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ABSTRACT: Thin thermoresponsive hydrogel films of poly(N-isopropylacrylamide) end-capped with
n-butyltrithiocarbonate (nbc-PNIPAM) on silicon supports with a gold layer on top, causing an asymmetric
confinement, are investigated. For two different gold layer thicknesses (nominally 0.4 and 5 nm), the swelling
and switching kinetics are probed with in situ neutron reflectivity. With a temperature jump from 23 to 40 °C
the film is switched from a swollen into a collapsed state. For the thin gold layer this switching is faster as
compared to the thick gold layer. The switching is a two-step process of water release and a subsequent
structural relaxation. In swelling and deswelling cycles, aging of the films is probed. After five cycles, the film
exhibits enhanced water storage capacity. Grazing-incidence small-angle X-ray scattering (GISAXS) shows
that these gold coated nbc-PNIPAM films do not age with respect to the inner structure but slightly roughen
at the gold surface. As revealed by atomic force microscopy, the morphology of the gold layer is changed by

the water uptake and release.

1. Introduction

Environmentally responsive polymers have been widely stu-
died over the last decades. Among the thermoresponsive poly-
mers Polg/(N—isopropyldcrylamide) (PNIPAM) is heavily investi-
gated' ~'* and frequently used in applications.”'*~'* 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 dilute and concentrated solutions.
PNIPAM polymers are well hydrated and swollen in their
hydrophilic state (below 32 °C), while they release water and
collapse in the hydrophobic one (above 32 °C). PNIPAM is
characterized by a very weak sensitivity of the LCST on molec-
ular parameters such as the molecular weight and the particular
value of the LCST which in water is slightly less than body
temperature (at 32 °C).> For technical and biomedical applica-
tions such value and the insensitivity are beneficial. Therefore,
PNIPAM is successfully used in various ﬁelds including micro-
actuators and microvalves,'” optical devices,? protein screenmg
and fractionation,21 controlled drug and gene delivery,®* and
solute separators

However, many technical applications require a mechanical
stability which is offered by a PNIPAM hydrogel.** Instead of
introducing chemical cross-links to obtain the hydrogel, physical
cross-links can be generated by the use of PNIPAM-based block
copolymers with a hydrophobic second block. In most cases,
polystyrene (PS) was chosen as the hydrophobic glassy block,
and diblock copolymers P(S-b-NIPAM)*>~ 8 and triblock copo-
lymers P(S--NIPAM-b-PS) were studied.'***~3* But, by adding
hydrophobic, glassy units to the PNIPAM chain, the response
and the LCST are affected. Moreover, the swelling ability reduces
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with increasing size of the PS block.>**%37 As a consequence, the
other extreme of having only small end-groups compromises an
optimal swelling capacity with a certain mechanical stability.
Recently, we have investigated PNIPAM end-capped with
n-butyltrithiocarbonate (nbc-PNIPAM).*® This end-capped
PNIPAM can be understood as the extreme of a triblock copoly-
mer by showing an internal structure and a strong swelling even in
water vapor.*®

Regarding the response time, bulk hydrogels are slow, promot-
ing microgels®*** and thin films*~* to be considered as better
systems with shorter response times. The volume change appears
much faster if the hydrogel dimensions are in the submicrometer
range. In particular, thin films allow for advanced applications
such as thermoresponsive surfaces, miniaturized sensor systems,
and nanoswitches.*’ > Whereas thermoresponsive surfaces
make use of a change in the wetting properties, triggered by a
change in temperature, miniaturized sensor systems and nano-
switches are based on the change in hydrogel film thickness, because
the surface area is fixed. ™

A simplified thin film model sensor and nanoswitch will consist
of the active (sensor) layer and a metal top-layer on top of a solid
support. The active layer contains PNIPAM. Such sandwich
structure gives rise to an asymmetric confinement of the PNI-
PAM film. Although PNIPAM and the temperature responsive-
ness of its aqueous solutions or water-soaked films have been
studied in great detail,''** PNIPAM-based, confined polymer
thin films are rarely investigated. Regardless of the polymer and
metal used, an important concern in metal coatings are the
interactions occurring at the metal—polymer interface, since
characteristics like swelling and switching behavior could be
strongly influenced by the presence of an additional interface.
Related to this is the question how the polymer and the swelling
and switching process influence the metal film morphology.
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In the present investigation we use nbc-PNIAPM and a gold
top-layer. Central aim of this work is to probe the swelling and
switching kinetics of such confined, gold coated nbc-PNIPAM
films. These films are exposed to water vapor atmosphere to
detect the swelling kinetics and capacity, resembling the sensor
function. In addition, these films are switched by a temperature
jump from a temperature well below the LCST to a temperature
well above the LCST. Such jump will operate the film as a
nanoswitch.

