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Abstract

The cyclic swelling and collapse behavior of a doubly thermoresponsive diblock copolymer thin
film, consisting of a  zwitterionic  poly(sulfobetaine),  poly(N,N-dimethyl-N-(3-
methacrylamidopropyl)-ammoniopropane sulfonate) (PSPP), and a nonionic poly(N-
isopropylmethacrylamide) (PNIPMAM) block, is investigated in situ at three characteristic
temperatures with time-of-flight neutron reflectometry. With increasing temperature, the thin film
becomes less hydrophilic, which leads to a decreased but faster water uptake. This response of the
block copolymers in the thin-film geometry differs greatly from their known aqueous solution
behavior. In the cyclic experiments at constant temperature, the behavior is reproducible in terms
of mesoscopic parameters such as swelling ratio and water content, even though Fourier transform
infrared spectroscopy reveals altered swelling mechanisms, which are attributed to a complex
interplay between different water species. Thus, the overall reduced hydrophilicity affects the
overall swelling behavior of the thin film but not the hydration of particular functional groups of

the diblock copolymer PSPP-b-PNIPMAM.



1. Introduction

Polymer thin films are widely used in the fields of artificial pumps and muscles, > nanosensors,
and switches *1° or as coatings in order to generate functionalized surfaces.!! ' Inevitably, the
thin films are exposed to a surrounding atmosphere, which in most cases is air, containing a certain
fraction of H>O molecules, which can easily penetrate into the polymer thin film, resulting in
altered film properties. Usually, the diffusion of water into the film, which is driven by the osmotic
pressure, is accompanied by swelling and plasticization of the polymer. Therefore, the polymer
thin film becomes thicker and softer.!¢"'® With respect to applications, the increase in volume can
be exploited, for example, to close gaps, move objects or for sensing purposes.'* 2! Importantly,
thin films have very short response times.?? 2* In addition, the interfacial areas play an important
role, and both the substrate—polymer and polymer—air interfaces affect the diffusion process. Thus,
it is more complex and cannot be extrapolated from the well-studied diffusion processes of the
respective bulk materials.?> %

An elegant way to induce the absorption and release of small molecules is the use of stimuli-
responsive materials, which react strongly to external stimuli such as temperature, relative
humidity (RH), illumination, and salt concentration.’*” Hence, parameters that are easy to
control, for example, temperature or RH, can be used to change the mechanical properties and the
dimensions of a thin film from responsive polymers. Representatives of the class of
thermoresponsive polymers are poly(sulfobetaine)s (PSBs), which in aqueous solution, show a
miscibility gap below their upper critical solution temperature (UCST).>¥*? This is highly unusual
as UCST-like behavior is rather observed for polymers in organic solvents but not in aqueous
solvents.*** Other zwitterionic polymers, such as poly(phosphatidylcholine)s and poly-
(carboxybetaine)s, are generally not thermoresponsive in aqueous solution.**® In addition to their
special solution behavior, their high biocompatibility qualifies PSBs as antifouling coatings and

for biomedical applications.'>*>2 In contrast, nonionic thermoresponsive polymers, such as

poly(N-isopropylacrylamide) and poly(N-isopropylmethacrylamide) (PNIPMAM), usually show



a miscibility gap above their lower critical solution temperature (LCST), which is the result of
changes in hydrophilicity and the number of hydrogen bonds between water molecules and the
polymer chains.>>°

By combining appropriate LCST- and UCST-type homopolymers with each other, diblock
copolymers (DBCs) are created, which show unique solution behavior. The chemical structure of
such a PSB-based DBC (PSPP-b-PNIPMAM) is shown in Figure 1a.

In aqueous solution, they can self-assemble into micelles with a hydrophobic core and a
hydrophilic shell in different ways. Upon temperature change, the micelle structure can be
reversed, implying that the hydrophobic core becomes the hydrophilic shell and vice versa. This
behavior is often called “schizophrenic” micellar self-assembly and is shown in Figure 1b.°67%! An
intermediate regime is present, which is either fully hydrophilic or fully hydrophobic, dependent
on the relative positions of the cloud point of the PNIPMAM block (CPrcst) and the clearing point
of the PSB block (CPucst). In aqueous solution, the CPucst of PSB is strongly affected by the
polymer concentration, the H—D isotope effect (CPucsrt increases in D>O), and salt additives
(CPucsr first increases and then decreases). Therefore, it is possible to realize an inversion of the
micellar core—shell structure via the fully miscible regime, via the fully immiscible regime, or
directly.’”"606283 In the thin-film geometry, the polymer concentration can be controlled by the
absorption and release of water molecules. During water absorption, the polymer concentration
decreases. In contrast, the polymer concentration is increased during the collapse process because
water molecules are expelled from the thin film. The interactions induced by the interfaces due to
the thin-film geometry possibly cause a shift of both the respective UCST and LCST, as was
reported recently.®* Therefore, these doubly thermoresponsive PSB-based DBCs react differently
in the thin-film geometry and in aqueous solutions with respect to changes in temperature.
Moreover, the response of the thin films to these changes differs, whether they are in a fully or

only partly swollen state.



Besides the fundamental understanding of the absorption and release mechanisms of the
respective gaseous or liquid molecules into and out of thin films, which is still a rare topic in the

literature,>>40:64.63

a reproducible swelling and collapse process is of equally high importance. In
particular, swelling with water molecules is interesting for thermoresponsive polymers.

In our work, we investigate in how far the absorption and release mechanisms with respect to
the change in film thickness and water uptake are reproducible in three full consecutive cycles of
swelling and drying. Because of the multiple thermoresponsiveness of the DBC thin film, the
swelling and collapse behavior can be altered by choosing different temperatures. Therefore, the
system gains even more flexibility and enables a wider use in applications than simple
thermoresponsive systems. Cyclic swelling and drying of thermoresponsive polymer thin films at
constant temperature were already addressed by some of us before'®; however, we are not aware
of any studies addressing thin films from DBCs that feature both an LCST-type block and an
UCST-type block. Furthermore, the effect of temperature on the cyclic water swelling and drying
behavior has, to the best of our knowledge, not been reported in the literature before. In the present
study, we investigate the cyclic water swelling behavior of a DBC thin film at three temperatures,
that is, at '> %7, and 48 °C, which are characteristic for different solution scenarios of the
constituting blocks. The DBC consists of a zwitterionic poly(N,N-dimethyl-N-(3-
methacrylamidopropyl)-ammoniopropane sulfonate) (PSPP) block and a nonionic PNIPMAM
block (Figure 1a). According to our previous work on aqueous solutions of such a DBC, the three
chosen temperature values represent the following regimes:58 (i) 15 °C is below both CPuycst and
CPyicsr, (i1) 27 °C is above the CPucst but below the CPicsr, and (iii) 48 °C is above both CPycst
and CPrcst of the DBC in aqueous solution. Thus, these values are selected as starting
temperatures for the three individual experiments. It was seen recently that these regimes might
shift when changing the sample system to a thin-film geometry.®* We use time-of-flight neutron
reflectometry (ToF-NR) to follow the kinetics during three swelling and drying cycles at each of

the chosen temperatures in situ. With this scattering technique, mesoscopic parameters such as



film thickness, scattering length density (SLD), and film roughness are monitored as a function of
time. In order to maximize the contrast in SLD between the DBC and the water molecules, DO is
used during all swelling cycles. From the SLD, not only the overall water content @ is calculated
but also the entire vertical film composition profile, which gives detailed information about the
location of D>O molecules in the thin film during the swelling and drying processes, is determined.
The amount of absorbed and released water as well as the final change in film thickness can be
compared among the three swelling and drying cycles, and the impact of an altered ambient
temperature on the swelling and drying process is investigated.

