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ABSTRACT: Adsorption of poly(vinyl alcohol) (PVOH),
99% and 88% hydrolyzed poly(vinyl acetate), to poly-
(dimethylsiloxane) (PDMS) substrates was studied. The
substrates were prepared by covalently attaching linear
PDMS polymers of 2, 9, 17, 49, and 116 kDa onto silicon
wafers. As the PDMS molecular weight/thickness increases,
the adsorbed PVOH thin films progressively transition from
continuous to discontinuous morphologies, including honey-
comb and fractal/droplet. The structures are the result of thin
film dewetting that occurs upon exposure to air. The PVOH
film thickness does not vary significantly on these PDMS
substrates, implicating the PDMS thickness as the cause for the morphology differences. The adsorbed PVOH thin films are less
stable and have a stronger tendency to dewet on thicker, more liquid-like PDMS layers. When PVOH99% and PVOH88% thin films
are compared, fractal and droplet morphologies are observed on high molecular weight PDMS substrates, respectively. The
formation of the unique fractal features in the PVOH99% thin films as well as other crystalline and semicrystalline thin films is
most likely driven by crystallization during the dehydration process in a diffusion-limited aggregation fashion. The only significant
enhancement in hydrophilicity via PVOH adsorption was obtained on PDMS2k, which is completely covered with a PVOH thin
film. To mimic the lower receding contact angle and less liquid-like character of the PDMS2k substrate, light plasma treatment of
the higher molecular weight PDMS substrates was carried out. On the treated PDMS substrates, the adsorbed PVOH thin films
are in the more continuous honeycomb morphology, giving rise to significantly enhanced wettability. Furthermore, hydrophobic
recovery of the hydrophilized PDMS substrates was not observed during a 1 week period. Thus, light plasma oxidation and
subsequent PVOH adsorption can be utilized as a means to effectively hydrophilize conventional PDMS substrates. This study
illustrates that the stability and morphology of adsorbed polymer thin films depend on polymer crystallinity as well as substrate
physical properties.

■ INTRODUCTION

The ubiquity of silicones in science and technology can be
attributed to their unique structural characteristics.1−3 Poly-
(dimethylsiloxane) (PDMS), the most common type of
silicone, is structurally distinct as shown in Figure 1. The Si−
O and Si−C bonds are significantly longer than the carbon-
based counterparts; the Si−O−Si bond angle is 143°, much
larger than the typical bond angle of C−O−C. Furthermore,
the electronegativity differences among Si, O, and C render the
Si−O and Si−C bonds partially ionic, with Pauling percent

ionic characters of 51% and 12%, respectively. These distinctive
structural features of PDMS give rise to interesting physical and
chemical properties. The vast conformational freedom of
PDMS chains results in the low glass transition temperature
of −123 °C for bulk PDMS.4 PDMS is liquid at room
temperature. Additionally, PDMS is highly oxygen- and water-
vapor-permeable,5 even though it is hydrophobic with a low
surface tension of ∼20 mN/m.4 Silicones are more thermally
stable than their carbon-based polymers as the Si−O bond is
stronger than C−C;6 however, the ionic character of the Si−O
bond renders silicones chemically reactive toward bases and
acids.
The unique characteristics of cross-linked PDMS, including

elasticity, permeability, thermal stability, and reactivity, are
taken advantage of in its applications.2,3 Its hydrophobic nature,
however, is often undesirable and manifests in poor wetting,
weak adhesion, and nonspecific protein adsorption. A
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Figure 1. Unique structural features (bond length in pink, bond angle
in blue, electronegativity and percent ionic character in red) of
poly(dimethylsiloxane).
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significant effort has been directed at exploring methods to
hydrophilize PDMS, ranging from plasma treatment to wet
chemical approaches.7,8 One method is the physical adsorption
of poly(vinyl alcohol) (PVOH) from aqueous solution to
functionalized PDMS.9−12 All cited papers report that PVOH
does not adsorb to native PDMS. This is substantiated by
contact angle and infrared spectroscopy (IR) analyses; however,
neither atomic force microscopy (AFM) images nor ellipso-
metric thickness data were reported. This is perplexing because
PVOH adsorption was established as a general method to
hydrophilize hydrophobic substrates more than a decade
ago.13−16 PVOH is different from other water-soluble synthetic
polymers in that it is atactic yet crystalline. In previous studies,
adsorption was carried out on a variety of polymeric substrates
and monolayers supported on silicon wafers with different
chemical compositions and surface energies. The only two
substrates that PVOH did not adsorb to were clean silicon
wafers and poly(ethylene glycol) monolayers.15 Extensive
PVOH adsorption on polystyrene17 and gold18 substrates has
also been reported. The spontaneous PVOH adsorption was
attributed to “hydrophobic interactions,” or the release of water
molecules from the solid−liquid interface, and the subsequent
crystallization of PVOH polymer chains at the interface.15

