RESEARCH ARTICLE
www.mrc-journal.de

Adaptation and Recovery of a Styrene-Acrylic Acid
Copolymer Surface to Water
Xiaomei Li, Mirela Encheva, Hans-Jürgen Butt, Ellen H. G. Backus,* and Rüdiger Berger*
process) and 2) the adaptation of the surface
after the drop passed (dewetting process).
In this context, measuring drop velocitydependent dynamic contact angles is an elegant way to understand the wetting and
dewetting kinetics. In a previous study,[13]
we investigated the wetting process by measuring velocity dependent dynamic contact angles on a random copolymer composed of styrene and 11–25 mol% acrylic
acid (PS/PAA). Both, the advancing and
the receding contact angles decreased when
thePS/PAA surface adapted to water. This
adaptation could occur due to water diﬀusion into the polymer layer and/or PAA enrichment at the surface (Figure 1). We have
veriﬁed the presence of water diﬀusion by
ﬂuorescence microscopy measurement, but we had no direct
proof of water induced PAA enrichment at the interface. Here,
we address the questions: Does the copolymer surfaces enrich
with one component of the PS/PAA upon wetting with water?
Is such an enrichment permanent after dewetting? Does the enrichment change with the number of sliding water drops?

Drops sliding down an adaptive surface lead to changes of the dynamic
contact angles. Two adaptation processes play a role: 1) the adaptation of the
surface upon bringing it into contact to the drop (wetting) and 2) the
adaptation of the surface after the drop passed (dewetting). In order to study
both processes, the authors investigate samples made from random styrene
(PS)/acrylic acid (PAA) copolymers, which are exposed to water.
Sum-frequency generation spectroscopy and tilted-plate measurements
indicate that during wetting, the PS segments displace from the interface,
while PAA segments are enriched. This structural adaptation of the PS/PAA
random copolymer to water remains after dewetting. Annealing the adapted
polymer induces reorientation of the PS segments to the surface.

1. Introduction
Surfaces can change their chemical-physical properties when
coming into contact with liquids. The umbrella term for
those processes is surface adaptation.[1,2] Adaptation processes
can be reversible, like swelling of polymers by diﬀusion of
molecules.[3–5] Mixing of two polymers may result in selective
swelling of one of them. In some cases, the swelling process
leads to a preferential enrichment of the more compatible component to the selected liquid.[6–10] Then the adaptation process
may become nonreversible. Both, reversible and nonreversible
adaptation processes provide potential to create smart surfaces
for sensors[11] and biomedical applications.[12]
When a drop is sliding over an adaptive surface, two phenomena play a role: 1) the adaptation of the surface upon bringing it in
contact with the liquid on the advancing side of the drop (wetting
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2. Results and Discussions
2.1. Sum-Frequency Generation Spectroscopy (SFG)
In order to probe the adaptation and recovery of the PS/PAA
copolymer surface, we used sum-frequency generation spectroscopy (SFG). SFG is a technique that provides a vibrational
spectrum of interfacial molecules. In SFG an infrared (IR-𝜔IR )
and a visible (VIS-𝜔VIS ) laser pulse are overlapped in space and
time to generate a third beam (SF), the frequency of which results
from the addition of the previous two (𝜔SFG = 𝜔IR + 𝜔VIS ). This
third beam (SF) can only be produced in noncentrosymmetric
environments, making SFG stand out as a powerful tool for analyzing interfaces (Figure 2A).[14] If the IR-beam is in resonance
with the vibrational modes of the surface molecules, the SFG signal will be enhanced producing a vibrational spectrum of the interfacial molecules.[14] The intensity of the resulting spectrum is
proportional not only to the density of the molecular groups but
also to their orientation, leading to higher intensity values for ordered systems than for randomly organized ones.
In order to perform SFG experiments, the PS/PAA copolymer was spin-coated on CaF2 windows. Before the SFG measurements, the resulting layers were annealed in an oven at 150 °C
for 60 min. In order to determine a restructuring of the PS/PAA
copolymer, vibrational spectra were acquired before and after wetting the sample. To assure that the spectra obtained before and
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Figure 1. A,B) Possible adaptation and 1–3) recovery processes of a PS/PAA copolymer surface upon wetting.

