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ABSTRACT: The development of tuning parameters to influence the response behavior of polymer-based nanodevices is
investigated by the addition of NaClO4 or Mg(ClO4)2 to adjust the swelling degree of poly(N-isopropylmethacrylamide) thin films
under different vapor atmospheres. By leveraging the cononsolvency effect of the polymer in a mixed vapor of water and acetone, a
contraction of the preceding water-swollen films is induced. The relation between the macroscopic and the molecular processes is
elucidated by static and time-resolved time-of-flight neutron reflectometry, as well as by in situ Fourier transform infrared
spectroscopy. It is found that the addition of NaClO4 strongly enhances the film thickness response for swelling and contraction,
which, therefore, allows the tuning of the film toward stronger responses. Mechanistically, D2O−amide bonds are formed during
swelling and become perturbed upon vapor exchange. Thereby, the D2O−amide interactions are reduced continuously, while
acetone−amide interactions develop, accompanied by increasing amide−amide interactions during the film contraction.

■ INTRODUCTION
Amidst the various types of stimuli-responsive materials,1−3

thermoresponsive polymers have attracted particular atten-
tion.4−7 Characteristically, the temperature-induced changes in
their hydrophilicity can be translated into a coil-to-globule
collapse transition that dramatically affects their water
solubility and aggregation behavior. Mostly, two different
scenarios are exploited. Either the polymer becomes soluble
with increasing temperature, for which the related transition is
characterized by an upper critical solution temperature
(UCST), or the polymer becomes insoluble at higher
temperatures, and the resulting phase transition is charac-
terized by a lower critical solution temperature (LCST).8−10

The driving force behind the thermoresponsivity of polymers
reflects the thermodynamical preference of interactions
between the polymer and the solvent molecules compared to
the sum of interactions between the polymer chains and
between the solvent molecules themselves.11−13 Besides
depending on the intrinsic features of the polymer, such as
molar mass, tacticity, and end groups, the transition temper-
ature can be modified by additives that modulate the inter- and

intramolecular interactions.14−17 In certain cases, adding an
organic cosolvent, which is also a good solvent for the polymer,
can lead to a variation of the LCST with a distinct minimum at
a certain composition of the solvent mixture.18−21 At a given
temperature, a miscibility gap is observed for a certain range of
compositions of the solvent mixture. This intriguing
phenomenon is known as the cononsolvency effect, for
which the detailed origins are still under debate.19,21,22 The
theories put forward range from explanations based on intrinsic
properties to preferential interactions between specific
constituents of the system.23−32 In addition to theoretical
studies and computer simulations, experimental investigations
allow us to obtain insights into influencing factors, and a
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number of different polymers, cosolvents, and sample
architectures have been investigated.20,24,33−41 To further
leverage the cononsolvency effect in devices, polymers in
thin film geometry are attractive candidates due to their fast
response, mechanical stability, and easy fabrication compared
to polymers in solution or polymer brushes.42,43 Most of the
reported cases concern polymers in aqueous media and have
been carried out on the same polymer, namely, poly(N-
isopropylacrylamide) (PNIPAM). Structurally related to the
well-studied PNIPAM is poly(N-isopropylmethacrylamide)
(PNIPMAM), which in aqueous solution not only shows
LCST type II behavior like PNIPAM but also exhibits a
cononsolvency effect in a number of solvent mix-
tures.20,33,41,44−48 Furthermore, in thin film geometry,
PNIPMAM is amorphous and has a high water-uptake ability,
and due to the additional methyl group on the backbone,
PNIPMAM thin films feature a higher glass transition
temperature and are more resistant to hydrolysis.20 In previous
studies, it was found that for diblock copolymer thin films
consisting of a short poly(methyl methacrylate) (PMMA) and
a PNIPAM40 or a PNIPMAM block45 strong deviations in the
response behavior toward different vapor atmospheres occur,
despite the difference in only a methyl group in the polymer
backbone. For the PMMA-b-PNIPMAM thin films, an overall
stronger increase in film thickness upon water vapor
atmosphere exposure was obtained as well as a pronounced,
abrupt contraction under exchange to a water−acetone vapor
atmosphere. Since hydrogel-based devices rely on detection
mechanisms that have to adapt to the volume or weight of the
thin polymer film, a fast and strong response to an external
trigger is crucial.49 To circumvent the laborious tailored
synthesis of new polymers, which specifically meet the
requirements imposed by the respective application, the ability
to modify the response behavior of already established
polymers, such as simple homopolymers, will be very valuable.
It is known that specific ion effects impact various phenomena,
such as solvent interactions or the LCST of thermoresponsive
polymers.14,50−53 In this regard, the addition of salts in the
fabrication process of polymer thin films should provide an
easy route to tuning the response behavior of polymer thin
films.
In the present study, the cononsolvency behavior of