In addition, Fourier transform infrared (FTIR) spectroscopy is applied in situ to probe changes
in polymer—water interactions upon swelling. Deuteration processes are monitored because
especially the hydrogen atom in the amide group, which is present in both blocks, the PSPP and

PNIPMAM block, is sufficiently acidic to be easily exchanged by a deuterium atom from the

penetrating D>O molecules. Also, the behavior of characteristic groups such as the SO; group at

the end of the PSPP side chains is analyzed with FTIR spectroscopy. Hence, detailed information
about the swelling mechanism over three swelling cycles at different temperatures is not only
obtained on the whole polymer thin film but also obtained on the particular groups.
2. Introduction

2.1. Materials. The synthesis of poly(N,N-dimethyl-N-(3- methacrylamidopropyl)-
ammoniopropane sulfonate)-block-poly(N-isopropylmethacrylamide) (PSPPsoo-b-PNIPMAMis0)
was described before.’® Deuterated water (D20, Armar, 99.9 atom % D, used for synthesis and
characterization, Deutero GmbH, purity 99.95%), dichloromethane-d, (CD2Cl>, Armar, 99.5 atom
% D), diethyl ether (VWR, 100%), methanol (Avantor, 99%), sodium chloride (ChemSolute,
99%), and 2,2,2-trifluoroethanol (TFE, Roth, 99.8%) were used without further treatment. Water
was used for cleaning purposes after purification (Millipore Milli-Q Plus, a resistivity of 18.2 MQ

cm ).



2.1.1. Sample Preparation for ToF-NR and Spectral Reflectance. Silicon with a thin oxide layer
on the surface was used as a substrate for PSPP-b-PNIPMAM thin films. The substrate was precut
and subsequently cleaned in an acidic bath (54 mL of H>O, 84 mL of H>O», and 198 mL of H>SO4
for 15 min at 80 °C). The substrates were rinsed with Millipore water to remove possible traces of
the acidic bath. By treating the substrate surface with oxygen plasma (200 W for 10 min), it turned
hydrophilic. Water-free PSPP-b-PNIPMAM thin films were prepared by spin coating (2500 rpm
for 900 s) out of the TFE solution at 25 °C. Solvent vapor annealing (900 s) in a saturated TFE
atmosphere resulted in very smooth and homogeneous thin film surfaces.

2.1.2. Sample Preparation for FTIR Spectroscopy. Precut silicon substrates were treated with
oxygen plasma (200 W for 10 min). After a waiting time of 25 min, the water-free PSPP-b-
PNIPMAM thin films were drop-cast from the TFE solution onto the substrates, followed by
drying and storage in a desiccator. The drop-casting technique results in thicker films and a
domelike droplet shape, which improves the quality of the FTIR signal.

2.2. Methods. 2.2.1. Time-of-Flight Neutron Reflectometry. NR experiments were carried out
using the REFSANS instrument at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching,
Germany.%*®’ The incoming neutrons had wavelengths from 3 to 21 A and a resolution of AMA =
1.6% for static measurements and AMA = 3.1% for kinetic measurements. The ToF mode was

applied. For static measurements, two fixed incident angles, o, = 0.6 deg (a 20 min measuring
time) and «, =2.4 deg (100 min), were used in order to cover a large g-range. Kinetic
measurements were performed at a fixed angle of «, =0.76 deg with a time binning of 30 s. The

sample—detector distance was 10.32 m. For all measurements, the sample was mounted in a
custom-made humidity chamber, which was connected to a JULABO FP 50 thermal bath
(JULABO Labortechnik GmbH, Seelbach, Germany) to ensure temperature control. RH was
controlled by connecting the sample chamber to a custom-made gas flow system. Dry nitrogen is

led either directly to the chamber (for drying) or through two washing bottles filled with D20



before reaching the chamber (for swelling). This allowed for a fast and precise adjustment of the
RH. The evolution of temperature and RH was followed with a SHT31 humidity and temperature
sensor (Sensirion AG, Staefa, Switzerland). Both static and kinetic ToF-NR data were analyzed
using a three-layer model within the framework of the Motofit package, yielding the film thickness
and the average SLD of the DBC thin film.%®

2.2.2. FTIR Spectroscopy. FTIR measurements were conducted using an Equinox FTIR
spectrometer (Bruker, Billerica, United States) equipped with a DTGS detector. The data were
averaged over 256 scans in total over a range of wavenumbers of 600—4000 cm ! with a resolution
of 2 cm™!. The measurement cell was constantly purged by dried and CO»-filtered air in order to
exclude H,O and CO> molecules from the pathway of the IR beam. To enable in situ
measurements, a custom-made sample environment was used, as was already described in our
previous work.>>%*%> Thermal control was assured using a JULABO F12 MC thermal bath. The
RH and temperature within the sample environment were tracked with a SHT31 humidity and
temperature sensor. For kinetic studies, FTIR measurements were performed every 30 min.

2.2.3. Spectral Reflectance. The thin-film thickness was measured using a Filmetrics F20
ThinFilm Measurement System (Filmetrics Inc., San Diego, United States). The thin film on a Si
substrate was placed horizontally on a sample stage in a custom-made sample environment for RH
and temperature control, as was already described in our previous work.>>**6> The sample stage
was surrounded by a reservoir. Injection of D>0O in this reservoir increased the RH in the sample
chamber. Thermal control was assured by connecting the chamber to a JULABO F12 MC thermal
bath. Both parameters, RH and temperature, were tracked with a SHT3 1 humidity and temperature
sensor. The incoming light passed through a CaF, window in the lid of the chamber and
illuminated the sample from the top. The resulting interference pattern was analyzed by model
fitting. The best fits were achieved by using a three-layer model.

3. Results and Discussion



The experimental protocol is depicted in Scheme 1. Three swelling and drying cycles at 15 °C
(Scheme 1a), 27 °C (Scheme 1b), and 48 °C (Scheme 1c¢) are followed in situ with ToF-NR. At
the beginning, the as-prepared PSPPs00-b-PNIPMAM 50 thin film is probed with static ToF-NR.
Next, the RH of D0 inside the chamber is increased (>90%), which induces the swelling process.
The swelling kinetics is followed with in situ ToF-NR with a time resolution of 30 s. A second
static NR measurement is done on the swollen DBC thin film. After that, the RH is decreased (to
0%), while the drying kinetics is monitored with in situ ToF-NR. A final static measurement of
the dried DBC thin film terminates one swelling and drying cycle. In total, three such cycles are
conducted at each temperature (15, 27, and 48 °C). In addition to the ToF-NR measurements, FTIR
spectroscopy and spectral reflectance (SR) are used to monitor three swelling cycles in situ at the
aforementioned temperatures. The RH and the temperature profiles as a function of time over all
three swelling and drying cycles are shown in Figure S1 in the Supporting Information. After
inducing the kinetic processes, the RH changes rapidly (ca. 10 min), from 0% to above 85% for
the swelling process and from above 90% to below 5% for the drying process.

3.1. Swelling Behavior. The swelling behavior of the DBC thin films is investigated with SR.
The experimental design is analogous to ToF-NR experiments (cf. Scheme 1), and the results are

shown in Figure S2. A lower swelling ratio d/d,, at higher temperatures is observed, indicating

a general trend of lower hydrophilicity at higher temperatures. This behavior is highly unexpected
because the water vapor pressure is strongly increased at higher temperatures, and from the phase
behavior of the aqueous solution, we expect the lowest hydrophilicity at 15 °C (the PNIPMAM
block is hydrophilic, but the PSPP block, which has the significantly higher molar mass, is water-
insoluble), the highest hydrophilicity at 27 °C (both blocks are water-soluble), and an intermediate
hydrophilicity at 48 °C (the PSPP block is water-soluble, but the PNIPMAM block is insoluble).

