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ABSTRACT: Herein, novel, superabsorbent, and pH-responsive hydrogels
obtained by the photochemical cross-linking of hydrophilic poly-
(vinylphosphonates) are introduced. First, statistical copolymers of diethyl
vinylphosphonate (DEVP) and diallyl vinylphosphonate (DAlVP) are synthesized
via rare earth metal-mediated group-transfer polymerization (REM-GTP) yielding
similar molecular weights (Mn,NMR = 127−142 kg/mol) and narrow poly-
dispersities (Đ < 1.12). Subsequently, polymer analogous transformations of
P(DEVP-stat-DAlVP) introduced vinylphosphonic acid (VPA) units into the
polymers. In this context, the partial dealkylation of the polymers revealed a
preference for DAlVP hydrolysis, which was observed via 1H NMR spectroscopy
and explained mechanistically. Furthermore, the P(DEVP-stat-DAlVP-stat-VPA)
polymers were cross-linked under photochemical reaction conditions (λ = 365
nm) via thiol−ene click chemistry, yielding superabsorbent hydrogels with water
uptakes up to 150 ± 27 g (H2O)/g (hydrogel). Regarding water absorption, evident structure−property relationships between cross-
linking density, polarity, and swelling behavior were found. Finally, the pH-responsiveness of thin films of these hydrogels was
investigated. In this regard, films with a thickness of 39.4 ± 2.33 nm determined via profilometry were spin-coated on sensors of a
quartz crystal microbalance with dissipation monitoring (QCM-D) and thoroughly characterized by atomic force microscopy
(AFM). QCM-D measurements exposing the hydrogel films to different aqueous media revealed different swelling states of the
hydrogels depending on the pH values (1, 6, 10, and 13) of the surrounding environment, as reflected by corresponding frequency
and dissipation values. The hydrogels exhibited fully reversible swelling and deswelling upon switching between pH 1 and 13 (three
cycles), sustaining the harsh conditions without erosion from the gold surface and thus acting as a gravimetric sensor discriminating
between the two pH values. The high stability of the films on the gold surfaces of QCM-D sensors was explained by anchoring of the
P(DEVP-stat-DAlVP-stat-VPA) networks through the dithiol cross-linker as confirmed by detailed X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) studies.
KEYWORDS: superabsorbent hydrogels, pH-responsiveness, hydrogel thin films, quartz crystal microbalance, pH sensor, reversible swelling,
rare earth metal-mediated group-transfer polymerization

■ INTRODUCTION
In recent years, stimuli-responsive hydrogels have emerged as a
promising area of research in biomedical fields such as
controlled drug delivery and tissue engineering due to their
high biocompatibility and resemblance to biological tissues.1−3

In this context, employing these materials enables the release
of an active pharmaceutical ingredient, such as a protein or a
drug, in a controlled manner through an external trigger or
changes in the surrounding conditions.4,5 Hydrogels in stimuli-
responsive applications often serve as scaffolds reacting to
environmental changes, e.g., differences in the pH value,6−8

temperature,9,10 light,11,12 electricity,13,14 and the presence of
biomolecules.15 Beyond biomedicine, several other areas
employ cross-linked materials with these properties. For
instance, in the field of actuators and soft robotics, these
components can undergo mechanical motion upon external

stimulation, or in the fabrication of sensors, hydrogels with the
ability to respond to variations in an ambient medium are up-
and-coming candidates.16−20 The swelling behavior and other
material characteristics of synthetic and natural hydrogels are
often influenced by the pH value of the surrounding medium,
affecting the charge of acidic or basic groups in the polymer
networks. Notable examples of pH-responsive moieties in
hydrogels include acrylic acid-containing networks, along with
chitosan and hyaluronic acid derivatives as representatives of
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biopolymers.19,21−23 The potential of certain materials reacting
to changes in the pH value is highlighted by their widespread
implementation in numerous areas of research and everyday
life. These include smart and antibacterial coatings,22,24−27

smart packaging,28 actuators and sensors,16,17,19,20 and lab-on-
a-chip applications,29 among others, therefore creating
incentives for further research toward the discovery of novel
materials with these properties. Before application, the pH-
dependent behavior of newly established hydrogels is typically
investigated by analyzing the water uptake of different samples
across a range of pH values. Additional insights into the
response of thin films of cross-linked, pH-sensitive networks
can be obtained through a quartz crystal microbalance with
dissipation monitoring (QCM-D), providing an online
measurement of the swelling state as well as the viscoelastic
properties of the sample.23,30−32 The water uptake of a
hydrogel is usually governed by several factors, including the
hydrophilicity of the polymers, the cross-linking density of the
network, chain mobility, and external factors like the ionic
strength of the medium used for swelling experiments.33−35

Further, the water uptake may be increased by introducing
sodium salts of deprotonated acids through increased hydro-
philicity and solvation of both anions and cations.36 In a recent
study, we introduced hydrogels obtained through photo-
chemical cross-linking of statistical copolymers consisting of
diethyl vinylphosphonate (DEVP) and diallyl vinylphospho-
nate (DAlVP) applying thiol−ene click chemistry with dithiols
as cross-linkers. The final materials exhibited widely tunable
properties in terms of water uptake and mechanical strength, as
well as good biocompatibility.37 The corresponding copoly-
mers were obtained with excellent control over the polymer
microstructure while maintaining narrow polydispersities by
applying yttrium-catalyzed rare earth metal-mediated group-
transfer polymerization (REM-GTP).38 This highly precise
polymerization technique gives access to well-defined poly-
meric structures in terms of molecular weight and polydisper-
sity through repeated 1,4-conjugate addition of Michael-type
monomers.39,40 Further, REM-GTP enables a straightforward
introduction of biologically active motifs and other substrates
into allyl group-containing poly(vinylphosphonates) under
mild conditions through postpolymerization thiol−ene click
chemistry.41,42 As demonstrated in the study mentioned above,
the functionalization of polymers with sodium salts of organic
acids prior to photochemical cross-linking toward hydrogels
was successfully applied, yielding materials with significantly
increased swelling ratios.36,37 Another approach for increasing
the water uptake worth exploring includes polymer mod-
ification rather than functionalization. In this context, the well-
established transformation of poly(vinylphosphonates) with
trimethylsilyl bromide (TMSBr) results in partial hydrolysis of
the polymer side chains toward poly(vinylphosphonic acid)
(PVPA). When applied to allyl-group containing poly-
(vinylphosphonates), this should generate cross-linkable
polymers with increased hydrophilicity, potentially inducing
pH-responsiveness into the final materials.43 In this study,
different P(DEVP-stat-DAlVP) copolymers obtained via REM-
GTP are subjected to polymer-analogous hydrolysis of the
monomers toward statistical P(DEVP-stat-DAlVP-stat-VPA)
terpolymers, which are cross-linked applying photoinitiated
thiol−ene click reactions with 3,6-dioxa-1,8-octanedithiol.
After being dried, the resulting hydrogels are thoroughly
analyzed regarding water uptake. Further, in-depth character-
ization of thin films of these novel materials and detailed

analyses of the pH-responsiveness through QCM-D measure-
ments contribute to a profound understanding of the high
application potential in actuators and sensors.

