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HIGHLIGHTS

® Poly(dimethylsiloxane) surfaces
were modified with poly(ethylene
glycol).

e Surface modification via hydrosily-
lation has no impact on viscoelastic
properties.

® Modified surfaces exhibit lower con-
tact angle and higher surface energy.
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1. Introduction
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ABSTRACT

The influence of both viscoelastic and interfacial parameters on the surface properties of elastomers is
difficult to study. Here, we describe a simple route to achieve surface modification of PDMS without
impacting the viscoelastic properties of the bulk. PEG modified PDMS surfaces were synthesized by two
step surface modification based on hydrosilylation. The covalent grafting of PEG on the surface has been
evidenced by AFM and ATR-FTIR, and its effect on the hydrophilicity characterized by static and dynamic
contact angle. The static water contact angle of the PEG-modified PDMS decreases from 110° (for unmo-
dified PDMS) to 65°. Dynamic contact angles also show a significant decrease in both advancing and
receding contact angles, along with a significant increase in the contact angle hysteresis, which can be
related to an increase in the surface energy as estimated by JKR measurements. The viscoelastic prop-
erties of modified PDMS are found to be quantitatively comparable to those of the unmodified PDMS.
This simple method is an efficient way to prepare model materials which can be used to get a better
understanding of the exact contribution of the surface chemistry on surface properties of elastomers.

materials in contact [1-5]. The role of chemical interactions at
the interface [6] and surface patterning [7-11] as well as visco-

The frictional and adhesive behaviors of elastomers depend on elasticity effects [12,13] on adhesion, friction, and also on other
the viscoelastic properties but also on interfacial parameters such surface properties such as wetting, has thus started to be inves-
as the surface chemistry and the surface topography of the two tigated extensively over the last years, but mostly independently
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from each other. However areal deep understanding of the coupling
between these properties remains a challenge, and in consequence
there is still a lack of prediction of the global effect of such
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To identify the incidence of patterning on wetting, adhesion, and
friction mechanisms, commercial polydimethylsiloxane (PDMS)-
based elastomers have often been chosen as candidates as they
have good mechanical properties, good thermal and chemical sta-
bility, transparency, and can be easily fabricated and patterned
with good reproducibility. These features make these materials per-
fectly suited for applications in microfluidic or transfer printing.
However, PDMS is rather chemically stable and has a low surface
free energy (measured between 21 and 25 mJ/m?2) [14]. Moreover,
these materials lack reactive surface groups, and may present low-
molecular-weight mobile components having a high tendency to
migrate to the PDMS surface from the bulk. This results in relatively
poor intrinsic adhesive properties for these materials.

On the other hand, chemical modification of PDMS interface can
drastically alter its frictional, adhesive and wetting properties but
will also, in general, affect its mechanical properties. Indeed, devel-
oping a simple route to change the chemical properties of PDMS
surfaces only, without impacting the bulk modulus (or creating,
from a mechanical point of view, a bilayer system), is a challenging
task which would prove useful to design model systems for a better
understanding of the exact contribution of the surface chemistry on
surface properties (adhesion, friction and wetting) of elastomers.

To modify the properties of PDMS surfaces and confer
hydrophilicity to PDMS surfaces, various surface modification
methods have been explored. One of the easiest means for gen-
erating the hydrophilic PDMS surface is its exposure to an air or
oxygen plasma treatment [15,16]. However, this treatment leads
to the formation of a stiff SiOH layer at the surface, which will
then make the physical analysis of surface properties difficult
and can lead to uncontrolled wrinkling and associated phenom-
ena like surface cracks and grooves [17]. Furthermore, the result
of this kind of treatment is temporary, and the surface will usu-
ally recover its hydrophobicity within a few hours due to low
molecular weight chains diffusing to the surface and rearrange-
ment of polymer chains near the interface [18,19]. Vickers et al.
[20] used a two-step process involving solvent extraction of the
oligomers followed by oxidation as one approach to solve this
problem, making oxidized PDMS surfaces stable for at least 7
days in air but this kind of treatment still generates a stiff SiO,
layer.

Several other PDMS hydrophilic surface modification strategies
have been explored, such as UV treatment [21,22], chemical vapor
deposition [23], layer-by-layer (LBL) deposition [24,25], sol-gel
coatings [26], silanization [27], dynamic modification with sur-
factants [28], and protein adsorption [29], but all result in the
formation of what can be seen as a bilayer system unstable over
time.

Another approach for altering the properties of PDMS consists
in predoping PDMS with chemicals (such as acrylic acid and unde-
cylenic acid) [30] that will infuse in the matrix. However, by doing
so, the chemical groups can perturb the crosslinking reaction and
induce a significant change in the bulk mechanical properties of
the elastomer. This approach depends also on the applicability
of the chemical to be mixed with PDMS and the weight ratio of
the added chemical. Seo and Lee [31] improved the wettability
of PDMS by directly incorporating a nonionic surfactant into the
PDMS. The concentration of the surfactant at the surface could
then be changed by surface migration upon exposure to various
solvents. Surface-initiated ATRP has been also used. Typically it
involves creation of reactive sites on the PDMS surface followed
by covalent linkage of a preformed polymer or more commonly a
monomer that can then be used as the initiation site for a poly-
meric chain [32]. PEG was also tethered onto PDMS surface by
using a swelling-deswelling method with block copolymers com-
prising PEG and PDMS segments [33]. All these treatments are long,
complicated and dramatically alter the bulk and mechanical PDMS

properties (often by a factor of 2 or more on the modulus when
compared to unmodified PDMS).

