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ABSTRACT 

 
While polydimethylsiloxane (PDMS) has many uses in analytical, biomedical, 

and electronic systems, its hydrophobicity hinders some of its applications by 
causing incompatibility with aqueous media. Specifically, this can cause great 
difficulties to the polymer’s applications in bioengineering, as most biological 
systems are water-based. A direct and simple approach of surface adsorption is 
successful in hydrophilizing PDMS substrates.  

In this research, surface hydrophillization of PDMS was carried out by 
adsorption of poly(vinyl alcohol) (PVOH, 99% hydrolyzed, M.W. = 89-98 kDa) 
from aqueous solution. PDMS of different molecular weights, from 2 kDa to 116 
kDa, were covalently attached to silicon wafer substrates. All the substrates were 
characterized using ellipsometry, contact angle goniometry, and atomic force 
microscopy before and after each step.  

Adsorbed PVOH thin films were only continuous on PDMS layers of 2 kDa 
and showed “dewetted” morphologies, such as honeycomb structures and fractal 
features, as the underlying PDMS molecular weight increases and decreases. The 
instability of the adsorbed PVOH thin films is likely caused by surface chemical 
and/or physical “defects”. PVOH morphologies on various PDMS substrates are 
determined by the density and extent of defects in different PDMS substrates, 
and/or the molecular weights (flexibility) of PDMS chains. Lower molecular 
weight PDMS are most easily hydrophilized by adsorbed PVOH as indicated by 
the low receding contact angle values. Higher molecular weight PDMS have 
incomplete coverage of PVOH, giving rise to high advancing contact angle 
values.  

In-situ imaging confirms that various PVOH morphologies are formed upon 
exposure to air, not in solution, and that PVOH desorption is minimal. The unique 
structural features of adsorbed PVOH thin films are likely the direct result of 
PVOH crystallization upon dehydration and are dependent on surface defects.  
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I. INTRODUCTION 

1.1 Motivation for the project: creating a long-term hydrophilic surface 

Polydimethlysiloxane (PDMS) is used in rapid prototyping of microfluidic 

devices due to its numerous advantageous properties. The polymer’s ease of 

fabrication, low cost, biocompatibility, elastomeric quality, and optical 

transparency are properties that give it an upper hand in the manufacture of 

microfluidic devices.1,2 Some applications utilizing microfluidic devices include 

polymerase chain reaction3, DNA microarrays4, capillary electrophoresis5, stable 

droplet6 and bubble formation7, analysis of biological samples8, and various other 

separation and point-of-care devices.  

Despite the polymer’s ubiquitous uses in various aqueous-based procedures, 

its intrinsic hydrophobic property remains a major impediment in its complete 

utilization. The advancing and receding water contact angles of PDMS surface are 

approximately 110o/100o (θA/θR) respectively; this means that the polymer is 

highly hydrophobic. The hydrophobicity of PDMS causes great difficulties to its 

applications in bioengineering, as most biological systems are aqueous. For 

instance, analysis of biological samples and chemical synthesis require 

hydrophilic surfaces. In order for capillary electrophoresis to work, there is the 
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need for some amount of surface wettability.5 Stable droplet and bubble 

formations only work when the channel walls are wet for the flow of continuous 

phase fluid.6, 7 Most importantly, many hydrophobic biomolecules easily adsorb 

nonspecifically onto the intrinsically hydrophobic polymer, thus hindering useful 

properties of PDMS substrates.9 

However, such disadvantages can be suppressed by the implementation of 

novel surface modification techniques. The advantages of such techniques are 

two-fold: minimization of biomolecular adsorption and improvement in the 

hydrophilicity of the polymer.9 

In an effort to hydrophilize PDMS substrates, various methods for treating 

PDMS surfaces have been implemented. Two primary strategies have been 

known to bring about PDMS hydrophilization: covalent modification and physical 

adsorption.9 Covalent modifications can be achieved by introducing hydroxyl 

groups (-OH) onto PDMS surfaces. The hydroxyl groups can then be modified by 

a silanization process, where silane molecules are attached via siloxane (Si-O-Si) 

bonds. Depending on the type of silane used, various functional groups maybe 

attached onto PDMS surfaces.10 In the past, oxygen plasma11 and UV/ozone12 

have been used to make PDMS surfaces more hydrophilic by replacing surface 

methyl groups with silanol groups. A major drawback of such procedures, 

however, is that this modification is temporary because the polymer surface can 



4	  
	  

often regain its hydrophobicity in time in a process known as hydrophobic 

recovery.  

An alternative process may also be adopted where an acidic solution 

containing hydrogen peroxide (H2O2) is pumped onto the PDMS surface creating 

silanol groups.13 However, this process is not preferred as an excess of the acidity 

of hydrogen peroxide may lead to a loss in the optical transparency of PDMS.9  

While physical adsorption is a simple one-step process in achieving 

hydrophilization of PDMS substrates, it also turns out to be unstable both 

thermally and mechanically. Such instability can be attributed to the weak 

interactions between the adsorbed molecules and the PDMS surface. 

Is there then an easy and facile method to achieve long-term hydropilization 

of PDMS substrate without loss of the polymer’s desirable properties? This 

project investigates hydrophilization of PDMS surfaces using adsorption of 

poly(vinyl alcohol) (PVOH) as a tool. Unlike previous cases of physical 

adsorption where the process was unstable due to weak interactions between the 

adsorbed molecule and the polymer, adsorption of PVOH on PDMS is a stable 

process. A two-stage process is known to occur during adsorption: firstly, a 

decrease in the interfacial energy due to the hydrophobic interaction between the 

inherently hydrophobic PDMS and the carbon backbone of PVOH, and secondly, 

a subsequent stabilization of the adsorbed layer due to crystallization of the 

polymer.14 Adsorption of PVOH onto PDMS is a superior method over the studies 
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done in the past because of its simplicity, and its success in creating a long-term 

hydrophilic surface. 

 

1.2 Polydimethylsiloxane: chemical structure and properties 

Silicones are widely known today as polymers with an alternating silicon and 

oxygen single bonded backbone. Polydimethylsiloxane, the most common form 

of silicone, has two methyl groups attached to each silicon atom in its 

backbone.15, 16 The structure of PDMS combines both organic (methyl) and 

inorganic (siloxane) groups, and is one of the most studied siloxane polymers.17 

Figure 1 shows the chemical structure of PDMS.  

 

Figure 1. Chemical structure of polydimethylsiloxane, showing its large bond 
length, repeating unit, and bond angle.  

 

There are three major structural properties of PDMS that allow for its 

rotational and vibrational degrees of freedom, such aspects are absent in carbon-
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based substrates.15 Firstly, the Si-O-Si bond angle of 143o is much greater than the 

corresponding C-C-C bond angle of 109.5o.  Secondly, the Si-O bond (1.63 Å) is 

significantly longer than a typical C-C (1.53 Å) bond. And finally, the electro-

negativity difference between silicon (1.9) and oxygen (3.5) atoms leaves Si-O 

bond with an ionic character of 51%. The first two properties of PDMS are the 

basis for some of the unique attributes of PDMS such as high flexibility and low 

glass transition temperature (-125 oC).16 The last property, its high ionic character, 

allows chemical reactivity and permeability by water and oxygen, as well as 

thermodynamic stability. 

A major distinction that needs to be established between polymers that are 

based on Si-O bonds rather than C-C bonds is their thermal stability, where the 

former exhibits much greater thermal stability.15 The reason for this difference is 

two-fold: a greater bond dissociation energy of Si-O bonds (444 kJ/mol) 

compared to that of C-C bonds (346 kJ/mol), and yield of a solid SiO2 in the case 

of silicon based substrates compared to carbon based substrates which yield a 

gaseous oxidation product of CO2.
15

  

With a glass transition temperature (Tg) of -125 oC, uncrosslinked PDMS 

exists as a liquid at room temperature. This means it does not undergo permanent 

deformation upon applying stress or strain and therefore exhibits elastomeric 

properties in its crosslinked form.18 
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The presence of methyl groups attached to the silicon atoms of its backbone 

contributes to the non-swelling characteristic of PDMS in aqueous media, 

however; this also gives rise to its inherent hydrophobicity. While properties of 

PDMS such as thermal stability, chemical inertness, non-toxicity, and 

biocompatibility are highly desirable, its hydrophobic nature brings forth 

challenges in biomedical devices required to be functional in aqueous 

environments.18  

1.3 Introduction to poly(vinyl alcohol) 

PVOH is a non-toxic polymer and has innumerable applications as 

emulsifiers, coatings, food-packaging materials, biomaterials, drug delivery 

systems, adhesives, surfactants, etc.19 

Figure 2 shows the chemical structure of PVOH. PVOH is a white solid at 

room temperature and is water-soluble.20 It is an unusual polymer in that it is 

atatic yet semi-crystalline.21 PVOH is one of the most hydrophilic polymers with 

stable chemical properties, good dissolution, and strong adhesion.22 It is a 

polymer of interest due to its many desirable properties, and can therefore be used 

for various pharmaceutical and biomedical applications.  

