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ABSTRACT: Thin films of an asymmetric diblock copolymer poly(styrene-block-N-isopropylacrylamide)
(P(S-b-NIPAM)) with a long PS and a short PNIPAM block prepared out of a solvent which is more equal in
interaction with both blocks than with water allow for water storage without significant swelling of the
film. In subsequent storage and removal cycles, the aging of these P(S-5-NIPAM) films is investigated with
atomic force microscopy, grazing incidence small-angle X-ray scattering, and in-situ neutron reflectivity. The
P(S-b-NIPAM) films are exposed to an atmosphere of deuterated water vapor. Enrichment of the
incorporated water in the film part close to the substrate interface is found. The storage capacity decreases
by a factor of 2 after seven cycles, but the strongest decrease occurs in the first four cycles. This aging is
discussed in the framework of an internal rearrangement of the film structure, H—D exchange, and a possible

incorporation of bound water.

1. Introduction

Thin polymer films are used in various fields of application
such as coatings to achieve protective, adhesive, dielectric, con-
ducting, or resistive layers. Typically such layers are exposed to
an environmental atmosphere, which contains a variety of small
molecules. The most prominent example is air with its relative
humidity defined by the thermodynamic parameters such as
temperature and pressure. Depending on the type of small
molecules, they can easily penetrate the polymer network and
are incorporated inside the thin polymer film. The absorption of
gases from our atmosphere such as carbon dioxide and water or
exhaust fumes into polymers has nonnegligible implications for
the material properties of the polymer materials. It can cause
changes in thermal and mechanical properties.

Penetration of a small molecular species into an initially dry
polymer film is driven by a chemical potential gradient. It is
normally accompanied by swelling and plasticization of the
polymer. Thus, the polymer film thickens and softens. The
penetrating molecule may be a solvent or a nonsolvent of the
particular polymer, depending on the thermodynamic properties
of the polymer—molecule pair. A significant body of work has
examined experimental and theoretical characteristics of swelling
and dissolution of glassy polymer films by single organic solvent
molecules. ! However, with respect to application, the absorp-
tion-induced swelling of thin films can be problematic due to its
related increase in film thickness, which can cause unwanted
strain in a system.

Recently, it has been shown that thin diblock copolymer films
can incorporate water molecules from a surrounding water vapor
atmosphere, without a significant swelling of the films."' Thus,
these films will avoid problems related to strains which are caused
by swelling. The basic key for the preparation of such thin films is
the installation of a glassy network which has sufficient space to
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incorporate water molecules but cannot increase in size. This is
achieved by a thin film preparation using an asymmetric
diblock copolymer poly(styrene-block-N-isopropylacrylamide)
(P(S-b-NIPAM)) with a long PS and short PNIPAM block
in combination with a solvent which is more equal in interac-
tion with both blocks than with water. Such films allow the total
water storage of 17.4% with a total film thickness increase of
only 2.5%.

Poly(N-isopropylacrylamide) (PNIPAM) is among the most
studied thermosensitive polymers.'”*> PNIPAM in water
exhibits a phase transition at a lower critical solution temperature
(LCST), which has been investigated by a variety of experimental
techniques in the dilute and concentrated regimes.”> >’ The
LCST of PNIPAM in water is ~32 °C and thus slightly less than
body temperature, which makes PNIPAM a representative of
environmental-sensitive polymers studied for biomedical appli-
cations.® Below the LCST the water incorporation into a
PNIPAM network causes strong swelling. However, by adding
hydrophobic, glassy units to the PNIPAM chain, the response
and the LCST are affected. With increasing length of the hydro-
phobic glassy block the ability of PNIPAM to swell decreases. In
most cases, polystyrene (PS) was chosen as the hydrophobic,
glassy block, and diblock copolymers P(S-5-NIPAM),** 7 and
occasionally also triblock copolymers P(S-b-NIPAM-b-PS)
were studied.**"3>3¥7% Whereas all these investigations on hy-
drogel systems focus on strong swelling of the thermoresponsive
material, so far the nonswelling case was not focused on. More-
over, typically water is used as a solvent for the investigation of
block copolymer solutions of copolymers containing PNIPAM
and PS blocks and for thin film preparation (including dialysis
from organic solvent into water). The direct use of organic
solvents such as 1,4-dioxane is rare.'!

In the present work, we probe the cyclic switching of water
storage in thin block copolymer films containing PNIPAM and
PS. Films with a PNIPAM volume fraction of 0.276 prepared out
of 1,4-dioxane show no swelling but absorption of water. During
water storage a slight reorganization of the initial microphase
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separation morphology of such films was reported recently.'!
After the extraction of the stored water by applying vacuum,
this changed microphase separation morphology is frozen-in,
which implies that water storage causes an irreversible change
of the initially installed morphology. We probe with storage
cycles to what extent these morphological changes affect
the water storage capability. With respect to applications of
these films, such an investigation on the aging is of strong interest.
The structural investigation of the cyclic water storage and
removal is performed with atomic force microscopy, grazing
incidence small-angle X-ray scattering, and in-situ neutron
reflectivity.

In general, neutron scattering is a frequently used technique to
probe the structure and structural changes in hydrogel systems
and films.**~* With neutron reflectivity the density profile along
the surface normal is accessed. In-situ measurements allow for
monitoring changes in the composition during contact with a
surrounding water vapor. The in-situ neutron data are accom-
panied by optical methods and FTIR spectroscopy.

This article has the following structure: The Introduction is
followed by an Experimental Section describing the sample
preparation and the experimental techniques applied. The next
sections show results and discussion on the cyclic switching of the
P(S-6-NIPAM) film.

2. Experimental Section

Materials. An asymmetric diblock copolymer of poly(styrene-
block-N-isopropylacrylamide), denoted P(S->-NIPAM), with a
molecular weight of 23500 g mol™' and a polydispersity of 1.05
was purchased from Polymer Source Inc. The volume fraction of
PNIPAM in the copolymer was 27.6%. Deuterated water (D,0)
(purity 99.95%) was from Deutero GmbH. 1,4-Dioxane was
received from Acros. Dichloromethane, ammonia solutions
(NH;, 30—33%), and hydrogen peroxide (H,O,, 30%) were
purchased from Carl Roth GmbH. Silicon (Si 100, n-type) was
from Silchem.

