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ABSTRACT: Solid surfaces, in particular polymer surfaces, are
able to adapt upon contact with a liquid. Adaptation results in an
increase in contact angle hysteresis and inﬂuences the mobility of
sliding drops on surfaces. To study adaptation and its kinetics, we
synthesized a random copolymer composed of styrene and 11−25
mol% acrylic acid (PS/PAA). We measured the dynamic advancing
(θA) and receding (θR) contact angles of water drops sliding down
a tilted plate coated with this polymer. We measured θA ≈ 87° for
velocities of the contact line <20 μm/s. At higher velocities, θA
gradually increased to ∼98°. This value is similar to θA of a pure
polystyrene (PS) ﬁlm, which we studied for comparison. We
associate the gradual increase in θA to the adaptation process to
water: The presence of water leads to swelling and/or an enrichment of acid groups at the water/polymer interface. By applying the
latest adaptation theory (Butt et al. Langmuir 2018, 34, 11292), we estimated the time constant of this adaptation process to be ≪1
s. For sliding water drops, θR is ∼10° lower compared to the reference PS surface for all tested velocities. Thus, at the receding side
of a sliding drop, the surface is already enriched by acid groups. For a water drop with a width of 5 mm, the increase in contact angle
hysteresis corresponds to an increase in capillary force in the range of 45−60 μN, depending on sliding velocity.

■

INTRODUCTION

Contact angle measurements are an elegant way of
measuring adaptation kinetics.18−20 Surface adaptation leads
to a change in advancing and receding contact angles,11 which
is experimentally easily measurable. Surface adaptation kinetics
have been probed by measuring time-dependent dynamic
contact angles using the Wilhelmy method, or by using the
infused drop method.21−24 Both methods can reveal changes in
contact angles caused by surface adaptation. However, the
studied adaptation processes are rather slow; they range in
time from several minutes to several days.22,25−27 To our
knowledge, no report of direct contact angle measurements
exists that reveals adaptation velocities of surfaces faster than
seconds.
A quantitative description of the adaptive wetting phenomena was recently outlined by Butt et al. They introduced
exponentially relaxing interfacial energies and applied Young’s
equation locally. The theory predicts the advancing (θA) and
receding (θR) contact angles of a sliding drop on a surface
exhibiting speciﬁc adaptation kinetics:11