To further analyze the temporal evolution of the swelling ratio d/d,, , a swelling model is applied

ini 2

to the data. The model respects the intrinsic, diffusion-driven swelling kinetics as well as a



nonconstant RH (Figure S1), whereas polymer—substrate interactions are not included. From this

model, the effective Flory—Huggins interaction parameter y, and the time constant z are

extracted. y,, describes the interaction between water and the DBC without the interaction ns of

the DBC with the substrate and therefore cannot be seen as an absolute Flory—Huggins parameter
under certain environmental conditions. The time constant 7 yields information about the
timescales of the occurring diffusion processes. Both extracted parameters are obtained by
investigating either a swelling process or a drying process. Hence, these values describe the
corresponding dynamic process, regarding the change in film thickness (via SR and ToF-NR) and
water content (ToF-NR and FTIR), in relation to the RH. A detailed explanation of the model,
together with the underlying eqs S1—-S4 can be found in our previous work and in the Supporting

Information.?>646% All values for X and 7 given in the following are extracted from the first

swelling cycle at the corresponding temperature unless stated otherwise. When the swelling model
is applied to the SR data, the observed trend of a lower hydrophilicity at higher temperatures is

confirmed (all extracted parameters are summarized in Table S1 in the Supporting Information).

The obtained y,, (d/dmi) parameter is (0.60 + 0.02) at 15 °C, (0.91 + 0.02) at 27 °C, and (1.12 +

0.04) at 48 °C. The resulting z'(d/dim,) values indicate a faster water uptake at higher

temperatures: (30 = 1) min at 15 °C, (20 = 1) min at 27 °C, and (16 & 1) min at 48 °C. This can be

. When

explained by reduced diffusion pathways because of a decreased swelling ratio d/d,,
comparing the end states of the individual swelling cycles, we observe that in the case of each first
swelling cycle, a lower swelling ratio d/d,, is reached as compared to the second and third
swelling cycles. Changes in the polymer chain conformation become possible in the swollen films.

Therefore, we attribute these changes in the water storage capacity of the films to an improved

chain conformation of the DBC, regarding the amount of absorbed and released water. To



investigate the swelling behavior in more detail, ToF-NR is applied in situ according to Scheme
1.

Static ToF-NR measurements of the PSPPsp0-b-PNIPMAM 50 DBC thin films in their as-
prepared and redried states after each swelling cycle are shown in Figure 2. By fitting the
reflectivity curves with a three-layer model, the total film thickness and average SLD are extracted.
The corresponding values are listed in Table 1.

The three individual thin films in their as-prepared states have equal initial thicknesses within
the precision of the measurements: (63 = 3) nm at 15 °C, (65 = 3) nm at 27 °C, and (60 £ 2) nm at
48 °C. In order to rule out slight variations, the film thickness d is normalized to its initial film

thickness dini, thereby yielding the swelling ratio d/d

i - Also, the average SLD values are rather
similar: (0.91 £ 0.02) - 10°® A2 at 15 °C, (0.85+ 0.01) - 10°® A2 at 27 °C, and (0.90 + 0.02) -
10° A2 at 48 °C. However, they are smaller than the theoretical SLD of the DBC (1.044 - 10°¢
A72).% This can be attributed to an altered chain conformation because of the film preparation via
spin coating out of TFE as well as to the presence of water molecules. The average SLD is
calculated from the SLD profile, which is determined from the fit to the NR data. As seen in Figure
2, the as-prepared DBC thin films show a homogeneous SLD distribution. Only in the case of the
film used at 27 °C, a slightly nonhomogeneous SLD profile is found. After the swelling processes,
the redried films have a very similar thickness as compared to the initial film thickness. However,
all thin DBC films exhibit a heterogeneous SLD profile with lower SLD values close to the
substrate—polymer and polymer—air interfaces and higher SLD values in the center of the thin
DBC film. The increase in SLD in the center of the DBC may be due to residual D>O molecules
from

the earlier swelling process. In addition, the polymer chains undergo a selective partial

deuteration (namely, the -CONH— moieties) during the swelling process with D20 molecules. The

increased deuterium content in the thin films after drying also contributes to an increased SLD.



The three swelling cycles at 15, 27, and 48 °C are monitored with in situ ToF-NR. Analogous
to the static measurements, the reflectivity curves of these kinetic measurements are analyzed with
a three-layer model, yielding the film thickness and SLD values during swelling and drying.
Selected NR curves including the fits of each first swelling cycle at 15, 27, and 48 °C are shown
in Figure S3 in the Supporting Information. The extracted film thickness d is normalized to its

initial film thickness d. . The water content @ within the thin

ini 2

to give the swelling ratio d/d

film is calculated from the determined SLD,,, (7) at a measurement time ¢ , the theoretical

SLDpgc of the DBC, and the SLD,, ,, of D>O via

SLD —SLD,.

) (t) meas

" SLD,,, —SLDpy

(1)

Both the swelling ratio d/d,,, and the water content @ as a function of time are shown in Figure

3 for all three swelling cycles at 15 °C (Figure 3a,d), 27 °C (Figure 3b,e), and 48 °C (Figure 3c,f).

One general trend emerges: at higher temperatures, the water content @ and the swelling ratio

d/d,, decrease because of a decreased hydrophilicity and favored polymer—polymer interactions.

This confirms the results found with SR. Apparently, the thin-film geometry induced interactions
with the substrate and air interfaces, which are responsible for a shift of the CPucst (of the PSPP
block) and CPicst (of the PNIPMAM block). The results indicate that the CPpspp has not been
crossed and the behavior of the PSPP block regarding the water uptake is unaltered throughout the
entire temperature range, while the PNIPMAM block is already in a partly collapsed state at 27 °C
and further collapsed at 48 °C. Hence, the PNIPMAM block exhibits a coil-to-globule collapse
over a broad temperature range, which is in agreement with the behavior known from aqueous
solutions. Because the chain mobility is lower in the thin-film geometry than in the solution, the
transition range is even expected to become broader. Even though the water uptake decreases at
higher temperatures, it occurs more rapidly because diffusion pathways are reduced and

polymer—water interactions are not favored. Furthermore, it can be seen that DO molecules from



the first swelling cycle remain inside the DBC film as the respective second and third swelling
cycles already start with an offset in the DO content. This effect is also partly caused by
deuteration of the polymer chains. A change in chain conformation of the DBC thin film during
the first swelling cycle of each run, as seen in the SR measurements, is also present in the ToF-

NR experiments as the swelling ratio d/d,, and the water content ® reach higher values for the

respective second and third swelling cycles. This is in contrary to previous results of cyclic
swelling of thin films, where an aging process and eventually a decreased water storage capability
were found.'®

To further analyze the temporal evolution of the swelling ratio d/d,, and the water content ®

, the swelling model is applied to the evolution of the swelling ratio and to the water content.?>646>

The values of y confirm

. and 7 that are extracted from the evolution of the swelling ratio d /d

the trends that are already explained above (all ,, and z values are listed in Table S2 in the
Supporting Information). z,, (d /d im.) increases at higher temperatures (0.32 +0.02 at 15 °C, 0.52

+ 0.01 at 27 °C, and 0.65 £ 0.03 at 48 °C), underlining that the DBC thin film becomes less

hydrophilic, while 7 (d/d,,) decreases at higher temperatures (9 + 1 min at 15 °C, 7 £ 1 min at 27
°C, and 6 + 1 min at 48 °C), indicating faster completed diffusion processes. The values of y,,

and 7 that are extracted from the evolution of the water content @ follow the same trend [