Crystallinity in PVOH stems from double hydrogen bonds of
hydroxyl groups in each monoclinic unit cell.19 IR and electron
diffraction data validated the crystalline nature of the adsorbed
PVOH on certain substrates.15 The PVOH thin films adsorbed
on the prepared hydrophobic substrates are smooth and
continuous by AFM with reproducible ellipsometric thicknesses
(2.6 ± 0.2 nm for PVOH of 89−98 kDa and 99%
hydrolyzed).15 High PVOH concentrations, high solution
ionic strengths, or significantly higher adsorption temperatures
than room temperature can give rise to nonuniform films due
to chain entanglement, aggregation, and lower polymer
solubility.16

Although continuous PVOH thin films were produced in
previous studies, discontinuous or dewetted polymer thin films
are often observed in different systems as the result of free
energy minimization. Thin film dewetting has been reviewed in
the literature and can be taken advantage of in surface
patterning.20−22 Mechanisms of dewetting include “spinodal
dewetting” for unstable thin films below a capillary length-
determined thickness, “heterogeneous nucleation” by surface
defects for thicker, metastable thin films, and “thermal
nucleation” or “homogeneous nucleation” by thermal activation
for metastable thin films.20 The initially generated holes can
continue to grow, merge, and rupture, resulting in honeycombs,
ribbons, and/or droplets.23

Fractal or dendritic feature is another type of discontinuous
morphology. Fractal structure is repeated in multiple length
scales, very often in a statistical, nonexact fashion. There has
been a significant amount of theoretical work on modeling
fractal structures. In the early 1980s, Witten and Sanders
proposed the “diffusion-limited aggregation” (DLA) model,
which assumes that the kinetic growth of clusters involving
random-walk diffusion and irreversible addition of new particles
to the edges of the existing, immobile structures with diffusion
being the rate-limiting step.24,25 The highly dendritic nature of
fractal morphology is the result of the exposed ends being more
prone to new particle addition than the sites near the center of
the cluster. Fractal structures in topographical dimensions of
two and higher have been studied using the DLA model.26 Thin
films with fractal morphology have been prepared experimen-

tally. For example, metal oxide nanoparticles,27 blends
containing polyaniline or its oligomeric counterpart,28 poly-
electrolyte containing sodium chloride salt,29 poly(ethylene
glycol),30,31 stereoregular poly(methyl methacrylate),32 and
isotactic polystyrene,33 form fractal-type structures upon spin-
casting from their solutions on flat substrates. Upon further
examination, the materials that formed fractal features in these
studies are either crystalline or semicrystalline. These reports
did point out that fractal structure formation is driven by
crystallization forces and follows the DLA model.27−33 Most of
the reported sample preparations, however, involved spin-
casting. There is one report describing fractal structure
formation of type I collagen adsorbed on polystyrene after a
slow drying process.34 As the adsorbed amount of collagen
increased, its morphologies evolved from dendritic to honey-
comb-like to continuous based on AFM analysis.34 On the
other hand, the morphologies of the adsorbed collagen films
appear continuous after fast drying.34 The formation of the
discontinuous morphologies was attributed to dewetting;
however, crystallization was not mentioned in the study. It is
likely that crystallization of collagen is allowed to take place to a
greater extent in the slower drying process, which contributes
to the fractal structure formation. On the basis of the existing
literature work, it appears that fractal morphology formation of
a thin film on a solid support requires dewetting of the thin film
as well as crystallization of a component material in the thin
film during the drying process.
In this work, we investigated PVOH adsorption to PDMS