Many surfaces react when they are brought into contact with a
liquid. Some polymer surfaces, for example, reconstruct due to
a reorientation of side groups or due to selective exposure of
speciﬁc segments to the liquid interface.1−4 In addition,
polymers swell when liquid diﬀuses into the polymer.5−7
Mixed polymer brushes, or block copolymers, expose the more
compatible component to the liquid interface.8−10 Adaptation
of the surface typically leads to changes in surface composition
upon exposure to a liquid. Consequently, adaptation
contributes to contact angle hysteresis and dynamic contact
angle changes.11 These parameters are important in the ﬁelds
of printing, digital microﬂuidics, and ﬁber coatings. Despite the
importance in many wetting applications, a quantitative
understanding of adaptation is still in its infancy.
When adaptation is nonreversible upon exposure to air, the
adaptive kinetics at the solid/liquid interface can be probed by
immersing the sample in liquids for diﬀerent time spans.
Subsequently, the surface can be studied by X-ray photoelectron spectroscopy (XPS).12−17 However, reversible adaptation cannot be studied by XPS as it requires vacuum
conditions. In addition, studying adaptation kinetics with a
time scale of <1 s is challenging due to the time required to
immerse samples into and remove samples from the liquid.
Thus, measurements locoated directly at, or close to, the
moving three-phase contact line are beneﬁcial.
© 2021 American Chemical Society
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stream of nitrogen gas, the pH-sensitive dye (pHrodo iFL STP
EATER, ThermoFisher) was grafted onto the APTES slides by
immersing them in a mixture of 0.1 M sodium bicarbonate buﬀer (pH
8.2) and 5 wt % dimethyl sulfoxide (99.7%, Sigma) at a dye
concentration of 100 μg/mL for 3 h. Afterward, the slides were
sonicated twice in deionized water for 10 min and dried with nitrogen
gas. Finally, the 8.7/1 PS/PAA copolymer was spin-coated onto the
slides with a dye layer using 0.8 wt % THF solution and a spinning
speed of 1000 rpm for 60 s.
Contact Angle Measurement Using the Sessile Drop
Method. Contact angles were measured in the sessile drop
conﬁguration (Dataphysics contact angle measurement system,
OCA35). An 8 μL water drop was deposited on the surface. Then
16 μL of DI water was pumped into the drop by a Hamilton syringe
(100 μL) with a hydrophobic needle. Then 16 μL of water was sucked
out of the drop (ﬂow rate = 0.5 μL/s, mean contact line velocity = (8
± 0.5) × 10−5 m/s). The process was repeated ﬁve times without
interruption. Inﬂation and deﬂation were imaged using a high-speed
camera taking side images. The advancing and receding contact angles
were calculated by ﬁtting an elliptical model to the images recorded in
side view.
Dynamic Contact Angle Measurement Using the TiltedPlate Setup. A 33 ± 1 μL water drop was pipetted onto the tilted
surface using a syringe pump (KD Scientiﬁc, Legato 100 Syringe
Pump). The tilt angles of the surface were varied from 33° to 70° for
an 8.7/1 PS/PAA surface to adjust the drop velocity. In addition,
diﬀerent sliding velocities of drops were accomplished by measuring
the drop at diﬀerent distances from the position where the drop was
released. The interval between drops was 10 min for PS surfaces. PS/
PAA surfaces were annealed to 150 °C for 10 min between
measurements.
To check if the interval between drops was long enough to dry the
surface, a series of 40 drops with a volume of 33 ± 1 μL was pipetted
onto the 67 nm 8.7/1 PS/PAA surface and the PS surface using the
syringe pump. We set the interval between individual drops to 1 min
for PS surfaces. For the PS/PAA surface, we set it to 10 min as it
includes a heating step at 150 °C. The inclination angle was kept
constant: α = 30° for the PS/PAA surface, and α = 16° for the PS
surface. The distance between the pipet and the camera’s ﬁeld of view
ranges from 3 to 6 cm. To prevent the results being aﬀected by surface
inhomogeneity, the contact angle was always measured at the same
spot on the samples.
Confocal Laser Scanning Microscopy Measurement. Confocal laser scanning microscopy (CLSM) experiments were performed
on a commercial confocal microscope, LSM 510 (Carl Zeiss, Jena,
Germany) equipped with a C-Apochromat 40/1.2 W waterimmersion objective. For excitation, the 488 nm line of an argon
laser ﬁber-coupled to the microscope was used. Emitted ﬂuorescence
light was collected with the same objective and then passed through a
confocal pinhole and a LP530 long pass emission ﬁlter to reach a
photomultiplier detector. A stainless-steel chamber Attoﬂuor
(Thermo Fisher Scientiﬁc) holding the 25 mm round coverslip was
used as a sample cell. A glass coverslip functionalized with pHrodo
dye and covered (or not) with a polymer ﬁlm was mounted in the
sample holder, and a droplet of buﬀer solution with pH = 9.0 (ROTI
Calipure) was added. For CLSM experiments, the functionalized glass
surface was positioned in the middle of the confocal volume (in a
vertical direction), and horizontal scans of diﬀerent regions of the
droplet contact line were acquired.

e−lSL / vτSL
(1)

e−lS/ vτS
(2)

θ∞ is the contact angle in thermodynamic equilibrium (that is,
for velocity v → 0), and γ∞
L is the liquid surface tension. ΔγSL
and ΔγS quantify the change in solid/liquid interfacial energy
due to adaptation and the change in solid surface energy due to
adaptation after the surface becomes dry, respectively. τSL and
τS are relaxation times for the adaptation processes of the solid
surface after it comes into contact with the liquid and dries
again. lSL and lS are peripheral thicknesses, which are the spans
of the contact region that inﬂuence the advancing and receding
contact angles, respectively. According to this theory, contact
angle measurements allow us to calculate the ratio of the
peripheral length and the relaxation time. The kinetics, i.e.,
relaxation time of adaptation can then be anticipated by
assuming a peripheral length value. To date, experimental
veriﬁcation of this adaptation theory is still lacking.
To explore the adaptation kinetics of surfaces upon contact
with a liquid at a time scale <1 s, we designed and built a tiltedplate setup allowing us to measure velocity-dependent dynamic
contact angles. As an adaptive surface, we used ﬁlms of a
random copolymer consisting of hydrophobic styrene
(majority) and hydrophilic acrylic acid (minority) monomers.
We studied the adaptation of these ﬁlms to sliding water drops.

