOH*"" polymers. This significant
difference in morphologies can be attributed to the different amounts of crystallization, where the
decreased degree of PVOH?®"H 01 "% crygtallization is just sufficient to resist Rayleigh instability

and decaying into droplet morphology.



Table 10a. AFM images and section analyses of PVOH®*0-1%"%_pDMS** films prepared by
spin coating (AFM image size: 10 um x 10 um; height scale: 250 nm).
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Spin rate  Location

(rpm) on sample AFM image Section analysis

100
|

Center
900
g - ,
e
Edge
Center
4800

F
|

Edge

-100
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Table 10b. AFM images and section analyses of PVOH”""- %! "*_pDMS** films prepared by
spin coating (height scale: 250 nm).

SI()?;IKEC 01;10:;1?1;1116 AFM image Section analysis
H (!\
900 Edge — /vy I
(50 pm x 50 um)
Center °’W
(20 pm x 20 um)
6000
—
Edge
(20 pm x 20 pm)

The optical images of the spin-coated PVOH®! *"*-PDMS** films demonstrate a strong
dependence of microscopic morphology on the % hydrolysis only (Table 11). Unlike the
spin-coated PVOH*! **-PDMS’* films (Table 9), there were no perceivable differences in
morphology between the different spin rates and locations on samples for the
PVOH"!"".PDMS** films. This can be explained by the extreme substrate mobility of PDMS**

resulting in spin-coated morphologies closer to the equilibrium morphology. Additional optical
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images of the spin-coated PVOH"! *** -PDMS** films prepared at the intermediate spin rates are
provided in Tables 17a and 17b in the Appendix.

Table 11. Optical images of PVOH-PDMS** films prepared by spin coating (500
magnification).

Spinrate  Location PVOHSH. 0.1 wi% PVOH%H, 0.1 wit
(rpm)  on sample

Center
900
Edge
Center
6000

Edge
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The global optical images of the spin-coated PVOH®"! *"*-PDMS** films show the
footprints of the initial droplets and the PVOH solution exit lines for both PVOH"H. 01 %% and
PVOH®”H.01%% (Tables 12a and 12b). PVOH aggregates are evident in the exit lines, and each
image contains multiple exit lines. Generally, as the spin rate increases, the number of exit lines
increases, and the width of the lines decreases due to the increased acceleration during spin up.
Therefore, it is expected that, as the spin rate increases, morphological heterogeneity will also
increase, especially at the edges of the samples. Indeed, it is evident that the “centers” and
“edges” of the samples vary in morphology, as well as the exit lines and the rest of the films.
Additional global optical images of the spin-coated PVOH*! *** - PDMS** films prepared at the
intermediate spin rates are provided in Tables 18a and 18b in the Appendix. The global
morphology varies between samples of the same PVOH polymer and spin rate, making it

difficult to reproduce global morphology accurately, resulting in high variance in thickness and

CA.
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Table 12a. Global optical images of PVOH®"H 01 %_pDHMS** films prepared by spin coating.

900 rpm 6000 rpm
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Table 12b. Global optical images of PVOH*"*: ! "*_pDMS** films prepared by spin coating.
900 rpm 6000 rpm

3.6 Water annealing following spin coating
3.6.1 PDMS** Substrate

The spin-coated PVOH*! *"*-PDMS’* films were annealed in water 0 h or 24 h after spin
coating, and the film thicknesses were measured (Figures 35 and 36). For both % hydrolysis, the
film thickness was largely independent of spin rate, as seen in section 3.5. The annealed
PVOH®. 0.1 w%_pPHMS®* film thickness (Figure 35) was independent of the time before
annealing, but the annealed PVOH?# %! "**.pDMS®* film thickness (Figure 36) had a slight

dependence on the time before annealing, where the PVOH”""- 1" PDMS®* films annealed 24
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h after spin coating were slightly thicker than those annealed 0 h after spin coating. The average
annealed PVOH®"H- 1% _PDMS®* film thickness was less than the average spin-coated
PVOH"H. 0.1w%_PPHMS* film thickness (Figure 31), regardless of the time before annealing. On
the other hand, the average delayed-annealed PVOH® %! " _pDMS®* film thickness was
comparable to the average spin-coated PVOH*” 01 " _pDMS® film thickness (Figure 31).
These results indicate that the spin-coated PVOH®"!- 01 "%_pPDMS* films contained some
tightly-bound and loosely-bound h,, and water annealing resulted in the removal of the
loosely-bound h,. The spin-coated PVOH*"H- %1 "%_PDMS®* films also contained some
tightly-bound and loosely-bound h;, and the loosely-bound h; was only unstable to immediate
water annealing. These results are consistent with section 3.3.2, and can be attributed to the more

H99%H

extensive crystallization of PVO resulting in greater stability.
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Figure 35. Thicknesses of PVOH*"H- 1. pPDMS* films after spin coating and water annealing
after 0 or 24 h.
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Figure 36. Thicknesses of PVOH”"H- 1" PDMS®* films after spin coating and water annealing
after 0 or 24 h.