substrates from aqueous solution and the morphologies of
PVOH thin films upon drying. We chose nanoscopically thin
PDMS layers supported on silicon wafers instead of bulk
PDMS to allow systematic variation of PDMS layer thickness as
well as characterization by ellipsometry and AFM. Two types of
PVOH polymers with similar molecular weight and different
degrees of hydrolysis, namely, 99% and 88%, were selected to
discern the effect of PVOH crystallinity on film morphology.
We find that PVOH spontaneously adsorbs to PDMS
substrates to a similar extent as to other hydrophobic
substrates. However, the exhibited PVOH morphologies vary
from continuous films to various discontinuous morphologies
including fractals, honeycombs, and droplets on different length
scales. The discontinuous morphologies are attributed to the
instability of the adsorbed PVOH thin films on liquid-like
PDMS layers. Fractal morphologies were only observed in the
99% hydrolyzed PVOH system, and we attribute this to the
crystallization of PVOH chains during film dehydration in a
DLA fashion. Light plasma oxidation of PDMS substrates
results in significantly reduced PVOH dewetting and enhanced
hydrophilicity. Hydrophilized PDMS samples with complete or
incomplete PVOH coverage did not undergo hydrophobic
recovery for at least 1 week. In this study, we demonstrated that
stability and morphology of adsorbed polymer thin films
depend on polymer crystallinity as well as substrate physical
properties for the first time to the best of our knowledge. The
findings of this study also provide a practical solution to
permanently hydrophilize silicones.

■ MATERIALS AND METHODS
Materials. Silicon wafers (100 orientation, P/B doped,

resistivity 1−10 Ω·cm, thickness 475−575 μm) were purchased
from International Wafer Service. Silicon-coated (15−30 nm)
TEM copper grids were obtained from Electron Microscopy
Sciences. Trimethylsiloxy-terminated poly(dimethylsiloxanes)

Langmuir Article

DOI: 10.1021/acs.langmuir.6b00470
Langmuir 2016, 32, 3191−3198

3192

http://dx.doi.org/10.1021/acs.langmuir.6b00470


(PDMS2k, MW = 2 kDa; PDMS9k, MW = 9 kDa; PDMS17k,
MW = 17 kDa; PDMS49k, MW = 49 kDa; PDMS116k, MW =
116 kDa) were purchased from Gelest. Poly(vinyl alcohol)
polymers (PVOH99%, MW = 89−98 kDa and 99+% hydro-
lyzed; PVOH88%, MW = 85−124 kDa and 88% hydrolyzed)
were purchased from Sigma-Aldrich. HPLC-grade organic
solvents were obtained from Pharmco. Oxygen gas (99.999%)
was purchased from Middlesex Gases Technologies. Water was
purified using a Millipore Milli-Q Biocel System (Millipore
Corp., resistivity ≥18.2 MΩ/cm). All reagents were used as
received without further purification. Glassware was cleaned in
a base bath (potassium hydroxide in isopropyl alcohol and
water), thoroughly rinsed with distilled water, and stored in a
clean oven at 110 °C until use.
Instrumentation. Silicon wafers were oxidized in a PDC-

001 Harrick plasma cleaner. Dynamic light scattering (DLS)
measurements were carried out using a Malvern Zetasizer
Nano-S equipped with a 4 mW 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 (η = 0.8872) at 25 °C were assigned. Contact
angle was measured using a Rame-́Hart telescopic goniometer
with a Gilmont syringe and a 24-gauge flat-tipped needle.
Dynamic advancing (θA) and receding (θR) angles were
captured by a camera and digitally analyzed while Milli-Q
water in the syringe was added to and withdrawn from the
drop, respectively. The standard deviation of the reported
contact angle values is less than or equal to 2° unless specified
otherwise. Native silicon dioxide and polymer layer thicknesses
were measured using a Gaertner Scientific LSE Stokes
ellipsometer at a 70° incident angle (from the normal to the
plane). The light source is a He−Ne laser (λ = 632.8 nm).
Thickness was calculated using the following refractive indices:
air, no = 1; silicon oxide and polymer layers, n1 = 1.46; silicon
substrate, ns = 3.85, and ks = −0.02 (absorption coefficient).
Measurement error is within 1 Å as specified by the
manufacturer. Each reported thickness and contact angle
value is an average of at least 16 measurements obtained
from at least four samples from two different batches and four
readings from different locations on each sample. In situ
imaging of PVOH adsorption on PDMS substrates and
desorption of PVOH adsorbed on PDMS substrates was
carried out using a Nikon water immersion lens (10×) and a
QICAM Q-Imaging camera attached to a Nikon eclipse 50i
optical microscope. An Olympus BX51 optical microscope in
the reflective mode was used to obtain microscopic images of
substrates. Nanoscopic surface topography was imaged using a
Veeco Metrology Dimension 3100 atomic force microscope
(AFM) with a silicon tip operating in tapping mode. Roughness
and section analyses of surface features were determined using
Nanoscope software. Multiple optical and AFM images from
different samples of the same type and different locations on
each sample were captured; representative images are presented
and variations are noted in the text. Electron diffraction studies
were carried out using a FEI Tecnai 12 transmission electron
microscope (TEM) at 120 kV.
Preparation of PDMS Substrates. PDMS polymers were