An easier path consists in coating PDMS surface with hydrophilic
polymers such as poly(ethylene glycol) (PEG) and its derivatives.
Several techniques have been proposed to achieve this grafting.
Star shaped PEG was grafted on PDMS functionalized using ammo-
nia plasma treatment [34]. Simpler, Brook et al. developed a route
using poly(ethylene glycol) monoallylether [35]. This method is
a two-step surface modification process. Since PDMS does not
have appropriate functional groups on the surface available to
react with PEG, modification is necessary to introduce first active
sites for subsequent functionalization. PDMS is initially function-
alized with SiH groups under acid catalysis to give PDMS-SiH,
followed by a platinum catalyzed hydrosilylation reaction with
PEG. This is an addition reaction between SiH and allyl groups
of PEG to create SiC bonds, and it is a method to replace the
methyl groups on PDMS with PEG. A similar reaction was used
by Iwasaki et al. [36] to graft triblock copolymers composed
of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) and
poly(vinylmethyl siloxane-co-dimethylsiloxane) onto the PDMS
surface.

Inspired by this two-step strategy, we chose poly(ethylene gly-
col) methyl ether acrylate (PEG-acrylate) to modify PDMS surfaces
through covalent bonding of PEG-acrylate chains on PDMS surfaces.
We chose poly(ethylene glycol) acrylate (PEG-acrylate) because of
three reasons: (1) this molecule has a terminating acrylic group (2)
it is inexpensive and commercially available from common chem-
ical companies with various molar masses and (3) the lower molar
masses are liquid at room temperature, making it easy to react
with PDMS disks of relatively large proportions. Moreover, the layer
formed, being only a few monomers long, could be added on flat or
patterned surfaces, and has the potential to be “invisible” in terms
of mechanical properties.

The changes of PDMS surface properties during and after PEGy-
lation are analyzed at different reaction times using contact angle
measurements, AFM and ATR-FTIR study. The effects of this sur-
face modification in terms of hydrophobicity were studied using
both static and dynamic contact angles measurements. JKR tech-
nique was also used to determine the surface free energy and was
coupled with rheological experiments to determine and compare
Young’s modulus and loss modulus of modified and unmodified
PDMS.

2. Materials and methods
2.1. Materials

Sylgard 184, a PDMS kit containing two parts, a liquid silicon
rubber base and a curing agent, was purchased from Dow-Corning.
Polyhydromethylsiloxane (PHMS), trifluoromethanesulfonic acid
(CF3S03H) were purchased from Merck. Karstedt’s platinum cata-
lyst (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane com-
plex, soln. in vinyl terminated polydimethylsiloxane), diethyl-
ene glycol dimethyl ether (99%), anhydrous methanol, hexane
and toluene were purchased from Alfa Aesar and used as
received. Poly(ethylene glycol) methyl ether acrylate (PEG-
acrylate, My, =480 g/mol given by the supplier), a viscous liquid, was
obtained from Sigma Aldrich.

2.2. Methods

2.2.1. Preparation and surface modification of PDMS films

2.2.1.1. PDMS substrates. PDMS samples used in the present study
for the surface modifications experiments were prepared using
the Sylgard 184 silicone elastomer kit by the classical procedure,



consisting in mixing the elastomer base (vinyl-terminated PDMS
linear chains) with the curing reagent (short chains presenting
Si—H functions to react with the vinyl groups)ina 10:1 (w/w) ratio
(unless otherwise specified) followed by degassing in vacuum for
about 15 min to remove the bubbles formed during mixing. The
mixture was poured into a Petridish and cured at 70°Cfor 17 hinan
oven. The resulting film, about 1 mm thick (1.5 for rheological mea-
surements), was cut into 2 cm (2.6 for rheological measurements)
diameter discs for chemical modification and further analysis.

2.2.1.2. Surface modification of PDMS substrates. Fig. 1 illustrates
the reaction scheme of the surface modification of PDMS.

The incorporation of SiH groups on the PDMS surfaces involves
exchanging Me,SiO of PDMS with HMeSiO of PHMS using acid
catalysis. This leads to PDMS with a high concentration of SiH
groups on its surface (see Fig. 1). To introduce SiH groups into
the PDMS surface (PDMS-SiH), each PDMS disk was immersed in
3 mL of polyhydromethylsiloxane (PHMS) with 5 mL of anhydrous
methanol (e.g. PHMS is in excess). 50 pL of trifluoromethanesul-
fonic acid was added as a catalyst and the system was set for 30 min
at room temperature. One can notice that lower concentrations of
trifluoromethanesulfonic acid are also effective, but require longer
reaction times. Surfaces were then rinsed sequentially in 10 mL
methanol, 10 mL hexane and 10 mL methanol to remove residual
reactants, and dried under vacuum for 8 h. Finally, samples were
stored under anhydrous conditions in a desiccator to prevent loss
of SiH groups. During the surface functionalization, two compet-
ing reactions occur: the first involves surface monomer exchange
and the second degradation (breaking of the covalent network due
to the presence of the acid) of PDMS. The efficiency of each reac-
tion depends on various factors such acid catalyst concentration
and reaction times. Increased reaction times lead to increase SiH
groups at the surface of PDMS for about 30 min of reaction time.
Longer reaction times and higher concentrations in acid catalyst
lead to depolymerization process of the PDMS [36-38].

