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Universitätsstraße 25, D-33615 Bielefeld, Ge

† This work is dedicated to my colleague a
far too early at the beginning of 2021. Ab
microgel research and we did several jo
his samples which led to very important
will always be grateful to him.

Cite this: RSC Adv., 2021, 11, 22014

Received 6th May 2021
Accepted 15th June 2021

DOI: 10.1039/d1ra03528b

rsc.li/rsc-advances

22014 | RSC Adv., 2021, 11, 22014–22
smart microgel membranes as
free-standing diffusion barriers and nanoparticle
bearing catalytic films†

Maxim Dirksen, a Timo Brändel, a Sören Großkopf,a Sebastian Knust, b

Johannes Bookhold,a Dario Anselmetti b and Thomas Hellweg *a

In this study we use poly(N-isopropylacrylamide) (PNIPAM) based copolymer microgels to create free-

standing, transferable, thermoresponsive membranes. The microgels are synthesized by

copolymerization of NIPAM with 2-hydroxy-4-(methacryloyloxy)–benzophenone (HMABP) and spin-

coated on Si wafers. After subsequent cross-linking by UV-irradiation, the formed layers easily detach

from the supporting material. We obtain free standing microgel membranes with lateral extensions of

several millimetres and an average layer thickness of a few hundred nanometres. They can be transferred

to other substrates. As one example for potential applications we investigate the temperature dependent

ion transport through the membranes via resistance measurements revealing a sharp reversible increase

in resistance when the lower critical solution temperature of the copolymer microgels is reached. In

addition, prior to cross-linking, the microgels can be decorated with silver nanoparticles and cross-

linked afterwards. Such free-standing nanoparticle hybrid membranes are then used as catalytic systems

for the reduction of 4-nitrophenol, which is monitored by UV/Vis spectroscopy.
1 Introduction

Modern developments in membrane technology are aiming at fabri-
cation of interactive membranes with tailored functionality,1 superior
mechanical properties,2 controlled pore size,3 switching capability,4

and ability to respond to environmental stimuli.5–7 Especially
responsive nano-membranes are promising materials for nanotech-
nology,8 because they can be used for a variety of applications like the
separation of gases,9,10 as carriers for catalysts,11 for chromatog-
raphy12,13 or in cell culture applications for vertebrate cells.14

Many of these responsive membranes are fabricated with
stimuli-responsive polymers which are used to make macroscopic
hydrogel sheets7 or to functionalize other non-responsive
membranes.15 One of the most prominent examples for respon-
sive polymer materials are thermoresponsive microgels based on
poly-(N-isopropylacrylamide) (PNIPAM).16–19 It is well known, that
PNIPAM microgels are swollen with water at temperatures below
the volume phase transition temperature (VPTT) of 33 �C.20 An
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increase of the temperature causes a microphase separation
towards a collapsed state accompanied by a signicant change in
particle size.16,21 Due to their fascinating behaviour stimuli-
responsive microgels are candidates for applications such as
uptake and release,22,23 diffusion control of small and large mole-
cules,21,24 drug delivery,25–27 sensors28,29 or as nanoparticle
carriers.30,31 The mentioned phase behaviour is also exploited to
control catalytic activity of noble metal nanoparticles inside the
polymer network.32 Moreover, PNIPAM based microgels can easily
be copolymerized to tailor their properties.33–35 One of the major
drawbacks concerning all those applications of microgels is the
purication, as the microgels usually have to be removed aer any
kind of process.32 It could be very advantageous if e.g. catalytic
reactions could be performed in a ow-through device.

One possibility to overcome this issue is to functionalize
surfaces with thermoresponsive microgels by coating them via
different methods such as spin-coating or spray-coating. For
instance, spin-coating gave good results in cell-culture appli-
cations.36,37 To prepare functionalized membranes, nowadays
usually porous organic or inorganic membranes are subse-
quently modied with linear PNIPAM chains or with PNIPAM
based microgels.38–45 However, all these approaches require
multiple-step procedures and are limited to commercially
available supports for functionalization. In contrast to that,
a free-standing cross-linked microgel lm or membrane would
offer many advantages for surface modications, especially
when three-dimensional objects or wells should be coated or
wrapped. This issue is, according to our experience, hardly
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical formulae of the monomers used for the microgel
syntheses (left to right: N-isopropylacrylamide (NIPAM), N,N0-meth-
ylenebisacrylamide (BIS) and 2-hydroxy-4-(methacryloyloxy)-benzo-
phenone (HMABP)).