The degrees of hydrolysis and polymerization affect the solubility of PVOH in 

water. It has been shown that PVOH solutions with high degrees of hydrolysis 
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have low solubility in water. Furthermore, the presence of acetate groups affects 

the ability of PVOH to crystallize.23 

 

Figure 2. Chemical structure of a poly(vinyl alcohol) repeat unit. 

Figure 3 shows solubility as a function of degree of hydrolysis for a PVOH of 

Mn = 77,000 Da at temperatures of 20 0C and 40 0C. The graph shows that the 

percentage of PVOH soluble in water is inversely proportional to its degree of 

hydrolysis. Hence, solubility will decrease as the degree of hydrolysis increases. 

This occurs because the residual hydrophobic acetate groups weaken the 

intermolecular and intramolecular hydrogen bonding of hydroxyl groups. It turns 

out that 70 0C and higher temperature is required in order for dissolution to 

occur.23 PVOH has a melting point of 230 0C for the fully hydrolyzed grade and a 

melting point of 180-190 0C for its partially hydrolyzed grades.24 Its glass 

transition temperature is 85 0C.25 The low critical solution temperature (LCST) of 

PVOH is 97 0C. Above this temperature, the chains of the polymer become 
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hydrophobically associated or aggregated, leading to phase separation and the 

formation of agglomerates.26 

 

 

Figure 3. Percent of solubility as a function of degree of hydrolysis for a PVOH 
of Mn = 77,000 at 20 0C and 40 0C.23 

 

An interesting aspect of making PVOH is that rather than it being made from 

the polymerization of its precursor single unit monomer vinyl alcohol, it is 

prepared by first polymerizing vinyl acetate, and then hydrolyzing poly(vinyl 

acetate) to PVOH. This is because the keto form of the tautomer of vinyl alcohol 

is favored over its enol form. Figure 4 shows the tautomerization of vinyl alcohol. 

Vinyl alcohol, in its enol form is not as stable to undergo a polymerization 
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reaction. And so, vinyl acetate is used as the initial monomer to make poly(vinyl 

alcohol).19  

As shown in Figure 5, the conversion of poly(vinyl acetate) to PVOH is done 

via the addition of methanol and an alkaline catalyst such as sodium hydroxide.19  

 

Figure 4. Tautomerization of vinyl alcohol; the reaction is favored to the left with 
the keto form dominating the equilibrium. 

 

Figure 5. Hydrolysis of poly(vinyl acetate) to poly(vinyl alcohol) in the presence 
of NaOH. 
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1.4 PVOH adsorption and its driving forces 

 

A direct and simple approach for making PDMS surfaces more hydrophilic is 

via surface adsorption.27A way to achieve this is by adsorbing PVOH onto PDMS 

surfaces. 

PVOH has been shown to adsorb irreversibly onto many different 

hydrophobic solids by it being surface-active at a hydrophobic surface/water 

interface.28 Furthermore, it has been hypothesized that the surface of the PVOH 

thin films reconstruct upon drying to a structure that is different from the polymer 

that is in contact with water.28 

    The driving forces attributing to the spontaneous PVOH adsorption are 

hydrophobic interactions between the PDMS chain and PVOH carbon-based 

backbone followed by a subsequent crystallization.14 The hydrophobic 

interactions between the two polymers induce the release of water from the solid-

liquid interface, followed by a subsequent crystallization of PVOH polymer 

chains at the interface.28 Thus the driving force for the hydrophobic interactions 

arises from an increase in entropy of the water.  

Figure 6 shows a Langmuir curve, which is quantitatively described by the 

Langmuir equation. The Langmuir curve relates the coverage or adsorption of 
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molecules on a solid surface to the concentration of the medium above the solid 

surface, at a fixed temperature.29 The Langmuir equation is as follows: 

Ѳ = 
!"

!!!"
 

Where, Ѳ is the fractional coverage, P is the concentration (or pressure), and α 

is a constant.29 

The constant α is known as the Langmuir adsorption constant and it increases 

as the binding energy of adsorption increases and as the temperature decreases. In 

Figure 6, the value of the constant α increases from blue (bottom curve) to brown 

(top curve). Therefore, adsorption increases as a function of temperature.29  

 

Figure 6. The Langmuir curve showing fractional coverage vs. concentration.29  
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1.5 Understanding dewetting 

In this research, we strive to understand a “dewetting-like” phenomenon that 

occurs after the adsorption of PVOH onto PDMS. Dewetting is a spontaneous 

phenomenon where a liquid thin film on a surface rearranges itself into an 

ensemble of separated objects.30  

Dewetting can be ascribed to the interplay of unfavorable surface interactions 

and attractive intermolecular forces. Dewetting is a spontaneous withdrawal of a 

liquid film from a hostile surface and can be viewed as the opposite of spreading 

of a liquid film on a substrate.31, 32, 33 

Figure 7 shows the three different types of dewetting mechanisms. The first 

type, dewetting by nucleation, occurs in the case of thicker films, where the 

gravitational forces are dominant over the intermolecular forces due to the larger 

thickness of the films. Overall, the film is relatively stable, and so, dewetting by 

nucleation is initiated by the nucleation of holes at defect sites.30 In spinodal 

dewetting, the films are so thin that the gravitational forces are negligible 

compared to the intermolecular forces. Thus, attractive long-range forces cause 

the film to be unstable, and break apart into an array of droplets.30 The third type 

of dewetting known as Ostwald ripening occurs when heat is supplied to isolate 

droplets that rupture due to the instability of thin films to merge together, grow, 

and finally crystallize.30 
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Figure 7. Schematic representation of different dewetting types. a) Dewetting by 
nucleation, growth and coalescence of holes. b) Spinodal dewetting. c) Dewetting 
by Ostwald ripening followed by crystallization.30  

 

Before trying to understand the phenomenon of dewetting, two main types of 

wetting regimes must first be understood. Two main sectors of wetting are total 

and partial wetting. Figure 8 shows the two different wetting mechanisms. These 

can be differentiated by the spreading parameter S.30 The spreading parameter can 

be expressed as: 

S= [Esub]dry-[Esub]wet=ϒS-A- ( ϒS-L- ϒL-A), 

Where, the three coefficients ϒ are the surface tensions at the solid-air, solid-

liquid, and liquid-air interfaces, respectively.30 [Esub]dry is the surface energy per 
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unit area of the dry substrate and [Esub]wet is the surface energy per unit area of the 

wet substrate. 

When the wetting parameter S is positive, the liquid spreads completely 

forming a contact angle of θ E = 0.30 In the case of partial wetting, S is negative, 

and the liquid forms a hemi-spherical cap on the substrate surface with θE with a 

positive value between 0 and 1080.30 When partial wetting occurs, films are either 

metastable or unstable and dewet below the critical thickness h
c
, where h

c
 can be 

expressed as: 

h
c
= 2√   !

!!
 sin(!!

!
) 

Where, h
c 
 is in the order of millimeter, g is the acceleration of gravity, ρ is the 

liquid density, and γ is the interfacial energy.30 
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Figure 8. a) Two different types of wetting regimes: Total wetting with a positive 
spreading coefficient and partial wetting with a negative spreading coefficient.  b) 
Contact angles in two partial wetting scenarios: mostly wetting with contact 
angles less than 90° and mostly non-wetting with contact angles greater than 
90°.30  

 

Applications of dewetting. Dewetting can be useful in many industrial 

processes where a fast drying surface is required. Examples include aviation, 

metallurgy, dishwater detergents, and as substitutes to expensive lithographic 

processes.34 Nonetheless, dewetting is considered to be undesirable in industry 

due to its most obvious property: break-up of liquid into an array of small 

droplets. This can be undesirable in cases where a smooth coating is required. 