With the use of deuterated water and protonated nbc-PNI-
PAM we have a good contrast to detect the amount of water
absorbed inside the polymer layer by using neutron reflectivity.
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
(deuterated) water vapor. These measurements are complemen-
ted by atomic force microscopy to observe the surface morphol-
ogy of the gold layer and by grazing-incidence small-angle X-ray
scattering to detect lateral structures inside the nbc-PNIPAM
films. We investigate two different gold layer thicknesses: A thin
gold layer of 0.4 nm nominal total thickness and a thick gold layer
being nominally 5 nm thick.

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 of the gold layer deposition
and the switching kinetics caused by the temperature jump,
followed by the swelling kinetics and cyclic swelling. A Conclu-
sion ends the article.

2. Experimental Section

2.1. Materials. The polymer used is n-butyltrithiocarbonate
end-capped poly(N-isopropylacrylamide), denoted nbc-PNI-
PAM, with a molecular weight of 39000 g mol~'. The synthesis
process and molecular characteristics of the polymer are des-
cribed in detail elsewhere.*® Deuterated water (D,O) (purity
99.95%) was purchased from Deutero GmbH. 1,4-dioxane was
received from Acros. Dichloromethane, ammonia solutions
(NHj;, 30—33%), and hydrogen peroxide (H,O,, 30%) were
ordered from Carl Roth GmbH. Silicon substrates (Si 100,
n-type) were from Silchem.

2.2. Sample Preparation. We used precleaned silicon with a
native oxide layer on the surface as substrates for the thin nbc-
PNIPAM films. In the cleaning protocol,>* the precut silicon
substrates were placed in dichloromethane 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,0,, and 120 mL of NHj to clean the surface from organic
traces and install a hydrophilic surface. Thereafter, the sub-
strates were stored briefly 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 immedi-
ately before coating. Because of this protocol, at the Si surface
an oxide layer of 1 nm is present, which has a surface roughness
smaller than 0.5 nm.

The initial nbc-PNIPAM films were prepared with spin-
coating (2000 rpm, 30 s) from a 1,4-dioxane solution at room
temperature onto these precleaned Si substrates. A film thick-
ness of 39 nm was selected by making use of the recently
determined film thickness dependence on the concentration of
the solution used in the spin-coating process.*® In a second step,
the top gold layer was added by sputter deposition. For this
purpose, the samples were mounted in a sputter deposition
chamber,** and the gold deposition was performed at an argon
pressure of 4 x 107~ mbar while the deposition rate was set to
0.43 nm/min. The final, nominal gold layer thicknesses after
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deposition were 0.4 and 5 nm, respectively. This gold layer was
investigated with AFM and neutron reflectivity measurements.

2.3. Temperature Jump Experiment. The initial dry, gold
coated nbc-PNIPAM film of the desired gold layer thickness
was mounted in a custom-made vapor chamber in air, thermo-
stated to 23 °C and investigated. To prepare a swollen and
equilibrated film for the temperature jump experiment, 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. After reaching equilibrium of swelling water vapor
atmosphere (230 min) the film was cycled in 7 swelling and
deswelling cycles as described below. To initiate the temperature
jump from 23 to 40 °C, the set up was thermostated to 40 °C and
investigated with in situ neutron reflectivity (time = 0). We
operated a rate of 3.1 °C/min for increasing the temperature in
the setup to avoid overshooting of the temperature.

2.4. Swelling Cycle Protocol. The initial swelling process of
the dry, gold coated nbc-PNIPAM film was the same as that
described in the temperature jump experiment. The addition of
D,0 marks the starting point of the water absorption kinetics
(time = 0). Again, equilibrium of swelling was reached after
230 min and the film was fully swollen. The deswelling by
removal of D,O was initiated by pumping the vapor chamber
through a vacuum pump (DIVAC 0.8 T, Leybold AG). Thus,
water release from the thin film occurred, and the gold coated
nbc-PNIPAM film relaxed back under vacuum to a new dry
state. This deswollen film was used in the next swelling cycle as
the initial dry film. To address the aging effects of the swelling in
water vapor atmosphere, the swelling and deswelling cycles were
repeated 7 times. Samples were investigated in situ during these
cycles with neutron reflectivity and ex situ after individual cycles
with the other experimental techniques.

2.5. Neutron Reflectivity and Off-Specular Scattering. The
neutron scattering experiments were carried out at the D17
instrument at ILL, Grenoble, in time-of-flight (TOF) mode.>
In TOF mode, specular and off-specular scattering data were
collected. Neutrons with a broad range of wavelength 1 were
used simultaneously and registered as a function of their respec-
tive times of flight. The necessary pulsing of the beam was
realized by a double chopper system. We selected the largest
available sample—detector distance of 3.4 m. The scattered
intensity was recorded on a two-dimensional (2D) detector
without the movement of any motors. This absence of motor
movements was crucial on the one hand for achieving a high
time resolution and on the other hand for avoiding mechanically
induced vibrations which might destabilize swollen films (by
activation of long wavelength surface waves). Counts on the
detector were registered for each spatial pixel (x, y) as a function
of TOF in channels. After integration of the counts for fixed x
and TOF channels along the vertical detector axis y, and the
TOF to A conversion, the scattered intensity was displayed as a
function of 4 and the exit angle a. Finally, the corrected data set
I(a, A) can also be transformed to (g, ¢.) with the given
(constant) incident angle o, where ¢. denotes the wave vector
component perpendicular to the surface and ¢, the one in the
surface in parallel to the neutron beam.