Sample Preparation. Silicon with an oxide layer on the surface
was used as substrate material for the thin P(S-»-NIPAM) films.
For cleaning precut silicon substrates were placed in dichloro-
methane in an ultrasonic bath at 46 °C for 30 min and rinsed
with Millipore water shortly after. Afterward, the substrates
were kept for 2 h in an oxidation bath at 75 °C consisting of
1400 mL of Millipore water, 120 mL of H,O», and 120 mL of
NHj; to clean the surface from organic traces and install a
hydrophilic surface. Thereafter, the substrates were stored
shortly in Millipore water. Directly before spin-coating the
substrates were rinsed with Millipore water for at least 10 min
to remove possible traces of the oxidation bath. The substrates
were dried with compressed nitrogen before coating. Because of
this protocol, at the Si surface an oxide layer of 1 nm is present,
which has a surface roughness below 0.5 nm.*’

The initial dry P(S-b-NIPAM) films with different thick-
nesses were prepared with spin-coating (2000 rpm, 30 s) from
a 1,4-dioxane solution at room temperature onto these pre-
cleaned Si substrates.

Storage Cycle Protocol. The initial dry P(S-b>-NIPAM) film of
the desired film thickness was mounted in a custom-made vapor
chamber in air, thermostated to 23 °C, and investigated. To start
the first storage cycle, the vapor chamber was evacuated, and the
water reservoir of the vapor chamber was filled with D>O to
install a saturated D,O atmosphere. The addition of D,O marks
the starting point of the water absorption kinetics (time = 0).
After reaching equilibrium of water storage (240 min) the film is
fully swollen. The removal of D>O was initiated by pumping the
vapor chamber through a vacuum pump (DIVAC 0.8 T, Ley-
bold AG). Thus, water release from the thin film occurs, and the
P(S-6-NIPAM) film relaxes back in vacuum to a new dry state.
This deswollen film was used in the next storage cycle as the
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initial dry film (see Scheme 1). To address aging effects of the
water storage, the storage and removal cycles were repeated
seven times. Samples were investigated in-situ during these
cycles with neutron reflectivity and ex-situ after individual cycles
with the other experimental techniques.

For the investigated range of P(S-/-NIPAM) film thicknesses
no delamination was observed. However, very thick films
exhibit delamination from the substrate in such cycles.

Neutron Reflectivity and Off-Specular Scattering. The neu-
tron scattering experiments were carried out at the D17 instru-
ment at ILL, Grenoble, in time-of-flight (TOF) mode.*® TOF
mode allowed for the collection of specular and off-specular
scattering data, in which neutrons with a broad range of
wavelength 4 were used simultaneously and registered as a
function of their respective times of flight. The necessary pulsing
of the beam was realized by a double chopper system. The
largest available sample—detector distance of 3.4 m was oper-
ated. The diffracted intensity was recorded on a two-dimen-
sional (2d) detector without the movement of any motors. The
absence of motor movements was crucial for achieving a high
time resolution as well as for avoiding mechanically induced
vibrations which might destabilize swollen films (by activation
of long wavelength surface waves). On the detector the counts
were registered for each spatial pixel (x, y) as a function of TOF
in 1000 channels. After integration of the counts for fixed x and
TOF channel along the vertical detector axis y, and the TOF to 4
conversion, the scattered intensity is displayed as a function of 1
and the exit angle oy Finally, the corrected data set I(aA) can
also be transformed to /(¢.,q.) with the given (constant) angle of
incidence a; = 0.5°, where ¢. denotes the wave vector compo-
nent perpendicular to the surface and ¢, the one in the surface in
parallel to the neutron beam.

Kinetic changes due to the applied storage and removal cycles
were probed by performing reflectivity scans every 30 s. The
initial dry P(S-h-NIPAM) film used for cyclic switching, and the
resulting deswollen P(S-5-NIPAM) film at the end of each cycle
was additionally probed with an increased countmg time of 3600
s. The probed ¢. range between 0.01 and 0.85 nm™ " is selected to
cover the critical edges of protonated (Si and P(S-h>-NIPAM))
and deuterated (D,0) substances. All reflectivity curves were
fitted with the Motofit program® with appropriate error
weighting and point-by-point resolution smearing. An auto-
mated batch fit dpproach is taken, with all the data sets
being analyzed in series. The scatterm% length densities of
2.07 x 107° A~ for Si, 3.47 x 10~° A~ for Si oxide, 1.30 x
107° A2 for P(S-5-NIPAM), and 6.36 x 10 ® A~ 2 for D20 were
fixed from initial fits and agree with literature values.

X-ray Reflectivity. X-ray reflectivity measurements were car-
ried out with a laboratory X-ray source instrument (D5000 from
Siemens) with a Cu target (wavelength A = 0.154 nm). The beam
was collimated by a slit system. A knife edge collimator (KEC)
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Figure 1. (a) X-ray reflectivity data (dots) shown together with model fits (lines) for the thickness regime covered in this investigation. With increasing
thickness (0.8, 1.7, 2.5, 6.6, 17.1, 28.1, 61.4, 121.8, and 190 nm from bottom to top) the curves are shifted along the y-axis for presentation. (b) Film
thickness plotted as a function of the P(S->-NIPAM) concentration of the 1,4-dioxane solution used for spin-coating. The solid line is a linear fit.

was placed directly above the sample center to define the
illuminated surface area and avoid overillumination at small
incident angles. The reflected intensity was detected with a
scintillation counter, which was prevented from saturation by
using an automatic beam absorber system. A typical 6—26 scan
was performed in a range of 26 from 0° to 4.5°. To obtain
the density profile perpendicular to the substrate surface, the
reflectivity data were fitted with the Parrat algorithm.>