PNIPMAM homopolymer thin films is modulated with the
addition of two different perchlorate salts, namely, NaClO4 and
Mg(ClO4)2. As demonstrated previously,54 adding a Mg salt
with a chaotropic anion enables the modification of the
swelling behavior of PNIPMAM thin films in a D2O vapor
atmosphere. In the present study, NaClO4 and Mg(ClO4)2 are
chosen on the one hand to be able to make comparisons to our
previous study and to, on the other hand, have a more
chaotropic cation in the form of Na+. Therefore, here the
influence of the cation is analyzed, and the investigation of
tuning not only the swelling but also the collapse response is
motivated. The cononsolvency effect of PNIPMAM hydrogel
films is induced by switching from a pure D2O vapor
atmosphere to a mixed D2O−acetone vapor atmosphere with
a volume-to-volume ratio of 9:1, which was known to induce
the cononsolvency effect in PNIPMAM-based diblock
copolymers.45,48 The evolution of the thickness and the
solvent content inside the thin films is investigated by time-of-
flight neutron reflectometry (ToF-NR). In addition, in situ
Fourier transform infrared spectroscopy (FTIR) measurements
are conducted to obtain insights into the solvation processes of

the individual components. The sequence of solvation events is
further determined by the analysis of selected FTIR bands to
provide further understanding of the complex kinetic processes
during water uptake and cosolvent-induced water release.

■ EXPERIMENTAL SECTION
Materials. 2,2,2-Trifluoroethanol (CF3CH2OH, ReagentPlus,

≥99%), acetone (C3H6O, ACS reagent, ≥99.5%), magnesium
perchlorate (Mg(ClO4)2, ACS reagent), and sodium perchlorate
(NaClO4, ACS reagent, ≥98.0%) were purchased from Sigma-Aldrich.
Sulfuric acid (H2SO4, 95−98%), hydrogen peroxide (H2O2, 30% aq.),
and hydrophobic poly(tetrafluoroethylene) (PTFE) filters (pore size:
0.45 μm) were received from Carl Roth GmbH. Deuterated water
(D2O, 99.95%) was purchased from Deutero GmbH (Kastellaun,
Germany). A Milli-Q Plus purification system from Merck Millipore
(Burlington, U.S.A.) was used to obtain deionized water with a
resistivity of 18.2 MΩcm−1. Silicon wafers (p/Bor, ⟨100⟩, d = 525 ±
25 μm, 10−20 Ωcm) were purchased from Si-Mat (Kaufering,
Germany).

Polymer Synthesis. The PNIPMAM homopolymer was synthe-
sized via conventional free radical polymerization as described
previously.54

Sample Preparation. The preparation of X-ray reflectometry
(XRR), grazing incidence small-angle X-ray scattering (GISAXS),
ToF-NR, and FTIR samples is described in the Supporting
Information.

Methods. X-ray Reflectometry (XRR). XRR measurements were
performed on a D8 Advance diffractometer (Bruker, Billerica). The
data was analyzed by using the Python program refnx.55 Details are
provided in the Supporting Information. To describe the reflectivity
curves and to obtain the X-ray scattering length density (SLD)
profiles of the salt-containing PNIPMAM thin films, a three-layer
model was applied consisting of, apart from a silicon layer with its
native oxide layer for the substrate as well as infinite air at the top of
the sample, a polymer−substrate interface, a polymer bulk layer, and a
polymer−air interface. The X-ray SLD values of the salts were
calculated according to literature57 as 18.71 × 10−6 Å−2 for
Mg(ClO4)2 and 21.03 × 10−6 Å−2 for NaClO4. The SLD values for
H2O and acetone are 9.47 × 10−6 and 7.36 × 10−6 Å−2, respectively.57

The SLD of PNIPMAM was calculated as 10.37 × 10−6 Å−2.57

Detailed fit results are given in Table S1 in the Supporting
Information.
Grazing Incidence Small-Angle X-ray Scattering (GISAXS).

GISAXS measurements were performed with a Ganesha SAXSLAB
laboratory X-ray instrument. Details are provided in the Supporting
Information.
Time-of-Flight Neutron Reflectometry (ToF-NR). ToF-NR meas-

urements were performed at the Institute Laue-Langevin (ILL) in
Grenoble, France, using instrument D17. More details are provided in
the Supporting Information. The samples were mounted vertically
into a 3D-printed, custom-made chamber to be free-standing.56 The
temperature was kept constant at T = 23 °C. The neutron SLD values
of the added salts were calculated according to literature57 as 4.23 ×
10−6 Å−2 for Mg(ClO4)2 and 4.48 × 10−6 Å−2 for NaClO4. The SLD
values for H2O, D2O, and acetone are −0.56 × 10−6, 6.39 × 10−6, and
0.27 × 10−6 Å−2, respectively.57 The SLD of PNIPMAM was
calculated as 0.74 × 10−6 Å−2.57 In general, the same conceptual
design of the layer model as for the XRR analysis was used, and the
fits were performed using the Python program refnx.55 For static ToF-
NR data, interface layers were not included if reasonable agreement
between the fit and the data was achieved. Details about the exact
layer structure for each static ToF-NR analysis are given in Table S2
in the Supporting Information. The time-resolved ToF-NR data was
fitted using a single layer to describe the salt-containing polymer bulk
apart from a silicon layer with its native oxide layer for the substrate as
well as infinite air at the top of the sample. Interface layers are not
included in the analysis of kinetic ToF-NR data due to the narrow q-
range selected to enable a high time resolution.
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Fourier Transform Infrared Spectroscopy (FTIR). FTIR measure-
ments were performed using an Equinox 55 (Bruker Optik GmbH,
Rosenheim, Germany) spectrometer, as described in detail in the
Supporting Information. The samples were placed vertically into a
closable and temperature-controllable copper chamber.
2D FTIR Correlation Analysis. 2D FTIR correlation analysis was