■ EXPERIMENTAL SECTION
Statistical Copolymerization of Diethyl Vinylphosphonate

(DEVP) and Diallyl Vinylphosphonate (DAlVP). The statistical
copolymerization of DEVP and DAlVP was performed according to
previously reported procedures.37,41 In a copolymerization experi-
ment, the calculated amount of catalyst Cp2YCH2TMS(thf) (1.00
equiv) was dissolved in dry toluene. The calculated amount of
initiator (1.10 equiv) was added to this solution, resulting in a yellow
coloration. After 2 h, quantitative conversion of the catalyst toward
the initiating species was confirmed via 1H NMR spectroscopy by
withdrawing an aliquot of the reaction mixture (0.1 mL of solution
+0.4 mL of C6D6), and a mixture of monomers in the desired ratio
was added in one motion. The polymerization was stirred at room
temperature for 2 h until a second aliquot (0.1 mL of solution + 0.4
mL of CD3OD) confirmed quantitative conversion via 31P NMR
spectroscopy. Then, polymerization was stopped by adding 0.5 mL of
undried MeOH, and the polymers precipitated from hexane. After
centrifugation, the residues were taken up in 1,4-dioxane and
subjected to lyophilization to yield the purified P(DEVP-stat-
DAlVP) polymers as white solids.

Partial Hydrolysis of P(DEVP-stat-DAlVP) toward Vinyl-
phosphonic Acid (VPA)-Containing Terpolymers. The poly-
mer-analogous hydrolysis of P(DEVP-stat-DAlVP) was performed
according to a well-established procedure applying trimethylsilyl
bromide (TMSBr).43 In an oven-dried Schlenk flask suitable for
elevated pressures, P(DEVP-stat-DAlVP) was dissolved in dry
CH2Cl2 (10 mL of solvent per 100 mg of polymer). Further, 0.30
equiv (or 0.15, as specified in the manuscript) of TMSBr was added,
and the reaction mixture was refluxed for 16 h. Then, the solvent was
removed in vacuo, and the residue was taken up in 20 mL of
methanol, and 5 mL of 1 M hydrochloric acid (aq) was added. The
resulting reaction mixture was stirred at room temperature for 2 h.
Finally, the solvent was removed under reduced pressure, and the
crude product was purified via dialysis against deionized water (8 kDa
MWCO). Lyophilization yielded the partially hydrolyzed P(DEVP-
stat-DAlVP-stat-VPA) polymers as white solids.

Synthesis of Hydrogels from VPA-Containing Terpolymers.
To obtain hydrogels from P(DEVP-stat-DAlVP-stat-VPA) terpol-
ymers, the reaction conditions reported in an initial study were
applied.37 In a typical experiment, 100 mg of polymer were dissolved
in 0.3 mL of dioxane. For some polymers, small amounts of water
were added to facilitate the solubilization of polymers. To this
solution, the calculated amounts of cross-linker 3,6-dioxa-1,8-
octanedithiol (2.50 equiv) and 0.40 equiv of the photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were added. After
homogenization, the reaction mixture was cross-linked through UV
irradiation (λ = 365 nm) for 60 min and dried to weight constancy in
vacuo.

Thin-Film Preparation. Stock solutions of P(DEVP-stat-DAlVP-
stat-VPA) for spin-coating silicon wafers and QCM-D sensors were
freshly prepared before each experiment. In this context, 25 mg of
polymer was dissolved in 3 mL methanol and 0.5 mL distilled water,
resulting in a homogeneous, clear solution. Subsequently, the
calculated amounts of the cross-linker 3,6-dioxa-1,8-octanedithiol
with respect to the allyl groups in the polymer (2.50 equiv per allyl
group) and the photoinitiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA) (0.40 equiv per allyl group) were added to the solution. To
prevent ambient light-induced cross-linking, all samples were prepared
and stored in brown glass vials to protect them from surrounding
light. The spin-coating of quartz crystals and silicon wafers was
performed according to well-established procedures.44,45 The P-
(DEVP-stat-DAlVP-stat-VPA)-containing films were deposited on the
static substrates by pipetting 50 μL of an 85 ppm (0.0085 wt %)
polymer-containing stock solution in methanol/water (6/1) onto the
surfaces of either the QCM-D sensors or the silicon wafers.
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Immediately after adding the stock solution, the substrates were
rotated at a spinning speed of 4000 rpm with an acceleration of 2500
rpm/s for 60 s. In the final step, the films on the substrates were cross-
linked by UV irradiation (λ = 365 nm) for 60 s.

Workflow of QCM-D Measurements. In a typical QCM-D
experiment, the frequencies and dissipation of cleaned and empty
QCM-D sensors were monitored in ambient air for 5 min.
Subsequently, the substrates were spin-coated with a freshly prepared
polymer-, cross-linker-, and photoinitiator-containing solution, as
described above.44,45 Next, the films on the substrates were cross-
linked through UV irradiation (λ = 365 nm) for 1 min. The frequency
change upon spin-coating was evaluated by measuring the sensors in
air for another 5 min. Following that, the crystals were subjected to
the different aqueous solutions described in the discussion, and the
QCM-D response was monitored for the given timeframes, observing
different swelling states of the hydrogel films. Finally, the QCM-D
crystals were removed from the device, dried thoroughly with
nitrogen gas to avoid mechanical removal of the films, and remeasured
in air to confirm that no significant sample leaching occurred.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Modification. As reported in

previous studies, statistical copolymers from the water-soluble

monomer diethyl vinylphosphonate (DEVP) and the cross-
linkable monomer diallyl vinylphosphonate (DAlVP) were
obtained through rare earth metal-mediated group-transfer
polymerization (REM-GTP).37 After the quantitative con-
version of the Cp2YCH2TMS(thf) catalyst toward the
initiating species was achieved (Scheme 1, Step 1), as
confirmed by 1H NMR spectroscopy in C6D6, a mixture of
the monomers was added to initiate the polymerization
(Scheme 1, Step 2). Following, once quantitative monomer
conversion was confirmed via 31P NMR spectroscopy, the
polymers were purified by precipitation and characterized by
1H NMR (Figure S1) and 1H DOSY NMR spectroscopy
(Figure S3) as well as size-exclusion chromatography multi-
angle light scattering (SEC-MALS). An overview of the
polymerization results of different P(DEVP-stat-DAlVP)
copolymers is given in Table 1.
As described in previous studies, these results highlight the

high precision of REM-GTP in terms of tailoring the
copolymer microstructure toward different DEVP/DAlVP
ratios by adjusting the amounts of monomers relative to the
catalyst while maintaining narrow polydispersities.37 Table 1

