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Abstract

In this study we investigate the exceptional wetting properties of thin polymer layers. Here the polymer is deposited
in the form of a polydimethylsiloxane (PDMS) pseudo-brush and contact line dynamics are measured for both varying
polymerization index and nature of the partially-wetting liquid. We use a custom-built experimental apparatus to explore
wetting dynamics over 7 decades of velocity, with a precision of 0.01° in variations of the contact angle. We show that
the presence of a pseudo-brush can result in a remarkably small contact angle hysteresis as well as the appearance of
an additional source of dissipation and that these two phenomena depend on the chain length and the wetting liquid.
Qualitatively, we interpret these findings as the ability of the layer to behave as a liquid-like interface, and quantitatively

by using a simple model of viscoelastic dissipation in soft thin films.

Keywords: Wetting dynamics, contact angle hysteresis, polymer brush, viscoelastic dissipation

1. Introduction

Pseudo-brushes are nanometric layers of polymers that
are irreversibly adsorbed on a solid surface. Owing to
their relatively low surface energy, which makes them less
prone to contamination, and the possibility of varying the
chemistry of the polymer, they offer an easy way to pro-
duce functionalized surfaces with reproducible and tunable
physico-chemical properties. Like brushes, which are made
of grafted polymers, pseudo-brushes are systems of choice
to control surface properties like adhesion [1], friction [2—
5] or slippage [6, 7]. Understanding the wetting properties
and mechanics of pseudo-brushes is important not only in
terms of applications (adhesives, lubrication, coatings for
electronics or optics), but also from a fundamental point
of view, as model surfaces for bulk polymeric material, like
elastomers or gels.

Surprisingly, the wetting properties of pseudo-brushes
have been studied experimentally only relatively recently.
A few studies have reported a high “mobility” of liquid
drops on such substrates and a contact angle hysteresis of
the order of a degree [8-10], similar to what is observed
on some gels [11]. These studies were limited to measur-
ing quasi-static contact angles and did not investigate the
dynamics of the contact line. Recently, we examined the
wetting of decane on pseudo-brushes of polydimethylsilox-
ane (PDMS) with a small set of intermediate polymeriza-
tion indices [12]. We showed that in fact, this type of
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simple system can exhibit an extremely small hysteresis of
< 0.07°. This can be compared to ~ 10° found on the sup-
porting silicon wafer or to ~ 1° obtained on homogeneous
self-assembled monolayers of silanes deposited by labori-
ous, state-of-the-art protocols [13-16]. By studying the
dynamics, we also identified a large, additional source of
dissipation of viscoelastic nature present in these nanomet-
ric polymer layers that can exceed the viscous dissipation
in the bulk liquid.

In order to shed light on the relationship between the
unusual wetting properties and the surface properties in
terms of chemical affinities, heterogeneities and viscoelas-
tic mechanical response, here we explore the contact angle
dynamics on a wide range of systems, by changing the
polymer chain length and the nature of the wetting liquid.
In section 2, we describe the protocol used to produce
pseudo-brushes, the experimental set-up to measure con-
tact angle dynamics and the techniques used to analyze
the data. In section 3, we present and then discuss the
results obtained when varying the polymer chain length
and then the wetting liquid. We use chain lengths above
and below the entanglement length and a series of alcanes,
which are good solvents of PDMS, as well as water and
perfluorodecalin, which are poor solvents of PDMS.

2. Experimental methods

2.1. Materials

Pseudo-brushes can be formed on any oxidized mate-
rials such as glass or metals [8]. We use silicon wafers

December 4, 2018

Page 1 of 11



(Sil’tronix Silicon Technologies) because they are close to
ideal, smooth surfaces.

Commercially available linear trimethylsiloxy-terminated
polydimethylsiloxane (PDMS) polymer melts (Gelest, Inc.
products codes DMS-T) were used as-received. The series
of PDMS used covers a large range of kinematic viscosi-
ties v, or equivalently, number-averaged molar masses My . —
The polymerization index is calculated according to: g

(8]

o MN - Mends

N
My

; (1)

where Mengs = 88.226 g/mol is the cumulative molar mass

of the two end groups and My = 74.155 g/mol is the molar

mass of the periodic element. Values of v, My and N used

here are given in Table 1. .
With the exception of deionized ultrapure water (18 MQ.cm), 10 108 1000

wetting liquids were purchased and used as-received: de- N

cane, dodecane and hexadecane (Sigma-Aldrich, 99%) and

perfluorodecalin (Acros Organics, 90% mixture of cis and Figure 1: Dry thicknesses of PDMS pseudo-brushes as measured by

tmns). The molar mass M, density p , surface tension ellipsometry. The line indicates a fit to the power law e = ag N5,

and dynamic viscosity n for each liquid are given in Ta- where ao = 0. 3Ry

ble 2.