■

Article

METHODS

Substrate Cleaning. Si wafers and cover glass slides were cleaned
by ultrasonication in toluene (98%, Sigma), ethanol (99.5%, Sigma),
and deionized (DI) water for 10 min, respectively. Then the
substrates were dried using a nitrogen stream. Before coating, the
substrates were further cleaned or activated for 10 min in a gas plasma
made by 100% oxygen.
Preparation of the PS/PAA Surface. To synthesize PS/PAA
copolymers, 22 mL of styrene, 2 mL of acrylic acid, and 60 mg of
azobis(isobutyronitrile) (98%, Sigma) were dissolved in 30 mL of
dimethylformamide (DMF) (99.8%, Sigma). The solution was
degassed by three freeze/pump/thaw cycles and then stirred at
70 °C for 48 h. After it was precipitated three times using methanol,
we obtained the copolymer.
To fabricate a PS/PAA ﬁlm, 0.5−1 wt % PS/PAA copolymer in
tetrahydrofuran (THF) (99.9%, Sigma) solution was dropped onto
the Si wafer. Spinning was performed for 60 s at 1000 rpm. Then, the
samples were heated at 150 °C in a vacuum overnight. Films with
thicknesses between 30 and 70 nm were obtained.
Preparation of the PS Surface. PS was synthesized by anionic
polymerization. The glassware was baked under vacuum, and then
150 mL of cyclohexane (99.8%, Sigma) with dissolved starter (secbutyllithium) was added. Then 20 g of styrene was added. The
mixture reacted overnight at room temperature. The polymerization
was stopped by adding a few mL of degassed methanol. Subsequently
more degassed methanol was added until the PS precipitated. The
precipitate was dissolved in THF again and reprecipitated with
degassed methanol.
To coat a Si wafer with PS, 2 wt % PS in toluene was dropped onto
the Si wafer and then spinning was performed for 60 s at 2000 rpm.
Finally, the samples were heated at 120 °C in vacuum overnight.
Preparation of the PS/PAA Surface with pH-Sensitive Dye.
After cleaning and activation, cover glass slides were immersed in 2 wt
% (3-aminopropyl)triethoxysilane (APTES, 98%, Sigma) anhydrous
toluene (99.8%, Sigma) solutions for 4 h to form an APTES
monolayer as a precursor. The slides were then sonicoated twice in
toluene for 10 min to remove physisorbed APTES. After drying in a