The contact angles of the annealed PVOH"!' ***-PDMS®* films were equal to the
spin-coated PVOH*! *"*-PDMS’* films (Figure 32), and were independent of the % hydrolysis,
the spin rate, and the time before annealing (Appendix; Figures 52 and 53).

The optical images after spin coating and water annealing PVOH"' *** on PDMS’* show a
strong dependence of microscopic morphology on the % hydrolysis and some dependence on the
spin rate and the time before annealing (Tables 13a and 13b). An increase in heterogeneity in
fractal size due to film rearrangement was apparent after water annealing, compared to before
water annealing (Table 9). Contrary to the spin-coated film thicknesses before and after water
annealing (Figures 31 and 36), the PVOH”"*" *1"_pPDMS®* fractal heterogeneity appeared to
increase with the time before annealing. While the thickness was more consistent with the
spin-coated thickness, the morphology was less consistent after delayed-annealing compared to

immediate-annealing. This is despite the optical images of the delayed-annealed films being
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taken on the same sample and in the same location as before annealing, while the optical images
of the immediately-annealed films were taken on different samples as before annealing. These
results suggest that the higher plasticity of the freshly-spin-coated films allows for greater
rearrangement and progress toward the equilibrium morphology. This indicates that the
immediately-annealed film morphology is closer to the equilibrium morphology than the
delayed-annealed morphology. Greater morphological differences between the spin-coated,
immediate-annealed, and delayed-annealed films were apparent after spin coating at 6000 rpm
compared to 900 rpm, most likely due to the faster drying at 6000 rpm, which amplifies the

effects of kinetic entrapment.
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Table 13a. Optical images of PVOH-PDMS®* films after spin coating at 900 rpm and water
annealing after 0 or 24 h (500x magnification).

Spin  Location Ui
rate on before PVOHSS%H, 0.1 wt% PVOHgg%H’ 0.1 wt%
(rpm) sample annealing
(h)
Center 0
900
Edge 0
Center 24
900

Edge 24
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Table 13b. Optical images of PVOH-PDMS®* films after spin coating at 6000 rpm and water
annealing after 0 or 24 h (500x magnification).

. ) Time
Spin  Location before
rate on . PVOHSS%H, 0.1 wt% PVOHgg%H’ 0.1 wt%

(pm)  sample annealing
(h)
Center 0
6000
Edge 0
Center 24
6000
Edge 24
3.6.2 PDMS** Substrate

The spin-coated PVOH"! *"*-PDMS** films were also annealed in water 0 h or 24 h after

spin coating, and the film thicknesses were measured (Figures 37 and 38). The annealed
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PVOH"! "**-PDMS** film thickness was largely independent of the spin rate, the % hydrolysis,
and the time before annealing. These results differed slightly from those on PDMS®** (Figures 35
and 36), and can be attributed to the high degree of mobility of the PDMS** substrate. Generally,
the PVOH film thickness on PDMS** is consistent, regardless of the % hydrolysis or treatment,
and this can be partially attributed to the high standard deviations in thickness arising from the

extreme dewetting morphologies.
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Figure 37. Thicknesses of PVOH®*"! 01w _pDMS** films after spin coating and water
annealing after 0 or 24 h.
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Figure 38. Thicknesses of PVOH*"H 1 " _pDMS** films after spin coating and water
annealing after 0 or 24 h.

The contact angles of the annealed PVOH"!' ***-PDMS** films were equal to the
spin-coated PVOH*! *"*-PDMS** films (Figure 34), and were independent of the % hydrolysis,
the spin rate, and the time before annealing (Appendix; Figures 54 and 55).