Understanding of the dewetting phenomenon, however, has led to the ubiquitous 

application of dewetting in many industrial processes. Examples of these include 

fabrication of large ordered structures, production and reproduction of molds as 

patterns, and its usage in various electronic applications as field effect transistors 

and resists.34 

One such study reported an easy and facile method to make grafted polymer 

brushes using the dewetting theory.35 Polymer brushes are widely used as a 

reliable way to modify the functionality of surfaces. Such functionalities include 

the polymer surface’s wettability, biocompatibility, and resistance to corrosion 

and friction.36, 37 Figure 9 summarizes the process of forming grafted polymer 

brushes using the dewetting mechanism. In step 1, a film of micro initiator is spin-

coated on top of a polystyrene (PS) film.35 In step 2, the micro initiator film 
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dewets upon thermal annealing and forms holes.35 In step 3, the 

poly(poly(ethylene glycol) methyl ether methacrylate) chains are grafted, but only 

onto the micro initiator films.35 This way, a patterned brush is produced, which is 

able to adsorb only within the PS holes.35  Such polymer brushes have ends that 

are able to selectively attach to only certain types of cells; this can be fundamental 

in the formation of tissues in vitro and in bio-sensing. The patterning of polymer 

brushes, especially in biomedical applications, has been carried out in the past 

using rather complex methods such as micro-contact printing and scanning probe 

microscopy-assisted writing.38-40 Dewetting is favored over lengthy lithographic 

scanning procedures due to it being a cheaper and faster method.35  

Figure 9. A facile one-step method polymer brushes using dewetting.35  
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Role of dewetting in biological systems. The dewetting phenomenon is 

important in biological systems at the solid-liquid interfaces such as: in-vitro 

experiments, biosensors, and arrays.41 For example, the stability in the 

conformations of proteins and nucleic acids can be largely attributed to the 

interplay of hydrophobic and hydrophilic forces.42 This means that proteins at 

surfaces experience conformational changes, which may be used to change a 

protein’s surface energy and modify the intermolecular interactions between 

them.43 So depending on the interaction between proteins, either aggregation or 

segregation of protein pairs can occur. This induces the formation of either 

monolayers (wetting-like) or isolated nanostructures (dewetting-like). 30 

Patterning of cell-adhesive proteins on hydrophobic surfaces is also important in 

implants and tissue reconstruction.44-46 

1.6 An in-depth study of dewetting: two main rupture mechanisms 

On the one hand, a defect-free and smooth coating is desired in most cases. 

An application of this includes stable lithographic resists.48 On the other hand, the 

basic rules that constitute dewetting can be used and applied to other systems so 

that general rupture mechanisms can be inferred.49 

A “dewetting-like” phenomenon has been shown to give rise to the various 

PVOH morphologies observed on PDMS substrates of different molecular 
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weights after adsorption. Figure 10 shows the various morphologies formed on 

different molecular weights of PDMS substrates. A former member of the lab, 

Lien Nguyen, obtained the images taken with optical microscope (top row) and 

AFM (bottom row) shown in Figure 10.  

 

Figure 10. Macroscopic and microscopic morphologies of features formed by 
PVOH adsorption. Top row, left to right: 1000 µm × 1000 µm optical microscope 
images of PDMS2000, PDMS9430, PDMS17250, and PDMS49350. Bottom row, left to 
right:  10 µm × 10 µm AFM images of PDMS2000 (height scale bar = 10 nm), 
PDMS9430 (20 nm), PDMS17250 (50 nm) and PDMS49350 (50 nm).  

 

Although what we see is different from the conditions in which dewetting has 

been observed in the past, the similarities in morphologies between what we see 

and the dewetting phenomenon means that the possibility of a “dewetting-like” 

mechanism in this case must also be considered. Unlike the case of dewetting 

where a certain liquid including molten polymer interacts with a solid substrate, 

dehydration of adsorbed PVOH thin films occur upon exposure to air. The driving 
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force is the instability of the thin film and crystallization as a result of 

dehydration. 

To begin with, we must understand that a film can either be stable, meta-

stable or unstable. The effective interface potential φ(h) must first be defined: 

φ(h) is the excess free energy per unit area necessary to bring two interfaces 

(solid-liquid and liquid-gas) from infinity to a certain distance h, the thickness of 

the liquid film.48 As shown in Figure 11, as h approaches infinity φ(h) approaches 

0.48 This indicates that a film with infinite thickness is stable. Curve 1 in Figure 

11 shows that when φ(h) is positive, the film is called stable. Curve 2 shows that 

when the second derivative of φ with respect to the film thickness is negative, i.e 

φ”(h0) is negative and h0 is the initial thickness of a homogeneous film, the film is 

called unstable.48 Curve 3 shows that the film is unstable for small film 

thicknesses where φ”(h0) is negative, and metastable for larger film thicknesses, 

where φ”(h0) is positive.48 The h* in Figure 11 represents nucleation or defect 

sites, this is the point at which the films can undergo dewetting by heterogeneous 

nucleation.  
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Figure 11. Effective interface potential φ (h) as a function of film thickness h for 
stable (1), unstable (2), and metastable (3) films.49 

 

Dewetting is characterized by the formation of holes, their growth, and 

coalescence, finally leading to a set of droplets on the substrate.49 In the 

metastable case (φ” (h0) > 0, curve 3 in Figure 11), the film ruptures due to a 

nucleation process initiated either by defect sites or heat. A consequence of this is 

that the holes appear at random locations. Figure 12 shows an AFM image of 

dewetting by nucleation. 
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Figure 12. AFM image of a polystyrene (2k) film showing dewetting by 
nucleation.49 

 

 In contrast, an unstable film ruptures spontaneously via a spinodal dewetting 

mechanism (φ” (h0) < 0, curve 2 in Figure 10). 49 Instability arises due to a small 

fluctuation in the system parameter.49 The capillary waves are spontaneously 

amplified and the fluid advances to a rim, which can grow.49 A consequence of 

this is that the holes appear at regular distances from each other.  Figure 13 shows 

an AFM image of an unstable film undergoing spinodal dewetting.  Since 

dewetting is a process related to film thickness, AFM is the most ideal tool to 

obtain topographical images of the sample, as well as obtain some of the surface 

properties like electric, magnetic, and elastic.50 
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Figure 13. AFM image of a polystyrene (2k) film showing spinodal dewetting.49 

1.7 Atomic force microscopy and three imaging modes 

Atomic force microscopy is a widely used high resolution imaging technique, 

which has gained popularity in recent years. It consists of a cantilever with a 

sharp tip that is used to scan sample surface.51 Information about the morphology 

of a surface is gathered by the cantilever tip, which deflects upon interaction with 

the sample surface. A feedback loop is created in order to adjust the tip to sample 

distance. As shown in Figure 14, as the cantilever is displaced due to its 

interaction with the surface, the reflection of the laser beam will also be displaced 

on the surface of the photodiode.51 
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Figure 14. A block diagram of an atomic force microscope.52 

AFM can be operated in three imaging modes. These are contact mode, non-

contact mode, and tapping mode. In contact mode, the tip is dragged across the 

surface of a sample resulting in a topographical map of the surface.53 A major 

disadvantage of this mode is the presence of adhesive forces between the tip and 

the surface, which can cause substantial damage to the sample and the cantilever, 

thereby creating artifacts.53 A way to avoid this problem is by implementation of 

non-contact mode. In this mode, the tip is held at a small distance above the 

sample. However, its problems can manifest in low resolution. A third and the 

most efficient type is the tapping mode.  Figure 15 shows an AFM image obtained 

using the tapping mode. 
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Figure 15. Tapping mode image of purified collagen monomers.53 

Tapping mode is able to conveniently scan a surface by allowing the tip in 

contact with the surface to provide high resolution, and then lifting the tip off to 

avoid any damages resulting due to dragging. This motion can cause an 

oscillation of the AFM tip.56 In tapping mode, a constant feedback loop is 

maintained by the cantilever oscillation amplitude. This method can especially be 

useful in the case of soft samples as the tapping mode prevents sample surfaces 

from getting damaged due to the oscillation amplitude overcoming any tip-sample 

adhesion.53 
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1.8 Geometry and morphology of fractals 

Information about fractal geometry is useful in our investigation of fractal 

morphologies of PVOH on PDMS substrates. The term fractal was coined by the 

French-American polymath Benoit Manderbolt about four decades ago and it is 

derived from the Latin word fractus, meaning broken.54 Figures 16 and 17 

illustrate the major difference between a fractal and a non-fractal object. Upon 

magnification of a non-fractal object, no new features are revealed. Magnification 

of a fractal, however, reveals finer features that are in turn similar to the larger 

features.54 

 

Figure 16. A non-fractal object.54 

 

 

Figure 17. A fractal object.54 
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In the real world, many different objects can be classified as fractals based on 

this property.  Some examples of fractals occurring naturally are neurons, tree 

branches, and snowflakes.55 Fractals have extensive uses in the modeling of the 

universe, data compression, study of music, weather forecasting, special effects in 

computer graphics, medical imaging, and signal processing.55  

Copious amounts of work have been done in order to model fractals. In the 

1980s, Witten and Sanders proposed the diffusion limited aggregation (DLA) 

model (Figure 18). The model assumes the kinetic growth of clusters involving 

random walk diffusion and irreversible addition of new particles to the edges of 

existing, stationary features with diffusion as the rate-limiting step.56 In the DLA 

model, the fractal morphologies grow by the successive addition of particles, so 

the clusters must be formed in-situ and their growth must be attributed to 

Brownian motion.56 

 

Figure 18. a) A fractal structure formed by a blood vessel around a retina.57 b) A 
computer simulated 2-dimensional lattice as predicted by the DLA model. c) 
Examples of 2-dimensional lattice fractal structures.58 
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1.9 Project goals and objectives 

In this project, investigation of the adsorption of PVOH on PDMS layers of 

varying molecular weights covalently attached to silicon wafers was carried out. 