Scheme 1. Overview of the Synthetic Pathway toward Highly Water-Absorbing Hydrogelsa

aCH-bond activation of a sym-collidine derivative with Cp2YCH2TMS(thf) towards the initiating complex (Step 1); polymerization through
addition of the monomers diethyl vinylphosphonate (DEVP) and diallyl vinylphosphonate (DAlVP) (Step 2); polymer-analogous transformation
of the copolymer side-chains towards vinylphosphonic acid (VPA) units (Step 3); crosslinking of P(DEVP-stat-DAlVP-stat-VPA) chains via
photoinitiated thiol−ene click chemistry to highly hydrophilic hydrogels (Step 4).
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displays a variation of the content of cross-linkable DAlVP,
simultaneously targeting comparable molecular weights
between 127 and 142 kg/mol in copolymers 1−4. The results
for the copolymer microstructures and molecular weights were
obtained via 1H NMR spectroscopy (Figure S1), and 31P NMR
spectroscopy (Figure S2) and 1H DOSY NMR spectra (Figure
S3) confirm successful copolymer synthesis. Furthermore, the
polydispersities below 1.12 for entries 1−4 determined by
SEC-MALS reflect a uniform molecular weight determination
characteristic of catalytic REM-GTP. In a subsequent step,
P(DEVP-stat-DAlVP) polymers 1−3 were subjected to side
chain modification with 0.30 equiv of TMSBr, whereas
polymer 4 was reacted with only 0.15 equiv of TMSBr
(Scheme 1, Step 3). This polymer-analogous transformation is
well-known for poly(vinylphosphonates), resulting in the
formation of vinylphosphonic acid (VPA) units in the polymer
backbone while maintaining the degree of polymerization.43

After purification via dialysis against deionized water (MWCO
= 8 kDa), lyophilization yielded pure P(DEVP-stat-DAlVP-
stat-VPA) terpolymers, in which a statistical distribution of
monomers is assumed. The degree of deprotection after each
reaction, also reflected by the number of VPA units formed,
was calculated via comparison of the 1H NMR spectra of
P(DEVP-stat-DAlVP) (Table 1, Entries 1−4) and P(DEVP-
stat-DAlVP-stat-VPA) (Table 2, Entries 5−8), normalizing the
signals of the polymer backbone (δ = 1.65−3.00 ppm).
Notably, the side-chain hydrolysis of copolymers 1−4 (Table
1) toward terpolymers 5−8 (Table 2) resulted in a preference
for DAlVP dealkylation compared to DEVP, as evidenced via
1H NMR spectroscopy (Figure S4) and the compositions listed
in Table 2. In this context, we hypothesize that this might be
due to the proposed mechanism presented in Figure S4,
agreeing with the literature and suggesting an allyl cleavage
rather than ethyl cleavage for statistical reasons (different
reaction pathways indicated by arrows) and due to better
stabilization of the corresponding cation.1,46 In general,
however, the compositions of P(DEVP-stat-DAlVP-stat-VPA)

terpolymers 5−7 presented in Table 2 suggest similar overall
degrees of dealkylation, as evidenced by the extent of VPA
formed, which aligns well with the application of equimolar
amounts of TMSBr. Therefore, it can be concluded that
controlling the amount of residual DAlVP units in the
terpolymers available for cross-linking is only possible by
adjusting the DEVP/DAlVP ratio during copolymer synthesis.

Hydrogel Synthesis and Characterization of Swelling
Properties. The purified P(DEVP-stat-DAlVP-stat-VPA)
terpolymers were subsequently subjected to a thiol−ene click
reaction with 3,6-dioxa-1,8-octanedithiol using photochemical
reaction conditions (λ = 365 nm) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) as a photoinitiator (Scheme 1,
Step 4). Each sample was cross-linked in a UV reactor for 60
min and dried to weight constancy in vacuo. After that, each
dry sample was immersed in water for eight hours, and the
water uptake was calculated by comparing the weight
difference between the swollen and the dry sample according
to Equation S1. In previous studies, P(DEVP-stat-DAlVP)
copolymers were cross-linked without further modification,
yielding relatively apolar materials with water uptakes of up to
2.22 g of water per gram of dry hydrogel. A hydrophilicity
increase was possible by polymer modification via thiol−ene
click chemistry with sodium 3-mercaptopropane-1-sulfonate
before cross-linking, resulting in swelling ratios above 50. Here,
we explored a different approach toward highly polar, cross-
linked materials with the beneficial side-effect of introducing
stimuli-responsiveness into these novel hydrogels.37 The
terpolymer compositions calculated via 1H NMR spectroscopy
(Figure S4), the results of the swelling experiments, as well as a
description of the mechanical properties of the hydrogels are
presented in Table 2. In this context, swelling experiments
were performed at least in triplicate.
When comparing the terpolymer compositions presented in

Table 2 with the initial compositions of P(DEVP-stat-DAlVP)
1−4 (Table 1), these results reflect the preference for DAlVP-
side chain dealkylation over DEVP side chain deprotection, as
discussed above and confirmed by 1H NMR spectroscopy
(Figure S4). However, treating copolymers 1−3, which display

Table 1. Selected Polymerization Results of the
Polymerization of Diethyl Vinylphosphonate (DEVP) and
Diallyl Vinylphosphonate (DAlVP) Applying the Rare Earth
Metal-Based Catalyst Cp2YCH2TMS(thf)a

Polymer
DAlVP content

[%]b
DEVP content

[%]b
Mn,NMR

[kg/mol]c IEd Đe

1 10.9 89.1 137 43 1.06
2 19.1 80.9 138 43 1.12
3 24.7 75.3 127 48 1.06
4 24.6 75.4 142 42 1.10

aAll polymerizations were performed at room temperature in toluene,
targeting 400 repetition units and varying the DEVP/DAlVP/Catalyst
ratio. Quantitative conversions were determined via 31P NMR
spectroscopy in CD3OD.

bDetermined via 1H NMR spectroscopy
by comparison of the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4); cCalculated via 1H NMR spectroscopy
by comparison of the − OTBDMS signals of the initiator at 0.14 ppm
(I = 6H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and
DAlVP (4.63 ppm, n = I/4); dInitiator efficiency: IE = Mn,theo/Mn,NMR
with Mn,NMR = 327.54 g/mol+m*164.14 g/mol+n*188.16 g/mol and
Mn,theo determined from the applied monomer to catalyst amounts;
ePolydispersity index determined via size-exclusion chromatography
multiangle light scattering (SEC-MALS) in THF:H2O (1:1) with 340
mg/L 2,6-di-tert-butyl-4-methylphenol (BHT) and 9 g/L tetra-n-
butylammonium bromide (TBAB).