2.8. Measuring contact line dynamics

2.2. Surface preparation The principle of measurement shown in Figure 2a is

A solution of PDMS is known to form irreversibly ad- simple: the capillary rise is measured while the sample
sorbed pseudo-brushes, the quality — or density of cov- surface is plunged in or withdrawn from a liquid bath at
erage — of which depends on the concentration of PDMS, a constant, controlled velocity [12, 19-24]. With careful
the immersion time and incubation temperature [8, 17, 18]. implementation of this so-called “dip-coater” geometry, a

The protocol used here starts with cleaving a silicon wafer  emarkable precision and range in the measured contact
to obtain a centimetric sample, which is placed in a fresh  jipe dynamics can be obtained.

piranha solution (1:1 ratio) for 10 minutes, rinsed thor- The velocity V, of the sample is controlled by a mo-
oughly with deionized ultrapure water and dried under ni- torized stage (PI M-504.5PD) and a piezoelectric stage

trogeg flow. Immediately after exposure to oxygen plasma (PIHera P-629.1CD) in series, allowing the exploration of
(20 min at a maximum RF power of 30 W, Harrick Plasma 7 decades in speed from 1 nm/s to 1 ecm/s (by conven-

PDC-002), the surface is incubated in the PDMS melt tion, velocity is positive for an advancing contact line).
for 24 hours at 100°C then rinsed in 3 successive baths — The capillary rise is observed using a camera mounted
of toluene (5 min/5 min/3 hours) to remove unattached o 5 Jong-range zoom, which provides a magnification of
chains and dried under nitrogen flow. It is known that suf- roughly 5 pim/px over a field of view of 5 mm x 7 mm at
ficiently long chains are bonded to the surface at multiple  , frame rate of 10 Hz. Light coming from a co-axial red
points along the polymer backbone and the pseudo-brush [ ED is reflected on the non-immersed part of the surface

is irreversibly {deSOI“bGd [17]. and provides a contrasted image of the contact line. A
The dry thlckne§ses e of the produced .pgeudo—brushes threshold detection routine is used to locate the contact
are measured by ellipsometry with a precision of the or- line, and the profile is averaged laterally to deduce the

der of £0.5 nm. The reported values given in Table 1 contact line height 2. In order to have a reference for
are in the nanometric range and correspond to averages  the capillary rise that is free from variations of the bath
over 3 locations. They compare well with other reported  jevel due to the excluded volume of the plate, evaporation,
measurements [10, 17, and moreover, Figure 1 shows that thermal expansion of the liquid and other potential sources
e ~ N%, as expected for PDMS pseudo-brushes irre- of drift of the bulk liquid level, a second camera mounted
versibly adsorbed from the melt [17]. on a long-range zoom is used to look at a stainless steel

Apart from the case of short chains (as explained in tip that is placed ~ 0.5 mm from the free liquid surface.
subsection 3.1), this method produced pseudo-brushes with T} tip is wedge shaped and is bead blasted such that the

wetting behavior that was reproducible from sample-to- camera captures an image of the tip and its reflection in
sample.and sta.ble m time, over nany @onths, even when  the surface. The image is averaged laterally, the two fronts
successively using different wetting liquids. are detected with a threshold and the bath level zp.y is

deduced with a simple geometrical calculation. Finally,
the capillary rise is found from z = zjjpe — Zbath. 1he con-
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(b)

Figure 2: (a) Principle of the experiment: a solid surface is plunged
in or withdrawn from a liquid bath at a velocity Vp (1) while the
height of the contact line zjjne is measured with a first camera (2);
a sharp tip is attached at a fixed position close to the liquid (3) and
its reflection on the free interface is observed with a second camera
in order to monitor the bath level zpa¢n (4). The assembly is tilted
by an angle a so that the field of view is not masked by the meniscus
present on the front window (5); the temperature of the cuvette is
controlled by a thermostated bath connected to the copper base (6)
and a polystyrene box reduces the effect of temperature fluctuations
in the room; surface vibrations are damped using to a stainless steel
block (7) and an active damping table. (b) Quantities of interest:
contact line velocity V, capillary rise z, macroscopic contact angle 6y
and microscopic contact angle 6,,.