Figure 2. A) Working principle of sum frequency generation; B) SFG spectra of diﬀerent PS/PAA ratios after annealing and their correspondent ﬁts. The
inset shows the measured and expected (based on PS fraction) peak amplitude as function of PS/PAA ratio; C) Phenyl ring C–H stretching vibrational
modes; D) SFG spectrum of 130 nm 8.7/1 PS/PAA in SSP polarization before contact with water (red), after (blue) contact with water, and after annealing
again (green) with their corresponding ﬁt.

after wetting were measured on exactly the same spot at the interface, the surface was wetted using a ﬂow cell. The IR and VIS
beams transmit through the CaF2 window before hitting the polymer layer (Figure 2A). Our sample entails the CaF2 –PS/PAA and
the PS/PAA–air interface, both of which can contribute to the
SFG-signal. We are interested in the PS/PAA–air interface, since
it is the one that can be directly exposed to water. Therefore,
we have adjusted the PS/PAA ﬁlm thickness in order to obtain
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an SFG-signal dominated by the PS/PAA–air interface (Sections
SI1 and SI2, Supporting Information).[15]
Figure 2B shows SFG spectra of spin coated and annealed
ﬁlms made from polymers that have diﬀerent ratios of PS/PAA:
8.7/1, 4.2/1, and 2.9/1. All three spectra show a dominating signal at ∼3060 cm−1 . To quantify the signal intensity, we ﬁt the
SFG data with a sum of Lorentzian line-shapes representing each
resonance.[16] A minimum of nine Lorentzian peaks, assigned ac-
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Table 1. Assignments for PS/PAA SFG spectra.
FWHM
[cm−1 ]

Relative sign
of amplitude

2907

100

+

CH2 as

2931

36

−

CH3 Fermi

2956

28

−

CH3 as

2980

30

+

Combination mode

3016

34

+

𝜈 20b

3030

19

−

𝜈 7a

3057

40

+

𝜈 7b and 𝜈 2

3076

55

−

𝜈 20a

3693

250

+

OH

Wave number
[cm−1 ]