Table 2. Calculated Compositions of P(DEVP-stat-DAlVP-
stat-VPA) Terpolymers Obtained through Polymer-
Analogous Transformation of P(DEVP-stat-DAlVP) with
TMSBr and Water Uptake of the Corresponding Hydrogels,
Followed by a Description of the Mechanical Properties of
the Water-Swollen Hydrogel Samples

P(DEVP-
stat-

DAlVP-
stat-
VPA)

DEVP
[%]a

DAlVP
[%]a

VPA
[%]a

Water uptake of
corresponding
hydrogel

[g (H2O)/g (HG)]
b

Description
of

mechanical
propertiesc

5 72.7 0.50 26.8 150 ± 27 No
structural
integrity

6 72.0 3.70 24.3 29 ± 4 Soft and
brittle

7 65.6 6.80 27.6 28 ± 5 Stable
specimen

8 72.1 8.20 19.7 19 ± 2 Stable
specimen

aPolymer composition of functionalized samples after purification as
determined from 1H NMR spectroscopy. bWater uptake of
corresponding hydrogels with standard deviation: Q = (Ms − Md)/
Md.

cObtained from the handling of the water-swollen hydrogel
samples during the swelling experiments.
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increasing numbers of DAlVP units with equimolar equivalents
of TMSBr (0.30 equiv), gave access to terpolymers 5−7, which
revealed residual DAlVP contents in the same sequence.
Regarding the water uptake of the corresponding hydrogels,
the high values of water absorption compared to those
obtained in initial studies for the cross-linking of P(DEVP-stat-
DAlVP) indicate an overall significant increase in the
hydrophilicity of the gels induced by the polymer-analogous
transformation.37 Furthermore, relating the swelling ratio of
the corresponding hydrogels to the polymer compositions, the
water uptake is mainly governed by the cross-linking density
given by the content of DAlVP in P(DEVP-stat-DAlVP-stat-
VPA), which increases from polymer 5 to 8. This is particularly
evident when polymers 5 and 6 are compared with very similar
amounts of DEVP and VPA, mainly differing in the number of
DAlVP units. While hydrogels from polymer 6 exhibited
considerable swelling, the water absorption of polymer 5
indicated a superabsorbent material with a water uptake of
about 150 g of water per gram of dry hydrogel, marking a high-
performance material with significant potential, e.g., in

agricultural or hygienic applications.47−50 Comparing hydro-
gels from polymers 6 and 7, both materials show similar water
uptake, despite notable differences in their DAlVP content.
Therefore, we believe these examples illustrate an interplay
between the cross-linking density and the polarity of the
polymers. More specifically, polymer 7 contained 6.80% cross-
linkable units, which exceeded the number of available sites in
polymer 6. Nevertheless, polymer 7 also revealed the highest
amount of vinylphosphonic acid units, which should yield the
most polar cross-linked network and, thus, could explain the
similar values for the water uptake of samples originating from
polymers 6 and 7. Considering the mechanical properties of
the hydrogels, an opposing trend compared to the water
uptake regarding the DAlVP content was found. Whereas the
swollen hydrogels arising from polymers 5 and 6 exhibited no
or only poor mechanical stability, the specimen synthesized
from polymers 7 and 8 remained mechanically stable in the
swollen state and could be gently handled with tweezers
(Figure S6). Apart from the description of the mechanical
properties of the swollen states, exemplary frequency sweeps

Figure 1. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in different aqueous media and measurements in
ambient air before and after exposure to the liquids, checking for potential leaching of samples. (A) Investigation of sample behavior under acidic
conditions (pH 1) and (B) investigation of sample behavior under alkaline conditions (pH 13). (C) Coupled hydrogel film masses in different
environmental conditions obtained from the frequency changes of the third overtone and by subtracting the frequency decrease of each solvent on
neat crystals. (D) Weight percentage of water in the films (mass of water per dry film mass) under different environmental conditions. Water
masses were obtained from the coupled hydrogel film masses (water + hydrogel) by subtracting the masses obtained through the frequency
decrease upon dry film deposition on the QCM-D sensors.
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conducted on hydrogels originating from polymers 6 and 8
accentuate these findings. In both cases, the hydrogels were
formed from water between the rheometer plates in situ. The
higher values of the storage and loss modulus of the more
densely cross-linked polymer networks indicate a higher
mechanical strength of the swollen specimen (Figure S7),
aligning well with the findings from previous studies.37

Investigations on the pH-Responsiveness of Thin
Films. After investigating the water uptake of these novel
P(DEVP-stat-DAlVP-stat-VPA)-based hydrogels, we aimed to
understand their behavior in media with pH values other than
water since the introduction of vinylphosphonic acid units
should induce pH-responsive behavior. For this purpose, thin
films of cross- l inked, part ia l ly hydrolyzed poly-
(vinylphosphonates) were prepared on different substrates by
applying a well-established spin-coating procedure reported for
various biomaterials.44,45 In this context, a less than 0.01 wt %
solution of polymer 8 in methanol/water (6/1) was applied to
obtain thin hydrogel films on either silicon wafers or the Au
electrodes of quartz-crystal microbalance (QCM-D) sensors.
The processing of poly(vinylphosphonate)-based hydrogels by
spin-coating has not been described before, and the fabrication
of thin films of these materials could be relevant for various
applications. The dry films of cross-linked, partially hydrolyzed
poly(vinylphosphonates) were investigated by profilometry,
light microscopy, QCM-D, and AFM. Characterization of the
thin films by profilometry on cleaned silicon wafers revealed an
average layer thickness of 39.4 ± 2.33 nm and a roughness
average of 1.96 ± 0.75 nm determined from 12 measurements
on 3 different substrates (Table S1), indicating relatively
smooth and homogeneous coatings. An exemplary profilom-
etry measurement is shown in Figure S8. Furthermore, the dry
film mass was obtained from QCM-D measurements of
crystals before and after spin coating and irradiation of the
polymer film deposited on the quartz crystal resonator.
Whereas the resonance frequency f decreased when the
hydrogel was introduced, the dissipation factor D, which is
the second measure of QCM-D and reflects the viscoelastic
properties of the sample, increased simultaneously. This is due
to the deposition of the hydrogel, resulting in an energy loss of
the oscillating system due to its viscoelasticity. Given the
frequency shifts of the third overtone upon spin coating, the
mass coverage on the Au-surface was calculated using the
Sauerbrey eq (Equation S2). Applying the average resonance
frequency change Δf 3 of −360 ± 46 Hz obtained from 12
QCM-D measurements, the resulting mass per area on the
resonators was calculated to be 2.12 ± 0.27 μg/cm2. Finally,
atomic force microscopy was applied to further explore the
surface morphology of the hydrogels spin-coated onto the
QCM-D sensor (Figure 3A). AFM indicated quantitative
surface coverage of the crystals. However, the AFM images
along with the recordings of the light microscope (Figure S9)
revealed minor inhomogeneities on the substrate surfaces. This
could either arise from a nonperfectly dissolved polymer in the
spin coating solution, which was not assessable with the naked
eye, or some unintended self-assembly processes on the
surfaces. Nevertheless, we studied the behavior of these thin
films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) via QCM-
D to gain insight into the pH-responsive behavior of the novel
materials. First, a baseline corresponding to the resonance
frequency of an uncoated sensor and, therefore, to Δf 3 = 0 Hz
was established in ambient air. Subsequently, the same sensor
was spin-coated with an 85 ppm (0.0085 wt %) solution of

polymer 8 (Table 2), containing the cross-linker and
photoinitiator, and irradiated (λ = 365 nm, t = 1 min) to
yield a cross-linked network on the Au-coated surface of the
QCM-D sensor. Following this step, remeasurement of the
crystals in air confirmed successful spin coating by a frequency
change of −360 ± 46 Hz, which is also observable in the first
decrease in Δf 3 highlighted in Figures 1A and 1B.
Transitioning from air to water, both measurements in