In order to prepare the PEG modified surfaces, PDMS-SiH
disks (4 maximum) were introduced into 20mL a mixture of
PEG-acrylate and diethylene-glycol dimethyl ether (1:3, v/v).
In these proportions, PEG-acrylate is in large excess com-
pared to SiH even assuming total functionalization of the
surfaces. Catalytic amount (one drop) of Karstedt’s catalyst
(platinum-divinyltetramethyldisiloxane complex) was added to
the reaction solution and the mixture was stirred for different reac-
tion times (between 4 and 72 h) at 70 °C. It is worth noting that the
choice of solvent in particular is critical in the two steps of the
process. It is necessary to use a solvent that does not react with the
highly reactive hydrosilane groups. Solvents that swell the silicone,
such as hexane, toluene, would also lead to Si—H incorporation
throughout the elastomer and internal hydrosilylation.

To characterize the bonding between the PEG-acrylate and
PDMS after modification, any free PEG-acrylate unreacted with
PDMS needs to be removed from the PDMS discs. Acetone is
a good solvent for PEG-acrylate while being a poor solvent for
PDMS. Washing PDMS discs with acetone can completely extract
unreacted PEG-acrylate from the bulk PDMS. PDMS pieces were
characterized after this extraction process and drying under vac-
uum at room temperature overnight.

2.2.2. ATR-FTIR spectroscopy

Fourier transform infrared spectroscopy in attenuated total
reflectance (ATR-FTIR) mode was used to analyze the effects of
PEGylation on the surface chemistry of PDMS. ATR-FTIR spec-
troscopy measurements were carried out on a Perkin Elmer Frontier
spectrometer. The data were collected using a diamond ATR crys-
tal plate from 450 to 4000cm~!, with resolution of 4cm~!, and
analyzed using Spectrum software.

The depth of penetration, d, is given by (Eq. (1)):

dp = ~ (M
S o2 i1/2
27(ni(sin)” — n3)

where A is the wavelength of light, 8 is the angle of incidence of the
IR beam relative to the perpendicular of the crystal surface, n; is the
refractive index of the diamond (2.4 in this range of wavelengths)
and n; is the refractive index of the PDMS (1.4 as given by Dow-
Corning).

The depth of penetration is then ~1 um at 2000cm—1.

2.2.3. Surface characterization by atomic force microscopy (AFM)

AFM images were obtained in tapping mode with a Multi-
mode microscope and a Nanoscope V controller (Veeco) using the
Nanoscope V7.2 software, operated under ambient atmosphere.
The tips (Tap300-G model; spring constant 40 N/m, oscillation
frequency 300 kHz, tip radius <10nm) were obtained from Bud-
getSensors. The images were recorded at a scan rate of 1Hz. The
root-mean square (RMS) roughness (standard deviations of the
height value within a given image) was calculated with the soft-
ware, using the following formula (Eq. (2)):

Rq = \/ %le(zi ~ Zave)? (2)

where Zgye is the average Z value within the given image, Z; is the
current Zvalue and N is the number of points within a given image.

2.2.4. Rheological measurements

The changes in the viscoelastic properties of the PDMS due
to the surface modification were assessed by comparing unmodi-
fied and modified PDMS using an Anton Paar rheometer MCR502.
Crosslinked PDMS Sylgard 184 has a tendency to slip under the
plates of the rheometer. To the best of our knowledge, the only
extensive study of the viscoelastic properties of this material
[39] has been performed by having the samples crosslink directly
between the plates to ensure good adhesion between the sam-
ple and the rheometer. In our case, this method was not possible,
since chemical modification was made after the crosslinking. In
consequence, we used a grooved plate-plate geometry (25 mm) to
test our samples (1.5mm thick, 2.6 mm in diameter). When the
sample and the plates are in contact with no normal force, the mea-
sured G for the unmodified PDMS can be as much as 10x lower
than expected values (estimated from independent measurements
of the Young's modulus E, using JKR or tensile tests), which was
attributed to slippage. In consequence, to prevent this, an initial
compression between 25% and 30% was applied to the sample. In
this deformation range for uniaxial compression (or around 20% in
biaxial extension), PDMS Sylgard 184 still displays a linear elastic
behavior [40].

To measure G’ and G”, deformation sweep tests at constant
frequency (1Hz) and frequency sweep tests at constant defor-
mation (0.1%) were then performed at room temperature. Other
frequencies (0.1 Hz) and deformations (1%) were tested to ensure
the results were within the linear regime. Only the deformation
sweep tests will be presented in this study.

The reference material (1:10 PDMS Sylgard 184 cured 17 h at
70°C) was measured as made from 5 different initial mixtures. For
2 of these mixtures, 2 disks samples cut from different places of the
global samples were also tested.