The optical images after spin coating and water annealing PVOH"! "> on PDMS** show
a strong dependence of microscopic morphology on the % hydrolysis and some dependence on
the time before annealing (Tables 14a and 14b). The size of the PVOH®"H- 01 v pDM Sk
fractals decreased significantly after water annealing, regardless of the time before annealing and
the spin rate. Aggregation and film rearrangement were also observed in the
PVOH*”H01w%_PDMS** films after water annealing. The different PVOH"H 0-1¥%_pDM S+
fractal sizes after immediate-annealing and delayed-annealing can be attributed to variance

between different batches.
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Table 14a. Optical images of PVOH-PDMS** films after spin coating at 900 rpm and water
annealing after 0 or 24 h (500x magnification).

Spin  Location Ui
rate on before PVOHSS%H, 0.1 wt% PVOHgg%H’ 0.1 wt%
(rpm) sample annealing
(h)
Center 0
900
Edge 0
Center 24
900

Edge 24




66

Table 14b. Optical images of PVOH-PDMS** films after spin coating at 6000 rpm and water
annealing after 0 or 24 h (500x magnification).

Spin  Location Ui
rate on befor.e PVOH?8H. 0-1wt% PVOH%H. 0.1 wi%
(rpm) sample annealing
(h)
Center 0
6000
Edge 0
Center 24
6000
Edge 24

The global optical images of the PVOH®*"- 01 "**_pDMS** films after spin coating and
water annealing after 24 h were also obtained (Table 15). The exit lines, the outer ring, and the
HSS%H, 0.1 wt%

initial footprint were less pronounced after water annealing, confirming that PVO

rearranges on the global/microscopic scale to distribute more evenly over a substrate after water
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annealing. These results indicate that it is more thermodynamically stable for PVOH?H. 0-1 wt%
films to form droplet morphology, and more thermodynamically stable for PVOH*H: 1% filmg
to form more extensive crystal structures via aggregation.

Table 15. Global optical images of PVOH"H.0-!""_pDMS** films after spin coating and water
annealing after 24 h.

900 rpm 6000 rpm

3.7 Fractal analysis following spin coating and water annealing
3.7.1 PDMS* Substrate

The morphologies of the spin-coated, the immediately-annealed, and the
delayed-annealed PVOH"! *** -PDMS** films were also analyzed by determining the % PVOH
surface coverage, the fractal dimension D values, and the fractal lacunarity L values. The %
PVOH surface coverage was dependent on the % hydrolysis and the sample treatment (Figures
39 and 40). Generally, the PVOH¥*H- 01" _PDMS®* films covered less of the PDMS®* substrate
than the PVOH** %1 "% _PDMS®* films. The % surface coverage of the
PVOH™*H.0.1w% _PDMS®™ films was similar across the different spin rates, the location on the

sample, and the treatment, but increased slightly on the immediately-annealed samples. This also
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suggests that the higher plasticity of the freshly-spin-coated films allows for greater

rearrangement and progress toward the equilibrium morphology.
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Figure 39. % PVOH®*"- %1% gyrface coverage on PDMS’* after spin coating and water
annealing after 0 or 24 h.

The % surface coverage of the PVOH*”H: 1% _pPDMS®* films (Figure 40) showed a
greater dependency on condition and spin rate than the % surface coverage of the
PVOH3H. 0-1w% _pDMS* films (Figure 39). As observed in the optical images of the
PVOH*”#H. 0.1 w% _PDMS®* films (Tables 13a and 13b), the % PVOH surface coverage increased
significantly after delayed-annealing, especially after spin coating at 6000 rpm. This result
coincides with the growth of smaller PVOH*"" fractals formed in the delayed-aggregation

process, magnified by the greater kinetic entrapment at 6000 rpm.
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Figure 40. % PVOH”"H %1% gyrface coverage on PDMS’* after spin coating and water
annealing after 0 or 24 h.

The D values of the PVOH®"H %1% _pDMS®* films (Figure 41) were greater than the D
values of the PVOH?”H- 1" _PDMS®* films (Figure 42) as a result of the greater complexity
and smaller pattern scale. The D values of the PVOH"H- 1" _PDMS’* films were fairly
consistent across the different spin rates and the locations on the samples. The only D value that
noticeably differed was for the spin-coated edge of the 6000 rpm sample, which was lower due to
the greater centripetal force at the highest spin rate at the edge of the sample. The D values of the
PVOH*”H.0.1w% _PDHMS* films varied more than the PVOH®"*H 01 "% _PDMS* films. Again, the
delayed-annealed PVOH?"H. 01" _PDMS®* films prepared at 6000 rpm had greater D values
than the other films as a result of the combined effects of kinetic entrapment and