covalently attached to silicon wafers following a literature
procedure.35 Silicon wafers were diced into 1.2 × 1.5 cm2

pieces, rinsed thoroughly with distilled water, dried with
compressed air, and further dried in a clean oven at 110 °C for
30 min prior to being exposed to oxygen plasma at ∼300
mTorr for 15 min at high power (30 W). An amount of 100 μL

of PDMS polymer was dispensed on each clean wafer using a
micropipette. Samples were then heated to 100 °C for 24 h in
capped scintillation vials. After the reaction, the wafers were
rinsed individually with toluene (3×), acetone (3×), and Milli-
Q water (3×), and dried under a nitrogen stream to remove
excess water and in a desiccator overnight.

Adsorption of PVOH onto PDMS Substrates. The 0.1
wt % PVOH solutions were prepared by dissolving 0.1 g of
PVOH powder in 100 g of Milli-Q water at 88−94 °C for 3 h
under stirring in a clean 120 mL polypropylene bottle. The
resulting solution was allowed to cool overnight while being
stirred. DLS was used to monitor the size distribution and
aggregation state of PVOH chains over time. An additional 3−4
days of equilibration at room temperature without stirring was
found necessary for the PVOH chains to reach their
equilibrium conformation. The PVOH solutions were used
within 30 days before polymer aggregation takes place. For the
adsorption studies, PDMS substrates were submerged in 15 mL
of PVOH solution at room temperature for 24 h. Out of
concern that some Langmuir−Blodgett-like deposition might
occur when samples were removed through the solution−air
interface, the solution was diluted with water a total of six times
before removing the samples. For each dilution, 30 mL of Milli-
Q water was added to the solution and the mixture was stirred
for 1 min, after which 30 mL of solution was removed within 1
min. After removing the samples from water, excess water was
gently removed by touching the edge of each sample with the
bottom of a dry Petri dish. The samples were dried in a
desiccator overnight. Stability tests of the adsorbed PVOH
layers were carried out by immersing the samples in Milli-Q
water at room temperature for 24 h. Identical dilution and
drying protocols were followed prior to sample character-
ization.

In Situ Optical Microscopy Imaging. A sample was fixed
to the bottom of a polypropylene Petri dish, which was then
filled with either PVOH solution (filtered using a 0.2 μm Nylon
filter) or Milli-Q water to ∼90% full. A water-immersion lens
was dipped into the solution through a hole in the cover of the
dish. Time-lapse images of the sample surface were captured
every hour for a total duration of 23 h.

■ RESULTS AND DISCUSSION

PDMS Substrates. Covalently attached PDMS thin layers
on silicon substrates were prepared according to a reported
procedure.35 Ellipsometric thickness, AFM root-mean-square
(rms) roughness, and dynamic water contact angles of the
PDMS layers are summarized in Table 1. The thickness values
are consistent with those in the literature,35 and are further
correlated with the PDMS molecular weights shown in Figure

Table 1. Characterization of Covalently Attached PDMS
Layers of Different Molecular Weights: Thickness,
Roughness (AFM Image Size, 2.5 × 2.5 μm2), and
Advancing and Receding Water Contact Angles (θA/θR)

PDMS MW
(kDa)

thickness
(nm)

rms roughness
(nm) θA/θR (deg)

2 1.2 ± 0.2 0.2 101 ± 2/79 ± 3
9 3.6 ± 0.4 0.3 107 ± 2/102 ± 2
17 4.4 ± 0.4 0.3 109 ± 2/104 ± 2
49 7.6 ± 0.5 0.4 109 ± 2/95 ± 2
116 11.3 ± 0.7 0.5 113 ± 2/98 ± 2
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2. A strong power law relationship, thickness = k(MW)0.57,
indicates that the thickness of the grafted PDMS chains is

correlated to the polymer’s original molecular weight even
though chain scissions likely take place during the attachment
process.35