Assignment

cording to literature, are needed in order to describe the spectrum
correctly (Table 1).[17–20] The diﬀerent ring modes are schematically depicted in Figure 2C.
The assignment shows that the phenyl rings of the PS part of
the copolymer produce several CH stretching vibrations (3016,
3030, 3057, and 3076 cm−1 ). The resonances below 3000 cm−1 can
be either from PS or from PAA. As the 3057 cm−1 peak is by
far the most intense, we decided to use it as a marker of the PS
surface contribution. The blue squares in the inset in Figure 2B
show that the amplitude of the 3057 cm−1 band is independent of
the PS/PAA ratio. In principle, one might expect that the amplitude of this band scales linear with the amount of PS in the layer
schematically represented by the red data-points in the inset of
Figure 2B. Thus, we conclude that independently of the PS/PAA
ratio indicated, the same amount of PS groups is present at the
polymer–air interface after annealing.
Upon wetting with water, the surface adapts and the contact
angle reduces.[13] However, it is unclear if this adaption will lead
to a permanent reorientation of the PS even after drying the surface. Here we use SFG to determine the surface structure of the
PS/PAA 8.7/1 sample after the wetting and dewetting process.
The corresponding samples were wetted with water. After 3 min,
the water was removed and the samples were dried by blowing
dry air. Right after that, an SFG spectrum was acquired from the
same measuring spot as the ﬁrst one. Clearly, the intensity of the
3057 cm−1 band, used as a marker of the phenyl side chain of
the PS segments, reduces upon wetting (Figure 2D, blue curve).
From the spectra in the OH stretch region (see Figure S6 in Section SI3, Supporting Information), we have no indication that water remains in the surface region of the layer. Fitting the spectra
reveals that the amplitude of the 3057 cm−1 peak decreases by
16 ± 7%. This decrease of the signal could originate from a displacement of the PS rings from the surface or from a reorientation of the rings. Experiments under diﬀerent polarization combinations could provide information about orientational changes
of molecular groups. As upon wetting the SSP, SPS, and PSS signal decrease, the SFG data indicate that the decrease of the signal
is due to displacement of the PS rings from the surface (see Section SI1, Supporting Information). Moreover, as the signal for a
pure PS ﬁlm shows in contrary a small increase before and after
wetting (see Figure S7 in Section SI4, Supporting Information),
possibly due to a small reorientation, the observed decrease for
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the PS/PAA layer is assigned to a displacement of the PS rings
from the surface, reducing the hydrophobicity of the resulting
surface. Thus, the wetting and dewetting process of the PS/PAA
sample surface results in a permanent restructuring of molecular groups on the interface. However, after annealing the sample
at 150 °C for 1 h the SFG spectrum is similar to the one before
wetting (Figure 2D, green curve). Therefore, we can aﬃrm that
annealing reverses the adaptation of the surface into a state very
similar to the pristine sample.
The SFG results indicate that the PS segments are displaced
from the interface after being exposed to water. We attribute this
displacement to a movement of the PS segments away from the
interface and enrichment of the PAA segments toward the surface. Unfortunately, we were unable to detect the C═O vibration
of the PAA segment with SFG to support this conclusion, as we
lack sensitivity to the PS/PAA–air interface for this vibration (see
Figure S4 in Section SI2, Supporting Information). However, as
mentioned above, the decrease in diﬀerent polarizations already
points to a removal of phenyl rings at the surface.
2.2. Contact angle dependence
In order to quantify the fraction of PS segments (ϕ) at the interface, we measured the advancing contact angles of PS/PAA
surfaces after being wetted and annealed at temperature from
50 to 150 °C. All advancing contact angles of PS/PAA surfaces
with diﬀerent ratios are between 94° and 98° after annealing the
samples at 150 °C (Figure 3A). These values are only a little bit
lower than the advancing contact angle of a surface made from
pure PS, 𝜃 PS , which is around 100°. Therefore, the contact angle
measurements are consistent with the interpretation of the SFG
signals, which revealed that the amount of air-exposed PS groups
is independent of the PS/PAA ratio. Surfaces of pure PAA are soluble in water and therefore hydrophilic. Due to this, we assume
an advancing contact angle 𝜃 PAA of 0°. According to the Cassie
model,[21]
cos𝜃PS∕PAA = 𝜑cos𝜃PS + (1 − 𝜑) cos𝜃PAA

(1)

we calculated the PS fraction at the interface of the PS/PAA surfaces with diﬀerent ratios. After covering the surface with a water drop for 30 min, the advancing angle of 8.7/1 PS/PAA surfaces decreased from 99° to 88°. Correspondingly, the PS-fraction
decreases from 98% to 82% at the interface, which is consistent with the decrease of the SFG intensity. After annealing the
adapted PS/PAA surface at 50, 75, and 100 °C for 30 min each,
the advancing contact angles increased gradually (Figure 3A).
This conclusion is supported by SFG experiments performed after annealing at diﬀerent temperatures showing an increasing recovery with increasing annealing temperature (see Figure S8 in
Section SI5, Supporting Information). PS/PAA surfaces with ratios of 4.2/1 and 2.9/1 PS/PAA follow a similar trend with advancing angles 1–5° lower compared to 8.7/1 PS/PAA surfaces.
Correspondingly, we obtain 1.5–7.5% less PS at the interface.
Also for poly(𝛼-hydroxymethyl-n-butylacrylate) and poly(methyl
methacrylate) ﬁlms, a change in the contact angle and SFG signal has been observed and assigned to a larger exposure of the hydrophilic groups to the interface.[22,23] For the butylacrylate ﬁlm,
annealing in water above the Tg enhances the restructuring.[22]

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.mrc-journal.de

Figure 3. A) Advancing contact angles and corresponding PS fractions at the interfaces of 2.9/1, 4.2/1, and 8.7/1 PS/PAA after being covered with a
water drop for 30 min and annealing at temperatures of 50, 75, 100, and 150 °C for 30 min, respectively. The errors were determined by averaging over
three experiments. B) Drop velocities versus drop number. Measurements were performed at a tilt angle of 30° on an 8.7/1 PS/PAA surface with drop
interval of 1 min after surface annealing at 150 °C for 15 min (drop 1–drop 100, drop 176–drop 200), waiting for 1 h (drop 101–drop 125), 10 h (drop
∑ Drop length
126–drop 150), and 30 h (drop 151–drop 175). Note: cumulative contact time = drop velocity (n is drop number).
n