tact line velocity is obtained from a linear fit of the line
position in the frame of the sample, i.e. (zjine — ) where
x is the sample position. The entire apparatus is tilted
by an angle a ~ 10° such that the field of view is not
masked by the meniscus on the front of the cuvette and
put on an active vibration isolation table. In addition,
surface vibrations are damped by putting a stainless steel
block to limit the liquid depth where not necessary. To
control the temperature of the bath, the cuvette sits on
a copper base connected to a thermostated bath and the
set-up is enclosed in a polystyrene box. The final protocol
is to measure relative changes in the capillary rise when
the plate velocity is changed between a reference velocity
(here 10 pm/s) and a desired velocity. The capillary rise
at the reference velocity is therefore measured repeatedly
during the time it takes to acquire the full dynamics, which

can be as long as 12 hours owing to the low velocities in-
volved. Typically, it varies by about 50 pum over this time,
which may be due to small thermal drifts. However, the
advantage of this protocol is that variations around the
reference are typically measured with a much better pre-
cision of roughly 1 um, as evaluated from the noise on the
signal when the contact line is moving.

This is a comprehensive method to explore wetting dy-
namics: the contact line is advancing or receding over
7 decades of velocity, obtuse contact angles can be mea-
sured provided that the liquid is transparent (by looking
at the capillary fall with the set-up tilted by @ ~ —10° and
using an upwards-pointing tip immersed in the liquid). As
a result of the stability of the apparatus, the spatial ho-
mogeneity and temporal stability of the sample can be
determined. Furthermore, the sample need not be trans-
parent and volatile liquids or solid/liquid/liquid systems
can also be investigated.

2.4. Data analysis

2.4.1. Determining contact angles

A number of methods to measure the contact angle
have been reported in the wetting literature, including
side-view imaging of a drop, calculation from the contact-
line circumference for spherical-cap shaped drop, or from
the capillary rise z. We use the latter (sketched in Fig-
ure 2b) as it presents the advantages of being easy to mea-
sure precisely and well-defined. When the contact line is
moving slowly enough, viscous dissipation in the bulk is
negligible compared to dissipation localised at the contact
line and the meniscus has a quasi-static shape given by the
balance between capillarity and gravity:

Z:iLC\/2(1—|sin(oz—l—0M)|) , @)

where L, = \/7/pg is the capillary length (values given in
Table 2), with g the standard acceleration due to gravity.
At higher velocities, there is viscous bending of the liquid-
vapor interface and the meniscus is no longer quasi-static,
however it asymptotically matches a quasi-static shape at
large scales. We therefore employ the terminology macro-
scopic contact angle. Drift of the capillary rise over time is
typically the largest source of uncertainty in determining
the contact angle, yielding an uncertainty of the order of
1°. However, as explained in the previous section, varia-
tions are known more precisely, to the order of 0.01°. In
practice, an error in the absolute measurement leads to a
systematic shift of all angles at all velocities, whereas the
error in variations shows up as statistical noise. The latter
is only visible when zooming in to low velocity portions of
the dynamics shown on a logarithmic scale, such the small
scatter seen in the green curve of Figure 3b.

To know the contact angle at smaller scales, one must
compute the shape of the meniscus when balancing cap-
illarity, gravity and viscosity through hydrodynamic equa-
tions. Here we follow the method detailed in earlier work [12,
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24] of numerically integrating of the lubrication equations
extended to high slopes [25]:

‘ji—h = —siné
Lg@ __cos(ath) 2sin® 0 Ca (3)
ds?2 T L.? (6—sin 6 cos 0) h?

where Ca = 2 is the capillary number, s is the curvi-

linear coordinate along the interface, h and 6 are the lo-
cal liquid thickness and angle of the interface. A cut-off
length is needed to regularize the viscous singularity at
the contact line and we call the angle measured at this
scale the microscopic contact angle. Thus, going from the
macroscopic contact angle fy; to the microscopic contact
0, is a way to separate the contributions of viscous losses
in the bulk liquid from sources of dissipation occurring
at the contact line, in particular the viscoelastic dissipa-
tion in the pseudo-brush layer, which will interest us here.
We assume that the regularization process occurs at the
molecular scale, which is the case for slippage with mod-
erate contact angles [26], and we take the cutoff length to
be the mean molecular diameter (see Table 2):

where Np is Avogadro’s number. We note that an error
in estimating the cutoff has limited influence on the final
microscopic angle because it enters the calculation in a
logarithmic factor: In (Lg/1,).