■

RESULTS AND DISCUSSION
As an adaptive surface, a random PS/PAA copolymer surface
was prepared on Si wafers by spin-coating. Subsequently, we
annealed the samples at 150 °C for 10 min in an oven (Figure
1a). The average roughnesses of the ﬁlms were 0.2 ± 0.02 nm
on a 500 × 500 nm2 scale (Figure S1). The thicknesses of the
ﬁlms were 38 ± 1 and 67 ± 1 nm, respectively, as measured by
a proﬁlometer (KLA-Tencor Stylus-Proﬁler model P7). By
annealing, we expected the hydrophobic styrene side groups to
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and k ≈ 1 is a geometrical factor, which depends on the shape
of the drop.31−34 Thus, the PS/PAA surface with a molar ratio
of 8.7/1 (PS/PAA) allows us to measure the largest velocity
range of drops by varying the tilting angle. Therefore, we
mainly used an 8.7/1 PS/PAA copolymer surface to measure
the velocity-dependent contact angle hysteresis on our tiltedplated setup.
We applied the tilted-plate setup to measure the velocitydependent dynamic contact angles (Figure 1b). The dynamic
contact angles were always measured along the same track on
the sample. Between measuring subsequent drops, we annealed
the sample for 10 min at 150 °C to ensure a reproducible dry
surface. Before being measured again, the samples were quickly
cooled down to room temperature by making a contact to a
marble slab for 1 min (Figures S4 and S5).
We ﬁrst consider a water drop with a length of L that slides
down the PS/PAA surface with a tilted angle α at a velocity v
(Figure 2a). During the sliding process, the surface stays in
contact with water for t = L/v. This contact time can be
controlled by adjusting the drop velocity (v), which depends
on the tilt angle (α) of the substrate and the distance from the
position where the drop was released. The scenarios of both
adaptation processes are illustrated at the advancing and
receding sides of the drop with a symbolistic view of the
orientation of the phenol rings and the carbonic acid groups
(Figure 2a). For a sliding drop, we obtain two scenarios for the
adaptation of the dynamic contact angle.
(1) When v ≥ lSL/τSL, the drop slides too fast to allow
adaptation of the surface, and phenol rings remain on the
surface. Assuming that this is correct, no change in the contact
angle can be measured at higher sliding velocities of the drop.
Indeed, for the PS/PAA surface, we measured a constant
advancing contact angle of 96° at the velocity range of 10−4 up
to 0.1 m/s (red symbols in Figure 2b). In this velocity range,
we did not observe a signiﬁcant diﬀerence to the PS reference
sample (blue symbols in Figure 2b). We conclude that
annealed PS/PAA ﬁlms mostly exhibit styrene at the surface.
(2) However, for a drop velocity of 7 × 10−5 m/s and below,
the advancing contact angle decreased to 87° for a PS/PAA
surface compared to 95° for a PS surface (v ≤ lSL/τSL). We
interpret this contact angle decrease at very low velocity as an
indication of the enrichment of carbonic acid groups at the
surface. This enrichment is driven by the contact with water at
the advancing side of the sliding drop. It has to take place in a
narrow region around the contact line, which inﬂuences the
contact angle, called the peripheral thickness. Notably, the
contact angle decrease at a low sliding velocity does not
depend on the thickness of the sample (Figure 2b). Thus, only
the surface of the PS/PAA ﬁlms is involved. The surface can
restructure and expose acrylic acid groups or water can
penetrate, leading to an increasing dielectric constant of the
topmost surface.
To estimate the order of the relaxation time τSL for this
process, we ﬁtted eq 1 to the measured advancing angles of the
PS/PAA surface.11 For the ﬁt, we used θ∞
a = 87°, ΔγSL = 0.013
−6
to
N/m, and γ∞
L = 0.072 N/m in the velocity range of 5 × 10
0.1 m/s (red continuous line in Figure 2b). The ﬁt revealed a

Figure 1. (a) Schematics of the PS/PAA copolymer surface. (b)
Schematics of the tilted-plate setup. The corresponding dataprocessing process is explained in the Supporting Information (S4).

enrich at the surface to lower the surface energy. When the PS/
PAA ﬁlms were exposed to water, they were able to change
their wetting properties by swelling and by reorientation of the
polymer chain segments at the surface.
We synthesized PS/PAA surfaces with three diﬀerent
styrene/acrylic acid molar ratios: 8.7/1, 4.2/1, and 2.9/1
(details are in the Methods section). The ratios were revealed
by NMR (Figure S2). The glass transition temperature Tg of all
three PS/PAA copolymers was measured to be between 100
and 130 °C (Figure S3).
When measuring the contact angles of ﬁlms by the
traditional sessile drop method, the advancing contact angles
of PS and all PS/PAA copolymers were in the range from 95°
to 98°. However, the receding contact angle decreased by 21°
when increasing the acrylic acid content from 8.7/1 to 2.9/1
(Table 1). Compared to pure PS, the receding angle for 2.9/1
Table 1. Dynamic Contact Angles of Copolymer Surfaces
with Diﬀerent PS-to-PAA Ratiosa
polymer (PS/PAA)
10/0
8.7/1
4.2/1
2.9/1

θA (deg)
97
98
96
95

±
±
±
±

1
1
1
1

θR (deg)
70
66
50
45

±
±
±
±

1
1
1
1

Δθ (deg)
27
32
46
50

±
±
±
±

2
2
2
2

a

The advancing and receding angles were measured using the sessile
drop method.