The incident angle o; was kept constant at 0.5° during the
kinetic experiments. The probed ¢. range between 0.01 and
0.85 nm ™' was selected to cover the critical edges of protonated
(Si and gold coated nbc-PNIPAM) and deuterated (D,0O) sub-
stances. Kinetic changes in the temperature jump experiment
and in the swelling and deswelling cycles were probed by
performing reflectivity scans every 14 s (10 s data acquisition
time and 4 s data read-out time). In case of the 0.4 nm gold layer
thickness 24 s (20 s data acquisition time and 4 s data read-out
time) were necessary to account for the weaker scattering signal
as compared to the 5 nm thick gold layer samples.

With static scattering experiments the initial gold coated nbc-
PNIPAM films and the resulting deswollen gold coated nbc-
PNIPAM film at the end of each cycle were additionally probed.
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An increased counting time of 3600 s and a larger angular range
with two fixed incident angles were operated.

All reflectivity curves were fitted with the Motofit program
with appropriate error weighting and point-by-point resolution
smearing. An automated batch fit approach was taken, with all
the data sets being analyzed in series. The scattermg length
densities of2 07 x 107 A= for Si, 3.47 x 10°® A~ for Si oxide,
0.88 x 10~ A 2 for nbe-PNIPAM, 4.2 x 10~° A~ for gold and
6.36 x 107 A™2 for DO were obtamed from initial fits. They
agree with textbook values.

2.6. Grazing-Incidence Small-Angle X-ray Scattering. The
grazing incidence small-angle X-ray scattering (GISAXS) mea-
surements were performed at the synchrotron beamline BW4 at
DORIS III (HASYLAB at DESY, Hamburg, Germany). Syn-
chrotron 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. A beam size of smaller than 30 x 20 g4m?
(horizontal x vertical) was achieved bg using an assembly of
beryllium compound refractive lenses.’

For the measurement, the sample was placed horizontally on
a goniometer. The angle of incidence was set to a; = 0.384°
which is above the critical angle o of the investigated polymer
(PNIPAM: 0.148°). Hence, the Yoneda peak was well separated
from the specular peak on the detector, and both the sample
surface and the interior of the film were probed. A 2D detec-
tor (MarCCD 165 by Mar Research, 2048 x 2048 pixels) was
positioned with a sample-to-detector distance of D = 2.165 m
behind the sample. From the recorded 2D intensity distribution,
structural information on the sample was extracted from hor-
izontal and vertical cuts (with respect to the sample surface).>
The vertical cut at a horizontal angle of ¥ = 0°, corresponding
to g, = 0, contains information about structures perpendicular
to the surface (e.g., the correlated roughness) as well as the
material-specific Yoneda peaks at o = o.. Horizontal cuts were
performed at constant ¢. and were selected according to the ¢.
condition (0 = o). From the g, cuts, lateral structure informa-
tion (e.g., geometry, size distribution and spatial correlation) is

56,57

log(Int) [a.u.]

000 005 010 015 020
-1
q,[A7]

Figure 1. Neutron reflectivity data (dots) shown together with model
fits (lines) for the 39.2 nm thick nbc-PNIPAM film coated with 0.4 nm
nominal thick gold layer (top) and 5 nm nominal thick gold layer
(bottom). The lower curve was shifted downwards for clarity.
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extracted. In order to improve statistics, the intensity of ¢, cuts
in a narrow range of Ag. was mtegrdted »

2.7. Optical Microscopy. The sample surfaces were investi-
gated with optical microscopy using a Zeiss Axiotech 25H
optical microscope with magnifications between 5x and 100x.
A Hitachi KP-D50 CCD camera recorded the micrographs.

2.8. Atomic Force Microscopy. The surface topography of
dry, gold-coated nbc-PNIPAM films was imaged with atomic
force microscopy (AFM) in tapping mode condition. The
measurements were carried out with an Autoprobe CP Research
AFM instrument in ambient air atmosphere at room tempera-
ture. Gold coated silicon cantilevers (Ultralever cantilevers)
were used. These cantilevers had a resonance frequency of
75 kHz and a spring constants of 2.1 N/m. The used tips 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 accuracy of the AFM
height and lateral information, calibration was performed with
calibration standards.