Figure 1 reveal a significant decrease in the oscillation
frequency of the third overtone of the crystals, dropping to
frequencies around Δf 3 = −940 ± 80 Hz, which is a commonly
observed phenomenon due to density changes in the medium.
However, a substantial contribution toward this frequency
difference is caused by the swelling of the hydrogel film on the
QCM-D resonator. Subtracting the frequency changes through
dry film deposition (Δf 3 = −360 ± 46 Hz) and water on an
empty QCM-D crystal (Δf 3 = −392 Hz, Figure S10) would
indicate a weight increase through hydrodynamically coupled
water of roughly 1.11 μg/cm2 as determined by the Sauerbrey
equation, disregarding that this relation becomes nonlinear in
swollen systems without full elastic coupling to the sensor.
Once stable QCM-D signals were reached, indicating the
equilibrium swelling state of the hydrogel films, the aqueous
environments were altered to either 0.1 M hydrochloric acid
(aq) (pH 1) or 0.1 M sodium hydroxide solution (aq) (pH
13), while the swelling behavior of each film. Switching to
acidic measurement conditions (Figure 1A), a sharp frequency
increase to Δf 3 = −923 ± 25 Hz, along with a decrease of the
dissipation to ΔD3 = 164 ± 1 ppm, was observed. Both trends
can be explained by a collapse of the formerly partially
deprotonated hydrogel at pH 7 through protonation at pH 1
and, therefore, the loss of electrostatic repulsion. This
hypothesis is supported by the titration curve of PVPA (Figure
S5), revealing a gradual increase of the pH value, indicating a
dynamic deprotonation/protonation of the polymers, and
suggesting that parts of the PVPA might as well be
deprotonated at a pH value of 7. Furthermore, the decrease
in dissipation is explained by the lower viscoelasticity of the
swollen hydrogel upon collapse, causing a smaller energy loss
than in the initial state. The exact opposite trend in the
frequency and dissipation values is observed for alkaline
conditions (Figure 1B). Upon displacement of distilled water
by NaOH (aq) in the measurement cell, a sharp decrease in
the frequency to Δf 3 = −1195 ± 85 Hz and an increase in the
dissipation to ΔD3 = 170 ± 2 ppm, followed by plateaus of
either, was detected. In analogy to the explanation above, this,
in turn, is accounted for by an extensive swelling of the
hydrogel network due to electrostatic repulsion of the
deprotonated vinylphosphonic acid units in the polymers,
resulting in a higher mass of water coupled to the QCM-D
sensor. With the aid of the titration curve of PVPA (Figure
S5), displaying the behavior of a monoprotic acid and a gradual
deprotonation, it becomes obvious that under the harsh
conditions of pH 13, large parts of the VPA units in cross-
linked P(DEVP-stat-DAlVP-stat-VPA) should be deproto-
nated. The strong electrostatic repulsion explains the more
drastic changes in Δf 3 and ΔD3 switching from pH 7 (partially
deprotonated) to 13 (mostly deprotonated) than that from pH
7 (partially deprotonated) to 1 (mostly protonated). This
trend is also reflected in the calculated coupled masses
(hydrogel + water) in different environments (Figure 1C) and
can also be seen in Figure 1D, which shows the mass of water
per dry film mass for the different swelling states. Comparing
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the water uptake found in the QCM-D studies for thin films of
cross-linked polymer 8 (Figure 1D) with the water absorption
of the macromolecular objects (Table 2), a significant
reduction in hydrogel swelling can be observed. This could
be attributed to the restrained chain mobility of the polymer
chains due to the surface attachment, making the polymers
more immobile for swelling and hindering water accessibility
into the networks. Nevertheless, the results in Figure 1D reveal
pH-dependent swelling of the thin hydrogel film. Notably,
control experiments confirmed that the observed frequency
and dissipation changes in aqueous environments, shown in
Figure 1, arise exclusively from the film behavior on the QCM-
D sensors since the density or other solvent effects had no
impact on the values of frequency and dissipation when
measuring uncoated sensors (Figure S10). Next, the
reversibility toward the initial swelling state in water was
confirmed by returning to pH 7 in both cases. This resulted in
plateaus of the signals and yielded similar data for Δf 3 and
ΔD3 as initially determined, therefore not hinting toward any
mass loss on the sensors. To confirm this assumption, the
measurements were stopped and the crystals dried thoroughly

using nitrogen gas. Remeasurement of the dry crystals (final
plateaus in Figures 1A and 1B) and comparison with the
pristine masses confirmed that no detachment of the hydrogel
films from the Au surfaces of the QCM-D resonators occurred
despite exposing the films to the harsh conditions discussed
above. To further explore the application potential of these
materials in devices, the reversibility of swelling and collapse of
thin films of P(DEVP-stat-DAlVP-stat-VPA)-based hydrogels
at these extreme pH values was studied over the course of
three cycles (Figures 2A and 2B).
In these experiments, QCM-D sensors spin-coated with a

P(DEVP-stat-DAlVP-stat-VPA)-containing solution and sub-
sequently cross-linked via UV irradiation were first investigated
in air, resulting in the frequency and dissipation changes upon
mass deposition mentioned previously. When exposing the
films on the crystals to acidic conditions (pH 1), Δf 3 = −923
± 25 Hz and ΔD3 = 164 ± 1 ppm were obtained (Figure 2A).
Switching to alkaline conditions (pH 13) after reaching stable
measurement values, a sharp decrease in the frequency to Δf 3
= −1195 ± 85 Hz and an increase in the dissipation to ΔD3 =
170 ± 2 ppm was obtained, indicating extensive swelling of the

Figure 2. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in alternating aqueous media (two pH values) and
measurements on air before and after exposure to the liquids. (A) Cycling of the pH value between pH 1 (0.1 M HCl solution) and pH 13 (0.1 M
NaOH solution) over three cycles. (B) Cycling of the pH value between pH 13 (0.1 M NaOH solution) and pH 1 (0.1 M HCl solution) over three
cycles.