Koy (®) amounts to (0.14 + 0.01) at 15 °C, (0.42 + 0.02) at 27 °C, and (0.55 + 0.02) at 48 °C,
while 7(®) is (10+ 1) minat 15 °C, (7 + 1) min at 27 °C, and (4 + 1) min at 48 °C]. The increasing
X Values upon increasing temperature underline the assumption stated earlier. Apparently, the

CPpspp and CPpnipmam shift significantly in the thin-film geometry as compared to the aqueous

solution. Furthermore, y,, (d/d,, ) and 7(d/d,,) have lower values as compared to y,, () and



T(CI)) . This indicates that the film thickness increases more slowly than water molecule

diffusion into the film, which is attributed to voids. These voids are filled first, while the film
increases only slowly in film thickness. Once the voids are filled, water uptake results in an
increase in film thickness. This behavior of thermoresponsive thin films is already known from

the literature.’>%>""""> The increasing difference between y,, (d/d,,), 7(d/d,,) and g, (®),

T (d)) values that are extracted from the second and third swelling cycles results from the changes

in chain conformation as discussed above. Hence, it takes longer times to fill up the voids before
the film thickness starts to increase during the swelling cycle.

In addition to the evolution of the swelling ratio d/d,, and the model fit, the maximum swelling
ratio d_ /d,, (eq S2 in the Supporting Information) is shown in Figure 3a—c, which describes

the limit of the swelling ratio d/d,

ini

ata given RH and y,, . In the beginning, a significant offset

between the swelling ratio d/d,, and the maximum swelling ratio d__/d,,, is visible, identifying

the diffusion as limiting factor of the ongoing swelling process. At later stages, after approximately
10 min, both curves merge, indicating that now the swelling process is limited by the RH, that is,
by the available water molecules. This is in good agreement with the evolution of the RH (cf.
Figure S1 in the Supporting Information) as after 10 min, the RH has already reached above 90%
and increases slowly until it reaches equilibrium.

At the end of the film swelling, static ToF-NR measurements of the swollen DBC thin films are
performed. By fitting a threelayer model, the related SLD profiles are determined (Figure 4). The
extracted total film thickness and average SLD are listed in Table 1.

Again, it is obvious that the DBC becomes overall less hydrophilic upon increasing temperature,
as both the film thickness and SLD decrease. The film thickness amounts to (190 = 4) nm at 15
°C, (110 + 2) nm at 27 °C, and (87 + 2) nm at 48 °C, while the SLD is (3.4 £ 0.05) - 10® A2 at

15 °C, (2.93 £0.04) - 10 A2 at 27 °C, and (2.65 + 0.02) - 10°° A2 at 48 °C. Furthermore, the



respective first swelling cycles show lower film thickness values than the second and third swelling
cycles, which have already been seen in the kinetic ToF-NR data (Figure 3) and in the SR data
(Figure S2). The SLD profiles reveal two D,O enrichment layers, which are present at all swollen
states at all three temperatures. One is located close to the Si substrate—polymer interface and one
at the polymer—air interface. The presence of an enrichment layer near the substrate is well known
from the literature and results from interactions between D>O and the hydrophilic Si and Si0;
layer.%° As reported earlier, in the D,O solution, the DBC forms hydrophobic PSPP spheres
surrounded by a hydrophilic PNIPMAM shell at 15 and 27 °C. In contrast, at 48 °C, the structure
was inverted and the PSPP block formed a hydrophilic shell around a hydrophobic PNIPMAM
core.’® However, in the thin-film geometry, PNIPMAM cylinders were embedded in a PSPP
matrix.64 Thus, a hydrophilic and hydrated PSPP layer at the film surface may possibly explain
he enrichment layer at the polymer—air interface. The thickness of the hydrophilic PSPP shell
around the PNIPMAM core in the D>O solution at 48 °C (15 £ 2 nm) was in a similar range as the
enrichment layers observed here in the thin-film geometry at all temperatures. Furthermore, with
increasing temperature, the enrichment layer remains relatively constant in thickness. Thus, the
PSPP matrix within the thin film is presumably substantially hydrated over the entire temperature
range. In contrast, the PNIPMAM block collapses, and thus, the overall thickness of the whole
thin film decreases at higher temperatures.

3.2. Drying Behavior. The shrinkage of the DBC thin film is induced by decreasing the RH
(Figure S1). Analogous to the swelling cycles, the three drying cycles at each temperature are
followed via in situ ToF-NR with a time resolution of 30 s. Selected NR curves of each first drying
cycle are shown together with the three-layer model fits in Figure S3. Figure 5 shows the extracted

swelling ratio d/d,,, (Figure 5a—c) and water content ® (Figure 5d—f) as a function of time.

ini

The initial starting values at t=0 of d/d,, and ® differ for the three different cycle

temperatures because of the different final swollen states. Furthermore, each first drying cycle



starts at lower d/d,, and @ values because of a still denser DBC thin film. The analysis of the

swelling kinetics reveals a decreasing hydrophilicity with increasing temperature. Therefore, we

expect accelerated collapse kinetics with increasing temperature as polymer—water interactions

become less favored. Indeed, the results show the slowest decrease of the swelling ratio d/d,

ini

and water content @ at 15 °C. However, the fastest decrease in swelling ratio d/d,, and water
content ® occurs at 27 °C, while an intermediate decrease is seen at 48 °C. The applied swelling
model confirms the observed trend. The extracted z values (Table S3 in the Supporting
Information) indicate the fastest decrease in film thickness and the fastest water release at 27 °C,

and the slowest at 15 °C. For the drying kinetics, the z'(d / dl.m,) values amount to (21 £ 2) min at
15°C, (6 + 1) min at 27 °C, and (15 + 1) min at 48 °C, while the 7(®) values are (35 + 4) min at
15°C, (10£ 1) min at 27 °C, and (24 £+ 1) min at 48 °C. Thus, intermediate values are found at the

highest temperature of 48 °C, while the values are smaller at 27 °C and higher at 15°. However,

X (d]d,;) and g, (@) values indicate a decreasing hydrophilicity with increasing temperature:

L.

oy (d/d,;) s 0.91 £0.03 at 15 °C, 1.11 £ 0.04 at 27 °C, and 1.21 + 0.05 at 48 °C, and oy (@)

is 1.08 £ 0.04 at 15 °C, 1.31 £ 0.04 at 27 °C, and 1.42 + 0.04 at 48 °C. One has to note that the

X Values obtained from the swelling process and from the drying process at the same

temperature differ from each other. Because the y , parameter is extracted by analyzing the

eff
kinetic swelling and drying processes, it refers either to water uptake (swelling) or to water release

(drying). Hence, the dynamic processes have an impact on the y,, values, and therefore, we

compare them with each other only within the respective dynamic process.

Furthermore, the y, parameter excludes interactions between the substrate and the DBC, and

it cannot be seen as an absolute Flory—Huggins parameter under particular ambient conditions.

Hence, the focus lays rather on the trend than on the absolute of the y,, values.



The decreasing hydrophilicity upon temperature increase is already seen for the swelling
kinetics. Hence, even though the DBC thin film shows at 27 °C a hydrophilicity, which lies in
between the hydrophilicities at 15 and 48 °C, the release of water out of the film and the collapse
of the DBC thin film are the fastest. During the swelling cycles, the water uptake at 27 °C takes
roughly the same time as at 48 °C, although the DBC thin film is more hydrophilic at 27 °C, which
usually implies longer diffusion pathways and therefore a prolonged water uptake. During the
drying cycles, this effect is even more pronounced. It seems that the temperature of 27 °C
represents optimum conditions for achieving fast water uptake and release. One possible
explanation for this unexpected behavior could be a changing thin-film morphology dependent on
the ambient temperature, as was shown in our previous work.% Diffusion pathways are shorter at
27 °C than at 15° because at 27 °C, the PNIPMAM cylinders within the PSPP matrix are partly
collapsed, as is concluded from the static ToF-NR results (cf. Figures 2 and 3).