AFM images of the PDMS layers shown in Figure 3 appear
rougher as the PDMS molecular weight increases. This trend is

substantiated by the rms roughness values in Table 1.
Furthermore, wettability of these layers, given in the last
column in Table 1, indicates that the grafted PDMS layers are
hydrophobic with their respective advancing and receding
contact angles similar to those of micrometer-thick, spin-cast
PDMS films, 117° ± 8° and 104° ± 4°.36 The contact angles of
the PDMS2k surface, especially the receding contact angle,
however, are somewhat lower, implying that the surface
coverage by the PDMS chains is less than complete and/or
more Si−OH chain ends are exposed at the interface. For these
reasons, 2 kDa is the lowest molecular weight of PDMS
evaluated in this study. The PDMS9k and PDMS17k substrates
have higher contact angles, indicating more complete surface
coverage by the PDMS polymer. When the PDMS molecular
weight increases further to 49 and 116 kDa, contact angle
hysteresis (difference between advancing and receding angles)
rises noticeably, most likely due to increased surface roughness.
The prepared PDMS layers range from 1.2 to 11.3 nm in
thickness with increasing surface roughness. Except for
PDMS2k, the grafted PDMS layers are similar in hydrophobicity
as conventional PDMS substrates.
Morphologies and Formation Mechanism of Ad-

sorbed PVOH Thin Films. Adsorption of PVOH99% to the
PDMS substrates from dilute aqueous solution was carried out
as described in the Materials and Methods section. Optical
micrographs and AFM images of the PVOH99%−PDMS
surfaces are shown in Figure 4. The morphological differences

of the adsorbed PVOH99% thin films on different PDMS
substrates are significant and reproducible. On PDMS2k,
PVOH99% thin films are smooth and continuous at both
microscopic and nanoscopic levels. As the PDMS molecular
weight/thickness increases, the PVOH99% thin films become
progressively discontinuous and larger, sparser fractal features
are formed. We note that both honeycomb and continuous
morphologies are present on PDMS2k and that other mixed
morphologies are observed on PDMS9k and PDMS17k. The
AFM images of PVOH99%−PDMS9k and PVOH99%−PDMS17k

capture regions where honeycomb and fractal morphologies
coexist with the former being dominant on PVOH99%−PDMS9k

and the latter being the main feature on PVOH99%−PDMS17k.
In situ optical microscopy imaging was carried out to

elucidate the formation mechanism of the discontinuous
morphologies, i.e., whether the features are formed in situ in
solution or ex situ upon drying. Time-lapse images of the
PDMS2k (used as a control) and PDMS49k substrates
submerged in a PVOH99% solution were captured every hour
for 23 h and are shown in the Supporting Information (Figures
1S and 2S). Both the PVOH99%−PDMS2k and PVOH99%−
PDMS49k surfaces remain smooth and featureless during the
time-lapse experiment. However, as soon as the PVOH99%−
PDMS49k sample was removed from the solution, its surface
became visibly cloudy and fractal morphologies were observed
using both optical microscopy and AFM. The in situ imaging
study illustrates that the discontinuous morphologies are
formed by dewetting during the drying process and are likely
the result of dehydration-caused instability of the PVOH99%

thin films. As to why the nature of the substrate dramatically
influences the extent of dewetting, we hypothesize that the
adsorbed PVOH thin films become progressively unstable as
the underlying PDMS layers become thicker and increasingly
manifest the liquid-like characteristic of bulk PDMS.
Furthermore, the AFM images of the PDMS substrates reveal
enhanced surface roughness as the PDMS thickness increases.
A higher density of surface defects can likely contribute to a
greater extent of dewetting by “heterogeneous nucleation”.
Lastly, the PDMS2k substrate not only has the thinnest PDMS
layer but also exhibits an unusually low receding contact angle,
which can pin the PVOH thin films and prevent them from
dewetting, resulting in the only continuous PVOH99% thin films
observed on any PDMS substrate. Whether it is PDMS
thickness, surface roughness/defects, receding contact angle, or
a combination of these factors, PDMS substrates cause the
adsorbed PVOH99% thin films to dewet to different extents and
exhibit a variety of morphologies.
The progressive transition of the PVOH99% thin films from

continuous to honeycomb to fractal morphologies is similar to

Figure 2. PDMS layer thickness as a function of PDMS molecular
weight shows a strong power law relationship with the exponent equal
to 0.57.

Figure 3. AFM Images (size, 2.5 × 2.5 μm2; height scale, 10 nm) of
the PDMS substrates.