Figure 3. AFM images of the native hydrogel on the Au-surface of a QCM-D crystal (A), the hydrogel after QCM-D measurements with
alternating pH values and subsequent drying of the crystals (B), and proposed surface anchoring of P(DEVP-stat-DAlVP-stat-VPA)-based
hydrogels by the dithiol cross-linker via interaction with the gold electrode (C).
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hydrogel film as discussed above. These values were
successfully reproduced when performing this solvent ex-
change for two subsequent cycles, indicating fully reversible
swelling and deswelling of the film without detachment during
the online monitoring of the f and D values. The opposite
behavior was observed when starting the measurements at high
pH values (Figure 2B). To confirm the preservation of the
hydrogel layers on the QCM resonators, the crystals were dried
and remeasured in air, yielding comparable data of Δf 3 and
ΔD3 as opposed to their initial values, suggesting no significant
weight loss after three cycles. To further substantiate this
assumption, AFM measurements of the coated sensors after
QCM-D cycling experiments were conducted to investigate the
surface topography. Comparing the AFM measurements
before (Figure 3A) and after (Figure 3B), the QCM-D
experiments revealed similar surface coverages of the hydrogel
and did not hint toward any film loss caused by the harsh
conditions. The excellent adhesion of the films on the gold
substrates led to the hypothesis that the dithiol cross-linker
applied in hydrogel synthesis might act as a surface anchor
interconnecting the hydrogel network with the electrode
surface (Figure 3C). This hypothesis is supported by
numerous reports on the interaction thiol- or sulfur-containing
polymers with Au electrodes in QCM-D,51−53 and by control
experiments, in which exposing films of non-cross-linked
polymers to different aqueous environments resulted in a
significant sample loss (Figure S11).
To demonstrate the broader applicability of these novel

materials, the pH-responsiveness was studied under milder
conditions (2 pH units above and below the equivalence point
of the titration of PVPA with NaOH, Figure S5) by
investigating the thin film behavior of cross-linked P(DEVP-
stat-DAlVP-stat-VPA) in 0.1 M citrate buffer (pH 6) and 0.1
M carbonate buffer (pH 10) (Figures 4A and 4B). Again, the
Δf 3 values obtained in these experiments demonstrate high
reversibility between the swelling states over three cycles
regardless of the order in which the buffers were added to the
samples. Each experiment was performed in triplicate,
revealing excellent reproducibility and yielding Δf 3 = −1395
± 47 Hz for the collapsed state (pH 6) and Δf 3 = −1427 ± 38
Hz for the swollen state (pH 10), allowing differentiation
between the two pH values. The higher frequency decreases

compared to the measurements presented in Figure 3 might
hint toward buffer interactions with the films or density effects.
Unlike in the case of HCl (aq) and NaOH (aq) (Figure S10),
measurements of uncoated QCM-D crystals in the buffered
solutions indeed showed a dependence of the resonance
frequency and the dissipation on the surrounding medium
(Figure S12). In this context, the frequency increased
switching to the carbonate buffer, counteracting the swelling-
induced frequency decrease, and vice versa for the citrate
buffer. Consequently, the frequency window for pH differ-
entiation might effectively appear smaller than that for other
solutions in the same pH window. In contrast to the
measurements with NaOH (aq) and HCl (aq), the values
for ΔD3 do not inversely correlate with the frequency states
but seem to be dominated by the viscoelastic properties of the
buffers as evidenced by the corresponding control experiments
(Figure S12).
Nevertheless, the results presented in Figures 2 and 4 reveal

the pH-responsive behavior of cross-linked P(DEVP-stat-
DAlVP-stat-VPA) polymers in different media, suggesting a
high potential for implementing the material properties in
various applications. In this context, the excellent adhesion of
hydrogel films on gold surfaces combined with the photo-
chemical cross-linking process allows photolithographic micro-
patterning, which is relevant not only in the biomedical field
but also in optics and electronics.54,55 Further, the extensive
swelling of these hydrogels; their ability to form thin,
homogeneous films; and their pH-dependent volume changes
render them ideal candidates for developing piezoelectric pH-
sensors.56,57 For device fabrication, a more detailed study of
the correlation between the water uptake and the film
thickness is crucial, as the substrate polarity can dominate
the swelling properties for very thin films.58,59 Very thin films
further comprise layers with less mobile polymer chains due to
the interaction with the solid Au substrate, leading to fewer
degrees of freedom and therefore to less swelling and a lower
relative mass increase. A fundamental understanding of this
dependency, in turn, might help to adjust the sensor’s
sensitivity in future studies.

Surface Analysis of Thin Films on Gold Substrates. To
further elucidate the interactions between the films of cross-
linked P(DEVP-stat-DAlVP-stat-VPA) polymers and the Au

Figure 4. QCM-D measurements of thin films of cross-linked P(DEVP-stat-DAlVP-stat-VPA) in different buffers and measurements in air before
and after exposure to the liquids. (A) Cycling of the pH value between pH 6 (0.1 M citrate buffer) and pH 10 (0.1 M carbonate buffer) over three
cycles. (B) Cycling of the pH value between pH 10 (0.1 M carbonate buffer) and pH 6 (0.1 M citrate buffer) over three cycles.
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surfaces of the QCM-D sensors, in-depth surface analysis of
the spin-coated films was conducted via X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS). Figure 5 presents the survey and
high-resolution XPS spectra, providing an overview of the
surface composition. The survey spectrum reveals the presence
of O-, C-, Au-, and P-containing species on the surface.
However, the S- and N-related signals, which could confirm
the presence of the dithiol cross-linker and the polymer end-
group, were not developed in the XPS spectra (Figures 5A, 5F,
5G).
Figure 5B displays the C 1s spectrum, which clearly

identifies C−C/C−H containing species at 284.8 eV (dashed
line 2) and C−O containing species at a distinct binding
energy (dashed line 1). The O 1s spectrum (Figure 5C)
indicates two distinct oxygen environments, marked at dashed
lines 1 and 2, which could correspond to R-PO3-R2 and R-
PO3H2 groups, respectively, consistent with the polymer’s
expected structure. The phosphorus signals are intense in the
XPS spectra, as shown in Figures 5A, 5D, and 5E. The P 2p
spectrum, in particular, confirms the presence of R-PO3-R2
moieties, as evidenced by the binding energy (EB) position.
This observation supports the conclusion that the polymer is
present on the Au surface. The S 2p and N 1s spectra (Figures
5F and 5G) show no detectable signals, indicating that the
sulfur and nitrogen concentrations are too low for this
technique. While a peak begins to emerge in the S 2p
spectrum (Figure 5F), its intensity remains below the
threshold for confident detection, as it does not exceed three
times the background noise. Sulfur should, however, be

incorporated into the hydrogel structure due to the cross-
linker. N-containing species, in turn, might originate from the
polymer end groups. The limitations of XPS were addressed
using ToF-SIMS, which has a lower detection limit and
successfully confirmed the presence of S-containing species,
providing a more comprehensive surface characterization. The
cross-linked films on the surfaces comprise R-PO3-containing
moieties (R being the aliphatic polymer backbone) and S-
containing moieties. Using ToF-SIMS, the polymer was
characterized by S−, PO− and C2H4PO3