2.4.2. Viscoelastic dissipation in a pseudo-brush

In this section we briefly recall a simple model of vis-
coelastic dissipation in a pseudo-brush, which was devel-
oped and tested for one particular good solvent [12] but
which we will use here to compare the dynamics between
different N and different liquids.

A simple argument can be developed beginning from
the picture of a contact line sitting at equilibrium on a solid
surface. The capillary force acting along the liquid/vapor
interface has a component normal to the surface ysinf,
that exerts a force on the solid which is balanced by the
elasticity of the latter (~ Ge). On a soft solid, this creates
a cusp-shaped deformation in the substrate [11, 27-29]. In
the case of thin pseudo-brushes the typical size of the cusp
is limited to the pseudo-brush thickness e. When the con-
tact line is moving at a velocity V, the cusp responds vis-
coelastically, a phenomenon known for semi-infinite solids
as “viscoelastic braking” [30-33]. Balancing the driving
force vy (cosfeq — cosf,) ~ ysinf,Af, with the viscous
force ~ nppV of a pseudo-brush layer of dynamic viscosity
7pb, ONe arrives at the scaling:

Vr
9# - eeq = ? ) (5)

where 7 = 1, /G is a relaxation time which, when needed,
we will estimate using the Rouse model [34].

2.4.3. Quantities of interest

With the aim of facilitating comparison between dy-
namical curves, we define 3 quantities to characterize such
curves. The equilibrium contact angle 6.4 is defined as
the average of the advancing and receding angles at the
minimum velocity attained during the experiment:

1

e = 5 (Onta + Oty - (6)

The contact angle hysteresis CAH is defined as the dif-
ference between the advancing and receding angles at this
same velocity:

CAH = (Oria — Orin)y g - (7)

Here we choose to speak in terms of angle hysteresis in-
stead of the more physical force hysteresis,

H =7 (cosbm, —cosba) , (8)

in order to compare to previous work on pseudo-brush wet-
ting [8-10]. Besides which, for the conclusions that we
draw here, the distinction is unimportant. Finally, to com-
pare the viscoelastic dissipation in the pseudo-brush from
sample—to-samjale, a slope of the microscopic dynamics at
high velocity % is determined by simultaneously fitting
both the advancing and receding branches of the dynamics
by linear functions of same slope but with different inter-
sections, in order to allow for the hysteresis. Data points
taken at low velocity and appearing in the hysteresis re-
gion on the linear scale are excluded from the fit, as are
those at very high velocity that are in the non-linear zone.
Determining the cutoff is admittedly somewhat subjective.
Given the variations from sample to sample, 0oq, CAH and
f&‘; are known with respective precisions of 2°, 0.05° and
roughly 10%.

3. Results and discussion

3.1. Polymer chain length: results

Contact angle dynamics were measured for decane on
pseudo-brushes with 7 different polymerization indices N €
{9;26; 79; 126 ; 232 ; 665 ; 1571}. A select set of the
dynamics is shown in Figure 3 and the quantities of inter-
est of all are given in Table 1.

The shortest chains, i.e. N =9 and N = 26, are char-
acterized by a significant heterogeneity of the sample that
increases with time and — after a few hours of immersion —
the appearance of a stick-slip motion of the contact line
at low velocity. This aging can be interpreted as short
chains having only a few adsorbed sites per chain, such
that they are weakly attached and can be desorbed by a
good solvent. For comparison, the typical swelling ratio
of reticulated PDMS in decane is 19% [35]. A plausible
explanation of the observed stick-slip motion is transient
pinning of the contact line on desorbed polymers, with an
accumulation towards the contact line driven by evapora-
tion of decane [36].
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Figure 3: Dynamics of the macroscopic contact angle 0y, in linear (a) and semi-logarithmic (b) scales, for decane on pseudo-brushes made of
PDMS of different sizes N: 9 (green diamonds), 79 (yellow squares), 126 (red circles), 232 (blue triangles) & 1571 (black reversed triangles).