Assuming that water is absorbed into and released from the thin film via the hydrophilic parts
of the DBC, the thin film at 27 °C bears better conditions for water uptake and release than at 48
°C. Here, the PNIPMAM block is more collapsed than at 27 °C, while the hydrophilicity of the
PSPP block does not change with temperature. Hence, the temperature of 27 °C might provide
balanced conditions between short diffusion pathways and a sufficient hydrophilic state, to achieve
fast water uptake and release. It is noteworthy that similar to the swelling cycles, T values differ at
all temperatures, dependent on whether they are extracted from the evolution of the swelling ratio
d/d,, or from the water content @ . During all drying cycles, the film thickness decreases faster
than water is released from the DBC thin film, which is an inversion of the behavior from the
swelling processes. During swelling, the film thickness increases more slowly than the water
uptake. Thus, during the drying processes, the water release takes longer than the decrease in film

thickness because of water that is released from the voids within the films. Hence, the water

content still decreases, but the film thickness remains unaffected. At the end of film drying, some



residual water is still present inside the thin film, even though the RH is decreased to 0%, whereas

the swelling ratio d/d,, returns to roughly its initial value (also, see Figure 2).

3.3. Polymer—Water Interactions. In order to gain a more detailed insight into the behavior of

D>0, H20, and the characteristic SO; group at the end of the PSPP side chain upon the swelling

processes on the nanoscale, FTIR measurements are performed in situ during the swelling. Three
swelling cycles at each temperature, 15, 27, and 48 °C, are studied. Figure 6 shows exemplarily
the FTIR spectrum of the first swelling cycle at 15 °C over the wavenumber range of 600—4000
cm ! All FTIR spectra, for three swelling cycles at 15, 27, and 48 °C, are shown in Figure S4 in
the Supporting Information.

The two very prominent absorption peaks appearing at ca. 2500 and 3400 cm ™' can be assigned
to the O—D and O—H stretching vibrations, respectively. These broad peaks consist of several sub-
bands, which correspond to various types of water molecules. These include those that are bound
73,74

by hydrogen bonds to the polymer chains as well as those that move freely within the thin film.

At a wavenumber of around 1040 cm™!, a very sharp peak arises, which represents the asymmetric

S—O stretching vibration of the SO; group. In our recent work, the hydration shell around this

group was found to be the first one that builds up during a swelling process before the remaining
polymer chains are hydrated.’>*** The three smaller peaks between the prominent O—D and O—H
stretching vibrations result from the symmetric (2886 cm™!) and asymmetric (2974 cm™') C-H
stretching vibrations of the CH3 groups and the asymmetric C—H stretching vibration (2938 cm™")
of the CH2 groups. These groups remain unaffected by the swelling processes. Thus, all FTIR
spectra are normalized to these C—H stretching vibrations to eliminate the effect of different thin-
film thicknesses.

The normalized peak areas of the O—D and O—H stretching vibrations indicate the amount of
O-H (H20, HDO) and O—-D (D20, HDO) water species in the thin films. Furthermore, the

hydration of the polymer chain during the swelling cycles is identified from the peak position of



the asymmetric S—O stretching vibration, which is sensitive to the chemicalenvironment. Figure
7 shows the evolution of the resulting normalized peak areas of the O—D (top row) and O—H
(center row) stretching vibrations and the peak shift of the asymmetric S—O stretching vibration
(bottom row) during the three swelling cycles at 15, 27, and 48 °C together with the swelling
model fits (eqs S1—S4). A stacked representation of the data together with the fits is shown in the
Supporting Information (Figure S5).

The trend of a decreasing hydrophilicity with increasing temperature observed in the ToF-NR
investigations is also visible in the FTIR data because the normalized area of the O—D stretching
vibration, and accordingly the number of water molecules present, decreases with increasing
temperature. However, the trend is not as pronounced as that in the ToFNR experiments.
Furthermore, we observe that within the three swelling cycles for each temperature, the area of the
O-D stretching vibration reaches a plateau value at roughly the same normalized area. This differs
profoundly from the results of the ToF-NR experiments, where the first swelling cycle reaches a
lower water content @ than the second and third swelling cycles. This underlines the differences
in the probed information. Although ToF-NR probes mesoscopic parameters such as film thickness
and water content, FTIR obtains information about the behavior of water molecules and
characteristic groups of the DBC on the nanoscale. Moreover, in the first swelling cycles at 15 and
27 °C, the O—D stretching vibration needs a longer time to reach an equilibrium state. This hints
toward changes in the polymer chain conformation, already discussed above, which leads to faster
diffusion of water molecules and water uptake during the second and third swelling cycles.

Because the extracted parameters depend on the water content within the film, the swelling
model that was already introduced for fitting the water content @ determined with ToF-NR is also

applied to the analysis of the FTIR data. All extracted yeff and t values are listed in Table S4 in

the Supporting Information. y,, (O - D) values decrease with increasing temperature, indicating

a lower hydrophilicity at higher temperatures (0.51 = 0.03 at 15 °C, 1.02 + 0.04 at 27 °C, and 1.22



+0.05 at 48 °C). Because of shorter diffusion pathways, 7(O—D) values decrease with increasing

temperature [(3.1 £0.2)d at 15 °C, (1.8 £0.2) d at 27 °C, and (0.5 + 0.1) d at 48 °C]. These values
are in good agreement with the findings from ToF-NR measurements. At 15 and 27 °C, the first
swelling cycle is the longest [(3.1 £ 0.2) d at 15 °C and (1.8 = 0.2) d 27 °C], while the second and
third swelling cycles are shorter [(2.7 £ 0.1) and (2.8 +£ 0.1) d at 15 °C and (1.3 £ 0.1) and at 27
°C, respectively]. This supports the assumption of faster water molecule diffusion because of the
changed polymer chain conformation during the second and third swelling cycles. Furthermore,
the O—D stretching vibration is detected already before the second and third swelling cycles at 15
and 27 °C are started. This indicates an exchange of initially incorporated H>O with DO molecules
as well as partial polymer chain deuteration during the first swelling cycle. Again, these findings

are in good agreement with the ToF-NR results. However, at 48 °C, we find a different behavior.

Here, the T(O—D) values for all three swelling cycles amount to (0.5 + 0.1) d. Apparently, the

water uptake is very limited, and the diffusion pathways are very short, such that no difference
between the first and the following two swelling cycles can be seen. Also, the O—D offset before
the second and third swelling cycles is much less pronounced as compared to the swelling cycles
at 15 and 27 °C, indicating a less HoO/D20O exchange and a lower extent of polymer chain
deuteration.