3. Results and Discussion of Gold Layer Deposition

In order to have a well-defined model system for an asymme-
trically confined hydrogel film and thus a basic model system for
thin film sensors and nanoswitches, the thin nbc-PNIPAM films
on silicon supports are capped with a top gold layer via sputter
deposition. We select two different nominal gold layer thick-
nesses, a small one (0.4 nm) and a big one (5 nm). The nbc-
PNIPAM film thickness is kept fixed (39 nm) for both types of
top layers. These initial films are characterized with neutron
reflectivity and atomic force microscopy to detect the density
profile along the surface normal and the surface morphology of
the gold.

In Figure 1 the neutron reflectivity data are displayed together
with model fits using the approach described in the Experi-
mental Section. With two fixed incident angles in the static
neutron reflectivity experiment a large range of scattering vectors
¢-1s covered. In both curves the intensity modulation originating
from the total nbc-PNIPAM film thickness is clearly visible. This
is due to the high scattering length density (SLD) of the substrate
and the gold top layer as compared to the polymer film. In
addition, for the thick gold layer a weak long-wavelength
modulation is due to the thickness of the gold layer itself. For
the thin gold layer this is not resolved in the neutron reflectivity
data.

The SLD profiles belonging to the fits shown in Figure 1 are
displayed in Figure 2. Both profiles show a bilayer on top of the Si
substrate. The nbc-PNIPAM layer agrees well with the SLD
value expected for this polymer. An internal structure caused by
the end-groups is not resolved due to a missing contrast between
n-butyltrithiocarbonate and poly(N-isopropylacrylamide) in the
neutron scattering experiment. As expected from the different
sputter deposition times used in the preparation of the gold
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Figure 2. Resulting scattering length density (SLD) profiles of the two 39.2 nm thick nbc-PNIPAM films coated with a (a) 0.4 nm nominal thick gold

layer and (b) 5 nm nominal thick gold layer.
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Figure 3. Topography AFM images of the bilayer films: (a, ¢) thin and
(b, d) thick gold layer samples show different morphologies (a, b) before
being subjected to water vapor atmosphere and (c, d) after the tem-
perature jump experiments. The scan size is 1 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.

Scheme 1. Schematic Side View of the Bilayer Films Obtained by
Sputter Deposition of Gold on nbe-PNIPAM Films: (Left) 0.4 nm
Nominal Gold Layer Thickness and (Right) 5 nm*

Vo%(Au) = 21.6

Vo%(Au) =77

6.5 nm
38.5 nm

1.9 nm
38.5 nm

“For clarity of the presentation the x- and y-axes are not drawn to
scale.

layers, the gold layers show the desired difference in thickness
(nominal values 0.4 versus 5 nm). However, the nominal thick-
nesses are of course not recovered due to the complex process of
gold deposition on the polymer material.*” Moreover, the SLD
values of the gold layers are smaller as compared to bulk gold and
depend on the thickness. In case of the thin layer, a smaller SLD
value is present as compared to the thick one. The thin gold layer
extends over 1.9 nm and has a low amount of only 21 vol % gold.
The thick gold layer spreads over 6.5 nm with 77 vol % gold.
Thus, both gold layers exhibit an extension along the surface
normal which exceeds the nominal value by 1.5 nm. From the
profile it is obvious that gold diffuses into the nbc-PNIPAM
surface region and that the gold surface is less flat as compared to
the pure nbc-PNIPAM film surface (without gold deposition).
Scheme 1 visualizes the corresponding structure of both films. It
includes already information from the atomic force microscopy
(AFM) measurements about the lateral surface structure of the
gold films.

Whereas neutron reflectivity is sensitive to the structural infor-
mation being projected onto the surface normal, AFM accesses
lateral information.®’ AFM data are shown for 1 x 1 um? scan
size. As sketched in Scheme 1 and shown by the AFM
data presented in Figure 3, the thin gold film consists of small
sized, (viewed from top) round-shaped gold grains, whereas the
thick gold film shows larger gold grains. A round shape of
the clusters is expected from the nonwetting behavior of gold
on polymer surfaces.®*> Consequently, a 3D cluster growth
(Volmer—Weber growth) is preferred over a 2D layer-by-layer
growth (Frank—Van der Merwe growth) expected for the wetting
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Figure 4. (a) Representative 2D detector pattern of the scattered
intensity displayed in the wavelength A4 to exit angle a; presentation.
The black boxes mark the areas integrated for the analysis of diffuse
scattering. Intensities integrated over the areas M (top), Y1 (middle),
and Y2 (bottom) (as explained in the text) are shown as a function of
time for the (b) thick and (c) thin gold layer sample.

case. In the thin gold film the gold structures have a mean size of
25 nm and on the thick gold film this value is increased to 55 nm.
Such increase of the gold structure with increasing gold layer
thickness is in agreement with the typical growth behavior of gold
on polymer surfaces.® For both samples the gold clusters have
grown to a size in which the mean diameter is close to the mean
correlation distance between two clusters; i.e., the clusters are in
close contact with each other. Therefore, both, the thin and the
thick gold film, belong to the coarsening stage of gold on polymer
as described in ref 60. In this stage, coalescence is no longer
dependent on migration, and the clusters grow rapidly in size. The
same holds for the distance and the thickness. A detailed
investigation of the growth behavior of gold on nbc-PNIPAM
is beyond the scope of this article. Important is that both gold
layers are closed layers with a grain morphology.