Our investigation confirms that PVOH adsorbs on PDMS, and in doing so, forms 

a variety of macroscopic and microscopic features. Features range from 

continuous membranes to fractal morphologies.  

The hypothesis of this project is that the morphology of the adsorbed PVOH 

changes as a function of molecular weight of PDMS. More specifically, the 

morphology of the adsorbed PVOH on PDMS changes from continuous films, to 

a combination of honeycomb and fractal morphologies, to exclusively fractal 

morphologies, as the molecular weight of PDMS increases. Understanding the 

causes behind the different PVOH morphologies across a range of PDMS 

molecular weights will help us understand adsorption. 

Using in-situ imaging, the project aims to understand whether fractals form 

upon exposure to air (ex- situ) or in solution (in-situ). Some type of a “dewetting” 

mechanism seems to be the likely phenomenon behind changes seen in the 

morphology of the PVOH films. The methods of rupture of PVOH films onto the 

different molecular weights of PDMS were also investigated. On lower molecular 

weight PDMS substrates, continuous films are a consequence of “spinodal 

dewetting”.  As molecular weight of PDMS increases, there is an increase in the 

number of defect sites of the substrate. Such defect sites can bring about 
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instability in the films and initiate “dewetting by nucleation”. This “dewetting” 

gives rise to the honeycomb structures, transitional morphologies, and fractal 

structures that are observed.  

Furthermore, this project aims to investigate the interplay of factors that 

ascribe to the driving forces involved in adsorption. Namely, two primary factors 

are known to affect adsorption, these include: 1) hydrophobic interactions and 2) 

crystallization of PVOH on the substrate. Once a paradigm for the PVOH 

morphologies on PDMS substrates of varying molecular weight was established, 

solubility tests of adsorbed PVOH films on a single type of PDMS substrate were 

carried out. This provides hints toward the formation mechanism of fractals upon 

drying (ex-situ).  

Measurement of crystallinity of PVOH films adsorbed onto PDMS substrates 

will be a vital future step for furthering our understanding of the unique structural 

morphologies formed after adsorption. Additionally, we hope to be able to control 

the surface morphologies (shape and size of fractals, types of honeycomb 

structures, coverage of continuous films, etc.) of a single type of a PVOH 

adsorbed PDMS with the knowledge gained from solubility and kinetics tests. 

Knowledge of whether PVOH desorbs back into water would reveal whether or 

not adsorbed PVOH is crystalline in nature and soluble in water.   

In our investigation of the hydrophilization of PDMS using PVOH, we have 

successfully established standard experimental procedure, achieved 
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reproducibility, and optimized conditions to create a long-term hydrophilic 

substrate.  
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II. MATERIALS AND METHODS 

2.1 Materials and Instrumentation 

Materials. Silicon wafers were purchased from International Wafer Service, 

Inc. DMS-T12 (M.W. = 2,000 Da), DMS-T22 (M.W. = 9,430 Da), DMS-T25 

(M.W = 17,250 Da), DMS-T35 (M.W. = 49,350 Da), and DMS-T46 (M.W. = 

116,500 Da) were purchased from Gelest, Inc. Poly(vinyl alcohol) (89-98 k, 

99+% hydrolyzed) was purchased from Sigma-Aldrich, Co. Water was purified 

using a Milli-Q Biocel system (Millipore Corp, resistivity ≥ 18.2 MΩ/cm). 

Toluene, acetone, and ethanol were purchased from Fisher Scientific, Inc. 

Instrumentation. All silicon wafers were oxidized in a Harrick plasma cleaner 

PDC-001 (Harrick Scientific Products, Inc.) prior to drop-casting.  Drop-casted 

wafers were heated in the model 150/Timer heater (J-KEM Scientific, Inc.). 

Dynamic light scattering measurements were carried out using Malvern Zetasizer 

Nano-S equipped with a 4mW He-Ne laser (λ = 632.8 nm) to determine the size 

of PVOH chains in solution. Refractive indices of PVOH (n = 1.520) and water (n 

= 1.330), and viscosity of water (ɳ = 0.8872) at 25 oC were assigned. The 

measurements obtained have ~ 5% relative error. Precision 51221126 Gravity 

Convection Lab Oven (Thermo Fisher Scientific, Inc.) was used for drying silicon 

wafers. Olympus BX51 optical microscope in the reflective mode was used to 

obtain macroscopic images of substrates. Thickness measurements were carried 

out using an LSE Stokes Ellipsometer (Gaertner Scientific Corp.) equipped with a 
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1 mW He-Ne laser (wavelength 632.8 nm). Contact angles were measured using a 

NRL C.A 100-00 goniometer (Rame-Hart Instrument Co.) with a Gilmont 

Syringe (Gilmont Instrument Co.) attached to a 24-gauge flat-tipped needle. 

Surface topographies were imaged using a Veeco Metrology Dimension 3100 

Atomic Force Microscope (Veeco Instruments Inc.)  in tapping mode with a 

Veeco silicon tip. In-situ imaging of PVOH adsorption on PDMS substrates was 

carried out using a 10× Nikon water immersion lens and a Q-Imaging QICAM 

camera attached to a Nikon eclipse 50 i optical microscope. 

2.2 Methods 

 Preparation of clean silicon wafers. Silicon wafers were cut into 1.2 × 1.5 cm 

rectangular pieces, rinsed with distilled water, and dried with compressed air to 

remove impurities such as dust particles. The wafers were then placed in an oven 

to dry at 110 oC for 30 min. Moreover, in order to remove any organic 

contaminants, dried wafers were placed in an oxygen plasma reactor for 15 min at 

~300 mtorr after flushing with oxygen gas three times for 30 s each time. 

 

Drop casting PDMS onto clean wafers. Each clean silicon wafer was placed 

inside an individual clean scintillation vial. 100 µL of PDMS of varying 

molecular weights was drop cast onto each wafer using a micro-pipette. The vials 

were tightly capped after drop-casting, and placed inside slots of the heater at 100 

oC for 24 h. 
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Rinsing drop casted PDMS substrates. After 24 h, the vials were removed 

from the heater. Each wafer was rinsed with toluene, acetone, and Milli-Q water 

in that respective order. Each wafer was rinsed 3× on top and 3× on bottom with 

each solvent; the rinsing procedure was repeated after changing the location 

where the tweezers were held. The wafers were dried under a stream of nitrogen 

gas and placed in a desiccator for overnight drying. 

Preparing poly(vinyl alcohol) solution. In order to make a 0.1 wt% PVOH 

solution, 0.1 g of PVOH powder was weighed and added to a clean 120 mL 

Nalgene bottle. A magnetic stir bar and 100 g of Milli-Q water were added to the 

bottle. Meanwhile a hot water bath containing a stirrer was set up. The bottle was 

clamped so that it remained immersed in water and the water level of the outer 

water bath was kept at the same level as that of the PVOH solution inside the 

bottle. A thermometer was clamped and immersed in the water bath to keep 

record of the temperature. The bottle was heated at a temperature of 88-94 oC for 

3 h. It was critical that the temperature did not exceed 95 oC, since 97 oC is the 

lower critical solution temperature (LCST) of the polymer above which the 

polymer chains become hydrophobically associated leading to phase separation 

and the formation of agglomerates.26 Upon completion of heating, the solution 

was allowed to cool in the water bath under stirring overnight. Measurement of 

PVOH size in solution using the dynamic light scattering equipment commenced 

from the following day until PVOH size was finally stabilized. When stable, the 
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average hydrodynamic diameter of PVOH chains is approximately 18 nm by 

intensity and 14 nm by volume. 

Adsorption of PVOH onto PDMS. Four silicon wafer samples grafted with 

PDMS with shiny side up were inserted into a wafer holder, which was was 

placed inside a Schlenk tube containing a stir bar. 15 mL of PVOH solution was 

slowly poured into the Schlenk tube from the side without directly contacting the 

wafers until all four wafers were completely submerged in PVOH. The Schlenk 

tube was then covered with a piece of parafilm. PVOH adsorption was allowed to 

take place for 15 min or 24 h at room temperature. After adsorption, 30 mL of 

Milli-Q water was added to the Schlenk tube. The mixture of PVOH and Milli-Q 

water was stirred for 1 min. Within the next minute, 30 mL of the mixture was 

pipette out. Addition of water and removal of solution were repeated for a total of 

6 times. The 6th addition, however, was not pipetted out.  The wafer holder was 

taken out after the dilutions and the wafers were placed in a desiccator overnight 

after removing excess liquid. 