Table 1 Composition of the different microgels and the feeds of the
comonomer HMABP

Sample name mol%
Monomer feed/
mmol Mass/g

NcHMABP2.5 2.5 0.145 0.0408
NcHMABP5 5 0.289 0.0861
NcHMABP10 10 0.577 0.1629
NcHMABP15 15 0.865 0.2443
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achievable with spin-coating.38,46 Hence, the present work is
addressed towards this and describes a suitable method to
develop free-standing cross-linked microgel lms, to use them
as diffusion barriers, to control ion ux or as catalytic
membranes.

A good access towards free-standing microgel membranes is
the irreversible cross-linking of single microgel particles to a layer,
which can be realized by different approaches. One possibility is
electron beam cross-linking of microgel particles. This principle
has been presented by Bookhold et al., recently.47 In this work
Bookhold et al. applied the idea of cross-linking microgel particles
by electron beam irradiation inspired by the work of Gölzhäuser
et al. on cross-linking of self-assembled monolayers.6,48,49 The
electron beam cross-linked microgel membranes showed a revers-
ible thermoresponsive behaviour and were free-standing microgel
monolayers with a thickness below 100 nm in the dry state.
However, there is some uncertainty related to the chemical details
of the cross-linking process related to the high electron energy. In
addition, the used preparation scheme is quite invasive, since for
the detaching of free-standing microgel lms, aqua regia was used
to dissolve the substrate.

In order to present a less invasive method, in this work we
have decided to use UV-light for cross-linking microgel parti-
cles. This method has already been successfully used in the
fabrication of various 2D materials such as photo resists coat-
ings in semiconductor device production.50–53 For this, as in the
case of electron beam cross-linking, the incorporation of
a cross-linkable aromatic comonomer, which is 2-hydroxy-4-
(methacryloyloxy)–benzophenone (HMABP), is of great impor-
tance, since only in this way sufficient cross-linking of the
particles is achieved. Moreover, UV cross-linking hardly needs
effort compared to electron beam cross-linking and the layers
can be easily detached without the use of strong acids and
transferred to any substrate. We synthesized PNIPAM based
microgels with different HMABP contents and investigated the
incorporation of the aromatic comonomer by means of NMR
spectroscopy. Additionally the size and swelling behaviour of
the microgel particles was investigated with different scattering
techniques like small angle X-ray scattering (SAXS) and photon
correlation spectroscopy (PCS).

The microgel particles were UV cross-linked and the obtained
free-standing membranes were analyzed with atomic force micros-
copy (AFM) and ellipsometry. To investigate the thermoresponsive
behaviour of the free-standing membranes, we performed temper-
ature dependent resistance measurements in a custom designed
microuidic device. And nally as a proof of concept, we fabricated
free-standing microgel membranes, which are decorated with silver
nanoparticles and showed that these membranes can be used as
catalysts for the reduction of 4-nitrophenol.

2 Experimental
2.1 Materials

N-Isopropylacrylamide (NIPAM, TCI Germany GmbH,
Eschborn, Germany; 97%) was recrystallized from n-hexane
(p.a., VWR International, Eschborn, Germany). 2-Hydroxy-4-
(methacryloyloxy)–benzophenone (HMABP, Alfa Aesar,
© 2021 The Author(s). Published by the Royal Society of Chemistry
Karlsruhe, Germany; 99%), N,N0-methylenbisacrylamide (BIS,
Sigma Aldrich, Munich, Germany; 99%), sodium dodecyl sulfate
(SDS, Sigma Aldrich, Munich, Germany; 99%), ammonium
persulfate (APS, Sigma Aldrich, Munich, Germany; $99%),
sodium hydroxide (p.a., 0.1 M, VWR International, Eschborn,
Germany), N,N-dimethylformamide-d7 (DMF-d7, DEUTERO
GMBH, Kastellaun, Germany; $99.5 atom%), silver nitrate
(Sigma Aldrich, Munich, Germany; 99.999%), 4-nitrophenol
(Carl Roth, Karlsruhe, Germany; 99%) and sodium borohydride
(Sigma Aldrich, Munich, Germany; 98.0%) were used without
further purication. Water was puried using an Arium pro VF
system (Sartorius AG, Göttingen, Germany).
2.2 Synthesis of the copolymer microgels