delayed-annealing.
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Figure 41. Fractal dimension D of PVOH*"- %! "**.PDMS®* films after spin coating and water
annealing after 0 or 24 h.
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Figure 42. Fractal dimension D of PVOH*"- %! "**_.PDMS®* films after spin coating and water
annealing after 0 or 24 h.
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The L values of the PVOH®*"H- 01" _PDMS®* films (Figure 43) were less than the L
values of the PVOH?” 01 _pPDMS’* films (Figure 44) as a result of the greater heterogeneity
of the PVOH»"H- 01" _PDMS®* films. This lacunarity largely arises from the tendency of
PVOH”"" to aggregate and crystallize. While there were fewer obvious trends in L values, the
delayed-annealed PVOH"H- %1 _PDMS® films prepared at 6000 rpm had the lowest L values

due to the numerous smaller fractals covering the surface and reducing the lacunarity of the

films.
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Figure 43. Fractal lacunarity L of PVOH®*" %1 "_pPDMS® films after spin coating and water
annealing after O or 24 h.
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Figure 44. Fractal lacunarity L of PVOH?" %! "**_pDMS®* films after spin coating and water
annealing after 0 or 24 h.

3.7.2 PDMS** Substrate
The % PVOH®*H. 0.1 %% qurface coverage on PDMS** after spin coating,
immediately-annealing, and delayed-annealing were within standard deviation for the different

spin rates, the locations on the samples, and the treatments (Figure 45). The % PVOH"H. 01w

S** after spin coating, immediately-annealing, and delayed-annealing

surface coverage on PDM
were also generally within standard deviation for the different spin rates, the locations on the
samples, and the treatments (Figure 46). The % surface coverage values of the

PVOHB3H. 0.1 w% _PpDMS*K and PVOH?"H 0-1%% _PDMS** films were more similar than the
PVOH*H.0.1w% _PDMS™* and PVOH"H- 01" _PDMS* films (Figures 39 and 40), most likely

due to the higher substrate mobility allowing for greater film rearrangement.
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Figure 45. % PVOH®*®"™- 01" gyrface coverage on PDMS** after spin coating and water
annealing after 0 or 24 h.
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Figure 46. % PVOH”""- %1 "% gyrface coverage on PDMS** after spin coating and water
annealing after 0 or 24 h.
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Similar to the results on PDMS’, the D values of the PVOH?"H- 01 %% _pPDHMS** films
(Figure 47) were greater than the D values of the PVOH»"" %" _PDMS** films (Figure 48).
The D values of the PVOH®"H- 1% _PDMS** films were approximately equal to the D values
of the PVOH®”H- 01" _pPDMS®* films (Figure 41). However, the D values of the
PVOH"H.0-1w% PDMS** films differed in trend compared to the PVOH"H- 01 _ppDMS*
films (Figure 42), where the PVOH?"*- 01 v _pDMS** films with the largest D values were the
immediate-adsorbed films rather than the delayed-annealed films. However, these data are not
the most reliable since the immediately-annealed and the delayed-annealed films came from

different experiments and the substrates were likely different thicknesses, resulting in different

sizes of fractals.
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Figure 47. Fractal dimension D of PVOH?®"H 01 "% _pDMS** films after spin coating and water
annealing after O or 24 h.
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Figure 48. Fractal dimension D of PVOH*” 01" _pDMS** films after spin coating and water
annealing after 0 or 24 h.

Similar to the results on PDMS’, the L values of the PVOH?3¥"H: 01 %% _pPDMS** films
(Figure 49) were less than the L values of the PVOH»”! %1% _PDMS** films (Figure 50) as a
result of the increased heterogeneity of the PVOH" 01" _PDMS** films. The L values of the
PVOH®H. 0-1w% _PDMS** films were within standard deviation across the different spin rates,
the locations on the samples, and the conditions. If all of the PVOH*”"- %1% _PDMS** films had
been prepared on substrates of approximately equal thickness, then the feature sizes and substrate
mobility would be more consistent across the different batches, and the
PVOH*#. 0-1w% _pDMS** films would also be expected to possess approximately equal L

values.
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Figure 49. Fractal lacunarity L of PVOH®*" %! v pDMS** films after spin coating and water

annealing after O or 24 h.
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Figure 50. Fractal lacunarity L of PVOH*" %! v**_PDMS** films after spin coating and water

annealing after 0 or 24 h.
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IV. CONCLUSIONS AND FUTURE WORK

We fabricated PVOH thin films on PDMS substrates via static adsorption and adsorptive
spin coating, and determined the stability of the films to water. The thickness, wettability, and
morphology of the thin films were primarily studied as functions of PDMS molecular weight,
PVOH degree of hydrolysis, and time elapsed between film fabrication and water annealing.