Grazing Incidence Small-Angle X-ray Scattering. The grazing
incidence small-angle X-ray scattering (GISAXS) measure-
ments were performed at the synchrotron beamline BW4 at
the DORIS III storage ring at the DESY HASYLAB facility in
Hamburg, Germany. Synchrotron radiation with a wavelength
of A = 0.138 nm was used; the beam shape in and out of the
plane of reflection was set by two entrance cross slits. For the
experiment, an assembly of beryllium compound refractive
lenses provides a moderately microfocused beam size of smaller
than 30 x 20 um? (vertical x horizontal), which also enables the
investigation of local gradients of the thin film morphology.’!
The highly intense direct or transmitted beam is blocked by a
diode beam stop in front of the detector. In order to block the
specularly reflected beam on the detector, a pointlike movable
specular beam stop was installed. For the measurement, the
sample was placed horizontally on a goniometer. The angle of
incidence was set to a; = 0.421°, which is above the critical
angles a. of the investigated block of the diblock copolymers
(PS: 0.138° PNIPAM: 0.148°). Hence, the Yoneda peak is
separated from the specular peak on the detector, and both
the sample surface and the interior of the film are probed. A 2D
detector (MarCCD 165 by Mar Research, 2048 x 2048 pixels) to
record the scattering intensities is positioned with a sample-to-
detector distance of D = 2.115 m behind the sample. From the
recorded 2D intensity distribution, structural information on
the sample can be extracted from horizontal and vertical cuts
(with respect to the sample surface).>> The vertical cut, called the
detector cut, at a horizontal angle of W = (°, corresponding to
¢, = 0, contains information about structures perpendicular to
the surface (e.g., the correlated roughness) as well as the
material-specific Yoneda peak at o = o. Horizontal cuts,
called out-of-plane cuts (g, cuts) or GISAXS cuts, are per-
formed at constant ¢. and are selected according to the ¢.
condition (0 = o). From the g, cuts, lateral structure informa-
tion (e.g., geometry, size distribution, and spatial correlation) is
extracted. In order to improve statistics, the intensity of ¢, cuts
in a narrow range of Ag. is integrated.

Optical Interference Measurements. Thickness and optical
constants (n and k) were measured with the Filmetrics F20
Thin-Film Measurement System (Filmetrics Inc., San Diego).
The spot size of the light beam is adjustable from 500 um to 1 cm.
The characteristic intensity oscillations in the reflectance spec-
trum are analyzed in a wavelength regime from 340 to 1100 nm.

FTIR Spectroscopy. The H—D exchange reaction between
P(S-6-NIPAM) and D»O was measured with FTIR spectrosco-
py using a JASCO FTIR-4100 spectrometer. The PS-H-PNI-
PAM dry film was prepared by solution-casting from a 1,

4-dioxane solution on a MIRacle diamond substrate. The film
thickness was in the range of 1—3 um. Next, the P(S-6-NIPAM)
film was exposed to a saturated D,O atmosphere at 23 °C for
30 min. Afterward, the P(S-b-NIPAM) film was dried in air at
23 °C for 15 min before the FTIR measurement. For compar-
ison, a second dry P(S-H-NIPAM) film was prepared and treated
in the same way but with H,O replacing the D,O used before.
The experiments were repeated to ensure reproducibility of the
reported results.

Optical Microcopy. The sample surfaces were observed with
optical microscopy using a Zeiss Axiotech 25H optical micro-
scope with magnifications between 5x and 100x. A Hitachi
KP-D50 CCD camera recorded the micrographs.

Atomic Force Microcopy. The surface topography was im-
aged with atomic force microscopy (AFM) in tapping mode
condition. A phase shift micrograph was recorded to distinguish
between hard and soft materials. The measurements were
carried out with an Autoprobe CP Research AFM instrument
on dry films in ambient air atmosphere at room temperature.
Gold-coated silicon cantilevers (Ultralever cantilevers) with a
resonance frequency of 75 kHz and a spring constant of 2.1 N/m
were used. The used tip had an asymptotic conical shape with a
high aspect ratio and a curvature radius of 10 nm which is small
as compared to the measured structures. To improve the accu-
racy of the AFM height and lateral information, calibration was
performed with calibration standards.

3. Results and Discussion

a. Initially Spin-Coated Films. Using 1,4-dioxane solutions
P(S-b-NIPAM) films of different thicknesses were prepared
on Si with spin-coating. To obtain a large range of different
film thickness, the concentration of the solutions used for
spin-coating was varied from 0.1 to 30 mg/mL. The spin-
coating parameters (spinning speed, acceleration, and spin-
ning time) were kept fixed and films were prepared at room
temperature. With optical microscopy the surfaces appear
smooth and continuous. No large-scale heterogeneities
are observed. Thus, the P(S-h-NIPAM) films behave with
respect to surface structures very similar to films of end-
capped PNIPAM prepared from dioxane solutions,*'
whereas it was reported that very thick (bulklike) PNIPAM
gel films (thicknesses on the order of 60 yum) were inhomo-
geneous on a micrometer scale.>

The X-ray reflectivity measurements at the initial spin-
coated films confirm the film homogeneity observed with
optical microscopy, except for an extremely thin film
(thickness of 0.8 nm). Figure la shows the corresponding
data for a selection of dry P(S-5-NIPAM) films. From the
bottom to the top, the film thickness increases from 0.8 to
190 nm. All reflectivity curves, with the exception of the data
from the thinnest film, exhibit well-pronounced fringes,
which extend to large values of the scattering vector compo-
nent ¢.. So for film thicknesses larger than 0.8 nm we obtain
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Figure 2. Topography AFM images of P(S-b-NIPAM) films with different thicknesses: (a) 17.1, (b) 28.1, (¢) 121.8, and (d) 204 nm. The scan area is 1
um x 1 um for all AFM images. The structure height increases with the brightness of the structures in the images. The height scale bar range is 0—3 nm.
(e) Time-dependent changes of the water uptake for different thicknesses. From top to bottom the thickness decreases: 47 (black), 61.4 (red), 121.8

(green), and 204 nm (blue). (f) Water uptake as a function of film thickness.

homogeneous films with a small surface roughness. For
smaller film thicknesses, represented by the thinnest film
(0.8 nm), the fringes in the reflectivity curve are strongly
damped due to the imperfections of the block copolymer layer.