The evolution of the O—H stretching vibration during the three swelling cycles differs notably
at 15 and 27 °C. During the first swelling cycle, the O—H stretching vibration is already detected
at t =0, corresponding to H>O molecules present within the as-prepared film. An initial increase
in absorption is observed at t<1d, attaining a maximum value. Afterward, the band area
decreases somewhat, reaching a plateau after approximately 3.5 d. The increase can be explained
by the reversed deuteration of the polymer chains’ amide groups. Thereby, HDO molecules are
generated, which also show an O—H stretching vibration. The area of the O—H stretching vibration

indicative of its relative content within the film gradually decreases until the swelling process



eventually reaches an equilibrium state. Thus, with more D>O molecules diffusing in the DBC thin
film, HDO molecules are increasingly pushed out. At the beginning of the second swelling cycle,
the absorbance of the O—H stretching vibration is decreased and only increases slightly before
reaching a plateau value. Hence, less HO/HDO is present in the film at the start of the second
cycle as compared to the first swelling cycle. Furthermore, the rate of deuteration is slower than
that during the first swelling cycle. These observations are even more prominent in the third
swelling cycle. No more H;O/HDO molecules are present before the third swelling cycle starts,
and deuteration is even slower than in the two previous swelling cycles. Still, even though the
deuteration of the polymer chain is slower, it reaches the same plateau in the equilibrium state.
Although the evolution of the O—H stretching vibration is a result of two opposing effects, namely,
the deuteration of the secondary amide groups in the polymer and the displacement of H>O and

HDO molecules by D->O, both kinetics are controlled by the diffusion process of D,O molecules

into the DBC thin film. Therefore, the swelling model can be applied. y,, (O—H) values follow

the same trend as y,, (O — D) values. They increase with increasing temperature, again indicating

a higher hydrophobicity at higher temperatures: 0.45 + 0.02 at 15 °C, 0.95 + 0.03 at 27 °C, and

1.13 + 0.04 at 48 °C. However, the values of y,. (O—H) are slightly lower than y,, (O-D)

values at the corresponding temperatures. This hints toward a higher affinity of the polymer to

H20 than to D;0, in agreement with previous reports.35 Also r(O —H) values follow the same
trend as observed for 7(O—D) values. With increasing temperature, the intensity of the O—H
stretching vibration reaches the equilibrium value faster and 7 (O —H) values decrease: (2.4 +0.2)

dat15°C, (1.8+0.2)d at 27 °C, and (0.1 +0.03) d at 48 °C. Furthermore, the values of 7(O—H)

show that the first swelling cycle takes the longest time to reach an equilibrium state. This is
ascribed to the entropically rather disadvantageous chain conformation regarding water uptake, as

compared to the ones present in the second and third swelling cycles, which slows down the



diffusion rate. In addition, the exchange of H,O and HDO by DO is expected to occur mainly
during the first swelling cycle because more H>O molecules are present within the film, as
compared to the second and third swelling cycles. Moreover, the amide groups of the polymer
chain are completely hydrogenated, which results in a higher deuteration rate and eventually leads

to a higher amount of HDO molecules. Hence, the second and third swelling cycles yield smaller

7(O—H) values, which are in agreement with the opposed evolution of the 7(O—D) values. The
swelling cycles at 48 °C, again, behave differently as the swelling model yields the same 7(O—H)

value for all three swelling cycles (0.10 + 0.03 d), and all three consecutive cycles exhibit a rapid
but small increase in O—H stretching vibration intensity before reaching a plateau value. This
behavior indicates a very fast but very low deuteration rate during every swelling cycle.
Furthermore, the few HDO molecules that remain within the film after the first swelling cycle
continue to stay. During the second and third swelling cycles, a slight decrease in absorption is
monitored. Because of a low but constant deuteration process, more and more HDO molecules are
generated over the first and second swelling cycles, which eventually lead to a minor HDO/D>O
exchange. Thus, the water uptake is very low, such that deuteration effects become negligible.
While the regions around 2500 and 3400 cm ! directly reflect the overall fate of the water
molecules present in the films during the swelling and shrinking cycles (Figure 7, upper two rows),
the band at about 1040 cm ! indicates the local interaction of specific polymer segments, namely,
the anionic sulfonate moieties, with water during the exchange processes (Figure 7, the lower row).
As a function of its hydration, the asymmetric S—O stretching vibration can shift to higher or lower
wavenumbers, while its intensity remains virtually unchanged. For the swelling cycles at all
temperatures, we observe a shift to higher wavenumbers, for which the swelling cycles at 15 °C
provoke the strongest shift and the swelling cycles at 48 °C provoke the smallest shift. These
differences are less pronounced than the ones observed for the O—D or O—H stretching vibration.

Also, the changes of the S—O stretching vibration occur significantly faster than the ones of the



O-D or O—H stretching vibration. From previous work, we know that the hydration shell builds

up around the SO; group before the remaining polymer chain is hydrated.>>** The results indicate

a similar behavior here. Although the water uptake decreases with increasing temperature, the shift

in wavenumber of the S—O stretching vibration is almost the same at any of the three temperatures.

Hence, the hydration shell around the SO; group is similar at all temperatures. This conclusion is

supported by applying the swelling model to the data. The evolution of the S—O stretching

vibration exhibits by far the lowest z,, (S—0) and z(S—0O) values: 0.31 +0.03 and (0.80 = 0.1)

dat 15 °C, 0.73 £ 0.05 and (0.50 + 0.1) d at 27 °C, and 0.98 + 0.05 and (0.40 + 0.1) d at 48 °C,

respectively. Although the extent of the final peak shift is similar at all temperatures, a faster

hydration of the SO; group upon increasing temperature is observed because of shorter diffusion

pathways and less favorable polymer—water interactions. Thus, the lower hydrophobicity of the

polymer at higher temperatures has an effect on how fast but not on how strong the SO; group is

hydrated. This is in good agreement with the trend observed for the O—D stretching vibration.

Thus, in situ FTIR experiments reveal the complex interplay between different water species
upon a swelling cycle and showed how deuteration of functional groups within the polymers and
exchange processes are altered within consecutive swelling cycles.

4. Conclusions

In the present work, we investigate the cyclic water swelling—deswelling of a doubly
thermoresponsive DBC thin film. The DBC consists of a large zwitterionic PSB and a considerably
smaller nonionic PNIPMAM block, showing a UCST-type transition and a LCST-type transition,
respectively, in aqueous solution. The DBC thin film is subjected to three swelling and drying
cycles at three characteristic temperatures, 15, 27, and 48 °C, which cover the relevant regimes of
the DBC known from the aqueous solution phase diagram. Both the swelling and drying processes
are induced by changing the ambient RH. Upon swelling and drying, mesoscopic parameters such

as film thickness and water content are modulated, which are followed in situ by ToF-NR.



Additionally, FTIR spectroscopy is applied during the swelling processes to obtain information
about polymer—water interactions with increasing RH. A swelling model that takes into account
the diffusion of water molecules into the thin film when the ambient RH changes is used to analyze
quantitatively the measured data.

At the highest temperature studied, 48 °C, the DBC thin film exhibits the lowest swelling ratio

djd

.. and water content @ within the film. This trend was unexpected because from the phase
behavior of its aqueous solution, we would assume the lowest hydrophilicity at 15 °C (when the
large polyzwitterion block is not water-soluble), an intermediate hydrophilicity at 48 °C (when the
small nonionic block is not water-soluble), and the highest hydrophilicity at 27 °C (when both
blocks are water-soluble). These observations can be explained by a strong shift of the respective
transition temperatures CPycst and CPrcst because of the thin-film geometry. While the polymer
becomes less hydrophilic, the water uptake becomes faster because of reduced diffusion pathways
and unfavorable polymer—water interactions. Noteworthily, the swelling kinetics at 27 and 48 °C
occur on almost the same timescale, even though the DBC thin film shows a significantly lower
hydrophilicity at 48 °C. A similar trend is observed during the drying kinetics. With a decreasing
hydrophilicity, faster water release is expected at higher temperatures. However, the fastest water
release is observed at 27 °C, which indicates that at this particular temperature, the thin-film
morphology is optimal for fast water uptake and release. Apparently, this is due to an advantageous
superposition of shortened diffusion pathways as compared to the thin film at 15 °C, and a higher
hydrophilicity as compared to the thin film at 48 °C.