 

Solubility tests. Three solubility tests were conducted in order to test the 

effects of different degrees of drying on the solubility of the adsorbed PVOH 

films. 1) Wafers were adsorbed for 24 h in 15 mL of PVOH. Dilutions were done 

6× with 30 mL of Milli-Q water. After the 6th removal of solution, the wafer 

holder was left inside the Schlenk tube for an additional 24 h. The wafer holder 

was taken out after 24 h and the wafers were placed inside a desiccator overnight 
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after removing excess liquid. 2) Wafers were adsorbed for 24 h in 15 mL of 

PVOH. Dilutions were done 6× with 30 mL of Milli-Q water. The wafer holder 

was lifted and transferred into an empty Schlenk tube, to which 15 mL of Milli-Q 

water was added. The wafer holder was taken out after 24 h and the wafers were 

placed in a desiccator overnight after removing excess liquid. 3) Wafers were 

adsorbed for 24 h in 15 mL of PVOH. Dilutions were done 6× with 30 mL of 

Milli-Q water. The wafers were taken out and dried in a desiccator for 24 h. After 

24 h, the wafers were placed inside a Schlenk tube, to which 15 mL of Milli-Q 

water was added. The wafer holder was taken out after 24 h, and the wafers were 

placed in a desiccator overnight after removing excess liquid. 

Re-adsorption. Wafers that were adsorbed with PVOH for 24 h and dried in a 

desiccator overnight were adsorbed in PVOH solution again for 24 h. The 

solution was diluted 6× before the samples were removed and placed in a 

desiccator overnight. 

In-situ optical microscopy imaging. The processes of PVOH adsorption and 

desorption were captured in-situ using time-lapse imaging over a 24-hour period. 

For the adsorption studies, silicon wafers grafted with PDMS2000 and PDMS49350 

were secured into separate polypropylene dishes using double stick tapes. 

Polymer aggregates and dust particles were removed from the PVOH solution 

using a 0.2 µm Nylon filter. The filtered PVOH solution was slowly added to the 

dish using a 10 mL syringe so that the PVOH solution completely cover each 
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wafer and that solution level filled approximately 90% of the dish. The dish was 

positioned such that the edge of the wafer could be focused while the 10× Nikon 

immersion lens dipped into the solution. Once the wafer was focused, time-lapse 

images of adsorption were captured for 24 h with one image being captured every 

hour. For the desorption studies, each of the PDMS2000 and PDMS49350 wafers 

adsorbed with PVOH was secured in a polypropylene dish. Milli-Q water was 

poured into each dish to about 90% full. Time-lapse images of desorption were 

captured for 24 h with one image being captured every hour. To minimize water 

evaporation, a plastic cover was placed over the dish during imaging.  
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III. RESULTS AND DISCUSSIONS 

 

3.1 Mechanisms for the formation of different PVOH morphologies on PDMS 
substrates due to ex-situ “dewetting” 
 

Figure 19 shows AFM images of five different molecular weights of PDMS 

grafted on silicon wafer substrates. The AFM root-mean-square (rms) roughness 

value of PDMS increases upon increasing molecular weights of PDMS. This is 

because the surface of PDMS gets rougher as molecular weight of PDMS 

increases. 

Figure 19. AFM images of PDMS on silicon wafers (scan size: 2.5 µm × 2.5 µm, 
height scale: 10 nm): T12 (M.W. = 2,000 Da, rms = 0.2), T22 (M.W. = 9,430 Da, 
rms = 0.3), T25 (M.W. =17,250 Da, rms = 0.3), T35 (M.W. = 49,350 Da, rms = 
0.4), and T46 (M.W. = 116,500 Da, rms = 0.5) (from left to right).  

 

Figure 20 shows AFM images of changes in PVOH morphologies as 

molecular weight of PDMS varies from 2,000 Da to 116,500 Da. A range of 

macroscopic and microscopic morphologies was observed in adsorbed PVOH. 

Continuous films and honeycomb structures were more common in lower 

molecular weight PDMS substrates. Small and large fractal morphologies were 

more common on higher molecular weight PDMS substrates.  
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Figure 20. AFM images of PVOH on PDMS (scan size: 20 µm × 20 µm): T12 
(height = 20 nm), T22 (height = 50 nm), T25 (height = 40 nm), T35 (height = 50 
nm), and T46 (height = 200 nm) (from left to right).  

 

A major research question is whether various PVOH morphologies on PDMS 

are formed in solution (while immersed in PVOH solution), or upon exposure to 

air (as soon as the substrates are taken out of the PVOH solution). Two models 

were hypothesized to explain the formations of different PVOH morphologies in-

situ and ex-situ. 

The first model is the Diffusion Limited Aggregation (DLA) model, which 

was proposed by Witten and Sanders in the 1980s.56 The DLA model explains the 

formations of fractal features in solution. The model assumes the kinetic growth 

of clusters involving random walk diffusion and irreversible addition of new 

particles to the edges of existing, stationary features with diffusion as the rate-

limiting step.56 While the DLA model was thought to explain the formation of 

“fractal-like” morphologies of adsorbed PVOH seen on PDMS substrates initially, 

this model seems highly improbable after observing in-situ imaging in solution 

during adsorption. The reason for this is twofold: fractals were not observed in 
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solution and the various discrepancies in PVOH pattern formation could not be 

explained.  

The second model is the dehydration caused “dewetting” phenomenon, which 

explains how fractals form upon exposure to air (ex-situ). A film of hydrated 

PVOH on PDMS dewets to minimize energy by reducing the unfavorable solid-

air and PVOH-PDMS interfaces. 48 The second model explains various 

morphologies formed on substrates with different molecular weights of PDMS, 

which will be discussed in detail in Section 3.3.  

 

3.2 Contact angles and thickness data of adsorbed PVOH on varying molecular 

weights of PDMS substrates 

 

 Table 1 tabulates the contact angles and thickness values of PDMS of 

varying molecular weights drop-casted onto silicon wafers. As molecular 

weight of PDMS increased, the thickness of PDMS layer also increased. 

There was no obvious relationship between the thickness of PVOH layer and 

molecular weight of PDMS. Furthermore, the thickness of the PVOH layer on 

PDMS, regardless of the molecular weight of PDMS, is approximately 3.5 

nm. The dynamic contact angles of PDMS substrates decreased substantially 

after the adsorption with PVOH. 
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Table 1. Contact angles and thicknesses of different molecular weights of PDMS 
and PVOH films on PDMS substrates. 

PDMS 
molecular 

weight 

(Da) 

Thickness of 
PDMS layer 

(nm) 

Dynamic 
contact 

angles of 
PDMS 
surface 

(ѲA/ѲR) (o) 

Thickness of 
PVOH layer  

(nm) 

 

Dynamic 
contact 

angles of 
PVOH on 

PDMS 

(ѲA/ѲR) (o) 

2000 1.2±0.2 103±1/99±1 3.6±0.4 79±3/13±2 

9430        3.6±0.4 107±1/102±2 4.2±0.5 102±5/32±3 

17250 4.4±0.4 109±1/104±1 3.5±0.9 109±1/55±6 

49350 7.6±0.5 109±1/95±1 3.1±0.8 107±1/72±5 

116500 11.3±0.7 113±1/98±1 2.7±1.0 112±1/93±3 

 

Figure 21 shows the thicknesses of PDMS as a function of the molecular 

weights of PDMS. A positive slope indicates a positive correlation between 

thickness of PDMS and its molecular weight. Furthermore, the standard deviation 

of the thickness also increases as molecular weight of PDMS substrates increases; 

this means that the surface of the substrate gets rougher with increasing molecular 

weight of the polymer.  
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Figure 21. Graph of thickness of PDMS plotted against molecular weight of 
PDMS showing a near linear trend-line with a positive slope. 

 

Figure 22 is a graph of the logarithm of thickness of PDMS layer as a function 

of the logarithm of molecular weight of PDMS. Logarithms of the x and y 

quantities were taken in order to compare the slope to the theta (θ) exponent in the 

following power law equation: 

Chain dimension α Molecular weight θ. 

Next, we can replace the proportionality constant with an equals sign and add 

a constant (k). 

Dimension = k (Molecular weight) θ 

Taking log on both sides of the equation, 

log (Dimension) = logk + log (Molecular weight) θ 

y	  =	  8E-‐05x	  +	  2.4894	  
R²	  =	  0.93283	  
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or, log (Dimension) = θ log (Molecular weight)  + log(k) 

In that case, θ can be obtained by taking the slope of the graph in Figure 22. 

We assume the dimension to be comparable to the thickness of the PDMS chains 

since the PDMS chains are supposed to attach onto the silicon substrates to form a 

monolayer (Figure 23). The value of θ ranges from 0.5 to 0.6, where a higher θ 

value is indicative of a better solvent. In a good solvent, interactions between 

polymer segments and solvent molecules are energetically favorable, which 

causes polymer coils to expand.60 In a poor solvent, polymer-polymer self-

interactions are preferred, and the polymer coils will contract.60 The slope of the 

graph in Figure 21 is 0.54, which means it lies between a theta solvent (θ =0.5) 

and a good solvent (θ =0.6). This means that there must be some solvent in the 

polymers.  