Subsequently, we measured how the PS/PAA copolymer surfaces adapt owing to a sliding drop. We measured the velocity of
sliding drops with a drop interval of 1 min. For the ﬁrst 100 drops
the velocity decreased with increasing drop number (Figure 3B).
Thus, the surface adapts more and more for subsequent drops.
In order to test if there would be a partial recovery of the surface for longer waiting times, that is, exposure to air, we stopped
the drop deposition and waited for 1 h. The velocity of the 101th
drop didn’t increase and subsequent drops exhibited a further
slight decrease in drop velocity (Figure 3B). We even extended
the waiting time to 30 h; the drop velocity remained constant
(Figure 3B). Thus, at room temperature the surface does not recover. However, annealing the surface at temperature of 150 °C
for 15 min, led to an increase in drop velocity to the same level of
the ﬁrst drop. For subsequent drops, the drop velocity decreased
at a similar trend like the ﬁrst 100 drops (Figure 3B). The latter indicates that the surface recovered by annealing, consistent
with the SFG results (Figure S8 in Section SI5, Supporting Information) and contact angle measurements (Figure 3A and Figure
S9 in Section SI6, Supporting Information). The observation that
the adapted PS/PAA surface cannot recover at room temperature,
but only after being annealed is attributed to the memory eﬀect
of polymers.[24–26]

deformation of the surface, because the surface roughness remains constant. Additionally, elastic deformation of the sample
surface may happen near the three-phase contact line[27] and contribute to the decrease in sliding velocity. Both, the analysis of the
SFG and contact angle measurements suggest a decrease of the
PS content at the surface by about 16% after wetting with water
for the 8.7/1 PS/PAA copolymer. This decrease is not considerably inﬂuenced by increasing the PAA content in the copolymer
(Figure 3A). Therefore, the contact angles are still dominated by
styrene and a transition to a fully PAA dominated surface does
not take place. Interestingly, in the sliding drop experiment the
enrichment of acrylic acid groups at the surface increases with
drop number. Thus, the contact time of the surface with water corresponds to 50 ms for a drop velocity of 0.1 m s−1 and a
drop length of 5 mm. Therefore, by controlling the contact time
(e.g., using the tilt angle) and the drop number, the enrichment
of acrylic acid at the surface can be controlled. A saturated state
is observed after about 150 drops have passed. The accumulated
contact time in this case corresponds to 157 s (Figure 3B). The
time the water was kept in contact with the sample in the SFGexperiment was 180 s. Thus, the SFG measurement corresponds
to the saturated state.

3. Summar and Conclusions

4. Experimental Section

In summary, annealed PS/PAA copolymer surfaces adapt nonreversibly to wetting by water. The SFG measurements indicated
that the PS segments are displaced from the interface and PAA
segments enrich at the surface. The latter results in the observed
decrease in the advancing contact angles. Thus, adaptation of
PS/PAA copolymer surfaces is given by both water diﬀusion
into the sample (swelling)—as previously proven by ﬂuorescence
microscopy—and polymer reorientation at the surface. To which
extend swelling and reconstruction contribute to the decrease in
sliding velocity, respectively, is not yet clear. We exclude plastic