performed according to the Python analysis script provided by Morita
(Kwansei-Gakuin University, Japan).58 More details about the
interpretation can be found in the original work,59,60 as well as
specifically applied to the swelling process in PNIPMAM thin films in
ref 54.
Experimental Protocol. To remove already incorporated H2O, the

films were dried under a continuous nitrogen flow for 1.5 h.
Subsequently, a D2O vapor atmosphere was introduced to induce
swelling of the films (4 h for ToF-NR; 15 h for FTIR) until an
equilibrated state was reached. Then, the vapor atmosphere was
changed to a D2O−acetone vapor mixture with a 9:1 volume-to-
volume ratio (1.5 h for ToF-NR; 5 h for FTIR).

■ RESULTS AND DISCUSSION
To study the solvent vapor mixture-induced contraction of
PNIPMAM-based thin films with the addition of different salts,
namely, NaClO4 or Mg(ClO4)2, time-of-flight neutron
reflectometry (ToF-NR) and Fourier transform infrared
spectroscopy (FTIR) measurements are combined. Before
the ToF-NR samples are subjected to the vapor flow protocol,
X-ray reflectometry (XRR) and grazing incidence small-angle
X-ray scattering (GISAXS) measurements are conducted to
confirm a uniform vertical and lateral distribution of the salts
inside the polymer film. For the in situ measurements, the films
are dried under a constant nitrogen flow, followed by a solvent-
vapor-induced swelling process in a D2O vapor atmosphere
until an equilibrated state is reached. The contraction of the
polymer films is triggered by subsequently exposing the films
to a D2O−acetone vapor atmosphere at a 9:1 volume-to-
volume ratio. Static ToF-NR measurements are conducted at
the equilibrated dry, swollen, and collapsed states, while the
time-resolved measurements are measured in between each
static measurement, giving access to the thickness and solvent
content evolution. FTIR investigations help us to comprehend
the underlying molecular interactions contributing to the
overall solvation mechanism. The corresponding results are
discussed in the following, starting with the data collected by
XRR measurements.

Distribution of Salts inside PNIPMAM Thin Films.
XRR measurements are conducted of the as-prepared salt-
containing PNIPMAM thin films at ambient conditions to
investigate the vertical distribution of the components through
the film after deposition. GISAXS measurements further
provide information about the lateral salt distribution. From
fits to the reflectivity curves, information about the film
thickness, the scattering length density (SLD) profile, and the
roughness of the films is obtained. It is noteworthy that due to
the different scattering processes of X-rays compared to
neutrons, materials have different SLD values in the respective
measurements. On the one hand, XRR allows for a more
thorough investigation of the vertical salt distribution inside
the polymer films due to the enhanced contrast between the
polymer and the introduced salts. On the other hand, NR
allows us to investigate more thoroughly the vertical
distribution and incorporation of deuterated solvent molecules
inside a film since neutron SLDs are highly sensitive to isotope
substitution. Figure 1 shows the measured XRR patterns of the
Mg(ClO4)2- (orange) and NaClO4-containing (green) PNIP-

MAM thin films with their corresponding fits (black) as well as
the derived SLD profiles. Detailed fit results are provided in
Table S1 in the Supporting Information.
Both XRR reflectivity curves show pronounced Kiessig

fringes even in the high qz range, which implies the smoothness
of the prepared films and therefore confirms the suitability of
the salt-containing samples for ToF-NR investigation.
Furthermore, from fits to the XRR data with a three-layer
model consisting of, apart from a silicon layer with its native
oxide layer for the substrate as well as infinite air at the top of
the sample, a polymer−substrate interface, a polymer bulk
layer, and a polymer−air interface, SLD profiles are observed
(Figure 1b). Besides the difference in the observed film
thickness, the profiles show that the shapes of the curves
resemble each other. In the bulk region, a homogeneous
vertical distribution of the individual salts in the polymer
matrix is present, while at the interfaces, the decreased SLD
values suggest either a depletion of material or the presence of
already incorporated H2O from the surrounding environment.
In addition to the information about the vertical material

distribution obtained by XRR, GISAXS measurements provide
information about the lateral distribution of the salts inside the
thin polymer film. The 2D GISAXS data (Figure S1) and the
horizontal line cuts at the Yoneda peak region of the polymer
(Figure S2) are provided in the Supporting Information for a
salt-free, a Mg(ClO4)2-containing, and a NaClO4-containing