v (cSt) My (g/mol) N e (nm) 6Oeq (°) CAH (°) % (°.s/m)
5 770 9 1.0 19 1.04 3.2-10%
20 2000 26 2.0 17 0.22 6.6 - 102
100 5970 79 2.5 16 0.17 9.3-102
200 9430 126 4.0 15 0.07 1.4-10°
500 17250 232 5.0 12 0.32 3.9-10°
5000 49350 665 6.5 13 0.08 9.3-10°
60000 116500 1571 12.0 16 1.64 1.6 - 10*

Table 1: Properties of the PDMS used : kinematic viscosity v of the polymer melt and number average molecular weight My (values from
manufacturer), number of monomers incorporated into the chain N (calculated from equation 1), and dry pseudo-brush thickness e. The

do,,

equilibrium contact angle feq, hysteresis CAH and the slope at high velocity —% are for decane as the wetting liquid.

For long chains, i.e. N > 232, the substrate appears
darker in color after retraction of the contact line. We
interpret this as swelling of the pseudo-brush in a good
solvent. For example, for N = 1571 the contrast returns
to normal after about 30 seconds and the swollen thick-
ness estimated from the change in intensity of the reflected
light is of the order of ~ 100 nm. This is comparable to
the thickness expected for a fully swollen pseudo-brush
adsorbed from the melt: egwolen = bN?/6, where in the-
ory [17, 37] the prefactor is the size of a monomer but
in practice [18, 38] it has been determined experimentally
to be b ~ 0.2 nm. However, no significant variation of
the contact angle dynamics is observed when the contact
line is advancing on this swollen film versus on a part of
the sample which is immersed for the first time, suggest-
ing that the pseudo-brush is at least partially swollen even
before the passage of the contact line. Furthermore, given

dv

the short timescale, we surmise that it dries in regions far
from the liquid bath by evaporation and not by drainage.
Such swelling likely happens for all N, even if it is only
easily visible for long chains.

That good solvents make a finite contact angle with the
polymer has already been observed and explained [39-41].
For decane and all IV tested, we find that . lies within
the range of 12° to 19° and that the hysteresis CAH is
very small in comparison with typical solid surfaces.

A minimum CAH of 0.07° is obtained at an interme-
diate chain length (N = 126). We remark that this is in
the vicinity of the polymerization index at which the melts
starts to entangle. We can propose a qualitative interpre-
tation in terms of the ability of the pseudo-brush to behave
as a liquid-like surface. Short chains are rigid and poorly
attached to the substrate, giving a substantial hystere-
sis like any disordered solid surface. Intermediate chains
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are more flexible and are irreversibly adsorbed to the sub-
strate, such that the swollen pseudo-brush can rearrange
quickly to present a liquid-like surface. Long chains behave
similarly, except that they are entangled and relax slowly
in comparison to the experimental time scales. In short,
achieving such record low hysteresis lies in the “coating” of
the solid substrate with a liquid layer. This resembles the
strategy of so-called “Slippery Liquid-Infused Porous Sur-
faces” (SLIPS), where a liquid is impregnated in a rough
substrate with the goal of reducing hysteresis by replacing
the liquid-solid interface by liquid-liquid interface [42-44].
Figure 3a shows that at high velocities, the dynamics of
the macroscopic contact angle 6y (Ca) is found to be nicely
indexed by N, with a total dissipation that monotonically
increases with N. Since the wetting liquid is the same
and the equilibrium contact angle is nearly constant, the
contribution of viscous dissipation in the bulk liquid is very
similar in all of the curves in this figure, and therefore
there is clearly an additional source of dissipation due to
the presence of the pseudo-brush that increases with N.