Although spin-coating is a widely used process, its theore-
tical description is complicated and even in the case of simple
homopolymers not fully understood. Therefore, typically in
literature empirical relations are used to describe the depen-
dence of the obtained film thickness of the spinning parameters
or the concentration.”* >® Figure 1b shows that the linear
dependence of the resulting dry film thickness on the concen-
tration used for spin-coating is valid for the investigated
diblock copolymer P(S-5-NIPAM), if spin-coated from 1,
4-dioxane solutions. From Figure 1b it is easily possible to
prepare P(S-h-NIPAM) films of the desired thickness in a
reproducible way. This saves material and allows for experi-
ments with the film thickness as control parameter.

To probe the surface structure of the P(S-5-NIPAM) films
with high resolution, atomic force microscopy (AFM) is
used. Figure 2a—d shows an example of topography data
having a scan size of | um x 1 um to emphasize local surface
structures for dry film thickness of 17.1, 28.1, 121.8, and
204 nm. In this range of film thicknesses, all films have a
surface structure on the nanometer scale, which is caused by
the microphase-separation morphology of P(S-5-NIPAM).
In contrast for very thin films, such as for 0.8 nm film
thickness, only large polymer islands (180—250 nm in dia-
meter) are observed. The Si substrates are no more homo-
geneously covered, if the material present is insufficient
to form a complete P(S-5-NIPAM) film. This incomplete
surface coverage causes a large surface roughness (peak-to-
valley amplitude equal to the film thickness), which explains
the absence of fringes in the X-ray reflectivity data. During
the spin-coating dewetting occurs which was observed in
case of many other polymer—solvent pairs as well.”” How-
ever, in case of hydrogel films dewetting so far has not been
investigated in detail.*’ In contrast, alternative routes for
patterning were applied, such as techniques based on
lithography®~° or on the self-organization in thin soft films
when they are confined by adhesive forces such as the van der
Waals and electrostatic forces.®’

At higher concentration, continuous films are formed,
which exhibit a surface structure reflecting the microphase-
separated structure of the diblock copolymer. With increasing

film thickness, the surface structures coarsen laterally and
become more oriented, whereas the height of the surface
structures (peak-to-valley amplitude) decreases from 2 to
0.5 nm. Hence, a simple way to control the film thickness for
water storage applications of the glassy thin P(S-5-NIPAM)
films is at hand by varying the concentration of the P(S-b-
NIPAM) solutions. With respect to applications requiring
homogeneous films, the film thickness range from 1.7 to
204 nm is accessible.

b. Comparison between Dry and Cycled Films. With optical
interference measurements the time-dependent swelling of the
P(S-b-NIPAM) films was examined as a function of film thick-
ness. All homogeneous films show no increase in film thickness
during water uptake. The incorporation of water causes only a
change in the refractive index, which is used to determine the
amount of water stored inside the film. The kinetics of water
uptake are shown for four selected film thickness in Figure 2e.
Interestingly, with increasing film thickness the ability to include
water into the film decreases (see Figure 2f).

Out of the accessible film thickness range for the storage
and removal cycles one fixed film thickness was selected to
accommodate with the limited available neutron beamtime.
We selected a P(S-6-NIPAM) film thickness of 47 nm,
which is on the one hand not in the extremes of the accessible
film thickness range and on the other hand marks a
good candidate for application. With neutron reflectivity,
GISAXS, and AFM the initial dry P(S->-NIPAM) film and
the same film after each cycle are probed (see Scheme 1).
Figure 3 shows the corresponding AFM data, giving infor-
mation about changes in the film surface.

The perpendicularly oriented cylindrical domains of PNI-
PAM in the PS matrix are quite distinct in all the images. The
domain size is ~20 nm in diameter. Upon increasing water
storage cycles, the surface roughness of the P(S-5-NIPAM)
film increases slightly, the cylindrical domains become more
and more distorted, and some larger structures arise up on
the film surface. Regarding the film surface the aging of the
P(S-b-NIPAM) film starts significantly with the fourth cycle.
However, the local microphase separation structure remains
unchanged in size.

To get information about changes of the structure inside
the P(S-b-NIPAM) film, neutron reflectivity is used. Figure 4
shows the corresponding data and the resulting scattering
length density (SLD) profiles.
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Figure 3. Topography AFM images of P(S->-NIPAM) films before water storage (0) and after seven water storage cycles (1—7). The scan area is 1 um
x 1 um for all AFM images. The structure height increases with the brightness of the structures in the images. The height scale bar range is 0—3 nm.
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Figure 4. (a) Neutron reflectivity data (dots) shown together with model fits (lines) for the 47 nm thick P(S-b-NIPAM) film initially prepared (bottom
curve) and measured after complete storage and removal cycles (number of cycles increases from bottom to top). (b) Resulting scattering length density

(SLD) profiles show a bilayer structure on top of the Si substrate.

Whereas for X-rays the P(S-b-NIPAM) film appears
mostly homogeneous along the surface normal due to the
negligible contrast, due to the much larger contrast in
neutron reflectivity an internal structure is resolved. The
initially spin-coated, dry film has to be described as a bilayer.
The bottom layer, namely the part of the polymer film which
is directly in contact with the substrate (denoted interface
part), has an SLD of 0.87 x 10~¢ A2 and a thickness of
1.9 nm. Because the SLD of the pure] PNIPAM bulk material
from the literature is 0.869 x 10 A~2°? we conclude that
close to the Sisubstrate a purely PNIPAM containing layer is
present. In contrast, the top layer, namely the part of the
polymer film which is in contact w1th air (denoted main
part), has an SLD of 1.31 x 10~ ® A7 This top layer has a
thickness of 45.5 nm and an average roughness of 0.5 nm.
Therefore, the main part of the film consists of P(S-b-
NIPAM). The interface enrichment of PNIPAM can be
explained by the hydrophilicity introduced by the chemical
treatment of substrate used for cleaning of the Si.'' The
substrate has a hydrophilic oxide layer with a Water contact
angle of 0° (water can spread on the surface).®® This hydro-
philic oxide layer has a very strong attraction to the PNI-
PAM segments, and a high volume fraction of PNIPAM
segments is located at the interface with the substrate.