Figure 1. (a) XRR reflectivity curves of the Mg(ClO4)2- (orange) and
NaClO4-containing (green) PNIPMAM thin films with their
corresponding fits (black) and (b) derived SLD profiles.
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PNIPMAM thin film. The 2D GISAXS data of the salt-free
PNIPMAM film show no pronounced scattering features
besides a strong forward scattering in the resolution limit. The
horizontal line cut taken at the Yoneda peak position of the
polymer indicates a lack of characteristic lateral structures
inside the polymer film. Thus, no characteristic variation in the
lateral direction is observed, as expected for a homopolymer.
Similarly, by comparison of the horizontal line cuts of the salt-
containing films, no lateral features are discernible. The two
line cuts show no deviations from the salt-free sample, which
implies that the addition of salt does not introduce any lateral
structures inside the PNIPMAM film. Therefore, a homoge-
neous lateral distribution of the salts inside the polymer films is
confirmed.

Static Equilibrated Film States. Static ToF-NR measure-
ments are conducted while subjecting the thin films to the
experimental vapor flow protocol described in the Methods
section at the equilibrated dry, swollen, and collapsed state for
PNIPMAM thin films containing either NaClO4 or Mg(ClO4)2
(Figure 2). The obtained reflectivity patterns are fitted by
using a three-layer model as explained for the XRR data
analysis, which considers different contributions throughout
the sample verticals, i.e., the polymer bulk region and the
potential occurrence of interfaces, besides the layers originating
from the substrate. The fit parameters for the Si substrate and
its native oxide layer are kept identical for each sample
throughout the whole ToF-NR data analysis. Detailed results
from the fits are presented in Table S2 in the Supporting
Information.
Changes in the position of the critical edge and the spacing

between the Kiessig fringes are observed between the
individual static measurements at different equilibrated states.

A shift of the critical edge toward higher qz-values and a
decrease in the spacing between the modulations are observed
for the D2O swollen films compared to the dry ones. This
indicates that D2O molecules are incorporated into the films,
increasing the thickness of the whole film. Comparing the
reflectivity curves obtained for the swollen and collapsed films,
the opposite behavior is observed, indicating that the films
contract in terms of their thickness, and the movement of the
critical edge indicates the exchange to a mixture of D2O and
acetone inside the films. From fits to the reflectivity curves,
SLD profiles of the PNIPMAM thin film containing either
Mg(ClO4)2 or NaClO4 are observed. The curves for the dry
states are similar in the regard that at the bulk region, a
homogeneous vertical distribution of the polymer as well as the
salt is observed, which has already been confirmed with XRR
measurements. Additionally, the same deviations at the
interfaces, i.e., the polymer−substrate and the polymer−air
interfaces, are obtained even after drying the films under a
continuous nitrogen flow. Furthermore, the SLD profiles of
these samples in the dry state indicate that the film thicknesses
are approximately 34 nm and within 1.5 nm of each other.
Comparing the SLD profiles of the individual swollen states, an
increase in film thickness and an overall increase in the SLD
are revealed, which is attributed to the uptake of D2O
molecules into the films. Nevertheless, the vertical solvent
distribution in the films differs: while the SLD is increased at
the polymer−air interface for both systems, which can be
attributed to an accumulation layer of D2O molecules on an
already water saturated thin film, different behaviors are
observed at the polymer−substrate interfaces. Increased SLD
values at interfaces are attributed to an enrichment of D2O
molecules, which is the case for Mg(ClO4)2-containing thin

Figure 2. (a,b) Static ToF-NR reflectivity curves at the equilibrated dry (light), swollen (medium), and collapsed (dark) states with their
corresponding fits (black) for the Mg(ClO4)2- (orange) and NaClO4-containing (green) PNIPMAM thin films as well as (c,d) derived SLD
profiles.
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films. In the case of differing SLD behaviors at the polymer−
substrate and polymer−air interfaces, the differences indicate a
nonhomogeneous vertical distribution of the solvent through-
out the film, as observed for the NaClO4-containing
PNIPMAM thin film. The change of the solvent vapor
atmosphere from a D2O to D2O−acetone mixture leads to a
decrease in the thickness and SLD of the system. Also, the
D2O enrichment layer at the polymer−air interface is depleted,
while an increased SLD is still observed at the polymer−
substrate interface. This indicates that the release of the solvent
molecules is facilitated at the polymer−air interfaces due to the
constant vapor flow, whereas attractive polar interactions
between the solvent molecules and the hydrophilic surface of
the silicon substrate prevent the escape of the solvent
molecules. In particular, at the polymer−substrate interface,
the native SiOx oxide layer with its silanol groups is able to
form hydrogen bonds with the D2O molecules as well as with
the amide functional groups of the polymer.