The copolymer microgels PNIPAM-co-HMABP were synthesized
via the classical Pelton synthesis approach.54 For all syntheses
the amount of the monomer NIPAM and the cross-linker BIS
was kept constant and the UV-sensitive comonomer HMABP
was used in different molar amounts with respect to the ther-
moresponsive material. The chemical structures of the used
monomers are presented in Fig. 1.

In a typical synthesis NIPAM (0.6535 g, 5.77 mmol), BIS
(0.0445 g, 0.289 mmol, 5 mol%) and SDS (0.0149 g, 0.69 mmol
L�1 synthesis concentration) were dissolved in 69mL of puried
water. The solution was heated up by an oil bath (80 �C) under
continuous stirring (400 rpm) and purged with nitrogen for 1 h.
Simultaneously HMABP (total amounts are listed in Table 1)
was dissolved in 5 mL of puried water, treated with an ultra-
sonic bath and added to the reaction solution. The polymeri-
zation was initiated by the addition of APS (0.0463 g,
0.202 mmol, 3.5 mol%) dissolved in 1 mL puried water and
was le to proceed for 4 h at an oil bath temperature of 80 �C.
Aerwards the reaction solution was cooled down to room
temperature and stirred overnight. All microgels were puried
RSC Adv., 2021, 11, 22014–22024 | 22015
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Table 2 Optimized spin-coating protocols for coating the wafers with
the respective microgels. In summary, the concentrations of the
microgel solutions, the waiting time before the start of the spin-
coating routine, the repetition of the procedure and the rotation speed
are listed

Sample wt% Waiting/min Rot. speed/rpm Repetition

NcHMABP2.5 1.12 10 1000 3
NcHMABP5 0.7 10 1000 3
NcHMABP10 1.2 10 1500 3
NcHMABP15 1.4 15 1000 3
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by 5 successive centrifugation, decantation and redispersion
cycles with puried water.

2.3 Preparation of free-standing microgel layers

The fabrication of the free-standing cross-linkedmicrogel layers
is accomplished by means of an optimized spin-coating procedure
and subsequent irradiation of the layer with UV-light. For this
purpose individually optimized spin-coating procedures (see Table
2) were developed using a spin-coater (Süss MicroTec Lithography
GmbH) in order that a dense packing of the respective microgel
particles on the surface was achieved. The quality of the coating
was controlled by AFM measurements. Furthermore, the layer
thickness was optimized so that a stable microgel lm could be
obtained aer cross-linking. For cross-linking the layers were
irradiated with an UV-lamp (400 W, Polimer 400, Ielios Italquartz
S.r.l., Milano, Italy) for 120 s. Finally the coated substrate was
immersed in a 0.1 M NaOH solution. Aer waiting for 30 s, the
substrate was transferred to a vessel lled with puried water.
There, the cross-linked layer separates from the substrate and
oats to the air–water interface, where it is transferred to a silicon
nitride chip (Si3N4, 3 � 3 mm, membrane window: 70 � 70 mm2,
Silson Ltd, Southam, GB) for further resistance measurements.

2.4 NMR spectroscopy

To study the percentage of incorporation of HMABP in the
respective microgels, 1H-NMR spectra were recorded. For this
purpose a FT-NMR spectrometer (Avance III 500, Bruker
Corporation, Billerica, Massachusetts) was used. The microgels
were freeze-dried for 24 h and 5 mg of each sample were dis-
solved in DMF-d7. All measurements were done at 500 MHz and
1024 scans. For the calculation of the relative incorporation of
the aromatic comonomer, the integrals for the isopropyl proton
of NIPAM (3.7–4.3 ppm) were set in relation to the integrals of
the aromatic component of HMABP (6.8–7.9 ppm).