(PS/PAA) even decreased by 25°. Accordingly, the contact
angle hysteresis varies between 27° and 50°. In this contact
angle measurement, the advancing side of the drop always wets
a dry surface. In contrast, when measuring the receding contact
angles, the surface stayed in contact with water for seconds.
Thus, the response of the receding contact angle may indicate
that the PS/PAA copolymer surfaces have already started to
adapt to water.
The PS/PAA surfaces with a molar ratio of 8.7/1 (PS/PAA)
had the highest advancing and receding contact angles. In
addition, these ﬁlms exhibited the lowest contact angle
hysteresis (32° ± 2°). According to28−30
sin αc =

wγL∞k
Vρ g

(cos ΘR − cos ΘA )

Article

(3)

ratio of

they also show the lowest roll-oﬀ angle αc. The roll-oﬀ angle is
the critical angle of a tilted plate at which a drop of volume V
starts to move downward. Here, w is the width of the contact
area of the drop, ρ is the density of the liquid, g = 9.81 m/s2,

lSL
τSL

= (5 ± 2) × 10−5 m/s. Assuming a peripheral

thickness on the order of lSL = 10 nm results in a relaxation
time τSL of ∼0.2 ms. With lSL = 100 nm, one would estimate
τSL = 2 ms.
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Figure 2. (a) Schematic drawing of the relationship between drop velocity and the change in dynamic contact angles caused by surface adaptation.
(b) Contact angles (θ) and cos(θ) vs velocity on the PS and PS/PAA (8.7/1) surfaces with thicknesses of 38 and 67 nm, respectively. Each symbol
stands for a measurement of an individual drop. The solid line is according to the adaptation theory. The R-square of the ﬁt is 0.87, in which
R2 = 1 −

∑1n(yi − fi )2
∑1n yi −

(

1
n

∑1n yi

2

)

(yi, experimental data; f i, ﬁtting data).

s). For such contact times, the surface became more and more
hydrophilic, as we will report later. The increase in advancing
angles and decrease in receding angles observed for PS and
PS/PSA surfaces at a velocity of ≥0.1 m/s were both caused by
viscous dissipation and the Marangoni eﬀect.36
When surfaces adapt to a liquid, the contact angle hysteresis
and dynamic contact angles change. Accordingly, the mobility
of the drop is aﬀected due to changes in the capillary force,

The presence of acid groups at the surface may be correlated
with a diﬀusion of water into the polymer ﬁlm. Assuming a
diﬀusion constant D for the PS/PAA ﬁlm on the order of 10−13
m2/s,35 we obtained a diﬀusion depth of ∼4−40 nm (τd = h2/
2D). Thus, a likely scenario is that water diﬀuses into the
copolymer, swelling occurs, and the topmost side groups of the
copolymer reorient.
Our next step was to demonstrate that the adaptation of the
surface to water was also visible at the receding side of the
drop. We used a 33 ± 1 μL drop volume in the tilted-plane
experiment. This volume resulted in a drop length of 8.1 mm,
when the drops slid at a maximum velocity of 0.35 m/s in our
setup. Thus, the drop stayed in contact with the surface for
∼23 ms. This contact time is ∼10−100 times the relaxation
time for the PS/PAA surface. Thus, the surface was able to
adapt during all the diﬀerent velocities applied in our
measurement setup. The adaptation was reﬂected in the
∼10° lower receding contact angles of the PS/PAA surface
compared to the reference PS surface for all velocities
measured (Figure 2b). Thus, contact angle hysteresis was
larger for the PS/PAA surface compared to the pure PS
surface. Despite the oﬀset in the receding contact angle, the
characteristics of velocity-dependent receding contact angles of
PS surface and 8.7/1 PS/PAA surface were quite similar
(Figure 2b). This indicates that the reverse adaptation time at
the receding side of the drop, τs, was much larger compared to
τSL. Thus, the topmost side groups of the copolymer did not
return to their original positions before contact with water, and
it is possible that water stayed partially in the ﬁlms. We
attribute the slight decrease of the receding angles of the PS/
PAA copolymer at a velocity of ≤1 × 10−4 m/s to the
prolonged time that the surface was in contact with water (∼80

Fcapillary = kwγL∞(cos θR − cos θA)