Kinetic Film Thickness Changes. To investigate the
kinetic evolution between the equilibrated states, time-resolved
ToF-NR measurements are performed, for which each
reflectivity curve is measured for 5 s over 3.5 h for the
swelling and 1.5 h for the collapse process. The data are fitted
using a single-layer model to describe the salt-containing
polymer films. Furthermore, it is ensured that the fit
parameters of the static measurements at the equilibrated dry
and swollen states match the respective end points of the
kinetic measurements. In Figure 3, selected reflectivity curves

with the respective fits (black) are shown for the Mg(ClO4)2
(orange)- and NaClO4 (green)-containing PNIPMAM thin
films during the swelling (light color) and collapse (dark color)
processes.
The shift of the critical edge and the changes in the spacing

of the Kiessig fringes resemble the findings of the static ToF-
NR measurements. Furthermore, the analysis provides insights
about the film thickness d (Figure 4a) and the SLD evolution
(Figure 4b), as well as about the evolution of the solvent
content Φ (Figure 5).

Starting from similar initial film thicknesses in the dry states,
the Mg(ClO4)2-containing PNIPMAM thin film shows a
thickness increase in D2O vapor atmosphere of 39%, whereas
the NaClO4-containing film reaches a much stronger thickness
increase of over 177% at the same time. As demonstrated in
our previous publication,54 the swelling ability of salt-
containing PNIPMAM thin films can be modified by the
addition of two magnesium salts with different anions, namely,
Mg(ClO4)2 and Mg(NO3)2. A detailed explanation of the
interpretation of the swelling behavior of salt-containing
PNIPMAM thin films is given in ref 54, whereas the focus of
this work is on the contraction behavior after the exchange of
the vapor atmosphere. In summary, water molecules are
predominantly incorporated at the film surface until the water

Figure 3. Selected time-resolved ToF-NR reflectivity curves for (a,b)
swelling (light colors) and (c,d) collapse (dark colors) processes with
their corresponding fits (black) for the Mg(ClO4)2- (orange) and
NaClO4-containing (green) PNIPMAM thin films. Curves are shifted
along the y-axis over time, where for the swelling (a,b) reflectivity
curves in intervals of 21 min and for the collapse (c,d) in intervals of 9
min are shown.

Figure 4. (a) Thickness and (b) SLD evolution over time for the
swelling (light colors) and collapse (dark colors) processes of the
Mg(ClO4)2- (orange) and NaClO4-containing (green) PNIPMAM
thin films. Dashed lines indicate changes in the vapor atmosphere, i.e.,
from a pure D2O vapor atmosphere (100% D2O) to a D2O−acetone
vapor mixture atmosphere (90% D2O and 10% C3H6O).
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molecules diffuse into the excluded free volume in the bulk
region of the polymer network. As soon as a certain amount of
water is incorporated, the mobility of the polymer chains
increases. This leads to a rearrangement of the polymer chains
and the water network, leading to increased solvent
accessibility of the polymer chains. These two main processes
are assumed to be the reasons for the two-step swelling process
or the different slopes of thickness evolution. It is noteworthy
that for the Mg(ClO4)2-containing PNIPMAM thin films, the
swelling abilities are comparable, independent of the starting
film thickness ranging between 35 and 90 nm. Furthermore,
this study shows that the response behavior of salt-containing
PNIPMAM thin films is even more significantly enhanced by
the incorporation of NaClO4 compared to both Mg salts. This
demonstrates that the responsiveness of PNIPMAM thin films
toward a D2O vapor atmosphere can be easily modulated by
introducing specific salts.
With the introduction of the D2O−acetone vapor mixture

atmosphere in a 9:1 volume-to-volume ratio, the volume-phase
transition behavior is triggered by the cononsolvency effect,
resulting in an abrupt thickness decrease until an equilibrated
state is reached. The system containing Mg(ClO4)2 contracted
by 9%, whereas the one containing NaClO4 contracted by even
by 51%. Both systems shrink to a remaining swelling ratio of

around 134%, which assumes a preferential solvation state of
the films independent of the type of added salt. Regarding the
potential of thin film systems for applications such as soft
matter-based vapor-responsive nanoswitches or gas sensors,
strong and fast responses of the thin films toward a change in
the surrounding environment are preferred. Here, a strong
change in thickness upon the exchange from a D2O to a D2O−
acetone vapor mixture atmosphere is observed within the first
15 min. Such a rapid contraction of a salt-free polymer thin
film exposed to the same conditions was observed for PMMA-
b-PNIPMAM thin films with an initial film thickness of 140
nm.45 However, with this study, we demonstrate that a
similarly strong response is achieved by modifying PNIPMAM
homopolymer thin films by the addition of salts. In Figure S3
in the Supporting Information, the thickness evolution over
time for salt-free PNIPMAM homopolymer thin films exposed
to the same conditions is shown.
To further investigate the influence of the observed salt

dependence on the response, an analysis of the evolution of the
solvent and cosolvent content over time is conducted based on
the ToF-NR measurements. A detailed description of the
solvent content calculation is given in the Supporting
Information. In Figure 5, the calculated solvent contents
Φ(t) are plotted for the NaClO4 (a)- and Mg(ClO4)2 (b)-
containing PNIPMAM thin films and are separated into the
swelling process in a D2O vapor atmosphere and the collapse
process in a D2O−acetone solvent vapor atmosphere. Addi-
tionally, the total solvent content for the collapse process is
shown.
The PNIPMAM thin film containing Mg(ClO4)2 reaches a