3.2. Polymer chain length: 8,, and interpretation

Assuming that this additional source of dissipation is
localized at the contact line, it can be isolated by calcu-
lating 0, as outlined in section 2.4.1. Figure 4 (red sym-
bols for decane) shows both the measured macroscopic dy-
namics and this calculated microscopic dynamics for one
particular N. The difference between the two curves rep-
resents the contribution of viscous dissipation in the bulk,
and we attribute the remainder to viscoelastic dissipation
in the pseudo-brush. Repeating this procedure for all IV,
each leads to a different remainder characterized by (‘110\7
(Table 1). Figure 5a shows the result, which superimpose
for intermediate N when replotted according to the scal-
ing of equation 5. The simple model used with the Rouse
relaxation time' applies to chains that do not entangle and
for polymers in theta-solvents, so it is inappropriate for the
longest and shortest chains tested. Despite this limitation,
the correct magnitude (the slope is nearly 1 in Figure 5a)
and collapse beyond the linear regime suggest that a vis-
coelasticity of the thin pseudo-brush does indeed play an
important role in wetting dynamics on such layers.

3.3. A series of alcanes: results

In the next two sections we perform measurements us-
ing liquids other than decane. First we focus on a series of
alcanes (listed in Table 2) which are more-or-less good sol-
vents of PDMS, then in section 3.5 we turn our attention
to poor solvents.

Here the relaxation time has been calculated from 7 =
Ca®NZ2/ (67T2]€BT) where a = 0.46 nm is the PDMS monomer size,
kg and T are the Boltzmann constant and temperature, and the
monomeric friction coefficient ¢ is found from the supplier-tabulated
kinematic viscosity of short-chain melts using v = (bQNAN/?)Gmo
where Np is Avogadro’s number and mg = 74.1 gmol~! is molecu-
lar mass of the monomer.

For the series of alcanes on a pseudo-brush with N =
126, we find that the equilibrium contact angle 0., in-
creases with increasing alcane size, or carbon number. This
is reminiscent of the decrease in affinity between alcanes
and reticulated PDMS, as illustrated by a higher swelling
ratio for decane (19% [35]) than for hexadecane (14% [45]).
The hysteresis also increases with alcane size, suggesting
that swelling is important for the pseudo-brush surface to
be liquid-like, qualitatively, allowing the chains to have
more “free” volume and facilitating rearrangement.

20

N =126

o0
(m]
o O

Figure 4: Dynamics of the contact angles at microscopic (6, filled
symbols) and macroscopic (6yr, empty symbols) scales, in linear and
semi-logarithmic scales (|Cal as bottom scale in inset), for decane
(red circles) and hexadecane (blue squares) on a pseudo-brush made
of PDMS of size N = 126.

3.4. A series of alcanes: 0,, and interpretation

Figure 4 shows both the microscopic and macroscopic
contact angles for decane and for hexadecane on a pseudo-
brush of N = 126. At fixed Ca, the difference between the
two angles is larger for decane than for hexadecane because
the equilibrium contact angle is smaller for the former and
thus the hydrodynamic contribution is larger. Since the
slope % increases when going from decane to hexade-
cane (Table 2), we say that the viscoelastic dissipation
increases. We apply the same rescaling of the dynamics
for intermediate N to hexadecane that was used for decane
and again find a good superposition (Figure 5b). The over-
lap is not as good as it was for decane close to equilibrium
because of a larger hysteresis, which is not included in the
model. The rescaled slope is not the same (0.81 for decane
and 2.16 for hexadecane) since the model is only a scal-
ing relationship. To improve upon this, one would need to
consider details that have been neglected here, including;:
(1) geometrical factors present in the exact solution of the
visco-elastic problem [33] that will introduce a dependence
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Figure 5: Dynamics of the microscopic contact angle for (a) decane and (b) hexadecane on PDMS pseudo-brushes made from a series of
polymerization indexes. Curves have been rescaled according to equation 5 using the measured thickness e given in Table 1 and calculated
Rouse relaxation time 7: N = 79 (yellow squares, 7 = 57 ns), N = 126 (red circles, 7 = 142 ns) and N = 232 (blue triangles, 7 = 476 ns).

on Beq, (2) the swollen, or partially swollen, thickness of
the PDMS layer, which may depend on the solvent, and
(3) an improved model for the relaxation time that goes
beyond the Rouse model, which applies to non-entangled
polymers and does not account for solvents of different
qualities.

3.5. Poor solvents of PDMS: results

Water and perfluorodecalin are used as poor solvents
of PDMS. Both have a swelling ratio of 0% with the retic-
ulated polymer [46]. For a non-solvent, a pseudo-brush is
in a collapsed configuration on the surface and we do not
expect any liquid-like behavior.