2.5 Photon correlation spectroscopy (PCS)

The temperature-dependent determination of the hydrody-
namic radius was performed using a HeNe laser with an ALV-
6010/E multiple-s digital correlator at a constant scattering
angle of 60�. To avoid multiple scattering, the concentration of
the solution was below 0.0002 wt%. The temperature was
adjusted using a thermostated decaline bath. The temperature-
dependent phase behaviour was investigated in a temperature
range of 10–50 �C. At each temperature the sample was allowed
22016 | RSC Adv., 2021, 11, 22014–22024
to equilibrate for 25 min. The resulting auto-correlation func-
tions were analyzed by inverse Laplace transformation using
CONTIN to obtain the mean relaxation rate G�.55 Via G�¼ DT$q2 the
translational diffusion coefficient DT can be calculated with q as

magnitude of the scattering vector (q ¼ j~qj ¼ 4pn
l

$sin
�
q

2

�
; with

l being the wavelength of the scattered light, n the refractive
index of the solvent and q the scattering angle). Furthermore,
using the Stokes–Einstein relation (eqn (1)), a calculation of the
hydrodynamic radius Rh of the microgel particles is possible:

DT ¼ kbT

6phRh

(1)

here, kb is the Boltzmann constant, T the temperature and h the
corresponding viscosity of the sample. To obtain the volume
phase transition temperature (VPTT) for the respective micro-
gels the point of inection of the swelling curves was deter-
mined using the same approach as in previous works.27
2.6 Small-angle X-ray scattering (SAXS)

SAXS experiments were performed at 40 �C on an inhouse SAXS/
WAXS system (XEUSS, Xenocs, Sassenage, France) with a CuKa

source (l¼ 1.541�A, GeniX Ultra low divergence, Xenocs, Sassenage,
France) and a Pilatus 300K hybrid pixel detector (Dectris, Baden
Deattwil, Switzerland) to investigate the effect of incorporation of
HMABP on the particle structure. The covered q-range was 0.005 to
0.035 �A�1. The data were analyzed using the Foxtrot soware
(Version 3.3.4, G. Viguier, R. Girardot). The samples were normal-
ized to incident intensity, sample thickness, measuring time,
transmission and background. The scattered intensity was brought
to absolute scale using glassy carbon (type 2, sample P11).56 In small-
angle X-ray scattering experiments, the scattered intensity

I(q) ¼ N$I0$Dr
2$V2$P(q)$S(q) (2)

is dependent on the number of particles N, the incident inten-
sity I0, the scattering volume of the sample V, the electron
density difference Dr ¼ rparticle � rsolvent, on the particle form
factor P(q), and the structure factor S(q). Here, the magnitude of
the scattering vector is dened as

q ¼ 4p

l
$sin

�q
2

�
(3)

at a scattering angle of q. For dilute solutions S(q) z 1 and only the
form factor has to be considered. Hence, the obtained data were tted
using the homogeneous sphere model (eqn (4)) implemented in Sas-
View.57,58 The form factor of the sphere is convoluted with a Gaussian
distribution of the radius to account for polydispersity. The model
describes the scattering intensity I(q) as a functionof the concentration
of the spherical objects fspheres, the volume of the scattering sphere v,
the radius of the sphere r, the background b, and the scattering length
difference between the scatterer and the solvent Dr.

IðqÞ ¼ ðDrÞ2fspheresv

�
3
sinðqrÞ � qrcosðqrÞ

ðqrÞ3
�2

þ b (4)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.7 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to investigate the
cross-linked microgel layers on the substrates. First and fore-
most the layers were investigated for homogeneity and high
packing density in order to exclude any defects. The measure-
ments were performed with a DI Nanoscope IIIa (Digital
Instruments, now Bruker, Karlsruhe, Germany) mounted on
a Zeiss Axiovert 135 inverted microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany) in semi-contact mode using Budget
Sensors (Innovative Solution Bulgaria Ltd, Soa, Bulgaria) Al-
Reex Tap300Al-G cantilevers with a tip radius of <10 nm,
a resonance frequency of about 300 kHz and a spring constant
of 40 Nm�1. In addition, the surface roughness of the layers was
determined using the soware Gwyddion.59
2.8 Ellipsometry