4. Results and Discussion of Switching Kinetics

The equilibrated bilayer films are exposed to saturated
(deuterated) water vapor atmosphere in a custom-made vapor
chamber. At the initial temperature of 23 °C, nbc-PNIPAM is
below its LCST and thus the films are swollen with water.*~¢’
The swelling kinetics and the cycling necessary to reach equili-
brated films are described in the next section. Here we consider
films which have reached an equilibrium regarding the swelling in
water vapor atmosphere. With a temperature jump above the
LCST the switching kinetics are determined for both gold layer
thicknesses. We chose a jump to 40 °C because for thin nbc-
PNIPAM films the LCST is significantly more spread out in
temperature as compared to solutions.*® For 39 nm nbc-PNI-
PAM films, a LCST at 29 °C is determined.*®

Because of the use of deuterated water, we have good contrast
conditions in the neutron reflectivity experiment and can follow
the temperature jump with a high time resolution.

In Figure 4a, a representative 2D detector pattern of the
scattered intensity (displayed as a function of wavelength 1 and
the exit angle o) is shown. Because off-specular neutron inten-
sities are significantly lower than the specular ones, a detailed
analysis of intensity as a function of lateral scattering vector
component ¢, is impossible for the kinetic data. The necessary
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Figure 5. Comparison of the kinetics of the temperature jump of the (a, c) thick and (b, d) thin gold layer sample. In parts a and b, the measured
reflectivities (dots) are shown with the fits to the data (lines). The curves are shifted along the y-axis for clarity of the presentation. Parts c and d are
mappings of the measured specular neutron reflectivity versus time. The differences in colors show the differences in scattered intensities (red is high

intensity, blue is low intensity).

improvement of statistics is achieved by an integration of the off-
specular intensities. Thus, to keep the very high time resolution
(14 or 24 s between successive neutron reflectivity curves) of the
scattering experiment and to account for the kinetic changes of
the films due to the temperature jump, an integration of inten-
sities is performed in reciprocal space rather than in the time
domain (by an increase of the counting time). The black boxes in
Figure 4a mark selected regions in the intensity, which are used
for the integration and further analysis: The integration region of
off-specular scattered intensities are for the Yoneda peak inten-
sities of deuterated material (Y1) and protonated material (Y2),
respectively. For comparison the specularly reflected intensity
(M) is integrated in a minimum of the reflectivity as well.

Parts b and c of Figure 4 show the time evolution of specular
reflectivity (M), and off-specular reflectivities (Y1, Y2) for the
temperature jump. Because of the jump above the LCST deuter-
ated water is repelled from the nbc-PNIPAM films® and the SLD
of the films decreases. This causes a decrease of the reflected
intensity and a shift of the position of the total reflection edge
toward a larger A values. Accordingly, the intensity in the region
M decreases with repelling of D,O. Because of a loss of contrast
the off-specular intensities Y1 and Y2 decrease both with time as
well. In the swollen state D,O had selectively diffused into parts
of the film causing this contrast which upon extraction of D,O
gets lost. However, parts b and ¢ of Figure 4 show that the decay
is not monotonic and the overall behavior is more complex.

A more detailed analysis of the kinetics of the temperature
jump is achieved by fitting the individual neutron reflectivity
curves.”®’ In these fits the bilayer sample is modeled with a main
nbc-PNIPAM layer and a second gold-rich top-layer in agree-
ment with the findings from the static samples and the AFM
investigation.

Figure 5 shows a selection of fitted neutron reflectivity curves
for both gold layer film thickness and a two-dimensional intensity
presentation (mapping) of these specular intensities for both
temperature jump experiments.

For both films the critical angle of total external reflection
shifts toward smaller values of the scattering vector component ¢.
and the overall reflected intensity decreases. Both observations
result from D,O which is repelled out of the nbc-PNIPAM film.*’
Moreover, the wavelength of the intensity oscillations increases
with time which shows that the films both get thinner. From a
comparison of parts ¢ and d of Figure 5, it is notable that the
sample with the thin gold layer reacts faster to the temperature

jump as compared to the thick gold layer. Parameters extracted
from the fit to the reflectivity data are shown in Figure 6 as a
function of time. There are four variables of each curve used for
fitting: The thickness d and the SLD value n of the main nbc-
PNIPAM layer and the top gold-rich layer, respectively. From
the changes in the SLD values, the D,O volume fraction V%p o
of the film is calculated using i

n—n

V%p,0 = (1)

ng —m

where n denotes the in situ probed SLD of the film, n; the initial
SLD of the dry film, and 1, the SLD of D,O. In Figure 6, the time
evolution of the D,O volume fraction V%p,o of the main layer
and the top layer are presented, respectively.