− signals in negative
polarity (Figures 6A−C) and PO+, C2H4PO3

+, and C2H6PO3
+

signals in positive polarity (Figures 7A−C). These signals
provided high mass resolution and accuracy, as designated in
these figures. Two-dimensional ToF-SIMS imaging based on
these signals revealed the homogeneous distribution of the
cross-linked polymers on the Au electrode of the QCM sensor
surface (Figures 6D−L and 7D−L). Subsequent sputtering
with a 2.5 keV Ar1300+ beam gradually removed the organic
material, allowing the creation of three-dimensional images
(Figure 8) and depth profiles (Figure 9). The S− and PO−

signals demonstrated the polymer distribution in negative
polarity, while the S+, S2+, and PO+ signals were utilized in
positive polarity. As expected, S+ and S2+ signals were less
intense in the positive polarity. Au− and Au+ signals served to
identify the Au substrate in negative and positive polarities,
respectively. Both the three-dimensional ToF-SIMS images
(Figure 8) and the depth profiles (Figure 9) confirmed the
accumulation of sulfur atoms at the Au surface, as evidenced by
increased S-related signal intensity at the polymer network/Au
interface, supporting the hypothesis of surface anchoring

Figure 5. Survey (A) and high-resolution XPS spectra for (B) C 1s, (C) O 1s, (D) P 2s, (E) P 2p, (F) S 2p, and (G) N 1s.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17704
ACS Appl. Mater. Interfaces 2025, 17, 2577−2591

2585

https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6. Negative ion ToF-SIMS spectra showing the peaks for (A) S−, (B) PO−, and (C) C2H4PO4
−, along with corresponding two-dimensional

ToF-SIMS images for spot 1 (D−F), spot 2 (G−I), and spot 3 (J−L) on the surface, illustrating the spatial distribution of S−, PO−, and C2H4PO4
−

signals.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17704
ACS Appl. Mater. Interfaces 2025, 17, 2577−2591

2586

https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17704?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 7. Positive ion ToF-SIMS spectra showing the peaks for (A) PO+, (B) C2H4PO3
+, and (C) C2H6PO3

+, along with corresponding two-
dimensional ToF-SIMS images for spot 1 (D−F), spot 2 (G−I), and spot 3 (J−L) on the surface, illustrating the spatial distribution of PO+,
C2H4PO3

+, and C2H6PO3
+ signals.
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through Au-thiol interactions presented in Figure 3C. The
three-dimensional ToF-SIMS images in Figure 8 further reveal
the presence of the cross-linked polymers on the QCM-D
sensors and a homogeneous distribution of the dithiol cross-
linker within the P(DEVP-stat-DAlVP-stat-VPA) networks.

■ CONCLUSION
In this study, we introduced an innovative method to
synthesize highly water-absorbing, pH-responsive hydrogels
via photochemical cross-linking of allyl groups in P(DEVP-stat-
DAlVP-stat-VPA). The hydrophilic and cross-linkable poly-
mers were easily accessible by polymer-analogous hydrolysis of
P(DEVP-stat-DAlVP) copolymers obtained via highly con-
trolled catalytic polymerization (REM-GTP). Side-chain

dealkylation of poly(vinylphosphonates) using TMSBr prefer-
entially targeted allylic over ethyl side chains, as confirmed via
1H NMR spectroscopy. Photochemical cross-linking of P-
(DEVP-stat-DAlVP-stat-VPA) yielded superabsorbent materi-
als with water uptakes up to 150 ± 27 g (H2O)/g (hydrogel)
and evident structure−property relationships between the
cross-linking density and swelling behavior. In the second part,
thin polymer films were successfully spin-coated on silicon
wafers and gold electrodes of QCM-D sensors, followed by
photo-cross-linking, yielding hydrogel films with a thickness of
39.4 ± 2.33 nm characterized via profilometry, QCM-D, and
AFM. The hydrogel films exhibited pronounced pH-responsive
behavior in QCM-D measurements when exposed to various
aqueous media, displayed by the corresponding frequency and

Figure 8. Three-dimensional ToF-SIMS images for 6 different spots of the surface showing the distribution of PO−, S−, Au− signals (A−C), and
PO+, S+, S2+, and Au+ signals (D−F). Sputtering was performed by using 2.5 keV Ar1300+. x- and y-scales are 300 μm × 300 μm.
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dissipation values reflecting different swelling states of the
samples. In addition, the high stability of films on the sensors
under harsh conditions was explained by the surface anchoring
of the hydrogels via interactions of the dithiol cross-linker with
the gold surface of the electrode. In-depth XPS and ToF-SIMS
studies confirmed this hypothesis and contributed to a more
comprehensive surface characterization of cross-linked P-
(DEVP-stat-DAlVP-stat-VPA) films on gold substrates. Over-
all, these novel materials were successfully applied as pH
sensors in QCM-D experiments, and this study revealed great
potential for these hydrogels to be implemented as super-
absorbent networks or in photolithographic applications due to
their excellent adhesion on gold surfaces. Most importantly,
however, the pH-responsive properties of P(DEVP-stat-
DAlVP-stat-VPA) are currently being explored for potential
utilization in pH-sensors and actuators, for which these novel
stimuli-responsive materials are highly promising candidates.
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(46) Błażewska, K. M. McKenna Reaction−Which Oxygen Attacks
Bromotrimethylsilane? J. Org. Chem. 2014, 79 (1), 408−412.
(47) Abd Manan, T. S. B.; Beddu, S.; Mohamad, D.; Mohd Kamal,
N. L.; Itam, Z.; Khan, T.; Jusoh, H.; Abdul Rahman, N. A.; Mohamed