For the other materials, the results were averaged over two
samples from the same batch, unless otherwise specified.

The compliance of the rheometer was not taken into account in
this study. However, estimates made using McKenna et al. approach
[41,42] and assuming the compliance of the Anton Paar rheometer
is similar to that of the ARES and the RDA II from TA Instruments
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Fig. 1. Schematic of surface modification of PDMS.

(depending on the size of the plates and the instrument, values
between 0.6 and 1 x 10~2 rad/N m were obtained for these systems)
show that G’ should be underestimated by 10-15% maximum. Due
to the fact that small plates were used and that new rheometers
are actually stiffer (MCR-501 from Anton Paar was estimated 2.5
times stiffer than the ARES), the compliance effect probably leads
to an underestimate due to compliance effects of less than 5% on
the elastic modulus of the samples.

2.2.5. Contact angle

In order to study the effect of surface modification on surface
energy, static and dynamic contact angle experiments were per-
formed using Kriiss drop analysis system DSA30S (Kriiss, Germany)
for all the samples immediately after chemical modification. The
static measurement was performed by creating a water drop of
known volume (5 L) at the tip of syringe needle, which was then
gently brought into contact with the PDMS surfaces. The needle
was then pulled back of the drop. A digital image was taken using a
camera and analyzed by Image] software. For each sample, the con-
tact angle was calculated by averaging the two contact angles of the
droplets, for at least three droplets placed at different locations on
the same PDMS surface.

Because static contact angle is not an equilibrium measurement
and relied heavily on the testing procedure, advancing and receding
contact angles were also measured by increasing (growing phase)
and then decreasing (contracting phase) of the drop volume to
ensure that the three phase boundary line moved sufficiently over
the surface 6 £5 L. The contact angle of the drop in the growing
state thatreached a steady-state value was defined as the advancing
contact angle. The lowest contact angle, occurring at the moment
when the contact line started to move, is defined as the receding
contact angle. The images of the drop were recorded and analyzed
by Image] software. All measurements were performed in ambient
air at room temperature.

2.2.6. JKR measurements

The experimental apparatus used, based on the Johnson-
Kendall-Roberts (JKR) theory of adhesive contact between elastic
bodies, is described in details in [43]. It consists in a hemispheri-
cal unmodified PDMS lens with a diameter of 2.24 mm and a flat
modified or unmodified PDMS sheet sample placed on two hold-
ers. To avoid finite size effects in the sphere reported in [44], a
thick sheet of the same PDMS is intercalated between the sphere
and the holder. The PDMS lens can be adjusted in the x, y, and z
directions. A video camera connected to a microscope records the
evolution of the contact radius a as a function of the applied load
F. All data points were gathered every 5 min (for the unmodified
PDMS) or 30 min (for the modified PDMS) to allow for viscoelastic
relaxation in the PDMS. Two loading-unloading cycles at differ-
ent depths were performed. Only loading data will be presented in
this study since they give access to the thermodynamical work of
adhesion between the surfaces, and thus a direct comparison with
the Young-Dupré equation. On the contrary, complex phenomena

Table 1
ATR-FTIR characteristic bands of unmodified and modified PDMS.
Group Vibration type IR region (cm™1)
Si—O0—Si Stretching vibration 1100-1000cm™!
Si—CHj5 Stretching vibration 1275-1245cm~!, 865-750cm™!
CH, Bending vibration 1410cm™!
(Si—CH=CH,)
C—H Stretching vibration 3000-2850cm™!
(CH3 and CHz*O)
Si—H Stretching vibration 2300-2100cm™!
=0 Stretching vibration 1740-1680cm™!
OH Stretching vibration 3500-3200cm™!

occur during the unloading phase (due to dangling chains or unre-
acted species) and can have a significant impact on the measured
energy [45].

3. Results and discussion
3.1. ATR-FTIR

The main characteristic bands of unmodified and modified
PDMS in the 500-4000 cm~! region are shown in Table 1 [46].

The unmodified PDMS spectrum displays the typical bands
revealing the backbone structure of the network —Si(CHs3),—0—.
All these peaks can also been identified for both modified PDMS
(see Fig. 2a).

A worth noting point is that a small peak at 1598 cm~! (Fig. 2b)
can clearly be seen in the spectrum for the unmodified PDMS, and is
also present with a small shift for the modified samples (1612 cm™!
for the PDMS-SiH and 1642 cm™! for the PEG-modified PDMS),
which could be assigned to the stretching vibration of C=C bonds
and indicate that some terminal vinyl groups did not react during
the crosslinking reaction (this can be confirmed by 'H NMR of a Syl-
gard 184 mixture of base and curing agent in a 10:1 ratio, showing
an excess of vinyl groups over Si—H functions, data not shown).