The temperature increase in the bilayer sample is shown in
Figure 6a. The temperature sensor was placed in the back of the
substrate and the temperature was measured in situ. Afterward,
the temperature measurement was repeated ex situ to make sure it
isreproducible. The rate of temperature increasing was controlled
and limited by the thermobath and also strongly influenced by the
substrate and the sample as neither the Si substrate nor the
polymer is a good heat conductor. After 110 s the LCST of
29 °Cis reached (marked by the dashed line). The response of the
thick gold layer film is presented in Figure 6, parts b and c.
Because the thick gold layer contains 77 vol % gold, it remains
unchanged during the temperature jump and is not displayed in
Figure 6. The nbc-PNIPAM film (main layer) below the thick
gold layer reacts with a decrease of its water content from 38 to
24 vol %. This is accompanied by a decrease in the relative film
thickness d/dy,, from 1.27 to 1.10. The characteristic time con-
stant for this water release is 280 s. However, surprisingly this
decrease is followed by a slight relaxation back to higher water
content and larger film thickness (27 vol % and 1.13). The time
constant of this relaxation is larger with 900 s. The observed two-
step process may be introduced by the asymmetric confinement
of the nbc-PNIPAM film, which is sandwiched between a solid
silicon support and a gold layer. Already from the integrated
intensities presented in Figure 4, such a two step process was
visible. Therefore, the temperature jump causes the nbc-PNI-
PAM film to collapse and afterward slowly rearrange into a
different structure. In the relaxation a small amount of the
surrounding water is taken up again and correspondingly the
film relaxes to a larger film thickness as compared to the collapse.
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Figure 6. Switching kinetics from 23 to 40 °C followed by neutron reflectivity: (a) temperature increases as a function of time in the film. Volume
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layer of the film is shown as a function of time (d) for the thin gold layer. The LCST of the nbc-PNIPAM film is reached at a time marked by the dashed

line in all images.

The solid lines in Figure 6 are model fits based on the gel
swelling and shrinking model by Li and Tanaka.®® In this model,
swelling and shrinking follows first-order kinetics and is not
considered to be a pure diffusion process. Recently, we used this
model to describe the water storage in PNIPAM-based block
copolymer films, which resist swelling.” Despite the initial stages
of the temperature jump experiment reported here, the observed
behavior can be explained within this model by assuming a first
fast shrinkage process followed by a second (small) slow reswel-
ling process. The initial stages will be influenced by the passing of
the LCST and are thus not expected to match to such a simple
model approach.

Comparing now the thick gold layer film behavior (top row
images in Figure 6) with the one of the thin gold layer (bottom
row images in Figure 6) some differences are obvious. In contrast
to the thick film, for the thin gold film, the gold layer itself (top
layer) changes its water content (see Figure 6d). This is caused by
the small gold volume fraction (21.6 vol %) of this layer, which
means that most of the layer is nbc-PNIPAM as well. The full
film, main (nbc-PNIPAM) and top (gold and nbc-PNIPAM)
part exhibit the same two-step characteristics as seen for the
sample with a thick gold layer as well. However, the time
constants are different. The nbc-PNIPAM film reacts much faster
and the characteristic time constant of water release is decreased
to 190 s, as compared to the sample with a thick gold layer on top.
In contrast, the relaxation back has a larger time constant of 1800
s. In addition, for the thin gold layer sample the gold containing
part reacts as well with a similar behavior. The characteristic time
constant of water release is 120 s and the time constant of the
relaxation processes is 1330 s, respectively. Because of the
interaction with the PNIPAM in the top layer part a large
amount of water is incorporated (48 vol %) before the tempera-
ture jump. The release is very strong and finally only 15 vol % is
left. The nbc-PNIPAM layer behaves quite similar to the one with
more gold on top and reduces its amount of water from 34 to 23
vol %. In the change of the relative film thickness d/d,;,, the values
reduce from 1.28 to 1.13, which is as well equal to the observation
on the thick gold layer sample. However, the two-step process is

not visible and the change in relative film thickness appears to be
a simple release.

Looking into the changes such temperature jump had made to
the gold layer surface, again AFM is used. Figure 3 compares the
morphology of the samples after being switched back and dried.
Very clearly, the gold surface morphology is altered by this
switching process. The gold structure has coarsened to character-
istic lateral structures of 200 nm (thin gold layer) and 230 nm
(thick gold layer). Moreover, a crystalline appearing morphology
is present and the initial spheres of gold have merged into ribbon-
like structures. However, the average height of the gold clusters
for both samples did not change, which has been confirmed by
AFM (in micrometer scale of probed sample surface) and also by
neutron reflectivity (in centimeter scale of probed sample
surface). This phenomenon was also considered in the fitting of
the kinetic data.

In comparison between both gold layer thicknesses, the thinner
gold layer sample reacts faster and shows very similar switching
characteristics of the main nbc-PNIPAM film regarding the total
shrinkage d/d,,. As a consequence, such type of asymmetrically
confined bilayer film is better suited for applications related to
nanoswitches.