Ellipsometry measurements were performed to investigate the
layer thickness of the cross-linked microgels on a substrate in
the dried state using a single-wavelength ellipsometer (SE
400adv, SENTECH Instruments GmbH, Berlin, Germany). The
method of ellipsometry is described elsewhere.60,61 The
measurements were controlled with the soware SE400ad-
vanced from SENTECH. For modeling, a rst guess of the
microgel layer thickness based on the AFM measurements of
one spin-coating procedure was used. The initial refractive
index was estimated based on literature to 1.35.62
2.9 Resistance measurements

The resistance measurements were performed using a custom
designed microuidic device made of two plexiglass blocks
(Fig. 2) to investigate the reversible temperature-dependent
switching behaviour of the membranes. Each block contains
a reservoir for the electrolyte solution (green). The contact
between the reservoirs is given by a narrow channel. As in our
earlier work, the detachedmicrogel membranes were transferred
to Si3N4 chips with a funnel hole.47 Subsequently, the Si3N4 chip
Fig. 2 Schematic representation of the microfluidic device developed
for the resistance measurements. The cooling channel is shown in
blue, the reservoirs for the electrolytic solution in green and the
temperature sensor, as well as the connections for the thermostat are
shown in black. The cooling circuit is indicated by blue arrows.

© 2021 The Author(s). Published by the Royal Society of Chemistry
with the microgel membrane is placed between the two blocks
with a PDMS seal. The depth of the window corresponds to the
thickness of the chip, allowing precise and damage-free place-
ment. To ensure accurate temperature control during the
measurement, each block has a cooling channel (blue) that runs
as close as possible to the reservoir and the transverse bore. The
temperature of the cooling medium is controlled by a thermostat
(Huber, Microprocessor Control MPC E, Kältemaschinenbau AG,
Offenburg, Germany). Subsequently, the exact temperature of the
cooling medium is detected by a Pt-1000 temperature sensor
(black) and read out via a microvoltmeter Keithley 197 (Keithley
Instruments, Autoranging Microvolt DMM, Cleveland, Ohio, USA)
using a LabView program. For preparation both blocks were dip-
ped into a degassed phosphate buffer solution (20mMKCl, 20mM
sodium dihydrogenphosphate, pH ¼ 7) to exclude bubble forma-
tion in themeasuring channel while lling the reservoirs. Then the
chip was placed at the intended position and both blocks were
joined by screws. The entire preparation takes place in the buffer
solution. To avoid interference from the outside, the measure-
ments were carried out in a Faraday cage. The electrical contacting
was done using two Ag/AgCl electrodes. The resistance as a func-
tion of temperature was measured in a temperature range of 15 �C
to 40 �C and employing a voltage of �5 mV using an Axopatch
200B Amplier (Molecular Devices, Biberach, Germany).

2.10 Synthesis of silver nanoparticles

Silver nanoparticles were synthesized inside copolymer micro-
gel particles with a HMABP content of 5 mol%. Therefore 5 mL
of the microgel suspension were mixed with 0.26 mL of a 0.1 M
silver nitrate solution. The reaction mixture was equilibrated
with an ice bath under constant nitrogen ux and stirring for
30 min. Aer that 1 mL of a freshly prepared, aqueous sodium
borohydride solution (0.5 M) was added slowly to the reaction
mixture. The mixture was allowed to reach room temperature
aerwards. For the purication the reaction solution was dia-
lyzed against 500 mL of water for 48 h. The water was changed
ve times during the dialysis procedure.

2.11 Transmission electron microscopy (TEM)

TEM samples of the Ag-nanoparticle/microgel hybrids were
prepared by dropping 3 mL of a highly diluted sample solution on
a carbon coated copper grid (ECF200-Cu, 200 mesh, Science
Services, Munich, Germany) for 1 min and aerwards the residual
water was blotted off with a lter paper. The TEM grids have been
made hydrophilic before by plasma treatment with air. The
samples were imaged in a Phillips CM100 electron microscope
(FEI Deutschland GmbH, Dreieich, Germany) equipped with
a tungsten electron gun to investigate the incorporation of silver
nanoparticles into the microgels. The TEM was operated at an
acceleration voltage of 80 kV. The images were recorded digitally by
a bottom-mounted CCD camera. To achieve good statistics several
positions on each grid were imaged.