The graph shows that there is a directly proportional relationship between the 

two quantities. As molecular weight of PDMS increases, the thickness of the 

PDMS layer on the silicon wafer also increases. This is confirmed by a slope of ~ 

0.5 for the trend-line and an R2 value very close to 1. The value of R2 explains the 

data’s variability from the mean. The highest value R2 can take is 1. An R2 value 

of 0.98 in this case, indicates that the data fits the model very well and there is an 

obvious correlation between the thickness and molecular weight of the PDMS 

substrate. 
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Figure 22. Graph of log (thickness of PDMS) plotted against log (molecular 
weight of PDMS) showing a near perfect linear trend line with a positive slope of 
0.54 nm. 

 

Figure 23. Covalent attachment of a PDMS linear polymer to a silicon wafer 
substrate.15 

 

Figure 24 shows the thickness of PVOH films as a function of the molecular 

weights of PDMS. Although it seems like there is a negative correlation between 
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the two axes, the magnitude of the slope is extremely small. This leads us to 

conclude that the thickness of PVOH films do not depend on the molecular 

weight of PDMS. An interesting thing to note, however, is that standard deviation 

of the thickness substantially increases as the molecular weight of PDMS 

increases. Thus, surface heterogeneity of PVOH film increases with increasing 

molecular weight of PDMS. 

 

 

Figure 24. Graph of thickness of PVOH plotted against molecular weight of 
PDMS. 

Figure 25 is a graph of contact angles of PDMS substrates as a function of the 

molecular weight of PDMS substrates. For the advancing contact angles, as the 

molecular weight of PDMS substrates increase, there is an overall increase in the 

contact angle values. The advancing contact angles are representative of PDMS 

hydrophobicity, which decreases as PDMS molecular weight increases. The 
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receding contact angle values go up from PDMS2000 to PDMS9430 and then 

decrease after that. The lower the receding angle, the more the extent of 

hydrophilization. There is not much of a difference in the hydrophilicity of the 

different molecular weights of PDMS substrates as they are supposed to be 

inherently hydrophobic, but PDMS2000 seems to be the most hydrophilic as 

indicated by its low receding contact angle value. 

 

Figure 25. Graph of the dynamic contact angles of PDMS on silicon wafers 
plotted against the log of PDMS molecular weight.  

 

Figure 26 is a graph of the contact angles of PVOH films as a function of the 

molecular weight of PDMS substrates. After the adsorption of PVOH on 

PDMS2000 substrates, the advancing and receding contact angles decreased most 

drastically, from 103±1/99±10 to 79±3/13±20. There is not as much reduction in 
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contact angles after PVOH adsorption on higher molecular weight PDMS 

substrates. Since the receding angles increase from PDMS9430 to PDMS116500, 

there is less coverage of PVOH with increasing PDMS molecular weights. The 

contact angles data corroborate with our hypothesis that various features formed 

upon adsorption are dependent on the molecular weight of PDMS.  

 

Figure 26. Graph of the dynamic contact angles of PVOH films on PDMS plotted 
against the log of PDMS molecular weight. 

 

There is an overall trend of increasing advancing and receding contact angles 

as molecular weights of PDMS increase. The increase in advancing contact 

angles, as PDMS molecular weights increase from molecular weight of 2000 Da 

to 116,000 Da is indicative of an increase in hydrophobicity. Greater advancing 

contact angles indicate greater hydrophobicity. Furthermore, the increase in 
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receding contact angles as molecular weight of PDMS increases from 2000 Da to 

116,000 Da is indicative of a decrease in surface hydrophilicity. Lower receding 

contact angle values mean the surface is more hydrophilic. Lower molecular 

weights of PDMS substrates that have lower advancing and receding contact 

angles have a smoother and more homogeneous coverage of PVOH films. 

Overall, the coverage of PVOH film on lower molecular weight PDMS substrates 

is much greater. Higher molecular weight PDMS substrates have high advancing 

and receding contact angles and are not as homogenous. The coverage of PVOH 

after adsorption on higher molecular weight PDMS substrates is less because the 

surface coverage is more heterogeneous.  

A better PVOH coverage in the forms of continuous membranes and 

honeycomb morphologies on lower molecular weight PDMS substrates, gives rise 

to a significant reduction in receding angles and a somewhat reduction in 

advancing angles. A poor PVOH coverage in the form of fractal structures on 

higher molecular weight PDMS substrates, gives rise to some reduction in 

receding angles and minimal reduction in advancing angles. In general PVOH 

adsorption is more successful on lower molecular weight PDMS substrates in 

terms of uniformity and hydrophilicity enhancement. 
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3.3 Trends in PVOH morphologies upon increasing molecular weights of PDMS 

substrates 

Varying but consistent PVOH morphologies were observed on PDMS 

substrates of different molecular weights. A division of morphologies will be 

established here. The lowest molecular weight PDMS was PDMS2000.  Figure 27 

shows AFM images of the PVOH morphologies formed upon adsorbing PVOH 

onto a PDMS2000 substrate. 

 

 

Figure 27. AFM images (scan size: 20 × 20 µm, height: 20 nm) of PVOH 
adsorbed on PDMS2000: a) a continuous film and b) small honeycombs. 

 

Two main types of morphologies formed after the adsorption of PVOH onto 

PDMS2000. Continuous film morphologies and very small honeycomb structures 

were seen upon scanning the surfaces of these substrates. The height of these 

features ranged from 10-20 nm. All holes in the honeycomb morphologies were 
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equidistant from one another. The types of morphologies formed were the most 

reproducible on PDMS2000 substrate. 

As shown in Figure 28, morphologies formed due to the adsorption of PVOH 

onto PDMS9430 were most diverse. The types of features observed ranged from 

continuous films to fractal features, along with transitional honeycomb and fractal 

morphologies. The morphologies ranged from 20 to 70 nm in height. Most 

features found on this substrate can be attributed to a second type of rupture 

mechanism of dewetting known as nucleation, which will also be discussed in the 

next section. 
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Figure 28. AFM images (scan size: 20 × 20 µm) of PVOH adsorbed on 
PDMS9430: a) mixed honeycomb and fractal morphologies (height: 50 nm), b) 
mixed continuous film, honeycomb and fractal morphologies (height: 20 nm), c) 
and d) mixed honeycomb and fractal morphologies (height: 50 nm), e) big 
honeycombs (height: 30 nm), and f) small honeycombs (height: 20 nm).  

 

Figure 29 shows the adsorption of PVOH onto PDMS17250, the adsorption 

resulted in fractal morphologies on the substrate. No honeycomb structures were 

observed above this molecular weight of PDMS.  

 

 

Figure 29. AFM images of PVOH adsorbed on PDMS17250 (scan size: 20 × 20 
µm): a) fractal morphologies (height: 40 nm) and b) fractal morphologies (height: 
70 nm).  

Figures 30 and 31 show the adsorbed PVOH on PDMS49350 and PDMS116500 

respectively. As the molecular weight of PDMS increased, the size and height of 

the fractal morphologies also increased. The density of fractals however 

decreased, making it more difficult to image a complete fractal within a 20 × 20 

µm frame. 
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Figure 30. AFM images of PVOH adsorbed on PDMS49350 (height: 50 nm, scan 
size: 20 × 20 µm): a) and b) show different fractal morphologies. 

 

 

Figure 31. AFM images of PVOH adsorbed on PDMS116500 (scan size: 20 × 20 
µm): fractal morphologies with height = 70 nm in a) and height = 200 nm in b).  

 

Figure 32 is a graph of the height of various features plotted against the 

molecular weight of PDMS.  The approximate height of the features is increasing 

and the rate of increase is speeding up upon increasing PDMS molecular weight. 
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Figure 32. Graph of the feature height plotted against the log of PDMS molecular 
weight. 

 

3.4 Consequences of dewetting rupture mechanisms 
 

Two types of “dewetting” mechanisms were primarily observed: “spinodal 

dewetting” and “dewetting by nucleation”. Earlier works of dewetting 

mechanisms have only been observed in cases where a polymer film is heated on 

a substrate and the film thicknesses are varied. In our investigation, we are seeing 

“dewetting-like” attributes during adsorption of uniformly thick PVOH films on 

different PDMS substrates, without heating.  

Spinodal dewetting only occurs in unstable films. Unstable films are 

manifestations of thin films that change their thickness in order to minimize their 
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free energy.30 Modulations of the surface of unstable films are due to fluctuations 

in its amplitude.30 A result of this is a break-up of films in order to minimize the 

area where the liquid contacts the substrate by a dewetting process.30 Figure 33 

shows two AFM images of spinodal dewetting. A consequence and a major 

characteristic of spinodal dewetting is that holes that form during dewetting are 

equidistant from each other.  