The dynamics of these two liquids on N = 126 are
shown in Figure 6 and the quantities of interest are given
in Table 2. The equilibrium contact angle 6.4 is high for
water (106°), but close to that of hexadecane (35°) for
perfluorodecalin, illustrating that the wetting behavior is
not simply correlated with the swelling ratio. Rather, it
should be a result of the net contributions of the inter-
actions between the liquid and underlying solid/pseudo-
brush. In this respect, these two liquids are very different:
water is polar and can lead to hydrogen bonds with PDMS,
whereas perfluorodecalin has a small polarity and cannot.

The CAH with water is higher than with hexadecane,
although it is still relatively small (2.31°) compared to
typical surfaces. On the other hand, an extremely small
hysteresis is obtained with perfluorodecalin: 0.06°.

One can postulate that in this case hysteresis originates
from a chemical heterogeneity at molecular scales. Perflu-
orodecalin has no specific interactions with PDMS (or the

Figure 6: Dynamics of the microscopic and macroscopic contact an-
gles, in linear and semi-logarithmic scales (|Cal| as bottom scale in
inset), for water (blue circles; the two angles are indistinguishable at
these scales) and perfluorodecalin (green squares) on a pseudo-brush
made of PDMS of size N = 126.

underlying silicon wafer) and it will see a homogeneous
surface, whereas water interacts differently with PDMS
and the silanol patches on the wafer that may be exposed
when the pseudo-brush is collapsed and in a poor solvent,
or even between areas of the pseudo-brush that may have
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rearranged in a poor solvent to create patches of chemical
groups susceptible to hydrogen bonding, for example. Fur-
thermore, there may be a kinetic aspect to the chemical
heterogeneity linked to the kinetics of brush rearrange-
ment making additional patches appear over time. Such
molecular mechanisms have been evoked to explain the ad-
hesion hysteresis between reticulated PDMS and various
monolayers [47] or between surfaces coated with different
combinations of solid-like or liquid-like surfactants [48].

3.6. Poor solvents of PDMS: 0,, and interpretation

The microscopic contact angles have been computed
for these two liquids. For water the macroscopic and mi-
croscopic contact angles are indistinguishable within ex-
perimental errors due to the fact that the viscous dissipa-
tion in the bulk liquid is very small when the equilibrium
contact angle is close to 90°. For comparison, the slope
at high velocity (1119\7 is slightly smaller for water than for
alcanes. It is difficult to conclude whether it is still of vis-
coelastic origin, or if other mechanisms such as the kinetic
effects just cited may play a role. For perfluorodecalin, the
slope is close to zero, suggesting that there is no additional
source of dissipation for this system. This is surprising be-
cause even a non-solvent liquid can deform an elastic sub-
strate. One possibility is that the relaxation time of the
collapsed layer is too short and the effect is small. Another
is the presence of slip at supra-molecular scale, in which
case, by using a molecular slip length we would have sub-
tracted “too much” viscous dissipation in the bulk liquid,
and erroneously removed additional sources of dissipation.
This latter scenario could be tested with an independent
characterization of the slip length, using a Surface Force
Apparatus [55], for example.

4. Conclusion

Following initial reports that PDMS brushes and pseudo-
brushes exhibit low contact angle hysteresis and high “mo-
bility”, we undertook a study to properly characterize the
wetting dynamics on such layers. A custom-built appa-
ratus was used to measure the wetting of both good and
poor solvents on pseudo-brushes of variable chain length.

First, we find that for a good solvent, the hysteresis
is indeed extremely low and it is minimum at an interme-
diate chain length. Within a series of alcanes, the hys-
teresis varies with the ability of the solvent to swell the
pseudo-brush. We then explain the microscopic dynam-
ics by a viscoelastic deformation of the liquid-like swollen
layer. The PDMS coating therefore modifies the mobility
of a liquid drop via two antagonist effects. On one hand,
it drastically reduces the hysteresis and thus the threshold
force required to initiate the motion. On the other hand,
it introduces a viscoelatic dissipation which slows down
the drop under a given applied force. We also study two
poor solvents. In one case (water), the hysteresis is larger,
whereas in another (perfluorodecalin) it is as small as with

the best solvents tested. We postulate that the difference
is due to chemical heterogeneity that depends on the spe-
cific interactions between the liquid and the underlying
pseudo-brush adsorbed on silicon.
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