Fig. 2b zooms in the region of interest concerning the peaks con-
cerning the modifications induced by the two-step procedure. In
particular, the major difference among these spectra is the appear-
ance of a strong new band of Si—H at 2166 cm~! on the PDMS-SiH
surface, which is not present on either the unmodified PDMS sur-
face or the PEG-modified PDMS surface, making it an easy way to
follow PEG modification. Following hydrosilylation, the appearance
of a new broader CH, stretching vibration around 2870 cm~! cor-
responds to the CH,—O repeat group in the PEG-modified surface.
This peak is not present on either the unmodified surface or on the
PDMS-SiH surface. In addition, another peak appears at 1742 cm™!
on the PEG-modified surface. This peak is assigned to the PEG-
acrylate carbonyl group (at one end of PEG-acrylate). Considering
that free PEG-acrylate has been removed to form PDMS-PEG, the
ATR-FTIR results clearly demonstrate that PEG chains have been
covalently linked to the PDMS network by 1,2-addition hydrosily-
lation reaction. One should also note the presence of a small broad
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Fig. 2. ATR-FTIR spectra for control PDMS (light gray), PDMS-SiH (gray) and PDMS-PEG (dark gray) (a), with assignment of chemical functions present in the 3 samples.
Zoom in the 1500-3700 cm~! region (same color code) (b), with assignment of specific chemical functions due to the chemical modifications.

peak at 3500cm~"! in the PEG-modified PDMS sample. This could
reveal the presence of Si—OH resulting from the hydrolysis of some
SiH groups. However, the high frequency of the peak (typical value
for Si—OH is 3400-3200 cm~1!) probably rather reveals the presence
of water, due to the hydrophilicity of the PEG-surface.

Finally, let us point out that the depth of penetration of the ATR-
FTIR, on the order of 1 m, and the intensity of the characteristic
peaks for the modifications, suggest that the chemical reactions
may occur not only on the surface but also within some depth of
the sample. This can be explained by the fact that though methanol
and diethylene-glycol dimethyl ether are poor solvent for PDMS,
they can still swell the network by a small amount and thus lead to
chemical reaction within the network near the surface [47].

3.2. Surface characterization by AFM

Fig. 3 shows pictures of whole samples deposited on top of a grid,
and AFM images of the PDMS and PEG-modified PDMS surfaces
under different modification times. It is clear from the top pic-
tures that the samples lose some transparency when modified (the
grid below becomes less and less visible), with a more pronounced
effect when the modification time is increased, even though they all
remain translucent. AFM image of the surface shows an almost per-
fectly flat surface for the unmodified PDMS (Rq ~ 1 nm). Similar to
the unmodified PDMS, the roughness of the PDMS-SiH is found to
be 2 nm (image not shown). This result indicates that the incorpo-
ration of SiH groups on the PDMS surfaces using acid catalysis does
not affect the surface roughness and that, for these reaction times
(30 nm for this first step), the acid does not significantly depolymer-
izes the PDMS (or, if so, in a uniform manner at the lateral resolution
of the AFM).

However, the morphology of the PEG-modified PDMS surface is
clearly impacted by the PEG grafting step. After 4 h of modification,
the PEG-modified PDMS displays a rougher surface than the unmo-
dified PDMS (Rq ~ 10 nm). Actually, the surface is mostly flat with
aggregates having diameters (or lateral sizes) of few hundreds of
nm and height around 50 nm. After 15 h of modification, the rough-
ness remains similar (Rq~15nm, image not shown). However,
for 24 and 48 h of modification, the roughness increases sharply
(around 100 nm for 24 h and up to 200 nm for 48 h). The aggre-
gates increase both in heights and lateral dimensions (up to a few
microns). The appearance and growth of these regions as modifi-
cation time increases can explain the loss in transparency. Similar
morphologies on PEG-modified PDMS have been observed [36,37]
and explained by a phenomenon of phase separation between PEG

and PDMS due to the incompatibility between the two polymers.
However, in these systems, PEG was added in default and not in
excess, and the resulting height of the patterns was only a few nm.
The height of the patterns measured here is much higher than the
size of the very short PEG chains, and so the aggregation mechanism
remains unclear since the samples are thoroughly washed before
testing using a good solvent for short PEG chains (acetone). The
increase in roughness could also be the result of the migration to
the surface, due to the chemical modifications, of some of the thin
polymer layers covering silica and other reinforcing fillers present
in the Sylgard 184, as suggested by Genzer et al. [48].

3.3. Rheology

Rheological measurements performed on different PDMS sam-
ples show the influence of the chemical modification on the
viscoelastic properties of the materials. In Fig. 4, deformation sweep
measurements are presented (G, left, G”, right).

First, one can notice that all the materials shown here are very
elastic (G'~10G”) in all the deformation range. It is also noticeable
that the results are fairly reproducible: concerning the unmodified
1:10 PDMS cured 17 h at 70°C, 7 samples were tested using the
same procedure. The standard deviation was below 8% for every
data point for the G'.

Then, using a Poisson’s ratio of 0.5 for PDMS [49], one can
estimate the Young’s modulus for the unmodified 1:10 PDMS
as measured by this technique. This leads to a value close to
0.85 MPa in all the deformation range (G’ ~0.275 MPa). This value
is quite substantially lower than what is usually reported for PDMS
prepared under similar conditions and measured with different
techniques. For example, using rheological experiments with sam-
ples crosslinked in situ, Nase et al. [13] obtained a value of 2.4 MPa
for a 1:9 PDMS cured at 80°C for 5h under vacuum, and 0.87 MPa
for a 1:15 sample prepared under the same conditions. Using JKR,
Poulard et al. [10] obtain a value of 1.8 MPa for a 10:1 sample cured
at 50°C during 24 h, while using the same technique, Davis et al.
obtain a value of 2 MPa for a sample cured at 70°C for 24 h [50].