On a molecular level, the O—H and O—D stretching vibrations can be clearly distinguished in the
FTIR spectra so that the complex interplay between different water species (H20, HDO, and D-0O)
is revealed. During the first swelling cycles at 15 and 27 °C, the initially present H2O molecules

within the film are substituted by D>O. Furthermore, selective partial deuteration of the polymer

chain is observed. Foremost, the acidic hydrogen atom in the amide group, which is present in



both polymer blocks, is exchanged by a deuterium atom. This leads to a third present water species,
HDO, which is gradually expelled from the film, while more D>O molecules diffuse into the film.
During the second and third swelling cycles, less HoO and HDO, respectively, are present, while
the deuteration rate also slows down. Nonetheless, the O—H stretching vibration still reaches the
same absorption values as in the cycles before.

The consecutive swelling cycles at 48 °C differ significantly from those at lower temperatures.
Barely no HDO species is detected, which indicates a very little amount of HDO and therefore a
very weak HDO/D,O exchange as well. Apparently, the water uptake in general is reduced in a
way that deuteration effects of the amide groups play a minor role. The analysis of the shift of the
asymmetric S—O stretching vibration indicates that the hydration shell builds up rapidly around

this group before the remaining polymer chain is hydrated. No significant differences in the
hydration of the SO; group at different temperatures could be detected. Accordingly, the overall

swelling behavior of the DBC is affected by a change in hydrophilicity, without necessarily
changing the hydration of particular groups within the macromolecules.

The presented results provide valuable insights into the repeated swelling and drying of a doubly
thermoresponsive DBC thin film. The swelling behavior differs significantly from our
expectations based on the DBC behavior in aqueous solution. Furthermore, it depends not only on
the chosen temperature but is also altered in the course of three consecutive swelling cycles at
constant temperature. This is attributed to the thin-film processing by spin coating that yields a
nonequilibrated film structure. This study shows the complexity of such a thin-film system and
simultaneously puts it into context to previous results on cyclic swelling of thermoresponsive thin
films. Although a change in chain conformation during the first swelling cycle is found, neither an
aging process nor a decreased water storage ability are observed. Thereby, the need of a
fundamental understanding of the underlying mechanisms of such responsive materials in the thin-

film geometry, also in the perspective of their possible uses, is stressed out.
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Figure 1: a) Chemical structure of the DBC under study, PSPPy-b-PNIPMAM, (m = 500, n =
150). The PSPP block is colored in green, the PNIPMAM block is colored in blue. b) The
‘schizophrenic’ micellar self-assembly of a doubly thermo-responsive DBC is shown
schematically. Interactions induced by the interfaces from the thin film geometry can change the
relative positions of CPycst and CPrcsr.
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Scheme 1:.Schematic Overview of the Three Performed Experiments: Three Consecutive Cycles
of D>0O Swelling and Drying Are Followed with ToF-NR In Situ at 15 (a), 27 (b), and 48 °C (c).
The swelling process is induced by increasing and the collapse process by decreasing the RH. The
characteristic temperatures were chosen to be: a) below both CPycst and CPrcst, b) above the
CPuycst but below the CPicst, and (¢) above both CPycst and CPircst of the DBC in aqueous

solution.
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Figure 2: Static ToF-NR measurements of PSPPs0o-b-PNIPMAM 5o films in its dry states during
in total three swelling cycles at: a) 15 °C, ¢) 27 °C, and e) 48 °C, respectively. The curves are
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shifted along the y-axis for clarity of the presentation. The cycle number increases from bottom
(as-prepared) to top (third cycle). Best fits are achieved with a three-layer model (black lines).
From the fits, the SLD profiles of the corresponding dry states at b) 15 °C, d) 27 °C, and f) 48 °C
are obtained.
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Figure 3: (a-c) Swelling ratio d/d,, and (d-f) water content @ as a function of time during three
swelling cycles at (a and d) 15 °C, (b and e) 27 °C, and (c and f) 48 °C, respectively. The cycle
number increases from bottom (first swelling cycle) to top (third swelling cycle). The curves are
fitted with the swelling model as explained in the text (black line). In addition to the swelling ratio
d/d,, , the maximum swelling ratio d__/d,, is plotted (dashed black line in graphs a-c).

ini



a) e b)) . . . ,

o 5] L
5 | swollen at 15 °C | [\
10 e 3 cycle |
nd ]
101 | 2 cycle L 4 B

1% cycle

swollen at 15 °C

SLD [10% A2

intensity, shifted [a.u.]

10 r
__3rd
ey | 1 3rd cycle L
2" cycle
10-5 _ [ ol / :S?bstrate 15t cycle |
T T T T T T T T T
0.04 008 0.12 0.16 0 50 100 150 200
q,[A7] distance from substrate [nm)]
C) 3 1 1 I 1 1 d) 1 | 1
1077 % swollen at 27 °C [~ 57 B
10° 1 ® 3rdcycle |
2" cycle 4 |
'; 10" 1 ® 1% cycle
S o
— 10 1 =
o 3+ L
7] : o<
£ 10" ©
= o
G 407 = 2—J -
Fo o = swollen at 27 °C
& fd — 3 cycle
j] -4 | 1 -
£ 10 2nd cycle
10” L — 1%t cycle k
T T T — 0- T T T B
000 004 0.08 0.12 0.16 0 50 100 150 200
a,[A 1] distance from substrate [nm]
1 Zw 1 L 1 L 1 f L L L |
e 3 | L 5 .
10 swollen at 48 °C
10° - ® 3% cycle L
—_ , ® 2" cycle 4 L
s 107 1t cycle
LA o
3 e 3 L
£ 10" e
e o
107 =R L
Z =) .
=107 Fa swollen at 48 °C
c S — 2rd
FTRP | 14 3 cycle L
c . — 2" eycle
10 1%t cycle
T T T T T T T T T 0 I T T T T
0.00 004 008 012 0.16 0 50 100 150 200
q (A distance from substrate [nm]
Z

Figure 4: Static ToF-NR measurements of PSPPsoo-b-PNIPMAM;so films in its D2O swollen
states over in total three swelling cycles at (a) 15 °C, (c) 27 °C, and (d) 48 °C, respectively. The
curves are shifted along the y axis for clarity of the presentation. The cycle number increases from
bottom (after first swelling cycle) to top (after third swelling cycle). Best fits were achieved with
a three-layer model. From the fits, the SLD profiles of the corresponding D>O swollen states at (b)
15 °C, (d) 27 °C, and (f) 48 °C are obtained.
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Figure 5: Swelling ratio d/d,, (a-c) and water content ® (d-f) as a function of time during

collapsing cycles, which are induced by drying, at (a and d) 15 °C, (b and ¢) 27 °C, and (c and f)
48 °C, respectively. The cycle number increases from bottom (first drying cycle) to top (third
drying cycle). The curves are fitted with the swelling model as explained in the text (black line).
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Figure 6: Exemplary FTIR spectrum of the first swelling cycle at 15 °C. The first measurement is
colored in red (# =0 d), whereas the last measurement is colored in purple (# =6 d) as indicated
by the color bar.
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Figure 7: The normalized area of the O-D stretching vibration (top), the normalized area of the
O-H stretching vibration (center) and the shift of the SO3™ peak maximum (bottom) at (a) 15 °C,
(b) 27 °C, and (c) 48 °C as extracted from the FTIR spectra. All curves are fitted with the swelling
model based as explained in the main text (black line).