Figure 4. Optical micrographs (scale bar, 500 μm) and AFM images
(size, 20 × 20 μm2; height scales, 20, 30, 40, 100, and 400 nm from left
to right) of PVOH99% thin films adsorbed on PDMS substrates.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b00470
Langmuir 2016, 32, 3191−3198

3194

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b00470/suppl_file/la6b00470_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.6b00470
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.langmuir.6b00470&iName=master.img-002.jpg&w=174&h=149
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.langmuir.6b00470&iName=master.img-003.jpg&w=239&h=53
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.langmuir.6b00470&iName=master.img-004.jpg&w=239&h=104


that of the type I collagen thin films adsorbed on polystyrene
after a slow drying process.34 The main difference is that the
cause of the transition is the nature of the substrate in our study
and the adsorbed amount in the reported work. When the
adsorbed amount of collagen was high, the films were stable
and remained continuous upon dehydration. On the other
hand, when the adsorbed amount was lower, the collagen films
were too thin to be stable so that they broke up into
honeycomb-like structures at the intermediate adsorbed
amount and fractal features at the lowest adsorbed amount.
Regardless of the cause, continuous, honeycomb, and fractal
morphologies represent a progressive decrease in stability of the
adsorbed thin films.
Adsorption of PVOH88% onto the PDMS substrates was also

carried out to probe the effect of PVOH degree of hydrolysis.
Optical micrographs and AFM images of the resulting samples
are presented in Figure 5. Similar to the PVOH99%−PDMS

surfaces, PVOH88% thin films are smooth and continuous on
PDMS2k and become increasingly discontinuous as the PDMS
layers become thicker, transitioning into honeycombs and
specks. Mixed morphologies also frequently coexist on the
PDMS substrates of intermediate molecular weights. This
indicates that the PDMS substrates have similar effects on the
(in)stability of both types of PVOH thin films. However, this is
the only similarity between the PVOH99% and PVOH88% thin
films. On the microscopic level, all PVOH88% thin films are
smooth except that fine, compact, branchlike features are
discernible on PVOH88%−PDMS116k under high magnification.
Although fractal morphology was observed occasionally, for
example, in a mixed morphology region shown in the AFM
image of PVOH88%−PDMS17k, it is mostly absent in the
PVOH88% thin films.
It is suspected that the significant morphology differences

between the PVOH99% and PVOH88% thin films are due to
difference in polymer crystallinity. Electron diffraction studies
were carried out on PVOH−PDMS2k samples supported on
silicon-coated TEM grids to probe the crystallinity of the
adsorbed PVOH polymers. The PVOH99% thin film shows
strong electron diffractions from the crystalline domains with
the characteristic (200), (110), and (010) crystal planes
indicated, while the PVOH88% sample exhibits mostly
amorphous halo with a few weak diffraction spots (Figure 6).
It should be noted that electron diffraction studies were carried
out in thicker regions of the samples where polymer adsorption
takes place three dimensionally since the smooth regions were
too thin to generate diffraction patterns. Figure 3S shows the
regions where the electron diffractions were obtained.

The electron diffraction results imply that crystallization of
PVOH99% in a diffusion-limited aggregation fashion during the
drying process gives rise to the fractal features, similar to those
consisting of collagen and other crystalline or semicrystalline
materials reported in the literature.27−34 On the other hand, the
crystallization driving force is not as prominent during the
drying of the PVOH88% thin films. As the result, PVOH88% thin
films break up to form the more typical droplets. Our data,
along with those reported in the literature, point to
crystallization as a necessary criterion for the formation of
fractal features.

Other Characteristics of the PVOH Thin Films.
Adsorbed PVOH99% and PVOH88% thin films are further
compared in thickness and surface wettability, as shown in
Figure 7. As the PDMS molecular weight increases, the PVOH

film thickness shows a small, initial increase and a more
noticeable, final decrease. The enhanced hydrophobic driving
force on the more hydrophobic PDMS9k relative to PDMS2k

and the reduced PVOH adsorption on the thicker, more liquid-
like PDMS substrates are the likely causes for the initial rise and
the final drop in the adsorbed amount, respectively. We note
that the standard deviation of the film thickness is significant,
especially for discontinuous, heterogeneous films. The trends
mentioned above are not pronounced when taking the large
standard deviation into consideration. The average thickness of
PVOH99% thin films is ∼3 nm and that of PVOH88% thin films
is ∼4 nm with the latter being slightly thicker due to the more
disordered polymer conformation of the adsorbed PVOH88%;
this is consistent with the earlier report.16

Figure 5. Optical micrographs (scale bar, 200 μm) and AFM images
(size, 20 × 20 μm2; height scales, 20, 20, 30, 100, and 100 nm from left
to right) of PVOH88% thin films adsorbed on PDMS substrates.

Figure 6. Electron diffraction patterns of PVOH99% (left) and
PVOH88% (right) thin films adsorbed on PDMS2k substrates supported
on silicon-coated TEM copper grids. PVOH has a monoclinic unit cell
consisting of two molecules with lattice parameters of a = 0.781 nm, b
= 0.252 nm, c = 0.551 nm, and β = 91°42′ (ref 19).