 

Figure 33. a) AFM image of PVOH adsorbed on PDMS2000 due to “spinodal 
dewetting”. b) AFM image of a thin poly (styrene-block-paramethyl-styrene) 
diblock copolymer film due to spinodal dewetting.49 

 

In contrast to spinodal dewetting where holes form due to a break-up of the 

film, dewetting by nucleation occurs in metastable films and is initiated by first 

nucleating small holes.48 Thicker films are meta-stable due to effects of gravity.48 

Consequently, holes appear at random locations. Thus, dewetting by nucleation is 

most often driven by heterogeneous surfaces or defects. Figure 34 shows some 

AFM images of dewetting by nucleation.  
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Figure 34. a) AFM image of adsorbed PVOH on PDMS9430 because of 
“dewetting by nucleation”. b) AFM image of dewetting by heterogeneous 
nucleation of PS (2k) films.49 c) AFM image of a dewetting pattern formed by a 
mixture of poly (N-isopropylacrylamide) and sodium dodecyl sulfate.50 

 

A type of dewetting by nucleation is known as hole coalescence. Figure 35 

shows AFM images of hole coalescence.  Hole coalescence can occur when film 

thinning is uneven and thinner regions of a film dewet ahead of the thicker 

regions.50 This phenomenon occurs when a film of polymer is of a certain 

thickness so as to allow the polydisperse holes that are formed due to nucleation 

to come together in order to form a continuous film. PVOH on PDMS9430 shows 

the phenomenon of a form of “hole coalescence.”  
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Figure 35. a) AFM image of the adsorption of PVOH on PDMS9430 showing hole 
coalescence. b) AFM image of dewetting pattern formed by a mixture of poly (N-
isopropylacrylamide) and sodium dodecyl sulfate.50 

 

In Figure 36, section analysis of AFM images depicting adsorbed PVOH on 

PDMS9430 is done. The analysis reveals that the thickness of the PVOH film on 

PDMS9430 is roughly about 7-8 nm. The increase in continuous film thickness can 

be attributed to the coalescence of holes and accumulation of more PVOH 

polymer in surrounding areas. 
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Figure 36. Section analysis of PVOH transitional morphologies on PDMS9430 
showing a) honeycomb structures and b) transitional morphologies. 
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Similarly, Figure 37 shows the section analysis of a PVOH film that has 

undergone “spinodal dewetting”. The analysis reveals that the heights of the holes 

are ~3 nm. The PVOH layer formed upon adsorption is also roughly 3 nm thick. 

This means that the film is discontinuous at areas where there are holes. The holes 

form all the way through the layer of PVOH. 
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Figure 37. Section analyses of AFM images of adsorbed PVOH on PDMS2000 
substrates showing continuous films of heights a) 10 nm and b) 20 nm.  

 

The implications of the different “dewetting” methods can be seen in the 

different morphologies formed after PVOH adsorption, where continuous 

membranes are a consequence of the “spinodal dewetting” of unstable films. 

Furthermore, honeycombs structures can be attributed to “heterogeneous 

dewetting by nucleation” of metastable films. While fractal morphologies have 

never been observed in a dewetting scenario, it could be that fractals are an 

extreme case of “dewetting by nucleation”. This is further supported by the fact 

that the adsorbed PVOH on PDMS9430 has various transitional morphologies 

where transitions between fractals and honeycombs take place.  Since, it is 

difficult to distinguish metastable and unstable mechanisms experimentally, both 

nucleation and spinodal dewetting can lead to dewetting in unstable films.49 This 
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can then explain the formations of both continuous films and honeycomb 

structures due to “spinodal dewetting” and “dewetting by nucleation” after the 

adsorption of PVOH on PDMS2000 substrates. 

It must be made clear that in the dewetting studies done in the past, the 

formation of distinct dewetting types were largely attributed to the differences in 

thicknesses of the substrates.  Figure 11 in section 1.6 succinctly illustrates the 

dependence of a substrates’ thickness to its dewetting behavior. However, in this 

case, we have PVOH of similar thicknesses on different PDMS substrates. Even 

so, we are seeing varying “dewetting-like” morphologies. Due to this reason, we 

can confirm that the mechanism of formation of distinct PVOH morphologies is 

not quite like dewetting. Even though PVOH thickness is the same across the five 

different molecular weights of PDMS, the PVOH morphologies follow one of two 

dewetting types depending on the molecular weights of the underlying PDMS 

substrates. A hypothesis is presented below for the differences in PVOH 

morphologies seen and their similarities with dewetting behavior. 

Hypothesis 1. PVOH morphologies formed on different PDMS substrates are 

due to differences in density of defects in lower and higher molecular weights of 

underlying PDMS substrates. Lower molecular weight substrates have fewer 

number of defects as indicated by their root mean square roughness values, and 

form uniform and small-sized holes. These correspond to the morphologies 

formed via “spinodal dewetting”. Higher molecular weight PDMS substrates have 
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more surface defects and form non-uniform bigger sized holes resembling 

“dewetting by nucleation”. Coverage of a smooth and uniform PVOH layer 

becomes more difficult due to the increasing roughness of PDMS substrates as 

PDMS molecular increases.  

3.5 In-situ imaging of adsorption and desorption 

Time-lapse imaging using in-situ optical microscopy was done to determine 

whether PVOH morphologies formed on PDMS in solution or upon exposure to 

air. A camera attached to a microscope captured images during the adsorption of 

PVOH on PDMS49350 and PDMS2000 substrates. Figures 38 and 39 show the 24 

images taken during a 24-hour adsorption period of on PDMS2000 and PDMS49350, 

respectively. PDMS2000 was used as a control, since fractal features do not form 

on this substrate. All the images are identical with no additional features observed 

during the 24 h adsorption period in solution, implying that PVOH fractals do not 

form in-situ.  Upon taking the samples out of the PVOH solution, the 

instantaneous formation of fractals were observed with the naked eyes. This 

indicates that fractals are formed upon exposure to air. 
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Figure 38. a-x) Optical microscope time-lapse images of in-situ PVOH 
adsorption on PDMS2000 taken over a 24-h period with 1-h time intervals. The 
spots are due to dust particles on the camera lens. 
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Figure 39. a-x) Optical microscope time-lapse images of in-situ PVOH 
adsorption on PDMS17250 taken over a 24-h period with 1-h time intervals.  

 

Furthermore, desorption of PVOH on PDMS49350 substrates was also carried 

out using in-situ microscopy. Time-lapse images were taken during a 24 h 

desorption of PVOH on PDMS49350 substrates. In determining whether PVOH 

desorbed in water, the samples were immersed in water for a 24 h period and a 

series of images were taken over a 24 h period as shown in Figure 40. The fractal-
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like features remain after 24 h of soaking in water. In-situ desorption imaging 

suggests that adsorbed PVOH films, upon drying, do not desorb in water. 

 

Figure 40. a-x) Optical microscope time-lapse images of desorption of PVOH on 
PDMS17250 taken over a 24-h period with 1-h time intervals.  
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3.6 Solubility tests and desorption of PVOH on PDMS2000 and PDMS9430  

 

Three solubility tests were carried out to determine the stability of adsorbed 

PVOH on PDMS. AFM was used to capture changes in morphologies on 

PDMS2000 substrates and optical microscopy was used to characterize the fractal 

features formed on PDMS49350. PVOH morphologies on PDMS2000 substrates 

remained more or less the same in all three solubility tests as shown in Figure 41. 

There is slight loss in PVOH thickness after solubility test 3, but the difference is 

within the standard deviation of the averaged values. The difference in PVOH 

solubility was more apparent on PDMS49350, which is depicted in Figure 42. 

 

Figure 41. AFM images of PVOH on PDMS2000 (scan size: 20 µm × 20 µm; 
height: 10 nm) a) after solubility test 1 (thickness: 2.8±0.1 nm), b) solubility test 
2 (thickness: 2.8±0.4 nm), and solubility test 3 (thickness: 2.6±0.1 nm,) (from left 
to right).  

It can be seen from Figure 41 that fractal morphologies were observed after 

solubility tests 2 and 3 while continuous-film morphology was captured after 

solubility test 1. This difference in morphology could be attributed to the role of 

water as a plasticizer in film formation and stabilization.59  
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Plasticizers are small molecules that are mobile and move easily through 

polymer matrices. They lower the energy requirements for large-scale mobility of 

polymer chains. While doing so, plasticizers disrupt the crystallinity of a polymer 

and make it softer.59 Overall they increase the “free volume” of a polymer.59  

In solubility test 1, the wafers were never taken out of water; they were simply 

left inside the Schlenk tube for 24 h after the 7× dilution. It could be that water’s 

role as a plasticizer was most efficient in test 1 due to the lack of air exposure 

leading to a decrease in PVOH crystallinity. In solubility test 2, there was a brief 

exposure to air after which the wafers were placed again in water. This short 

exposure to air might result in some dehydration of the PVOH film and a lesser 

effect of water as a plasticizer. This would also give rise to a more crystalline 

PVOH film.  

Finally, solubility test 3 was the test with overnight drying of samples in a 

desiccator before placing them back in water. The long period of drying could 

lead to complete PVOH dehydration and crystallization. It must also be noted that 

the solution used for solubility test 1 contained a mixture of water and residual 

PVOH solution, differed from that used in solubility tests 2 and 3, which only 

contained water. This discrepancy might have somehow affected "dewetting" and 

crystallization of the polymer films. But the exact reasons remain elusive. Results 

from the solubility tests will remain ambiguous until crystallization of PVOH 

films is characterized in the near future. 