After each storage and removal cycle, the neutron reflec-
tivity data are only slightly changed. Thus, each storage and
removal of water does not have a dramatic influence on the
P(S-b-NIPAM) film. However, a careful inspection of the
resulting SLD profiles (see Figure 4b) shows slight changes.

Fitting with a bilayer model is still necessary, but the SLD of
both layers changes with cycle number and the surface
roughness increases in good agreement with the AFM data.
In contrast, the thicknesses are not affected, which gives a
first hint that the investigated P(S-b-NIPAM) film is well
suited for cyclic storage applications and aging does not
destroy the film.

With increasing cycle number the SLD values increase,
which can only be explained by the irreversible incorporation
of D»O used in the investigation of the cyclic switching or by
an H—D exchange reaction happening during the water
storage.

In principle, simultaneously with the neutron reflectivity
at D17 the off-specular neutron scattering was measured as
well. This off-specular scattering showed an increase in
intensity with increasing number of swelling cycles due to a
buildup of an internal disorder. However, detailed modeling
of such off-specular neutron data is rather complicated, and
only information about large-scale structures is obtained.
Because grazing incidence small-angle neutron scattering
(GISANS) is strongly flux limited, we used GISAXS to
obtain information about lateral structures inside the
P(S-b-NIPAM) film on the scale of the microphase separa-
tion structure. In GISAXS the contrast is less favorable as
compared with GISANS, but as visible in Figure 5 the inner
film structure is well resolved.

Figure 5 shows the vertical and horizontal cuts from the
2D GISAXS intensity. From the vertical cuts, we can find
that the perpendicular structure (correlated roughness,
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Figure 5. GISAXS data of P(S-»-NIPAM) films before water storage
(bottom curve) and after seven water storage cycles (subsequently
shifted seven curves): (a) vertical cuts showing structures along the
surface normal and (b) horizontal cuts (dots) displayed together with
model fits (lines) showing in-plane structures.

highlighted by the box in Figure 5a) is damped with increas-
ing cycle number. So the initially long-ranged correlated P(S-
b-NIPAM) film becomes independent in its surface struc-
tures from the substrate by slight roughening.

In the horizontal cuts, one well pronounced peak (denoted
with II in Figure 5b) is present from the beginning and a
second broad and shoulder-like peak (denoted with I in
Figure 5b) is building up in the last cycles. The intense peak
is caused by the microphase separation structure, and from a
fit to the data we obtain a structural length of 21 nm. This
value is in good agreement with the AFM data and repre-
sents the distance between adjacent PNIPAM cylinders in
the PS matrix. During cycling the microphase separation
structure is not changed (neither swollen nor shrunk), which
is a good argument to exclude residual solvent being present
inside the P(S-h-NIPAM) film after a finished storage and
removal cycle. Only the peak intensity is slightly decreasing
with increasing cycle number shown a slight disordering of
the PNIPAM cylinders inside the PS matrix.

During the cycling of the film a second and larger structure
growing causing the shoulder-like peak. This larger structure
is domains on the size of 150 nm which are seen to some
extent with AFM on the film surface as well. Thus, the
perturbance of the structure yields domains inside the film
and at the film surface which cause the main aging of the
P(S-6-NIPAM) film.

c. Water Storage and Removal Cycles. For a deeper under-
standing of the aging the water storage and removal is
probed with in-situ neutron reflectivity and off-specular
scattering. In-situ GISAXS measurements are impossible
due to radiation damage occurring at swollen P(S-b-
NIPAM) films. Anyhow, the contrast necessary for deter-
mining the water content in the thin P(S-»-NIPAM) film is
gained from the use of deuterated water (D,O) in combina-
tion with the protonated polymer in a neutron scattering
experiment. In a kinetic experiment the initially prepared dry
glassy film is exposed cyclicly to water vapor (see Scheme 1),
and with in-situ neutron scattering measurements the
changes of the film due to storage of water are monitored.
In Figure 6a, a representative 2D detector pattern of the
scattered intensity (displayed as a function of wavelength
A and the exit angle ay) is shown.

Because off-specular intensities are significantly lower
than the specular ones, a detailed analysis of intensity as a
function of lateral wavevector component ¢, is impossible
for the kinetic data. The necessary improvement of statistics
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Figure 6. (a) Representative 2d detector pattern of scattered intensity
displayed in the wavelength A vs exit angle oy presentation. The red
boxes mark the area integrated for the analysis of diffuse scattering. (b)
Intensities integrated over the areas Y1, Y2, and M (as explained in the
text) shown on a logarithmic axis as a function of time for the seven
storage and removal cycles. The curves are shifted along the y-axis for
presentation.

is achieved by an integration of off-specular intensities.
Thus, to maintain the very high time resolution (30 s) of
the scattering experiment and to account for the kinetic
changes of the films due to water storage and removal,
integration is performed in g-space rather than in the time
domain. The red boxes in Figure 6a mark selected regions in
the intensity, which are used for integration and further
analysis: integration region of the specularly reflected inten-
sity (M) and off-specular scattered intensities—Y oneda peak
intensities of deuterated material (Y1) and protonated ma-
terial (Y2).

Figure 6b shows the time evolution of specular reflectivity
(M) and off-specular reflectivities (Y1, Y2) for the seven
repetitive cycles of water storage and removal. Because of the
incorporation of D,O, the scattering length density (SLD) of
the film increases, resulting in the increase of the reflected
intensity and shift of the position of the total reflection edge
toward a smaller 4 value. Accordingly, the intensity in the
region M increases with absorption of D,O. The off-specular
intensities Y 1 and Y2 increase with time due to the buildup of
a lateral structure inside the glassy block copolymer film
because D50 selectively diffuses into parts of the film. After
the vapor is extracted, both of the specular and the off-
specular intensities decrease to the initial state of the water
storage immediately and reach stability after 2.5 h. However,
with increasing cycle number the actual intensity values
change, and only the overall shape stays unchanged. As
expected in terms of an aging process, the amplitudes
decrease from cycle to cycle.