Tables
Table 1: Film thickness d (sum of all layers) and the SLD (averaged over all layers) of the
PSPPs00-b-PNIPMAM 50 thin film from the fits shown in Figure 2 (dry states) and Figure 4

(swollen states).

dry state swollen state
15°C thickness [nm] | SLD 10°[A2] | thickness [nm] | SLD 105[A?]
as-prepared 63+3 0.91 £0.02 - -
first cycle 63+2 1.37+£0.02 190 £ 4 3.55+£0.05
second cycle 62+2 1.32+£0.03 194 £4 3.51+0.05
third cycle 61+2 1.31+£0.03 205+ 4 3.48 £0.04




27°C
as-prepared 65+3 0.85+0.01 --- ---
first cycle 65+3 1.37+£0.03 110£2 3.05+0.04
second cycle 64 +4 1.32+0.03 112+2 2.96 +£0.04
third cycle 65+3 1.31+0.02 111 +1 3.00 £0.03
48 °C
as-prepared 60+£2 0.90 +0.02 --- ---
first cycle 63+2 1.25+£0.03 87+2 2.75£0.02
second cycle 63+3 1.52 £0.04 87+2 2.75 £0.01
third cycle 61+2 1.38 £0.03 87=+1 2.68 £0.02
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Figure S1: Relative humidity (blue) and temperature (red) as function of time for the three

swelling and collapse cycles during the (a-c) ToF-NR and (d-f) FTIR measurements at (a, d) 15

°C, (b, e) 27 °C, and (c, f) 48 °C. One full cycle is defined as static measurement at 0 % relative

humidity, a kinetic measurement following the swelling process, a static measurement at high

humidity, a kinetic measurement following the drying process, and a final static measurement

at 0 % relative humidity.
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Table S1: Values of Ko and 7 for the respective swelling cycles at 15 °C. 27 °C, and 48 °C,

obtained with SR as is shown in Figure S2.

swelling
15°C Xofr 7/ min
first cycle 0.60 +0.02 30£1
second cycle 0.62 £0.02 28+2
third cycle 0.61 +£0.03 31+£1
27°C
first cycle 0.91 £0.02 201
second cycle 0.92 +£0.01 201
third cycle 0.92 +£0.03 22+2
48 °C
first cycle 1.12+0.04 16 £1
second cycle 1.08 £0.04 17+ 1
third cycle 1.09 +0.03 171




Table S2: Values of Ko and 7 for the respective swelling cycles at 15 °C. 27 °C, and 48 °C,

obtained with ToF-NR as is shown in Figure 3 in the main text.

determined from d/d,, vs ¢ determined from @ vs ¢
15°C Kot 7/ min Ko 7/ min
first cycle 0.32+0.02 11+1 0.14 +0.01 12+1
second cycle 0.32+0.01 10£1 0.15+0.01 13£1
third cycle 0.33+0.01 10+1 0.14+0.02 13+1
27°C
first cycle 0.52+0.01 7+1 0.42 +0.02 6+1
second cycle 0.54 £0.01 6+ 1 0.41+0.03 5+1
third cycle 0.52+0.01 6+1 0.41+0.02 6+1
48 °C
first cycle 0.65+0.03 6+1 0.55+0.02 5+1
second cycle 0.66 £0.02 61 0.55 £0.03 4+1
third cycle 0.66 +£0.02 61 0.54 £0.02 4+1




Table S3: Values of y, v and 7 for the respective drying cycles at 15 °C. 27 °C, and 48 °C, obtained

with ToF-NR as is shown in Figure 5 in the main text.

determined from d/dini vs time determined from @ vs time
15°C Ko 7/ min Ko 7/ min
first cycle 0.91+0.03 21+2 1.08 + 0.04 35+4
second cycle 0.92 +£0.04 22+3 1.09 £ 0.04 36+4
third cycle 0.89 + 0.04 21+3 1.09 +0.03 363
27°C
first cycle 1.11+0.04 6+1 1.31+0.04 10+1
second cycle 1.08 £0.03 82 1.29 +£0.04 9+1
third cycle 1.08 £ 0.03 8+1 1.29+0.03 10+1
48 °C
first cycle 1.21+£0.05 15+1 1.42+£0.04 24+ 1
second cycle 1.18 £0.05 14+£2 1.42 £0.05 24+ 1
third cycle 1.20+0.06 14+2 1.39+0.04 23+2




Table S4: Values of Ko and ¢ for the respective swelling cycles at 15 °C. 27 °C, and 48 °C,

obtained with FTIR as is shown in Figure 7.

Determined from O-D Determined from O-H Determined from SO3
stretching vibration vs stretching vibration vs maximum peak position
time time Vs time
Ko r/d Ko r/d Ko r/d

15°C
first cycle 0.51+0.03 |3.1+0.2 045+0.02 | 24+0.2 031+0.03 |91+4
second cycle | 0.51+0.02 | 2.7+ 0.1 0.44+0.02 | 1.6£0.02 0.31+0.02 |92£5
third cycle | 0.53+0.02 | 2.8 £ 0.1 044+0.02 | 1.6+0.02 |033+£0.02 |90+5
27°C
first cycle 1.02+0.04 | 1.8 0.1 0.95+0.03 | 1.8+0.2 0.73+0.05 | 57+3
second cycle | 1.01 £0.04 | 1.3 +0.1 0.94+0.02 | 1.1£0.02 |0.73+£0.04 | 57+3
third cycle 1.00£0.05 | 1.3+0.1 095+0.02 | 1.1£0.02 | 0.75+0.04 | 55+4
48 °C
first cycle 1.22+0.06 | 0.5+0.1 1.13+0.04 | 0.1+0.03 |098+0.05|26+3
second cycle | 1.22+£0.07 | 0.5+0.1 1.124+0.03 | 0.1+£0.03 | 1.01£0.05 | 24+3
third cycle 1.24+0.05 | 0.5+0.1 1.124+0.03 | 0.1 +£0.03 | 0.99+0.06 | 24+2




Model for swelling process in thin films
Detailed information about the swelling model, which is based on the work of Li and Tanaka'
as well as on the work of Jaczewska et al.2, and the application to the data can be found in our

previous publications.*”> The main text refers to the following equations:

Equation S1 describes the diffusion of water molecules into the DBC thin film often described

as intrinsic swelling kinetic

T

(1) _ dp _(ilimax _ljBexp[_LJ (S1)

ini ini ini

d,, 1s the initial film thickness of the PSPP500-b-PNIPMAM; 5o thin film in its as-prepared state at

a measurement time . 7 represents the timescale on which the kinetic process is happening. B

is related to the sample geometry (it is between 0.75 and 1 for thin films). d_, /d,, stands for the
maximum swelling ratio and is determined by Equation S2

d cii(.l.)_BeXp(_;j

max — 1ni Sz

d, . t (52)

ini 1-Bexp| ——

T

The non-constant relative humidity is considered as
d V.. |d d, Y
ln (Lj — ln(l __ini j+ 1_ water ini + zeﬂ. ( ini J (S3)
p sat dmax Vpolymer dmax dmax

are the molar volumes of water

p/p.. representsa changing relative humidity, v, . and V.

ater polymer
and the polymer. y,, is the effective Flory-Huggins parameter between two components and is a
measure for the hydrophilicity of the DBC. Eq. S1 and Eq. S3 are combined by solving Eq. S1 for
the maximum swelling ratio and insert it in Eq. S3. The resulting implicit function is solved

numerically for the swelling ratio, dependent on the measurement time. In a last step, d (t) is

3



substituted with CD(Z) according to Equation S4 in order to be able to also fit the water content

O(1):

d(t) 1
d, 1-®(z)

mi

(S4)
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