2.12 Catalysis measurements

The catalytic activity of the free-standing membranes with silver
nanoparticles was measured using an Agilent 8453 UV/Vis
RSC Adv., 2021, 11, 22014–22024 | 22017
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Table 3 Summary of the calculated incorporation for the HMABP-
comonomer in the respective microgels, determined by 1H-NMR
spectroscopy

Sample
HMABP feed
(mol%)

Incorporated HMABP
content (mol%)

NcHMABP2.5 2.5 2.0
NcHMABP5 5.0 4.0
NcHMABP10 10.0 9.0
NcHMABP15 15.0 12.0
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spectrometer (Agilent Technologies Germany, Ratingen, Germany)
equipped with a diode-array detector. The eight-position sample
holder was set to a temperature of 40 �C and controlled by a water
thermostat (Haake Phoenix II, Thermo Haake GmbH, Karlsruhe,
Germany). The respective membrane was transferred into a Hellma
sample cell (HellmaGmbH,Mühlheim, Germany) and resuspended
in 2.0 mL of a 0.05 mM 4-nitrophenol solution. Aer an equilibra-
tion time of 30 min the reaction was started by adding 20 mL of
a NaBH4-solution (0.028 g mL�1) and a full absorption spectrum of
the sample was acquired from 190–1100 nm every 30 s for 6000 s.
3 Results and discussion
3.1 Comonomer incorporation

For the cross-linking of the microgel particles into a free-
standing membrane, the incorporation of the comonomer is
the most important parameter.

The determination of the incorporated amount of HMABP was
performed by NMR spectroscopy (see Fig. 3). To obtain the relative
HMABP content in relation to the thermoresponsive material
(NIPAM) the integrals of the proton corresponding to the isopropyl
group and the protons corresponding to the aromatic moiety were
used (red boxes). Fig. 3 shows, that the copolymerization of NIPAM
with the UV-sensitive comonomer was carried out successfully in all
cases, as shown in the aromatic region (see le red box) where the
intensity of the signal increases with increasing feed of HMABP.

As expected, the typical signal for aromatic protons in the
region of 6.8–7.9 ppm shows an increase in intensity with
increasing initial comonomer content. Depending on the used
comonomer amount, also the intensity of the signal corresponding
to the iPr-group of NIPAM (3.7–4.3 ppm) changes. Consequently
a higher integral ratio is obtained with increasing initial amount of
HMABP. As shown in Table 3, the initial amount of HMBAP was
almost completely incorporated into the polymer network.
3.2 Microgel properties

Size and structure. The effect of HMABP incorporation on
the microgel particles in the collapsed state was investigated
Fig. 3 1H-NMR spectra of the microgels with 2.5 mol% (purple),
5 mol% (orange), 10 mol% (turquoise) and 15 mol% (black) initial
comonomer content. The measurements were performed in DMF-d7
(peak at 8 ppm). The signals of the associated protons (red circles) are
marked with red boxes.

22018 | RSC Adv., 2021, 11, 22014–22024
with SAXS measurements at T ¼ 40 �C. Fig. 4 shows the SAXS-
curves, which were obtained for each sample.

All curves show characteristic oscillations for spherical
particles and could be tted very precisely with a homogeneous
sphere model (see eqn (4)) with a Gaussian radius distribution
to account for polydispersity.57 From the ts we extracted the
radius of the microgel particles and their respective poly-
dispersity. The data are presented in Table 4. The development
of the radius can also be seen in the q-value of the rst
minimum of the SAXS curves. An increase of the HMABP
content from 2mol% to 4mol% leads to a shi of the minimum
to higher q-values, indicating a slight decrease in particle size. A
further increase to 9 mol% seems to switch the position back to
the initial value. This increase in size can be attributed to the
increase of the initial mass content of the synthesis, as the
amount of NIPAM and BIS were kept constant and only the
amount of HMABP was varied during the syntheses. This was
also observed by Kratz et al.63 when they investigated PNIPAM-
microgels with different cross-linker contents. For a HMABP
content of 12 mol% the rst minima is shied back to higher
values, connected to a decrease in particle size. Taking into
account the obtained results, a comparison of all extracted radii
depicted in Table 4 shows, that an increase of the HMABP
content from 2 mol% to 12 mol% leads to a decrease of the
particle radius from 46 nm to 40 nm. However, the
Fig. 4 SAXS data for collapsed microgels with different HMABP
contents measured at 40 �C. The solid line is the fit to the experimental
data using SasView. For better visibility in log scale, the curves are
shifted with respect to each other by multiplying with multiples of 10.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03528b