5. Results and Discussion of Swelling Kinetics

Because the thin gold layer appears better suited for switching
kinetics we investigate this bilayer sample regarding its swelling
kinetics and aging as well in detail. For this purpose a fresh, dry,
gold coated nbc-PNIPAM film with 0.4 nm nominal gold layer
thickness is mounted into the custom-made vapor chamber in air,
thermostated to 23 °C. The swelling and deswelling cycle protocol
is detailed in the Experimental Section. The addition of D,O
marks the starting point of the swelling kinetics (time = 0). We
performed 7 cycles and the deswollen sample is always reused in
the subsequent cycle.

In Figure 7, the measured neutron reflectivity curves are
displayed. These curves show that basically after each complete
swelling and deswelling cycle the bilayer sample is unchanged.
Small changes occur only in the nbc-PNIPAM layer (main layer).
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Figure 7. (a) Neutron reflectivity data (dots) shown together with model fits (lines) for the nbc-PNIPAM film coated with 0.4 nm nominal thick gold
layer initially prepared (bottom curve) and measured after complete swelling—deswelling cycles (number of cycles increases from bottom to top). The
curves are shifted for clarity. (b) Volume percentage of water in the main layer of the film as a function of cycle number.

Whereas the initially freshly used film contains no deuterated
water, within the first two cycles the amount of D,O increases to
5 vol %. In the following cycles this value remains constant. As
reported for cyclic treatment of PNIPAM-based diblock copo-
lymer films such behavior has two origins:*” Water can be caused
to remain 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 water that is not extractable. However, since
only one H atom per PNIPAM unit (the one on the —CONH—
group) can be replaced by a D atom, if we consider only H—D
exchange and H-D exchdnge happening to all —CONH moi-
eties, the SLD of the main layer would be 1.5 x 107° A~%and the
maximum SLD of the main layer of our dry sample after each
cycle isonly 1.15 x 10~ SA72, Thus, itis difficult to conclude if the
increase of SLD is fully due to the H—D exchange or is only
partially due this reason. Of course, if there are strong chemical
bonds between D,O and PNIPAM, very similar bonds would
exist for H,O and PNIPAM, too. Hence, bound water could have
existed already before exposure to D,O. However, due to the
small SLD of H,0, it is hardly detectable by using neutrons.

As compared to the diblock copolymer sample (investigated in
ref 30) no strong interface enrichment is found in the gold coated
nbc-PNIPAM and the remaining amount is larger, perhaps due
to the presence of the gold layer. Here, 5 vol % of D,O is found in
the nbc-PNIPAM film after it is cycled to equilibrium (see
Figure 7b). Thus, the imposed asymmetric confinement changes
the behavior as compared to a free polymer surface.

With grazing-incidence small-angle X-ray scattering (GISAXS)
the cycled films are characterized concerning changes of the inner
film structure. Figure 8 shows the vertical and horizontal cuts
from the 2D GISAXS intensity. From the vertical cuts, we
conclude that the perpendicular structure (correlated roughness,
highlighted by the box in Figure 8a) is installed in the first cycles
and later damped with increasing cycle number. For large wave-
lengths within the limited experimental resolution, the substrate
and the polymer—vacuum interface are correlated.®”° So the
long-ranged correlated nbc-PNIPAM film becomes better de-
fined in the initial cycles and later independent in its surface struc-
tures from the substrate by slight roughening of the surface.”!’?
From the horizontal cuts, we find no influence of the cycling on
the inner lateral film structure. In good agreement with the
pure nbe-PNPAM films of different thickness,*® the films investi-
gated here show a weak peak in the intensity at large values of the
scattering vector component ¢,. Identical to microphase sepa-
rated systems, the peak is a structure factor type information,
showing that the thin nbc-PNIPAM films exhibit an internal
structure. It resembles the distance between adjacent regions of
hydrophobic n-butyltrithiocarbonate end groups in a PNIPAM
matrix. The corresponding mean distance between domains of
chain ends is 25 nm. Comparing this value with the micellar size
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Figure 8. GISAXS data of nbc-PNIPAM films before swelling—
deswelling cycle (bottom) and after seven swelling—deswelling cycles
(subsequently shifted seven curves): (a) vertical cuts showing structures
along the surface normal and (b) horizontal cuts (dots) showing in-
plane structures.

detected in solution shows that the micelles are indeed bridged
and entangled inside the film**. So GISAXS indicates no severe
aging of the gold coated nbc-PNIPAM film which is important
for applications.

During swelling and deswelling cycles in situ GISAXS mea-
surements are impossible due to radiation damage occurring in
swollen nbc-PNIPAM films.*” As a consequence, we use again in
situ neutron reflectivity and off-specular scattering to investigate
the time dependence of the cycling.