D2O volume fraction of about 37% in the swollen state,
whereas the NaClO4-containing film reaches a value of 69%. In
the case of the cononsolvency-induced contraction of the films,
as the solvent vapor mixture is introduced into the system, the
D2O content inside the film immediately decreases, whereas
the acetone content first increases before being again released
from the film. The maximum amount of acetone uptake peaks
at 5% for the Mg(ClO4)2-containing film and at 7% for the
NaClO4-containing film. After a delay of 15 min, the acetone
content decreases and stabilizes at about 2% for both systems.

Molecular Interactions. Due to the variety of participat-
ing functional groups, the observed volume-phase transitions
are governed by the interactions of the individual species. Not
only do the interactions arise from electrostatic interactions,
mainly originating from the contained ions, but also equally as
important from the formation of hydrogen bonds between the
polymer and the solvent molecules. Consequently, the
magnitude of these interactions represents a sensitive probe
for the progress of the volume-phase transition, which can be
quantified using FTIR. Since the vibrational frequency is
dependent on the bond strength of the constituting atoms, the
shifts of the peak positions can be used to elucidate the relative
bond strength variation over time. Collected FTIR spectra
during the swelling and collapse processes are shown in Figure
6 for both salt-containing systems.
Following the discussion of the solvent contents determined

by ToF-NR, the FTIR spectra confirm the overall observation
that during the swelling D2O is incorporated into the film,
while during the collapse D2O is ejected out of the system
accompanied by the uptake of acetone. It should be noted that
the signal at ∼3360 cm−1, which is attributed to the stretching
vibration of H2O, indicates the presence of residual water,
which is substituted by D2O over the course of the experiment.

Figure 5. Solvent content evolution over time for the swelling and
collapse processes for the (a) NaClO4- and (b) Mg(ClO4)2-
containing PNIPMAM thin films. Dashed lines indicate changes in
the vapor atmosphere, i.e., from a D2O vapor atmosphere (100%
D2O) to a D2O−acetone solvent vapor atmosphere (90% D2O and
10% C3H6O). D2O content is indicated in blue, acetone content in
red, and the total solvent content in black.
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To further quantify the extent of interaction changes during
the transitions, the shifts of the amide I, amide II, and
νasym(ClO4

−) peaks are shown in Figure 7.
By comparing the peak positions in the initial dry states for

the amide I band, it can be inferred from the red shift that
ion−dipole interactions between the cations and the carbonyl
groups of the polymer are formed.61 Upon the introduction of
D2O molecules, the amide I signal shows a pronounced shift
toward lower wavenumbers, indicating hydrogen bond
formation, irrespective of salt addition. In contrast, the peak
shifts toward higher wavenumbers when a D2O−acetone vapor
mixture is introduced. Taking into account the observation
from the ToF-NR investigation that during the collapse
process, D2O is ejected from the film while acetone is
incorporated, this shift can be attributed to a decreased D2O
content inside the films as well as to the inability of acetone to
act as a hydrogen bond donor. However, it should be noted
that the carbonyl group of acetone can still serve as a hydrogen

bond acceptor. The reverse trend of the peak position shifts is
observed for the amide II band since it originates mainly from
a bending vibration. Furthermore, since the inorganic anion is
chosen such that its absorption bands do not overlap with
signals arising from the rest of the components, it can likewise
be used as a probe of ion−solvent interactions. Based on the
peak position shifts of the anions at the different solvent
compositions, a hydration shell is formed during the D2O
uptake, while the solvation shell changes when acetone is
added.

Sequence of Solvation Events. To further dissect the
complex overlapping signals in the FTIR spectra, 2D FTIR
correlation analysis is performed for both the swelling and
collapse transitions, which is also used to infer a sequence of
solvation events. The following discussion on the swelling
process is restricted to key points necessary for understanding
the subsequent collapse process caused by the cosolvent
addition. A detailed account of the 2D FTIR correlation

Figure 6. FTIR spectra measured during the (a,b) swelling and (c,d) collapse of a PNIPMAM film containing either Mg(ClO4)2 (top row) or
NaClO4 (bottom row). Normalization is done by reweighting the intensity of the νsym(C−H3) signal in the dry state to an absorbance of 0.05.
Black arrows indicate the intensity trends of the signals originating from solvent molecules over time.