Table 4 Summary of the results from the SAXS measurements for
radius R and polydispersity PD determined by homogeneous sphere
model for the respective microgels at 40 �C

Sample R (nm) PD (%)

NcHMABP2 46.2 � 0.5 7.1 � 1.6
NcHMABP4 43.2 � 0.8 8.7 � 1.3
NcHMABP9 45.6 � 0.3 6.7 � 1.7
NcHMABP12 40.1 � 0.3 7.4 � 1.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
2:

39
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
polydispersity of all samples is rather independent of the
HMABP content and is below 10% in all cases. In conclusion, we
successfully synthesized spherical microgel particles, with low
polydispersity and decreasing size with increasing HMABP
content.

Swelling behaviour. To investigate the thermoresponsive
behaviour of the obtained copolymer microgels, in dependence
on the different comonomer amounts, temperature-dependent
PCS measurements were performed. The obtained hydrody-
namic radii of the investigated microgels and their swelling
ratios a are shown as a function of temperature in Fig. 5. The
Fig. 5 Temperature-dependent particle sizes for microgels with
different amounts of HMABP (A). For the determination of the VPTT the
inflection point of the swelling curves was used. Due to the broadening
of the phase transition with increasing the HMABP content, this point
could not be defined precisely for all microgels. The swelling ratio as
function of temperature (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
swelling ratio a can be determined from the volume V of the
particles in the swollen state and from the volume Vcollapsed of
the shrunken state by means of eqn (5) with the assumption of
spherical particles.

a ¼ V

Vcollapsed

¼ Rh
3

Rh;collapsed
3

(5)

In Fig. 5A it is clearly visible that the hydrodynamic radius of
the microgel particles in the swollen state (T ¼ 10 �C) decreases
with increasing HMABP content while the hydrodynamic radius
of the microgel particles in the collapsed state (T ¼ 50 �C) is
almost identical. The HMABP incorporation also shows an
inuence on the VPTT of the microgels. According to literature
pure PNIPAM shows a volume phase transition temperature of
ca. 33 �C.20 The microgel particles with a comonomer content of
2 mol% exhibit a VPTT of 32 �C which is comparable to pure
PNIPAM. However, if the comonomer content is increased to
4mol% ormore, a clear effect on the VPTT is evident. At 4 mol%
HMABP the VPTT shis to 30 �C. A further increase of the
comonomer content to 9 mol% causes a broadening of the
swelling transition and no well dened VPTT is observable. The
microgel particles with a HMABP content of 12 mol% seem to
completely loose their thermo-sensitivity. However, it cannot be
ruled out that the network is still responsive on a very local
length scale, which does not lead to changes in Rh.

The same trend of a VPTT shi to lower temperatures was
observed by Hertle et al. for NIPAM-co-tert-butylacrylamide copol-
ymer microgels (NIPAM-co-NtBAM).35 This work attributed the
effect to the hydrophobicity of NtBAM, which causes an increase of
hydrophobicity in the whole polymer network compared to pure
PNIPAM. Pure PNIPAMmicrogels show a rather narrow and steep
change from the hydrophilic to the hydrophobic state, due to the
presence of hydrophilic amide groups and the hydrophobic iso-
propyl group on the side chain. If now the amount of hydrophobic
comonomer is increased, the hydrophobicity of the whole polymer
network increases. Such an impact on the VPTT by incorporation
of an acrylate as comonomer, as used in this work, has been
observed in earlier work for tert-butylacrylate.64