However, such discrepancies between different techniques have
already been reported concerning measurements of PDMS moduli
[51]. In this article, nanoindentation, DMA, JKR and rheological
measurements were used to measure the elastic modulus of 1:10
PDMS samples cured 4 h under vacuum at 65 °C. A value close to
1 MPa was obtained via rheology (0.1-10Hz, 0.1% strain) while
JKR value was close to 2 MPa (DMA was in between, and nanoin-
dentation even higher, close to 3MPa). The reasons for these



10um

00um

150m-n

75

s0 s0
25 : 25

150 m
125
100
75

150 ym
i
100
75

so 50
25 2s

Fig. 3. Top row: Pictures of unmodified PDMS and PEG-modified PDMS samples with different modification times. Middle row: AFM surface topographies of unmodified and
PEG-modified PDMS with different modification times. Bottom row: 3D images of the unmodified PDMS and PEG-modified PDMS with 24 h of modification time.

discrepancies have not been discussed in details, but it appears that
compliance effects in that case could not explain the amount of the
variations, even though the modulus showed in Fig. 3 might be
underestimated by 10% (see materials section).

Since reproducibility of the experiment remain satisfactory, if
we compare G’ of the unmodified PDMS to the value of the PEG-
modified 1:10 PDMS (24 h modification), G’ for these samples is
0.35MPa, a 25% increase. One could assume that this increase in
the shear modulus is due to the extra-curing time induced by the
modification if unreacted species remain in the sample, because
the reaction is performed also at 70 °C for 24 h right after the 17h
curing. Indeed, the 41 h (e.g. 17 + 24 h) cured PDMS has a G’ value of
0.3 MPa slightly above the 17 h cured PDMS (which demonstrates
that little crosslinking occurs spontaneously in the sample after the
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first 17 h of curing). However, G’ is still roughly 15% below G’ of the
PEG-modified PDMS.

This small difference between the 41 h cured PDMS and the
PEG-modified one may then be explained by the chemical reaction
adding new SiH functions in the material which will react on the
surface with the PEG, but can also react with the remaining double
bonds (as shown in Section 3.1)and cause a small extra-crosslinking
over some depth within the sample.

However, if one wants, for example, to compare modified sam-
ples with unmodified ones having same viscoelastic properties in
terms of adhesive of wetting properties, this rather slight increase
can be easily addressed: a 1:9 PDMS cured for 17 or 41 h (data not
shown)has a G’ of 0.335 MPa, remarkably close to the one measured
for the PEG-modified 1:10 PDMS.

@ PEG-modfied 1:10 PDMS 24 hours
A 1:9 PDMS 17 hours
4 B 1:10 PDMS 41 hours
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Fig. 4. Storage modulus G’ (left) and loss modulus G” (right) as a function of strain at constant frequency (1 Hz) for modified and unmodified PDMS at different curing times
and curing agent ratio. The data points are the average over all the samples tests (see Section 2), the error bars represent the standard deviation from this average values

calculated for each point.



Values for G” are all comparable for every samples tested
(between 25kPa and 32kPa below 2% deformation). The slight
increase at higher strains may reveal slippage during the test or
an increase in the viscoelasticity at higher deformations.

3.4. Water contact angle

In this study, water contact angle measurements are performed
to assess the hydrophobicity of the surfaces before and after mod-
ification with PEG-acrylate. The contact angle values measured
immediately after the chemical treatment for the various samples
are presented in Fig. 5.

As expected, the unmodified PDMS is found to be strongly
hydrophobic, with a static angle of about 110°, consistent with
many results presented in the literature [52]. However, modifi-
cation of PDMS with PEG-acrylate has a significant impact on the
measured water contact angle. Its value decreases at first with mod-
ification time. After 24 h of reaction, static contact angle reaches a
value of 67° £ 2.

For higher modification times (48 and 72h), the value of the
contact angle modified PDMS then reaches a plateau value (65° + 2).
The sharp decrease in the contact angle from 80° to 67° when mod-
ification time increases from 15 to 24 h may be correlated to the
increase in surface roughness induced by the density of PEG graft-
ing as discussed above. This contact angle shift with the PDMS-PEG
confirms again the existence of PEG on the surface. These values are
greater than that of pure PEG films (20-25°) [53] and indicate either
that the surface is not fully covered by PEG chains or that the water
still partially “feels” the PDMS underneath the PEG layer, due to its
thinness. The observed trends reflects the increase in chain density
of PEG at the surface of the PDMS and probably indicates that for
reaction times higher than 24 h, the concentration of grafted PEG
at the surface is maximal. It is also worth noting that a synthesis
conducted for 24 h with a doubled concentration of PEG-acrylate
during the reaction step also leads to a value of 67° for the static
contact angle. This confirms the excess of PEG-acrylate in the step 2
of the reaction, and that there is a limit in terms of grafting density
of PEG on the PDMS surface.