Figure 7. Thickness (left) and advancing and receding water contact
angles (right) of PVOH99% and PVOH88% thin films adsorbed on
PDMS substrates as a function of PDMS molecular weight.
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When the PVOH thin films become more discontinuous,
advancing contact angles of the films approach that of the
exposed hydrophobic PDMS substrate, and the receding
contact angles increase more drastically as the surface coverage
by PVOH decreases. There is a noticeable difference between
the receding contact angles of PVOH99% and PVOH88%

films.
The higher surface coverage by PVOH88%, as shown by the
optical micrographs (Figures 4 and 5), causes the PVOH88%

films to have lower receding contact angles. In a control
experiment, the dynamic contact angles on ∼1 mm thick
Sylgard-184 films were 112° ± 6°/79° ± 6° after adsorption
with PVOH99%, similar to those on PVOH−PDMS116k. On the
basis of the data obtained in this study, the insignificant
decrease in water contact angles after PVOH adsorption on
native PDMS substrates reported in literature is most likely due
to the low coverage of dewetted PVOH thin films on thick,
liquid-like PDMS substrates. Much lower advancing and
receding contact angles are achieved when continuous films
of PVOH99% and PVOH88% are obtained on the PDMS2k

substrate, resulting in contact angles of 73° ± 3°/14° ± 2°
and 92° ± 2°/14° ± 4°, respectively. The larger acetate content
in the PVOH88%

films contributes to the higher advancing
contact angle. The contact angles of PVOH99%−PDMS2k are
pretty similar to those of PVOH99% adsorbed on other
hydrophobic substrates.15,16 On the basis of these results
obtained, the adsorbed PVOH thin films need be continuous to
provide effective improvement in hydrophilicity for PDMS
substrates.
The stability of the PVOH films was evaluated by immersing

PVOH99%−PDMS2k, PVOH88%−PDMS2k, PVOH99%−
PDMS49k, and PVOH88%−PDMS49k in water for 24 h at
room temperature. In situ imaging analyses of the samples
reveal that the PVOH morphologies are conserved (Figure 4S),
with a slight decrease in feature size noticeable in certain
regions (not shown here). On average, PVOH99% and
PVOH88% thin films decreased by ∼10% and 30−40% in
thickness, respectively. The stability difference can be attributed
to the higher degree of crystallinity of PVOH99%. There is little
distinguishable difference in stability between the continuous
PVOH films on PDMS2k and the discontinuous films on
PDMS49k. Strategies such as cross-linking PVOH chains using
glutaldehyde15 can be used to improve their stability for long-
term applications.
One of the main goals of this research is to use PVOH

adsorption as a means to hydrophilize PDMS substrates.
During the course of this endeavor, we recognized that the
most significant wettability improvement was accomplished
when the PDMS substrates were completely covered by
continuous PVOH thin films. PDMS2k is the only substrate
on which adsorbed PVOH thin films do not dewet and break
up into discontinuous morphologies. In the earlier discussion,
we attributed this to the substrate’s lower receding contact
angle, lower density of surface defects, and/or less liquid-like
behavior. In an attempt to test these hypotheses and to prepare
continuous PVOH thin films on other PDMS substrates,
PDMS49k and PDMS116k substrates were lightly oxidized by
exposure to oxygen plasma for 1 s prior to PVOH adsorption to
introduce receding contact-line pinning sites. Figure 8 shows
the AFM images of PVOH99% and PVOH88% thin films
adsorbed on PDMS49k substrates before and after oxygen
plasma treatment. Apparently, the short-time plasma treatment
has a considerable effect on the PVOH morphology. The
dynamic contact angles of the treated PDMS49k are 101°/80°,

which are lower than those of the untreated (109°/95°) but are
almost identical to those of the native PDMS2k (101°/79°).
The significant change in the PVOH morphology is most likely
due to the reduction in the substrate contact angles after plasma
treatment. Both types of PVOH thin films exhibit the more
continuous honeycomb morphology, which is presumably
caused by the pinning of the receding contact line during
thin film dewetting. After adsorption with PVOH99% and
PVOH88%, contact angles decreased to 96°/15° and 103°/20°,
respectively. They are higher than those on PVOH−PDMS2k