Figure 7. Time-resolved peak positions of the (a) amide I, (b) amide II, (c) νasym(ClO4
−) signals for a PNIPMAM film containing either

Mg(ClO4)2 (orange) or NaClO4 (green), as well as for a salt-free reference film (black). Initial peak positions in the dry state are given in the
respective colors.
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analysis of the swelling process of PNIPMAM thin films
containing salts was provided in earlier work.54

A closer inspection of the amide I signal at around 1640
cm−1 reveals that during the D2O uptake, a shoulder at lower
wavenumbers appears. The appearance and the further
development of this shoulder are attributed to the formation
of NHC�O···D-OD interactions, while the main part of the
band stems from intra- or intermolecular NHC�O···H−N
interactions between the polymer chains. In 2D correlation
analysis, the sign of a crosspeak in the asynchronous spectrum
gives information about whether the change in the signals is
delayed or accelerated, respectively, to one another. In Figure
8, the crosspeak in the asynchronous spectrum between the

amide I and II bands is positive (red), which�according to
Noda’s rules59,60�however, has to be interpreted as negative
(blue) due to the negative sign of the crosspeak in the
synchronous spectrum between the bands. Therefore, the
changes in the amide I signal occur before the amide II signal
evolves.
As the focus of this work is on the investigation of the

changes in the solvation state upon the transition from a D2O

to a D2O−acetone solvent vapor mixture atmosphere, in the
following section, the 2D FTIR correlation analysis is carried
out for the contracting film. Since the origin of the
cononsolvency effect of polymers is still under debate,19

which is due to the multicomponent nature of the investigated
systems, the application of 2D FTIR correlation analysis is
particularly attractive. Additionally, the investigation of thin
films in a vapor atmosphere instead of using polymers in
solution helps to decelerate the solvation process and, thus,
allows us to gain further insights. By choosing a polymer-
(co)solvent system with several nonoverlapping signals, in
addition to using FTIR-active anions, the intricate design of
the chosen system is highlighted. First, the amide signals are
investigated, for which the 2D FTIR correlation plots are
shown in Figure 9.

The buildup of the shoulder in the amide I signal during the
swelling process is attributed to NHC�O···D-OD inter-
actions. During the exchange of vapor atmospheres, the
previously incorporated D2O is released, which is reflected by
the decrease in the intensity of the shoulder, revealing that
hydrogen bonds between the polymer and D2O are perturbed.

Figure 8. (a) Synchronous and (b) asynchronous 2D FTIR
correlation plots in the wavenumber range between 1490 and 1700
cm−1 attributed to the amide I and the amide II signals of the
NaClO4-containing PNIPMAM film during the swelling. A positive
correlation is indicated in red, and a negative correlation is indicated
in blue. The black arrow indicates the formation of NHC=O···D-OD
hydrogen bonds.

Figure 9. (a) Synchronous and (b) asynchronous 2D FTIR
correlation plots in the wavenumber range between 1500 and 1680
cm−1 attributed to the amide I and the amide II signals of the
NaClO4-containing PNIPMAM film during the contraction. A
positive correlation is indicated in red, and a negative correlation is
indicated in blue. The black arrow indicates the depletion of NHC�
O···D-OD hydrogen bonds.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c02053
Macromolecules 2024, 57, 10635−10647

10642

https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02053?fig=fig9&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


By analyzing the correlation spectra for the amide bands during
the contraction process, the order NHC�O···D-OD >
NHC=O···H−N > amide II can be deduced, in which the
first two interactions are attributed to the amide I signal. This
sequence of events is the same as for the swelling process. It is
believed that the introduction of acetone molecules reduces
amide−D2O interactions and that due to the contraction and
solvent release, polymer−polymer interactions are increasingly
formed.
To additionally elucidate cosolvent−polymer interactions,

the signal arising from the carbonyl group of the acetone
molecules in the range of 1680 to 1800 cm−1 is analyzed.
Figure 10 shows the 2D FTIR correlation plots of this signal.

A closer inspection reveals that the band consists of two
individual signals. These are attributed to acetone−acetone
interactions (Me2C�O) at higher wavenumbers and ace-
tone−amide interactions (Me2C�O···H−N) at lower wave-
numbers. Evaluation of the correlation plots reveals that
acetone is first introduced into the film before acetone−amide
interactions are formed. Furthermore, cross analysis between
the amide and acetone signals is performed, as shown in Figure
11.