In order to use these samples for example for adhesion tests,
hydrophobic recovery in air of the chemically treated surface is
also estimated by measuring the contact angle at regular inter-
vals of time after the surface treatment. For example, the initial
contact angle achieved immediately after the treatment of 72 h is
65° but subsequently increases to about 90° after about 4 weeks
in air. This relatively slow increase in contact angle over time is
in agreement with other reports [54] indicating that there is grad-
ual hydrophobic recovery of the treated surface due to migration
of low molecular weight species, from the bulk to the surface, or
due to reorientation of the PEG hydrophilic groups away from the
surface. However, storage of the samples in distilled water at room
temperature allows the same contact angles to be measured over a
two weeks period (data not shown).

To obtain further insights on the properties of PEG coated PDMS
surface, dynamic contact angle measurements have been obtained
by continuously enlarging and subsequently reducing the size of
water drop through an embedded needle and recording the evolu-
tion of the contact angle over the radius of the droplet. Fig. 6 shows
typical optical images of advancing, and receding water drops
dynamic contact angle measurements on PDMS surface before and
after 24 h of chemical modification. In the case of unmodified PDMS,
the results of the contact angle measurements show that their
mean advancing and receding contact angles are 0, =114° £+ 2 and
6 =89° £ 2, respectively. The associated contact angle hysteresis is
about 25°. Chemical modification with PEG has a significant effect
on the advancing and receding contact angles which are about
83° +2 and 40° + 2 respectively for PEG-modified PDMS for 24 h.

The contact angle hysteresis is then 43°. It is seen that the PEG-
modified PDMS showed a significant decrease in both advancing
and receding contact angles for modification times below 24 h, but
also a significant increase in the contact angle hysteresis. Though
changesin crosslink densities (or Young’s moduli) of elastomers can
affect both contact angles and hysteresis [55,56], it is a fairly small
effect when comparing samples with only a 25% difference in the
modulus, and so it could not account for the significant differences
measured in this study between unmodified and modified PDMS.
However, this may indicate PEG chains local movements toward
the water during the experiment or confirms the effects due to
chemical heterogeneity or surface roughness appearing after the
chemical treatment [57]. The observed difference in the two angles
could also be due to the surface penetration of water during con-
tact angle determination. After 24 h of modification, PDMS surfaces
show a constant advancing and receding contact angle with time
which is consistent with the previous hypothesis that all silicone
hydride bonds (Si—H) created on the surface have already reacted.
Itis worth noting that these values are similar reported values from
the literature for PEG-modified PDMS surfaces [33,37].

3.5. JKR

The JKR test allows a direct estimation of the work of adhesion
(W) and the elastic modulus (E) of two elastic bodies in contact by
the simultaneous measurement of applied load (F) and the radius of
the contact area (a) at the interface under equilibrium conditions
[58]. For the case of an elastic hemisphere in contact with a flat
substrate, Eq. (2) models the JKR contact mechanics (Eq. (3)):

F (13 2
=K —VvWK 3
6a3 V61 -R 3)
where Ris the radius of curvature of PDMS lens, Fis the applied load,
K is the composite elastic constant of the system lens/substrate, W
is the work of adhesion.

When the material of the sphere and of the flat substrate are the
same, the Young’s modulus, E, can be calculated from the elastic
constant, K, and the Poisson ratio, v (Eq. (4)):

2 E
K= 35712

The work of adhesion between two solids 1 and 2 can be esti-
mated from the interfacial energies by the Young-Dupré equation
(Eq. (5)):

W=y1+y2-vi2 (5)

(4)

where y4, Y2, and yq, are respectively the surface free energy of
solid 1, solid 2 and the interfacial energy of solid 1 in contact with
solid 2, expressed in mJ/mZ2.

In order to compare elastic modulus values obtained via the rhe-
ological experiments with those obtained using the JKR technique
and gain information about the adhesive behavior of the samples,
loading measurements using the JKR technique were performed,
and are shown in Fig. 7 in the linearized form of Eq. (2), F/v6ma3
being plotted as a function of a3/2/+/67R. The experimental data
are fitted with Eq. (3), then allowing measurements of W and K
(and thus E).

By fitting the measured curve for two identical surfaces of 1:10
PDMS cured during 17h to Eq. (2), the work of adhesion was
found to be W=50m]/m? + 3.6. The corresponding measured sur-
face energy is then y; =y, =25m]/m? (since in this case Y13 =0),
in agreement with previous studies [14]. The elastic modulus
obtained from the fit is 1.45 MPa. For 1:10 PDMS samples cured
during 41 h, the fit between the experimental loading data and Eq.
(2)yielded values: W=50m]/m? + 1.6 (hence same surface energy)
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Fig. 7. Curves showing the behavior of PDMS samples (semispherical unmodified
PDMS lens on flat sheet) of 1:10 PDMS cured 17 h at 70°C (full gray square), 1:10
PDMS cured 41 h (open square) and PEG-modified PDMS with 24 h of reaction time
(black circle) during loading cycle.

and E=1.65MPa, showing a small increase in Young modulus as
already observed with the rheological measurements.

Using the same unmodified PDMS lens for the measurements
but now in contact with a 24 h PEG-modified 1:10 PDMS substrate,
we obtain W=52m]J/m? + 2.7 and E=1.74 MPa.