(4)

Exemplarily, we calculate the capillary force for a drop volume
of 33 μL, corresponding to a drop width of 5 mm. In
comparison to a pure PS surface, the decrease in receding angle
on PS/PAA surfaces leads to an increase in capillary force from
∼87 to ∼148 μN at 0.2 mm/s ≤ v ≤ 20 mm/s. At lower
velocity, ≤20 μm/s, where the advancing and receding contact
angles adapt, the capillary force increases from ∼87 to ∼132
μN. That is, the adaptation of the PS/PAA copolymer surface
with a water drop leads to the increase in contact angle
hysteresis of 22°−25°, corresponding to an increase in capillary
force in the range of 45−60 μN, depending on the sliding
velocity.
The receding contact angles decreased with decreasing PSto-PAA ratio (Table 1). We measured the velocity-dependent
dynamic contact angles on a PS/PAA surface made by a
copolymer with a ratio of 4.2/1 (Figure S6). Then we also
ﬁtted eq 1 to the measured advancing angles, leading to lSL/SL
= 0.04 m/s. Again, assuming lSL ≈ 10−100 nm, we obtained a
relaxation time of τSL ≈ 0.25−2.5 μs. Thus, in comparison to
the 8.7/1 PS/PAA the 4.2/1 PS/PAA copolymer surfaces, it
required less time to adapt to water. For the sliding drop, the
magnitude of the advancing contact angle change is similar for
1574
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Figure 3. (a) Contact angle vs contact base diameter on the 67 nm PS/PAA (8.7/1) surface. The cycle’s orders of repeated inﬂating and deﬂating
processes are represented by 1st−5th. The 5 repeated tests required 4 ± 0.5 min, corresponding to 50 ± 1 s for each cycle. (b) Possible
arrangement of the PS/PAA copolymer at the interface corresponding to positions 2 and 3 in (a). In particular, state 1 in air is the original state of
the copolymer before a drop was deposited on the surface.

Figure 4. Schematic drawing of water penetration into the copolymer ﬁlm using confocal microscopy. The images show ﬂuorescence intensity
maps (a) before a drop (pH = 9) was deposited on a glass surface grafted with a pH-sensitive dye, (b) after a drop (pH = 9) was deposited on the
dye-grafted glass surface, (c) after a drop (pH = 9) was deposited on a 8.7/1 PS/PAA ﬁlm spin-coated above the dye-grafted glass surface, and (d)
after a drop (pH = 9) was deposited on a PS ﬁlm spin-coated above the dye-grafted glass surface. The detected area for (b), (c), and (d) was a
three-phase area.

measurement was 0.5 μL/s (this is the lowest ﬂow rate that
our instrument could achieve), corresponding to a contact line
velocity of (8 ± 1) × 10−5 m/s (beginning with small drop
volumes) to (6 ± 1) × 10−5 m/s (ending with the maximum
inﬂated drop volume). The ﬁrst contact angle measurement
was performed on a pristine PS/PAA surface, as used in the
sliding drop experiments (blue data points in Figure 3a). In the
ﬁrst cycle of the contact angle measurement during inﬂation,
the advancing angle was 95° ± 1°. The receding contact angle
measured during deﬂation was 66° ± 1°. This contact angle
slightly decreased during deﬂation of the drop. We inﬂated the