66	  
	  

In terms of PVOH film thickness, solubility test 3 differed from solubility 

tests 1 and 2. The discrepancies in thicknesses, again, had to do with the duration 

of drying. Solubility tests 1 and 2 were placed in water without drying or with a 

few seconds of drying. Due to this reason, there was a greater possibility for 

solvent (water) annealing in tests 1 and 2, which made the films more stable and 

thicker. 

 

 

Figure 42. Optical microscope images of PVOH on PDMS9430 a) solubility test 1 
(thickness: 2.6±1.1 nm), b) solubility test 2 (thickness: 2.8±0.5 nm), and 
solubility test 3 (thickness: 1.8±0.8 nm). 

 

Table 2 answers one of the major research questions of this research: Is the 

PVOH film soluble in water?  
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Table 2. Thickness of PVOH films on PDMS49350 and PDMS2000 before and after 
desorption in water. 

 Thickness before (nm) Thickness after (nm) 

PDMS49350 2.6±0.6 2.4±0.5 

PDMS2000 3.0±0.2 2.7±0.4 

 

PVOH film thickness on PDMS49350 and PDMS2000 substrates decreased by 

0.2 nm and 0.3 nm, respectively, after being submerged in water for 24 h.  

Desorption measurements in Table 2 were obtained in the spring semester of 

2015, and differ in thickness values from the desorption results done over the 

summer of 2014. The most recent desorption results indicate that there is minimal 

desorption of PVOH upon submerging them back in water, which means that 

PVOH film is largely insoluble in water.  In terms of morphology, there was 

negligible change on PDMS2000 before and after desorption.  In the case of 

PDMS49350, the morphology changed from wide to thin fractals as shown in 

Figure 42. If consistent with the proposed hypothesis, there is also a decrease in 

crystallinity from image a to b. Although the adsorbed PVOH does not desorb in 

water after drying, they might continue to crystallize, or become ordered by 

contracting to form sharper and higher features as shown in Figure 43. 
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Figure 43. Optical microscope images of PVOH on PDMS49350 substrates a) 
before and b) after soaking in water for 24 h. 

 

3.7 Adsorption kinetics 

PVOH adsorptions for 24 h and 15 min are shown in Figure 44, which 

confirm the rapid nature of adsorption. The 24 h adsorption had a PVOH 

thickness of 3.5±0.9 nm, whereas the 15 min adsorption had a PVOH thickness of 

2.2±0.2 nm. Within just 15 min, almost 70% of the PVOH film had adsorbed onto 

the substrate. However, the surfaces after the 15 min adsorption were rougher 

than the 24 h adsorption, with conspicuous holes. This implies that the 15 min 

adsorption was incomplete. 
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Figure 44. AFM images of PDMS2000 (scan size: 20 µm × 20 µm; height: 10 nm): 
a) after 24 h adsorption (thickness: 3.5±0.9 nm) and b) after 15 min adsorption 
(thickness: 2.2±0.2 nm). 

 

3.8 Re-adsorption of PVOH  

A second 24-hour PVOH adsorption was done on PDMS2000 that was already 

adsorbed with PVOH. The objective of re-adsorption was to find out whether the 

second layer of PVOH adsorbed on top of the first layer of PVOH or on bare 

PDMS. This would give us some idea of whether the strength of interaction 

between PVOH chains is stronger than the interactions between PDMS and 

PVOH chains. Table 3 tabulates the results obtained after wafers were adsorbed 

with PVOH once and twice. 
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Table 3. Thickness and rms values of adsorption and re-adsorption of PVOH onto 
PDMS2000. 

 Thickness of PVOH 
(nm) 

AFM rms (nm) 

Adsorbed layer of 
PVOH 

3.6±0.4 0.9 

Re-adsorbed layer of 
PVOH 

2.2±0.3 0.5 

 

From Table 3, we can deduce that the re-adsorbed layer is about 61% of the 

adsorbed layer. On PDMS2000, because the first adsorbed PVOH layer is 

continuous, the re-adsorbed layer has to be on top of the initial layer, likely driven 

by hydrogen bonding. Conducting this experiment on other substrates where the 

initial PVOH film is discontinuous could reveal more about the re-adsorption 

behavior of PVOH. Lastly, measurement of crystallinity could also be vital in this 

investigation to make any further assertions. 
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IV. CONCLUSIONS AND FUTURE DIRECTION 

4.1 Conclusions 

The thickness of the PDMS substrate drop-casted onto the silicon wafer 

increased as a function of increasing PDMS molecular weights. The thickness of 

the layer of PVOH film adsorbed was independent of the molecular weight of the 

PDMS substrate. A better PVOH coverage in the form of continuous membranes 

and honeycomb morphologies on lower molecular weight PDMS substrates gave 

rise to a significant reduction in receding angles and a somewhat reduction in 

advancing angles. A poor PVOH coverage in the form of fractal structures on 

higher molecular weight PDMS substrates gave rise to some reduction in receding 

angles and a minimal reduction in advancing angles. In general, PVOH adsorption 

was more successful on lower molecular weight PDMS substrates. 

As molecular weight of PDMS increased, the morphology of the PVOH films 

formed upon adsorption changed from continuous films to honeycomb structures 

to fractal features. Different morphologies were most likely forming upon the 

substrates’ exposure to air (ex-situ). On lower molecular weight PDMS, the 

adsorbed PVOH continuous films were most likely consequences of a type of 

“spinodal dewetting”.  

With increasing PDMS molecular weight, there was also an increase in the 

PDMS chain flexibility and the number and/or extent of defect sites on the 

substrate, which gave rise to a type of “dewetting by nucleation”, thereby 
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explaining the honeycomb morphologies, transitional structures, and fractal 

features that were observed. Unlike previous studies of dewetting where types of 

dewetting were dependent on the thickness of the layer that dewets, dewetting of 

PVOH is not dependent on the thickness of the PVOH films. In this investigation, 

the thicknesses of PVOH films are more or less the same across all PDMS 

molecular weights. Due to this reason, morphologies of substrates that undergo 

“spinodal dewetting” and “dewetting by nucleation” are similar to the PVOH 

morphologies seen, but their mechanisms of formation are different. The 

instability of the adsorbed PVOH thin films was most likely caused by surface 

chemical and/or physical “defects”: lower molecular weight PDMS resulted in 

incomplete surface coverage exposing surface silanol groups while larger 

molecular weight PDMS covered the silicon wafer substrates completely with 

significant roughness. The instability of the adsorbed films could also be 

dependent on the thickness of the underlying PDMS film. 

The solubility tests were able to elucidate water’s role as a plasticizer and also 

provide an inference about reasons a plasticizer’s efficiency could be 

compromised.  It also gave insights on the cause of thicker PVOH films, which 

could be attributed to an increase in mobility as a result of better annealing. 

Finally, we were able to answer one of the vital questions of our investigation and 

deduce that PVOH films do not desorb in water. 

Re-adsorption of PDMS2000 confirmed that the re-adsorbed layer was on top 

of the initial layer, likely driven by hydrogen bonding. The roughness of the wafer 
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also decreased upon re-adsorption. The effect of re-adsorption on other substrates, 

as well as the investigation of its driving forces is yet to be done. 

4.2 Future directions 

A “dewetting-like” phenomenon occurs when PVOH is adsorbed onto PDMS 

substrates giving rise to different morphologies of PVOH on PDMS substrates of 

varying molecular weights. We are yet to establish the general rules for 

understanding the rupture mechanisms involved in this “dewetting” process. It is 

much harder to determine what is happening in the case of higher molecular 

weight PDMS substrates. More specifically, what particular changes the fractal 

height, width, and size are undergoing as PDMS molecular weight increases are 

still under scrutiny. Perhaps after understanding this, we can establish ways to 

actively minimize “dewetting”. 

Furthermore, there is a need to measure the crystallinity of the PVOH films in 

order to ascertain the role played by water as a plasticizer. The crystallinity data 

can also be compared with other adsorption kinetics tests in order to probe deeper 

into the factors accounting for film morphologies and thicknesses. Without 

measuring the crystallinity of the PVOH films, we cannot corroborate the 

implications caused by the solubility tests.  

Re-adsorption was an interesting toolkit used to probe deeper into our 

understanding of fractal formations. Using the PDMS2000 substrate, it was 

established that the second layer of PVOH adsorbs onto the initial PVOH layer. 
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Investigating effects of re-adsorption on other PDMS substrates will allow us to 

figure out the driving forces involved in this process.   

Finally, varying the degree of hydrolysis of PVOH, and seeing its effects on 

PVOH film morphology on the PDMS substrates may reveal some more things 

about the “dewetting-like” process.  
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