Substrates. The PDMS substrates employed in this study displayed behavior associated
with low molecular weight (LMW), intermediate molecular weight (MMW), and high molecular
weight (HMW) PDMS. While substrate hydrophobicity generally increased with PDMS
molecular weight (MW), the key differentiating variable between the MMW and HMW
substrates was substrate mobility rather than hydrophobicity.

Static adsorption. Film thickness and morphology depended strongly on PDMS MW
and PVOH % hydrolysis, but were independent of adsorption time and PVOH concentration.
These results contradict previous studies and demonstrate that alternative factors, namely
substrate mobility and polymer crystallinity, can play principal roles in polymer adsorption.

Water annealing following static adsorption. Film rearrangement due to water
annealing was dependent on PDMS MW, PVOH 9% hydrolysis, and time between static
adsorption and annealing. Significant microscopic morphological changes were not necessarily
accompanied by significant nanoscopic changes. We found evidence of a loosely-bound h,
PVOH layer on PDMS’* substrates only. The PVOH*”"-PDMS** film thickness and morphology

were dependent on time before water annealing, while the PVOH**"_-PDMS®* films were
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independent of time before water annealing. This signals a difference between the two systems’
loosely-bound h; layers.

Spin coating. The spin-coated PVOH"!' " thicknesses and contact angles were
independent of spin rate and PVOH % hydrolysis on PDMS®’* and PDMS**; both systems are
unstable, and the films are extremely dewetted. The presence of a loosely-bound h; layer
depends on substrate mobility and PVOH % hydrolysis. The PVOH morphologies were more
consistent on PDMS** than PDMS* since PDMS** lacks a loosely-bound h, layer.

Water annealing following spin coating. Consistent with static adsorption and water
annealing experiments, water annealing after spin coating resulted in film loss (loosely-bound h,)
and changes in morphology, depending on the PDMS substrate, PVOH % hydrolysis, and time
before annealing.

These results provide more insight into the multilayered structure of PVOH-PDMS thin
films, as well as the stability of these structures. This study aids our journey toward
understanding PVOH film dynamics in different conditions and employing these and other
hydrophilic, semicrystalline polymer thin films more precisely.

Future research. It is still being determined whether the PVOH morphologies observed
on PDMS?* and PDMS** after water annealing are the most thermodynamically stable. Water
annealing over various time frames and with additional heat energy could give more information
about the progression of film rearrangement and provide a better understanding of the structure
of these films. Additionally, since adsorbed PVOH-PDMS?* and PVOH-PDMS** films follow
similar thickness trends, it is possible that PVOH-PDMS?* films also possess loosely-bound h,

layers. Using less forceful rinsing methods on the PVOH-PDMS?* films or providing additional



heat energy during water annealing could reveal potential loosely-bound h; layers in

PVOH-PDMS* films.
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Table 16a. Additional optical images of PVOH®"!0-1""_pPDMS®* films prepared by spin coating
(500x magnification).

Spin
rate 1400 2200 3500 4800
(rpm)

Center

Edge

Table 16b. Additional optical images of PVOH*"H ¢! "*_pDMS®* films prepared by spin coating
(500 magnification).

Spin
rate 1400 2200 3500 4800
(rpm)

Center
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Table 17a. Additional optical images of PVOH®"!01""_pDMS** films prepared by spin
coating (500x magnification).

Spin
rate 1400 2200 3500 4800
(rpm)

Center

Edge

Table 17b. Additional optical images of PVOH”""- %1 " _pPDMS** films prepared by spin
coating (500x magnification).

Spin
rate 1400 2200 3500 4800
(rpm)

Center
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Table 18a. Additional global optical images of PVOH®"H0-!"%_pDMS** films prepared by spin
coating.

1400 rpm 2200 rpm 3500 rpm 4800 rpm

Table 18b. Additional global optical images of PVOH”!- %1 "%_pPDMS** films prepared by spin
coating.

1400 rpm 2200 rpm 3500 rpm 4800 rpm
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Figure 52. Advancing contact angles of PVOH-PDMS®* films after spin coating and water
annealing after 0 or 24 h.
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Figure 54. Advancing contact angles of PVOH-PDMS** films after spin coating and water
annealing after 0 or 24 h.
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