the surfaces made from 8.7/1 and 4.2/1 PS/PAA copolymers.
Thus, we conclude that water diﬀuses faster into the
copolymer that has more acrylic acid content. For the receding
side, the 4.2/1 PS/PAA surface has also already completely
adapted to the water. We measured a receding angle of 55° ±
2°, which is almost 15° lower than that of the 8.7/1 PS/PAA
surface (Figure S6).
To study the adaptation upon contact with water over a
longer time scale, we measured the advancing and receding
contact angles of PS/PAA ﬁlms by repeatedly inﬂating and
deﬂating a water drop. The ﬂow rate used during the
1575
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drop again (red, round symbols in Figure 3a). In the second
cycle, the advancing contact angle decreased to 92° ± 1°. The
corresponding receding contact angle decreased to 64° ± 1°.
Subsequently, the drop was inﬂated again three more times. In
the 3rd−5th cycles, the advancing contact angle only slightly
decreased to 90° ± 1°. The corresponding receding contact
angles kept decreasing continuously for each cycle by ∼1°. At
the ﬁfth cycle, a receding contact angle of 62° ± 1° was
measured (Figure 3a).
We attributed the decrease in advancing and receding
contact angles to water penetrating into the PS/PAA ﬁlm and
staying in the ﬁlm for the subsequent cycles. Thus, in the 2nd−
5th cycles, the surface appears more hydrophilic. In addition,
the presence of water in the ﬁlm allows the hydrophilic PAA
segment to move to the interface (Figure 3b, states 2 and 3).
Therefore, the advancing angles and receding angles gradually
decreased after every cycle.
It is worth mentioning that during successive inﬂations of
the drop the advancing contact angle never reached the value
of the pristine sample. Thus, τs is longer than the time for one
measurement cycle, which is 50 ± 5 s. For comparison, we
used pure PS surfaces as a reference. Both the advancing and
receding angles on the PS surfaces remained almost constant
(θA = 97°, θR = 73°) even after ﬁve inﬂation/deﬂation cycles
(Figure S7). The small diﬀerences in the contact angles
measured by sliding drop and sessile drop for the same samples
at their original state and ﬁnal state can be caused by the
diﬀerent measuring methods and ﬁtting models. We used a
polynomial model for sliding drop and an elliptical model for
sessile drop experiments.
To determine whether water molecules are able to diﬀuse in
the PS/PAA ﬁlm and if they can reach the SiO2 substrate
interface, we grafted a pH-sensitive ﬂuorophore (pHrodo iFL
STP eater, ThermoFisher) to the surface of a glass coverslip.
This ﬂuorophore emits green light with an emission maximum
at a wavelength of 525 nm after excitation by a 488 nm laser.
Fluorescence decreases when it comes into contact with basic
water (pH = 9). To conﬁrm the activity of the pH-sensitive
dye, we deposited a drop with pH = 9 on the surface of a dyegrafted glass surface and recorded the ﬂuorescence intensity
using a confocal microscope. The ﬂuorescence intensity of the
dry area is higher than that in the wet area (Figure 4a and b).
We used this ﬂuorophore to verify the presence of water at
the PS/PAA/substrate interface. We spin-coated the PS/PAA
polymer ﬁlm (thickness = 45 nm) on a dye-grafted glass
surface and added a drop (pH = 9) onto the polymer surface.
The ﬂuorescence image recorded ∼1 min after adding the drop
showed a slight decrease in ﬂuorescence (Figure 4c). Thus, we
concluded that water had penetrated through the polymer ﬁlm
and reached the dye layer grafted on the glass surface. In
comparison, the pure PS ﬁlm showed no decrease in
ﬂuorescence (Figure 4d). The latter rules out optical artifacts
due to the presence of a water drop on top of the surface,
which could also lead to changes in the intensity of the
backscattered light.

velocities of drops ≥7 × 10−4 m/s, the advancing contact line
“sees” a styrene-dominated surface. For a sliding velocity ≤7 ×
10−4 m/s, the acrylic acid groups have suﬃcient time to get
exposed so that the advancing contact line of the drop can be
inﬂuenced by the acrylic acid groups. This adaptation gradually
leads to the decrease of advancing angle. In the case of a 4.2/1
PS/PAA surface, the critical sliding velocity increases to 3 ×
10−2 m/s. In both cases, at the receding contact line, the
surface has adapted and more acid groups are exposed. In
particular, the adaptation time scale could depend on phase
separation of PAA and PS moieties. The latter would be even
more pronounced for block copolymer morphologies. The
adaptation processes of the surface inﬂuence the mobility of
drops by increasing the capillary force in the range of 45−60
μN in comparison to a pure PS reference surface.

CONCLUSION
The surface of a PS/PAA copolymer ﬁlm adapts upon contact
with water. Most likely, water penetrates in the uppermost
layer and acrylic acid groups become exposed to the water
interface. On the basis of a recently proposed theory, we
estimated the time scale of the swelling and reorganization
process to be ≪1 s. For a 8.7/1 PS/PAA surface and for sliding
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