A more detailed analysis of the time evolution of water
storage in the glassy hydrogel film is achieved by fitting the
individual neutron reflectivity curves. From these fits the
total P(S-b-NIPAM) film thickness and water penetration
(% v/v) are determined.

The injection of D,O marks the start of the water-absorb-
ing process for each cycle (see Scheme 1). In the first cycle,
from the beginning of the D,O penetration until the satura-
tion is reached, the total thickness of the film only increased
by 1.2 nm, with the thickness of the interface part of the film
(bottom layer) increasing by 0.25 nm. So in total, the glassy
hydrogel film increases its thickness only by 2.5%, which is
the key point for applications. In detail, the interface part
(bottom layer) swells by 10.8% in height which is much more
than the main part (top layer), which swells only 2.2% in
height. It indicates that the high PS volume fraction seriously
reduces the swelling capability of the P(S-5-NIPAM) film as
the bottom layer mainly consists of PNIPAM. As the solid
substrate is not deformable and thus the swelling can only
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happen in the direction normal to the surface, we can
conclude that the volume of the whole P(S->-NIPAM) film
only increased by 2.5%."!

From the changes of the SLD values, the D,O volume
fraction @p ¢ of the film is calculated using

o = ! (1)

0 -y

where n denotes the in-situ probed SLD of the film, n; the
initial SLD of the dry film, and n, the SLD of D,O. In
Figure 7a,b, the time evolutions of the D,O volume fraction
®p o of the top layer and the bottom layer are presented. As
known from the initial water absorption,'' both parts of the
P(S-6-NIPAM) film behave differently and two different
kinetic behaviors are observable.

The water absorption of the main part of the film, given by
the top layer, can be divided in two different regimes. We
denote them by stage I and II (see Scheme 2). In the first
regime (stage I, 0—1.22 x 10° s), the water storage rate first
increases rapidly and then reaches a plateau. D,O vapor
molecules enter into the porous structure of the block
copolymer film and diffuse into all accessible volume of the
film. During this mass uptake the initial film structure stays
unchanged as proven by the off-specular scattering shown in
Figure 6b because the integrated values of the off-specular
intensities Y1 and Y2 show nearly no increase, meaning that
D,0 has not yet selectively diffused into the PNIPAM
domains in this stage. As a consequence, the D,O volume
fraction ®p o of the top layer is increased to 5% irrespective
of the cycle number. Obviously, the accessible porous struc-
ture is not affected by the cyclic switching of the P(S-b-
NIPAM) film. In the second regime (stage II, 1.22 x 10°
s—end) the coiled PNIPAM chains start to swell and attract
selectively D>O molecules because PNIPAM is soluble in
D,0, which causes a strong attractive interaction between
them, whereas the net interaction between the polymer
segments of the copolymer is repulsive. This causes a strong
increase of the integrated off-specular intensities Y1 and Y2
(see Figure 6b). An internal contrast is built up due to
enrichment of D,0 in selected domains and a reorganization
of the initial microphase separation morphology. Because PS
has a strong repulsive interaction with D,O and PNIPAM,
the PNIPAM chains initially can only swell to the free
volume space between the PS and PNIPAM domains, which
is formed due to the phase separation between PS and
PNIPAM, until maximum water storage is reached. With
increasing cycle number this maximum value decreases.

The water absorption of the very thin interface part of the
P(S-b-NIPAM) film, which consists of pure PNIPAM,
behaves differently from the majority of the film (see
Figure 7b). Only a single regime is discovered in the increase
in the absorbed water from the increase in SLD. Similar to
the second regime probed for the main part of the film, the
ability to incorporate water decreases with increasing cycle
number. However, the effect is not as strong as for the main
part of the film.

The swelling kinetics of a spherical gel was formulated by
Tanaka and Fillmore on the basis of a cooperative diffusion
theory,®* wherein the shear modulus was considered to be
negligible in comparison with the osmotic compressive mod-
ulus. By including a non-negligible shear modulus, Peters
and Candau®® developed a general model to characterize the
swelling kinetics of spherical, cylindrical, and disklike poly-
mer gels. Later, Li and Tanaka® proposed a two-process
mechanism after realizing that neither gel swelling nor
shrinking can be considered to be a pure diffusion process.
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Figure 7. Water absorption inside the P(S->-NIPAM) film as a
function of time for the seven storage cycles: (a) for the main part
of the film (top layer) and (b) for the interface part of the film (bottom
layer). From top to bottom: black, red, green, blue, dark yellow,
magenta, and dark red wine circles represent cycle number 1 to
7, respectively. Lines in panels (a) and (b) are fits of Eq. 4. (c) Time
constants 7 determined for the storage kinetics of each individual cycle
for the main (circle) and interface (triangle) part of the film.

Scheme 2. Structural Evolution during the Applied Storage and
Removal Cycles”

PS PNIPAM
stagel =7 PNIPAM
V4 = ] interface layer
!
v stage I
IGO0 00700050
WS <~ |08 mo
—— EE— —
1 4
\ 1
\ stage IT 7
\\ /'stageIII
stage T ’
¢ s, g _--7
15480408
EE—

“The initial cycle is indicated by the dashed arrows and the all
subsequent cycles with the solid arrows. Dark blue dots represent water.
The changes are exaggerated.
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They predicted that the shear modulus (Mge,,) is related to
the net osmotic modulus (M) and the osmotic bulk mod-
ulus (Kpu) by

M shear o M shear

R = =
Mos Ko+ % Misnear

2)

According to Li and Tanaka, the swelling or shrinking
follows

#p;0(=) ~dp,0 i:Bn exp(-%) 3)

$p,0() N =

where ¢p o and ¢p,o(e0) are the solvent uptake at time # and
infinite time (i.e., at equilibrium), respectively; [(¢p o(e) —
#D,0)/ ¢p,0(=)], the relative swelling capacity at time #; B,,, a
complicated function of R; and 7,,, the relaxation time related
to the nth mode. When 1> 1 or7; > 1, (n = 2) or B; > B,
(n = 2), all high-order terms (7 = 2) in eq 3 can be dropped. In
this case, the swelling and shrinking follows a first-order
kinetics, i.e.