Preparation of PS/PAA Copolymer Surfaces: For details, the authors referred to their previous work.[13] The characteristics of the synthesized
PS/PAA random copolymer is summarized in Section S7, Supporting Information. Brieﬂy, after synthesis, the PS/PAA random copolymer was dissolved in THF (1.5 wt%). Then the solution was spin-coated onto a Si
wafer at 1300 rpm for 60 s. Before each measurement, the surfaces were
annealed at 150 °C in an oven under vacuum overnight. For SFG experiments, 1.5% PS/PAA in THF solution was spin-coated (1300 rpm, 60 s)
on the top CaF2 windows (Ø 25 ± 0.1 mm × 2 ± 0.1 mm) purchased from
CRYSTAL GmbH, resulting in a thickness of 130 ± 10 nm as measured
with a proﬁlometer (P-7 Stylus Proﬁler, KLA-Tencor). The resulting samples
were annealed at 150 °C for 1 h in an oven before their usage. The aver-
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age roughness of the surface after annealing corresponded to ≈0.27 nm.
Then, the authors placed a 10 μL water drop on the surface for 30 min
and measured afterward the roughness again. They obtained an average
value of ≈0.28 nm, which was similar to the value before contact with water
(Section S8, Supporting Information).
Static Advancing Contact Angle Measurement: A 10 μL water drop was
deposited on the surface after annealing at diﬀerent temperatures and after contacting with water for 30 min each. Then 20 μL of DI water was
pumped into the drop by a Hamilton syringe (100 μL) with a hydrophobic
needle. The process was repeated on three diﬀerent positions of the surfaces. Inﬂation was imaged using a camera from side view. The advancing
contact angles were calculated by ﬁtting an elliptical model to the images
recorded.
Sliding Drop Measurement: 33 μL water drops were deposited on 30°
tilted 8.7/1 PS/PAA surfaces at intervals of 1 min by a syringe pump (KD
Scientiﬁc, Legato 100 Syringe Pump). After 1, 10, and 30 h of exposing to
air subsequently, 25 drops were deposited at the same position after every
exposing to air. To ensure the surface could recover, the surface was ﬁnally
annealed at 150 °C for 10 min and 25 drops were deposited on the surface again. The sliding drops were recorded after they had slid on the surfaces for 1 cm by a high-speed camera (Photron, FASTCAM MINI UX100,
1000 fps, with 1× SilverTL Telecentric Lens, Edmund Optics). The recorded
slide length of the drop was 1 cm. The velocity of every drop was an average
velocity of 1 cm sliding. The details regarding calculating the drop velocity,
dynamic advancing and receding contact angles from the recorded video
can be found in the authors’ previous work.[13]
SFG Measurement: The SFG spectra were measured with a setup
based on a femtosecond Ti:sapphire ampliﬁed laser. (Coherent Libra,
≈800 nm, ≈50 fs, 1 kHz, 5.2 W). The narrowband (full width of half maximum [FWHM], 20 cm−1 ) VIS beam was produced by passing part of
the laser output through a Fabry–Perot etalon. The broadband (FWHM:
260 cm−1 ) IR beam was generated by pumping an optical parametric ampliﬁer (TOPAS) in combination with a non-collinear diﬀerence frequency
generator with a part of the laser output. Both beams (IR: 6.5 mW and
VIS: 21 mW) were overlapped spatially and temporally at the surface of
the sample with angles of 𝜃 IR ≈ 40° and 𝜃 VIS ≈ 60° with respect to the
surface normal. This produced an SFG signal detected by an electron multiplied charge-coupled device camera (Newton EMCCD) after being dispersed in a spectrometer (Andor Shamrock 303i). All spectra reported in
the main text were recorded in SSP (s-polarized SFG, s-polarized VIS, and
p-polarized IR) polarization combination during 1 min. Spectra for diﬀerent polarization combinations and in diﬀerent frequency regions can be
found in the Supporting Information.
Sample Wetting during SFG Experiments: The samples were kept in the
ﬂow cell mounted into a stage. For wetting the sample, demineralized water (18.2 mΩ cm) was pumped inside the ﬂow cell by means of tubes (Versilon AE30012 3/16″ inner diameter, 5/16″ out diameter) and a manually
controlled peristaltic pump (Masterﬂex L/S Model: 07559-07). The water
was introduced with a ﬂow rate of ≈1 mL s−1 (laminar ﬂow) until the tube
system was ﬁlled up. The water was kept in contact with the sample for
3 min and then removed with the same ﬂow rate used for its introduction.
After water removal, the tubes were dried under a dry airﬂow until no water
droplets were visualized inside the cell.
SFG Data Processing: An SFG spectrum of a buried gold sample was
used to correct the frequency dependence of the authors’ IR beam. A background was acquired for all spectra (gold and samples) by measuring with
a blocked IR beam. For normalizing the data, every background was subtracted from its corresponding spectrum and the result was divided by the
background-corrected gold spectrum. The calibration of the wavelengths
was performed by using a PS foil introduced in the IR path during gold
signal measurements. The resulting spectrum had dips corresponding to
the PS infrared absorption that could be used to calibrate the wavelength.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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