Nazri, F.; Mohd Yapandi, M. F. K.; Wan Mohtar, W. H. M.; Isa, M.
H.; Che Muda, Z.; Ahmad, A.; Wan Rasdi, N. Physicochemical
Properties of Absorbent Hydrogel Polymers in Disposable Baby
Diapers. Chem. Phys. Lett. 2021, 774, No. 138605.
(48) Zohuriaan-Mehr, M. J.; Omidian, H.; Doroudiani, S.; Kabiri, K.
Advances in Non-Hygienic Applications of Superabsorbent Hydrogel
Materials. J. Mater. Sci. 2010, 45 (21), 5711−5735.
(49) Ismaeilimoghadam, S.; Jonoobi, M.; Hamzeh, Y.; Azimi, B.;
Mezzetta, A.; Guazzelli, L.; Cinelli, P.; Seggiani, M.; Danti, S.
Development and Characterization of Sodium Alginate-Based Bio-
hybrid Super Absorbent Polymer with High Retention Capacity
Suitable for Baby Diapers. J. Polym. Environ. 2024, 32, 5212.
(50) Guilherme, M. R.; Aouada, F. A.; Fajardo, A. R.; Martins, A. F.;
Paulino, A. T.; Davi, M. F.; Rubira, A. F.; Muniz, E. C.
Superabsorbent Hydrogels Based on Polysaccharides for Application
in Agriculture As Soil Conditioner and Nutrient Carrier: A Review.
Eur. Polym. J. 2015, 72, 365−385.
(51) Basit, H.; van der Heyden, A.; Gondran, C.; Nysten, B.; Dumy,
P.; Labbé, P. Tethered Bilayer Lipid Membranes on Mixed Self-
Assembled Monolayers of a Novel Anchoring Thiol: Impact of the
Anchoring Thiol Density on Bilayer Formation. Langmuir 2011, 27
(23), 14317−14328.
(52) Spagnolo, S.; Davoudian, K.; Ahmadi, S.; Chan, E.; Hianik, T.;
Thompson, M. Thiol-Based Probe Linker with Antifouling Properties
for Aptasensor Development. Chemosensors 2022, 10 (10), 435.
(53) Slavin, S.; Soeriyadi, A. H.; Voorhaar, L.; Whittaker, M. R.;
Becer, C. R.; Boyer, C.; Davis, T. P.; Haddleton, D. M. Adsorption
Behaviour of Sulfur Containing Polymers to Gold Surfaces Using
QCM-D. Soft Matter 2012, 8 (1), 118−128.
(54) Batchelor, R. R.; Blasco, E.; Wuest, K. N. R.; Lu, H.; Wegener,
M.; Barner-Kowollik, C.; Stenzel, M. H. Spatially Resolved Coding of
λ-Orthogonal Hydrogels by Laser Lithography. Chem. Commun. 2018,
54 (19), 2436−2439.
(55) Li, B.; He, M.; Ramirez, L.; George, J.; Wang, J. Multifunctional
Hydrogel Microparticles by Polymer-Assisted Photolithography. ACS
Appl. Mater. Interfaces 2016, 8 (6), 4158−4164.
(56) Fu, R.; Zhong, X.; Xiao, C.; Lin, J.; Guan, Y.; Tian, Y.; Zhou,
Z.; Tan, G.; Hu, H.; Zhou, L.; Ning, C. A Stretchable, Biocompatible,
and Self-Powered Hydrogel Multichannel Wireless Sensor System
Based on Piezoelectric Barium Titanate Nanoparticles for Health
Monitoring. Nano Energy 2023, 114, No. 108617.
(57) Scarpa, E.; Mastronardi, V. M.; Guido, F.; Algieri, L.; Qualtieri,
A.; Fiammengo, R.; Rizzi, F.; De Vittorio, M. Wearable Piezoelectric
Mass Sensor Based on pH Sensitive Hydrogels for Sweat pH
Monitoring. Sci. Rep. 2020, 10 (1), 10854.
(58) Hu, N.; Gao, Di; Song, F.; Yang, C.; Zhang, J.; Müller-
Buschbaum, P.; Zhong, Q. Effect of Embedded G-C3N4 Nanosheets
on the Hydration and Thermal Response Behavior of Cross-Linked
Thermoresponsive Copolymer Films. Langmuir 2024, 40 (28),
14663−14673.
(59) Zhong, Q.; Chen, C.; Mi, L.; Wang, J.-P.; Yang, J.; Wu, G.-P.;
Xu, Z.-K.; Cubitt, R.; Müller-Buschbaum, P. Thermoresponsive
Diblock Copolymer Films With a Linear Shrinkage Behavior and Its
Potential Application in Temperature Sensors. Langmuir 2020, 36
(3), 742−753.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17704
ACS Appl. Mater. Interfaces 2025, 17, 2577−2591

2591

https://doi.org/10.1021/la1023218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2021.126229
https://doi.org/10.1016/j.colsurfa.2021.126229
https://doi.org/10.1021/acs.biomac.5b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijsolstr.2017.01.028
https://doi.org/10.1016/j.ijsolstr.2017.01.028
https://doi.org/10.1002/adfm.200900622
https://doi.org/10.1002/adfm.200900622
https://doi.org/10.1002/1099-0518(20000701)38:13<2392::AID-POLA120>3.0.CO;2-P
https://doi.org/10.1002/1099-0518(20000701)38:13<2392::AID-POLA120>3.0.CO;2-P
https://doi.org/10.1002/1099-0518(20000701)38:13<2392::AID-POLA120>3.0.CO;2-P
https://doi.org/10.1021/acs.biomac.3c00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.3c00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4036175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4036175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4036175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404457f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404457f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404457f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1RA06452E
https://doi.org/10.1039/D1RA06452E
https://doi.org/10.1039/D1RA06452E
https://doi.org/10.1039/D1RA06452E
https://doi.org/10.1021/acs.macromol.3c02238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c02238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c02238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma200752d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma200752d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2011.03.022
https://doi.org/10.1016/j.jcis.2011.03.022
https://doi.org/10.1016/j.jcis.2011.03.022
https://doi.org/10.1021/jo4021612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4021612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2021.138605
https://doi.org/10.1016/j.cplett.2021.138605
https://doi.org/10.1016/j.cplett.2021.138605
https://doi.org/10.1007/s10853-010-4780-1
https://doi.org/10.1007/s10853-010-4780-1
https://doi.org/10.1007/s10924-024-03297-3
https://doi.org/10.1007/s10924-024-03297-3
https://doi.org/10.1007/s10924-024-03297-3
https://doi.org/10.1016/j.eurpolymj.2015.04.017
https://doi.org/10.1016/j.eurpolymj.2015.04.017
https://doi.org/10.1021/la202847r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la202847r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la202847r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/chemosensors10100435
https://doi.org/10.3390/chemosensors10100435
https://doi.org/10.1039/C1SM06410J
https://doi.org/10.1039/C1SM06410J
https://doi.org/10.1039/C1SM06410J
https://doi.org/10.1039/C7CC09619D
https://doi.org/10.1039/C7CC09619D
https://doi.org/10.1021/acsami.5b11883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2023.108617
https://doi.org/10.1016/j.nanoen.2023.108617
https://doi.org/10.1016/j.nanoen.2023.108617
https://doi.org/10.1016/j.nanoen.2023.108617
https://doi.org/10.1038/s41598-020-67706-y
https://doi.org/10.1038/s41598-020-67706-y
https://doi.org/10.1038/s41598-020-67706-y
https://doi.org/10.1021/acs.langmuir.4c01630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.4c01630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.4c01630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b03462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b03462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b03462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