#p,0() —$p,0 gt
1“( #5.0(=) >‘1 Bime @

where B is related to R by®®

B 2(3—4R)
o2 —(4R—1)(3—4R)

By (5)

and 7, is related to the collective diffusion coefficient D, by

32.°2
= 6
C ‘51(112 ( )
with a; being a function of R, i.e.
1 0.1.]0((11)}
R=-|1+————+ 7
4 { J] ((11) ( )

and Z., being the disk thickness in the final swelling equilib-
rium state, where J, and J, are the zeroth- and first-order
Bessel functions. In case of a thin film Z.. is replaced by the
part of the thickness of the film which is occupied by water.
The r-dependence of [(¢p,0() — ¢p.0)/¢p.o(=)] can
lead first to B; and 7; and then to R and D, on the basis of
eqs 4—7.

Figure 7a shows the water uptake of the main part of the
film versus time. At ¢ — oo the maximum water uptake
¢p,0(=) is reached. On the basis of eq 4, B, and 7, were
determined by fitting. As visible in Figure 7a, we can describe
the main part of the swelling of the thin P(S-5-NIPAM) film
by the first-order kinetics (eq 4). Table 1 summarizes the
values of ¢p,o(), 71, By, R, and D of the main part of the
film.

In case of a thin gelatin gel film the value of R is about
0.67.%7-%% and for macroscopic sized gels®®® the value of R is
in a range from 0.3 to 0.4, which are comparable to the values
we get. According to the definition of R, the decrease of R
during cycling means Ky, increases faster than Mpe,,. The
value of B, is 0.71 for very thick disklike gels (1.33 mm in
thickness)®® and 0.87—0.95 for thick films (60 um in
thickness).®” 7; is 1.3 x 10* s for the disklike gels®® and
(0.05—0.16) x 10* s for thin films.%” Again, our determined
values cover this range and are decreasing with cycle number.
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Table 1. Values of ¢p,0(=), 71, By, R, and D, of the Main Part of the
P(S-b-NIPAM) Film

cycle no. ép,0(>) 71/10%s B R D/1071% em?/s
1 17.8 0.66 0.85 0.55 4.59
2 15.2 0.57 0.85 0.55 5.09
3 13.2 0.54 0.82 0.53 4.71
4 10.8 0.52 0.77 0.44 3.52
5 10.4 0.52 0.71 0.34 2.79
6 9.8 0.49 0.68 0.29 2.68
7 9.2 0.49 0.68 0.29 2.65

Table 2. Values of ¢p,0(), 71, By, R, and D, of the Interface Part of
the P(S-b-NIPAM) Film

cycle no. ¢p,0() 7,/10% s B R D/107 "8 cm?/s
1 38 0.5 0.68 0.29 7.23
2 37.5 0.5 0.66 0.29 6.98
3 36.5 0.5 0.68 0.29 7.07
4 34 0.47 0.68 0.29 7.25
5 33.5 0.47 0.72 0.34 7.98
6 32.8 0.44 0.68 0.29 7.61
7 32 0.43 0.72 0.34 8.53

In the final cycles this decrease stops, which demonstrates
that the aging is not continuing. Only the values of D, which
is related to the final thickness of the film Z.., is much smaller
(factor 6—9) than those of the literature®®” because our film
thickness is in the nanometer scale.

Figure 7b shows the water uptake of the interface part of
the film (bottom layer) versus time. Table 2 summarizes the
values of ¢p,o(>), 71, B, R, and D, resulting from a fit with
the model described above.

As Table 2 shows, the values of 7; and D, have only a slight
decrease, and the values of By and R are nearly constant. The
values of B; and R of the interface layer are nearly the same
as those of the main layer during the last cycles. For
comparison, the resulting relaxation times of both parts
are shown in Figure 7c.

Regarding relaxation times, it is worth noting that pure,
thick PNIPAM homopolymer gel films follow the same
behavior but with a strong thickness increase.”® The relaxa-
tion times of pure PNIPAM gel film were 530 s at 21 °C and
810 s at 25 °C. For the investigated P(S-5-NIPAM) film the
relaxation times of the main part of the film are larger than
the ones of the interface part. For the main part of the
initially prepared film, 7; = 660 s is determined at 23 °C,
which compares well with the observations by Zhou and
Wu.>* Thus, diffusion in the second regime is driven by the
PNIPAM domains. However, in contrast to PNIPAM gel
films, in the investigated P(S-b>-NIPAM) film the volume
fraction of the PS domain takes a dominant role (72.4%),
and thus the total swelling is seriously restricted.

In summary, the mechanism of the water storage and
water removal in cyclic switching of the P(S-b-NIPAM) film
is described in Scheme 2. In a first stage (stage 1), the water
molecules diffuse into all accessible volume of the whole
P(S-b-NIPAM) film. Next, in a second stage (stage 2), the
PNIPAM chains are in contact with the water molecules and
swell but are restricted by the PS domains, which causes a
slight reorganization of the initial microphase separation
morphology (overemphasized for clarity in Scheme 2). Third
(stage 3), after extraction of the water by applying vacuum,
the PNIPAM cannot relax back totally because of the
restriction by the PS domains and deformations remain.
The resulting structure serves as the input for the next
swelling, again starting with the stage 1 process, but water
molecules enter in a modified P(S-b-NIPAM) film. After
several repeated cycles, the PNIPAM structures equilibrate
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Figure 8. Maximum water absorption of the P(S-5>-NIPAM) film at the end of each water storage cycle plotted as a function of the cycle number: (a) for

the main part of the film and (b) for the interface part of the film.
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Figure 9. The remaining water in the P(S-h-NIPAM) film at the end of each removal of the water vapor plotted as a function of the storage and removal
cycle: (a) for the main part of the film and (b) for the interface part of the film.

in a different and, with respect to the water storage capacity,
less favorable morphology.

d. Aging during Cyclic Switching. The aging of the P(S-b-
NIPAM) film in terms of the water storage capacity is
visualized by the maximum water absorption of the P(S-b-
NIPAM) film at the end of each water storage cycle shown in
Figure 8. In fact, in the first four cycles for the entire film the
aging is stronger than in the subsequent three cycles. During
the first four cycles, for the main part of the film the
maximum storage capacity decreases from 17.8 to 10.8%.
However, from the fourth cycle to the seventh cycle, it only
decreases slightly (from 10.8% to 9.2%), which shows that
the film gradually reaches the equilibrium state of aging.
With respect to application such a behavior is advantageous.
The film can be reused for water storage and aging slows
down.