As detailed in the previous section, the integration of selected
areas from the collected 2D neutron data is a strong tool to
characterize the time-dependent behavior. We chose the same
boxes as shown in Figure 4. Therefore, Y1 refers to integration in
aregion of off-specular scattered intensities related to the Yoneda
peak of deuterated material (see Figure 9b) and Y2 to protonated
material (see Figure 9¢), respectively. For comparison the spec-
ularly reflected intensity (M) is integrated in a minimum of the
reflectivity as well (see Figure 9a).

Regarding the film thickness, despite the initial swelling, which
behaves complex, in all swelling cycles the films swell by incor-
poration of water molecules. The initial swelling first requires a
rearrangement of the molecules, which first causes even shrinkage
before the film swells. In contrast, the incorporation of D,O
results in an increase of the diffuse scattering. The off-specular
intensities Y1 and Y2 increase with time due to the buildup of a
lateral structure inside the nbc-PNIPAM film because D,O
selectively diffuses into parts of the film which are not occupied
by the hydrophobic end-groups.
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Figure 10. Maximum amount of water incorporated inside the (a) top
part (gold and nbc-PNIPAM containing) and (b) main part (nbc-
PNIPAM) at the end of each swelling cycle plotted as a function of
the cycle number. (c) Cycle dependent change of the film thickness d
normalized by the initial dry film thickness dy;,.

From a fit to the kinetic neutron reflectivity data, we extract
the maximum amount of water which is incorporated inside the
bilayer films and the degree of swelling (see Figure 10). All
together these data show that the initially prepared film improves
after some cycles and is able to swell more and to incorporate
more water. Thus, again no aging is observed, which would
reduce the film performance. After five cycles, equilibrium is
reached. The degree of swelling, as well as the amount of
incorporated water, is independent from the cycle number. In
detail, the top part of the film, containing the gold, behaves
differently from the main part which is pure nbc-PNIPAM. In
good agreement with the switching experiment, more water

molecules are incorporated in the top part as compared to the
main film, due to the interaction with the gold.

Regarding the extracted parameters, the cycled sample after 7
cycles is in good agreement with the starting condition of the
temperature jump experiment. In saturated water vapor atmo-
sphere the relative film thickness d/d,,, is 1.28, the nbc-PNIPAM
film (main layer) water content is 34 vol % and the top layer
contains 80 vol % water (in Figure 5d a smaller value is observed
due to the fast reaction of the top layer to the temperature jump).

6. Conclusion

We successfully prepare and characterize a thin hydrogel film
confined between Si and gold, its response to changes of the
temperature (jump from below LCST to above LCST) and
swelling kinetics. Such asymmetrically confined hydrogel film
can be understood as a simplified thin film sensor and nanoswitch
which consists of the active (sensor) layer and a metal top-layer in
thin film geometry. We use nbc-PNIPAM with a gold layer on
top which is deposited by sputter deposition. From the compar-
ison of the two different gold layer thicknesses used in this
investigation (nominal 0.4 and 5 nm), the thinner one turned
out to be better suited for the use in switching due to its faster
response time. The structural characterization based on in situ
neutron scattering shows that at least 5 swelling and deswelling
cycles of the bilayer films are necessary to achieve an equilibrium
film structure regarding the increase of the film thickness caused
by the swelling and the amount of water stored in the film. In the
initial stages, the films rearrange from the structure formed
during the preparation. However, in the dry films, this is not
reflected by a marked rearrangement of the inner microphase
separation-like demixing of PNIPAM and its end-groups, but
caused by a change of the gold layer morphology. As the water
molecules mainly have to pass this gold layer it is obvious that
such rearrangement will influence the swelling performance.
Nevertheless, this process is not giving rise to a severe aging of
the nbc-PNIPAM film.

The observed switching behavior due to a temperature jump
above the LCST is not just a simple release of water molecules but
a two step process. The water release and film shrinkage are
followed by a relaxation of the molecules and a small secondary
water uptake. Both processes are modeled within the swelling and
deswelling model by Li and Tanaka.®® Thus, the incorporation of
water molecules is not a simple diffusion process as observed
previously for PNIPAM-based block copolymer films. The
imposed confinement might cause the observed two step process
and the added gold layer might originate the relaxation process
after water release.

With respect to applications, however, one has to consider that
the changes in film thickness are small, both in the switching and
cycling. This is caused, on the one hand by the small value of the
total nbc-PNIPAM film thickness used in this investigation, and
on the other hand, by constraints add to the system due to the top
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gold layer. Pure nbc-PNIPAM films have shown a much stronger
swelling if exposed to water vapor atmosphere.*® Thus, a con-
fined hydrogel film reacts more weakly as compared to a free
surface film. Nevertheless, a thin gold layer is necessary for such
applications to act as a contact material or as a capacitor. On the
basis of the observations on block copolymer thin films with
increased hydrophobic blocks which swell less if exposed to water
vapor atmosphere,’’ the presented system appears to be quite
optimized.
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