The overall sequence of changes in the signals is deduced as
ν(Me2C�O) > ν(NHC�O···D-OD) > ν(Me2C�O···H−N)
> ν(NHC�O···H−N). This finding signifies that first acetone
is incorporated into the films, followed by the depletion of the
amide−D2O interactions, which is accompanied by the
formation of amide−acetone interactions and the formation
of the again more preferred amide−amide interactions of the
polymer itself. Finally, the role of the introduced anions in the
solvation mechanism can be evaluated by cross-correlating the
changes in the ν(ClO4

−) signal at around 1095 cm−1 with the
signals arising from the acetone molecules and from the amide
functional groups of the polymer. Figure 12 shows the
corresponding two-dimensional FTIR correlation plots.
Figure 12a,b illustrates the cross analysis between the anion

and the amide signals, revealing the sequence of ν(NHC�O···
D-OD) > ν(ClO4

−) > ν(NHC�O···H−N) > amide II.
Additionally, the cross analysis between the anion and the
acetone signals in Figure 12c,d indicates the order of
ν(Me2C�O) > ν(ClO4

−) > ν(Me2C�O···H−N). In general,
due to the charged nature of the anion, interactions with polar
solvent molecules are preferred over the interactions with the
polymer chains. Therefore, as expected, acetone molecules first
change the solvation shell around the perchlorate anion before

Figure 10. (a) Synchronous and (b) asynchronous 2D FTIR
correlation plots in the wavenumber range between 1680 and 1800
cm−1 attributed to the stretching vibration of the carbonyl group of
acetone for the NaClO4-containing PNIPMAM film during the
contraction. A positive correlation is indicated in red, and a negative
correlation is indicated in blue.

Figure 11. (a) Synchronous and (b) asynchronous cross analysis 2D
FTIR correlation plots in the wavenumber range between 1680 and
1800 cm−1 and between 1500 and 1680 cm−1 for the NaClO4-
containing PNIPMAM film during the contraction. A positive
correlation is indicated in red, and a negative correlation is indicated
in blue.
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they participate in hydrogen bonding with the amide moiety.
Nevertheless, the amide−D2O interactions are also rapidly
disturbed due to the strong sensitivity of the polymer toward
the cosolvent. Together with the change in the solvation shell
around the anion, this constitutes the first step of the
contraction process. Overall, due to the incorporation of
acetone molecules, the D2O hydration shells around the polar
and protic amide functional groups of the polymer, as well as
around the perchlorate anions, get disturbed. Additionally,
despite the formation of amide−acetone interactions, an
increase in amide−amide interactions is observed, which is
attributed to the contraction of the polymer films.

■ CONCLUSIONS
In this study, the response behavior of NaClO4- or Mg-
(ClO4)2-containing PNIPMAM films is investigated in terms
of the swelling behavior in a D2O vapor atmosphere, as well as
the subsequent contraction in a D2O−acetone vapor mixture
atmosphere, inducing a cononsolvency effect. For the as-
prepared thin films, XRR and GISAXS measurements confirm
the uniform vertical and lateral distribution of the introduced
salts inside the polymer matrix. Static and time-resolved ToF-
NR measurements enable the investigation of the solvent
incorporation and reveal that the response of the films toward
the different vapor atmospheres can be modulated by the type
of perchlorate salt added. The NaClO4-containing PNIPMAM
thin films exhibit a strong film thickness increase of 177% in

D2O and a pronounced decrease of 51% in D2O−acetone
vapor atmosphere. In contrast, the Mg(ClO4)2-containing
PNIPMAM thin films reach a moderate film thickness increase
of 39% and a slight decrease of 9%. Investigation of the
evolution of the solvent contents inside the films reveals the
solvent incorporation and release processes caused by
cosolvent addition. After the D2O molecules are incorporated
during the swelling process, the contraction of the films leads
to a release of D2O molecules, while the acetone concentration
inside the films first builds up to 7 vol % before subsequently
depleting to around 2 vol %. Furthermore, the solvation
behavior is studied on a molecular level by in situ FTIR. The
spectra series are analyzed by investigating the peak position
shifts of signals corresponding to functional groups, which
participate in the solvation events. Furthermore, the spectra are
subjected to 2D FTIR correlation analysis to elucidate the
sequence of solvation events. Exemplarily using the amide
functional group as a probe for the solvation behavior, reveals
that during the swelling process, D2O−amide interactions are
formed, which are perturbed upon the addition of acetone.
During the vapor exchange, D2O−amide interactions reduce,
while acetone−amide interactions develop accompanied by
amide−amide interactions, which again become favored during
the contraction. A detailed understanding of the complex
kinetic processes during water uptake and cosolvent-induced
water release is beneficial for a fundamental knowledge-based
development of polymer-based nanodevices in thin film

Figure 12. (a,c) Synchronous and (b,d) asynchronous cross analysis 2D FTIR correlation plots in the wavenumber range between 1050 and 1120
cm−1 and between 1500 and 1680 cm−1 and also between 1050 and 1120 cm−1 and between 1680 and 1800 cm−1 for the NaClO4-containing
PNIPMAM film during the contraction. A positive correlation is indicated in red, and a negative correlation is indicated in blue.
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geometry. With proper parameter tuning, such as by salt
addition, desired properties, such as an enhanced response, can
be implemented for the limited set of established polymers
without the need to design new polymers for a special purpose.
Consequently, it is highly desirable to be able to attribute the
complex response behavior of polymer thin films in the
presence of salts to the properties of the involved ions and
their corresponding specific ion effects in future work.
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