In contrast to the behavior of the main part of the film, the
interface part (pure PNIPAM) has a stronger ability of water
storage. It absorbs 38% water at the end of the first water
storage cycle. Moreover, as compared to the main part it
does not show an as high reduction in the water storage
ability with increasing cycle number. In the interface part of
the film, consisting of pure PNIPAM, the decrease of the
stored water volume fraction decreases from initially 38 to
32% after seven cycles. The difference between the main part
and the interface part of the film in terms of aging hints that
the main reason for such decrease is due to a structural
reorganization of the microphase-separated structure,
whereas the pure PNIPAM part undergoes more reversible
changes.

The initial structure of the P(S-5-NIPAM) film results
from its preparation out of 1,4-dioxane solution. Because
dioxane is much less selective for both blocks of the diblock
copolymer than water, the structure is different from the one
which would have been observed from aqueous solution.
After being in contact with water, caused by the absorption
of water from the water vapor, the glassy and water-insoluble

PS blocks confine the swelling of the water-soluble PNIPAM
blocks. The morphology starts to slightly rearrange within
the spatial confinement introduced by the glassy PS matrix
which introduces the deformation and slight destruction of
the initially formed PNIPAM structures (see Scheme 2).
GISAXS and AFM reveal that this change is due to a domain
formation whereas the local microphase separation structure
(cylinders of PNIPAM in a matrix of PS) is unaffected. After
several cycles, the water incorporation ability of PNIPAM
blocks is reduced but finally reaches an equilibrium state,
which is again important for applications which require
cyclic water storage.

e. H—D Exchange Reaction. From the neutron reflectivity
data measured before each storage cycle and after water
removal, slight modifications of the P(S--NIPAM) film
were observed (see Figure 4). These changes cannot be
explained by the rearrangement of the P(S-5-NIPAM) film.
Any rearrangement of the PS and PNIPAM domains, both
being fully protonated, cannot explain an increase in SLD.
Deuterated material (D,0O) needs to be involved to explain
such increase of the SLD. From the measured increase in
SLD the amount of remaining water in the P(S-5-NIPAM)
film is determined (see Figure 9). The main and interface part
of the film behave differently. After one cycle, in the main
part of the film ~1% v/v water remains. Within the error bar
this values stays unchanged for the subsequent six cycles. In
contrast, in the interface part of the film, the amount of
remaining water increases during the first six cycles and
reaches an equilibrium value of 7% v/v significantly later.
Such a difference can be caused either by the composition of
the different parts (main vs interface—P(S-b-NIPAM) vs
PNIPAM) or by the interaction with Si substrate.

The remaining water can be caused by formation of strong
chemical bonds between D,O and PNIPAM molecules
(bound water). Alternatively, H—D exchange occurring
during water storage inside the film can give the impression
of not extractable water. To get independent information, we
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Figure 10. IR spectra of P(S-b-NIPAM) film: (a) as prepared, (b) after
exposure to H>O at 296 K for 30 min followed by drying in air at 296 K
for 15 min, and (c) after exposure to D,O at 296 K for 30 min followed
by drying in air at 296 K for 15 min.

used FTIR on the P(S-5-NIPAM) film before and after
exposure to the vapor of H,O and D,O for 30 min at
23 °C. The results are shown in Figure 10. For the dry P(S-b-
NIPAM) film, two bands due to NH, groups were observed at
3300 and 1541 cm™!, which result from N—H stretching.
Besides these bands, the absorption bands in the range of
2800—3000 and 1650 cm™ ', assigned to C—H stretching and
the characteristic peak of the C=0, are observed, respectively.
After the dry film exposure to H,O vapor for 30 min and
drying in air for 15 min, there was no change except that the
3300 cm ™' band is dampened and broadened.

However, when the dry P(S-5-NIPAM) film was exposed
to the D,O vapor for 30 min and then dried in air for 15 min,
the bands due to NH, disappeared, and two bands appeared
at 2411 and 2343 cm~'. These bands are attributed to
asymmetric and symmetric N—D stretching. We conclude
that the exchange reaction between NH, and D,0 occurred
during the water storage. The exchange probably proceeds
via anionic intermediates. This indicates that the basic
strength of the —NH, group of P(S-b-NIPAM) is stronger
than the pK, value of D,0O. Consequently, H—D exchange
has to be considered and is the origin of the apparently
remaining water. Thus, the FTIR result is in good agreement
with the GISAXS observation, and we can exclude residual
solvent being deposited during cycling.

4. Summary

Using P(S-b-NIPAM) with a long PS and a short PNIPAM
block in combination with a solvent, which is more equal in
interaction with the both blocks than water, results in thin films,
which allow for water storage without swelling. The installed
glassy matrix suppresses the swelling inherent for hydrogel films
(e.g., PNIPAM films) and gives the necessary stability to enable
repeated water storage. Although the internal rearrangement of
the structure installed out of 1,4-dioxane during storage cycles
decreases the amazingly high capability of incorporating close to
17% water in total without swelling, aging of the films is limited.
Aging stops after several storage cycles, and a reduced water
storage capacity remains.

The mechanisms of the water storage and water removal do
not depend on the cycle number (see Scheme 2). With the
investigated glassy films, we have a new material at hand which
allows repeated storage of water at fixed volume or fixed film
thickness conditions. Thus, this material will avoid problems
related to swelling induced strain. It can be used for coatings
reducing humidity in nanoapplications, which might suffer from
changes in the water content of the surrounding atmosphere.
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