(73°/14° and 92°/14°), especially in advancing contact angles.
The higher advancing contact angles of PVOH thin films on the
treated PDMS49k are attributed to the hydrophobicity of the
exposed PDMS substrate. Furthermore, there is little difference
in the adsorbed amount on the treated and untreated PDMS
substrates. On the lightly plasma-treated PDMS116k substrates,
PVOH99% and PVOH88% thin films also exhibit primarily the
honeycomb morphologies instead of the fractal or droplet
morphologies (not shown here). We should point out that
plasma treatment not only reduces hydrophobicity of PDMS
substrates, but also ultimately results in the formation of a
harder, silica-like surface layer.37−41 Thus, we cannot decouple
the effects of surface wettability and liquid-like characteristic on
the extent of dewetting. It is also worth noting that it is
important to control the extent of substrate oxidation because
the adsorbed amount of PVOH is noticeably decreased on
more oxidized PDMS substrates where the hydrophobic driving
force for adsorption is lessened.
The impact of the light plasma treatment of PDMS

substrates on the morphology and wettability of the adsorbed
PVOH thin films leads to a practical solution to hydrophilize
PDMS substrates via PVOH adsorption. The data presented
here demonstrate that the extent of plasma oxidation should be
kept low to gain the benefit of pinning PVOH thin films from
extensive dewetting without compromising the hydrophobic
driving force for adsorption.
Hydrophobic recovery is a main obstacle in hydrophilization

of silicones. To assess the stability of the hydrophilized PDMS
substrates, wettability of PVOH-adsorbed PDMS2k and plasma-
treated PDMS49k samples was monitored for at least 1 week
under ambient conditions. The initial contact angle measure-
ments were carried out 24 h after PVOH adsorption to allow

Figure 8. AFM images (size, 20 × 20 μm2) of PVOH99% (top) and
PVOH88% (bottom) thin films adsorbed on PDMS49k substrates before
(left; height scale, 100 nm) and after (right; height scale, 20 nm) 1 s of
oxygen plasma treatment.
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thin films sufficient time to dry. All the samples appeared to
maintain their hydrophilicity over time since no detectable
change in water contact angles was observed (Figure 5S). We
emphasize that hydrophobic recovery is not observed even
when PVOH coverage is incomplete on plasma-treated PDMS
(Figure 8). This result implies that factors contributing to
hydrophobic recovery in typical silicone systems, including low
molecular weight silicone species migration to the surface and
surface reconstruction,36−40 are absent here.

■ CONCLUSIONS

Poly(dimethylsiloxane) substrates were prepared by grafting
linear PDMS polymers of 2, 9, 17, 49, and 116 kDa onto silicon
wafers. Adsorption of two types of poly(vinyl alcohol)
(PVOH), 99% and 88% hydrolyzed, was carried out on the
PDMS substrates in aqueous solution. The PVOH thin film
morphologies were found to depend on PDMS molecular
weight/thickness as well as PVOH degree of hydrolysis.
As PDMS thickness increases, the adsorbed PVOH becomes

progressively unstable and transitions from continuous films on
PDMS2k, to honeycomb-like, and then to fractal/droplet
morphologies on higher molecular weight PDMS substrates.
The in situ optical microscopy imaging study revealed that the
formation of the discontinuous morphologies takes place upon
sample exposure to air. The morphological changes are
attributed to the lower receding contact angle of PDMS2k

causing pinning of the PVOH films and the more liquid-like
characteristic of the thicker PDMS layers rendering instability
in the thin films during drying.
The most notable difference between PVOH99% and

PVOH88% thin films is that the former present in fractal
morphologies and the latter manifest as specks on high
molecular weight PDMS substrates. Crystallization of PVOH99%

during the dehydration process in a diffusion-limited
aggregation fashion is attributed to give rise to the unique
fractal features, whereas there is insufficient crystallization
driving force in PVOH88% so that the common droplet
morphology is formed. On the basis of this study and those
reported in the literature, we hypothesize that crystallization is a
necessary driving force for forming fractal morphology during
thin film dewetting.
Significantly enhanced hydrophilicity is only realized on

PDMS2k with continuous coverage of PVOH films. Light
plasma treatment of the higher molecular weight PDMS
substrates was carried out to mimic the lower receding contact
angle and less liquid-like properties of the PDMS2k substrate.
On the treated PDMS substrates, the adsorbed PVOH thin
films exhibit the honeycomb morphology instead of the more
discontinuous fractal and droplet morphologies on the
untreated substrates and enhanced wettability upon PVOH
adsorption was accomplished. Hydrophobic recovery of
PVOH-adsorbed PDMS substrates was absent during a 1
week period. We have demonstrated that light plasma oxidation
and subsequent PVOH adsorption can be utilized as a means to
effectively hydrophilize conventional PDMS substrates.
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