First, it is worth noting that there is a difference between the
elastic modulus measured by JKR and by rheology, similar to what
otherresearcher groups [51] have observed for similar material sys-
tems using different measurements techniques, as discussed above.
Still, the differences observed for unmodified and modified PDMS
are consistent for the two techniques (around 20% increase in the
modulus for the modified PDMS over the unmodified one cured for
17 h, and 10% over the 41 h cured sample). Furthermore, the values

obtained from the JKR test are in agreement with the ones reported
by other studies [10,41].

Second, a small change in work of adhesion is observed between
identical and modified substrates. This may appear surprising, as
the surface free energy of the modified substrate should be larger
than that of unmodified PDMS, as suggested by the contact angle
measurements. However the analysis of the JKR result has to be
done carefully due to the asymmetric nature of the contact, which
thus implies a non-zero interfacial energy y12. To try to esti-
mate the surface energy of the PEG-modified PDMS (y3), we use
¥1=¥Yppms =25 mJ/m2 and roughly estimate Y, (PDMS surface and
PEG-modified PDMS surface) by ypec-ppums.

The latter can be measured by using Young equation for a drop
of PEG resting on an unmodified PDMS substrate (Eq. (6)):

YPDMS — VPEG * COS 0 = YPEG-PDMS (6)

where 6 is the equilibrium contact angle of the drop on the sub-
strate.

Using the procedure described in Section 2.2.5, the advancing
contact angle between PDMS and PEG-acrylate has been mea-
sured at 61.6° + 1.3 and the receding contact angle at 45° + 2. The
equilibrium contact angle in Young equation has been defined as
(1/2)(64 +6r) by Brochard-Wyart et al. [59], which gives 53.3° here.
A more complicated analytical expression has been proposed by
Tadmor [60] and leads to 55° with our measurements. The surface
energy of PEG ypc is reported to be 42-45 m]/m?2 for high molecu-
lar weights [49]. However, molecular-weight dependence has been
predicted for surface tension of polymers and observed experimen-
tally for many polymers, such as PEG with various end groups, in the
low molecular weight (oligomeric) range [61]. For M, =480 g/mol,
the surface energy for PEG can be estimated at ypgg ~ 37-39 m]/m?
(using both experimental data for similar molar masses listed in
Ref. [49] and empirical equations in Ref. [61]).



This finally leads to an estimated value of
YPEG-PDMs ~ 2—3 mJ/mZ2. Then, according to Eq. (4), the correspond-
ing surface energy of PEG modified 1:10 PDMS is 29-30 m]/m?. This
value represents an increase of 20% relative to that of unmodified
PDMS, even if still below the surface energy of PEG. This may reflect
the fact that the grafted PEG chains are short (the PEG molecule
used is about 9 or 10 monomeric units), which means PDMS is still
“seen” macroscopically when surfaces are in contact, but could
also mean that the surface is not fully covered by PEG chains.

One could state that the adhesion energy can also be affected by
the roughness of the surfaces. Unfortunately only little is known
of the exact role of roughness on the adhesion energy extracted
from a JKR test since it is always difficult to guarantee that the
surface topography and not the chemistry have been changed.
Nevertheless, a paper by Verneuil et al. showed that when the
roughness is small (typically smaller than 200 nm) as is the case
in this study, its effect on the thermodynamical work of adhesion
is small. Moreover, this roughness effect leads to a decrease in the
work of adhesion, which would mean an underestimated value for
the surface energy of the PEG-modified PDMS [62].

Anyhow, one should not over-interpret the values presented
above. Indeed, we would like to point out that this estimate,
which is in agreement with the contact angle experimental results,
remains semi-quantitative due to the fact that the effect is quite
small, and to cumulative uncertainties on both the JKR experiments
and fits, the definition of an equilibrium contact angle when hys-
teresis is present, the effect of roughness, and the available reported
values of surface tensions.

4. Conclusion

The surface modification of PDMS surfaces with PEG-acrylate
has been successfully achieved using a two-step technique and
leads to a significant increase in surface hydrophilicity. Compared
to unmodified PDMS, PEG-modified exhibited lower water contact
angle (down to 65° for the static contact angle) and a significant
increase in the hysteresis. It is shown that this reaction can be made
without impacting significantly the viscoelastic properties (G’ and
G”) of the PDMS but with a slight effect on the surface roughness
(~100 nm).

The surface energy of PEG-modified PDMS has been measured
close to 30mJ/m? compared with 25mJ/m? for the unmodified
PDMS, which is in semi-quantitative agreement with the contact
angle results.

To clarify the role of chemical interactions at the interface and
surface patterning as well as viscoelasticity effects on adhesion,
friction and wetting, further work will deal with the transfer of
the described two-step technique for the modification of PDMS
surfaces presenting controlled micron-sized patterns (such as
wrinkles, lines or posts) to tune independently both surface pat-
terning and surface chemistry of the PDMS, while the viscoelastic
properties of the PDMS can simply be changed by varying the
amount of crosslinker. The combination of fabricating a patterned
structure and a tailored chemistry surfaces without changing
its original structure and rheological properties would non-only
increase our understanding in the coupling between topography
and surface chemistry in the surface properties of materials, but
also open up opportunities for new adhesive materials with well-
designed surfaces.
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