Furthermore, a higher content of HMABP strongly reduces
the swelling ratio of the microgel particles, as shown in Fig. 5B.
Microgels with 2 mol% HMBAP show a maximum swelling ratio
of 12. Microgel particles with a comonomer content of 4 mol%
show a maximum swelling ratio of 10, which decreases to 5 at
a comonomer content of 9 mol%. At a high comonomer content
of 12 mol% there is practically no evidence for swelling
behaviour, which is indicated by the low maximum swelling
ratio of 2. The small temperature-dependent size change is
likely to be osmotic swelling. All mentioned observations can be
attributed to the hydrophobic comonomer incorporated in the
polymer network. Hence, the incorporation of HMABP was
successful as expected from the NMR measurements.
3.3 Investigation of free-standing microgel layers

Prior to the preparation of free-standing membranes, the
microgel particles were transferred to a substrate by spin-
RSC Adv., 2021, 11, 22014–22024 | 22019
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Fig. 7 Surface roughness in dependence of the comonomer content
obtained from the AFM images of the cross-linked microgel layers
(Fig. 6). Mean roughness Sa and mean square roughness Sq were
calculated for an area of 100 mm2 using the software Gwyddion.59

Table 5 Layer thicknesses of the cross-linked microgel layers with
different comonomer contents, determined by ellipsometry in the dry
state.

Sample name Layer thickness/nm

NcHMABP2 255 � 6.4
NcHMABP4 220 � 6.4
NcHMABP9 195 � 4.8
NcHMABP12 285 � 6.8

Fig. 6 AFM images (10 � 10 mm) of cross-linked microgel layers.
Images of spin-coated microgel layers from the samples with 2 mol%
(A), 4 mol% (B), 9 mol% (C) and 12 mol% (D) comonomer content. All
layers were prepared using the spin-coating parameters, which are
described in the Experimental section. The insert scale bar is 2 mm.
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coating as described in the experimental part. In order to ensure
a homogeneous cross-linking of the microgel particles, it is very
important that the particles are packed very tightly and the
resulting layers are rather smooth and do not have detectable
holes. Aer the irradiation with UV light, the cross-linked
microgel layers were analyzed by AFM (Fig. 6).

The AFM images of the cross-linked layers on the substrate
in Fig. 6 show densely packed microgel particles. During the
preparation several microgel layers were deposited on the
substrate. As a consequence of the deposition of multiple layers,
all samples show a very high packing density, far above the 2
dimensional hexagonal close packing which is usually achieved
by spin-coating (Fig. 6). Also the height of the layer shows some
inhomogeneities at sections where microgel multilayers are
obtained. For the microgel particles with a low comonomer
content (2 mol%) the inhomogeneities seem to be most prom-
inent, while they decrease upon increase of comonomer
content. This may be connected to a smaller particle size, which
was already shown by the SAXS and PCS measurements.

For a more detailed consideration of the surface properties,
the surface roughness for the respective layers was also deter-
mined from the AFM images using the soware Gwyddion59

(Fig. 7). Values for the mean roughness Sa, which describes the
height irregularities, and the corresponding mean square
roughness Sq (RMS) were obtained. Compared to the visual
impression, the calculated values show the lowest surface rough-
ness for the layer of microgels with the lowest comonomer content
(Sa ¼ 1.36 nm, Sq ¼ 1.71 nm). For the layers of microgels with
comonomer contents of 4 mol% (Sa¼ 4.26 nm, Sq¼ 5.88 nm) and
9 mol% (Sa ¼ 4.62 nm, Sq ¼ 6.42 nm), a steady increase in surface
22020 | RSC Adv., 2021, 11, 22014–22024
roughness is observed. The layer with the highest comonomer
content is again smoother (Sa ¼ 2.62 nm, Sq ¼ 4.49 nm), but still
exhibits a higher surface roughness than the layer with the lowest
comonomer content. Despite the differences in surface roughness,
the roughness values are quite low, so that the layers analyzed here
can still be regarded as smooth with respect to the thickness.

In order to determine the average layer thickness of the
cross-linked layers, ellipsometry measurements were per-
formed. Due to repeated spin-coating of the particles the layer
thickness of all cross-linked layers is between 195 nm and
285 nm in the dry state, which corresponds to a deposition of
only 2–3 layers of microgels on the substrate. From the AFM
measurements, which showed a very dense packing of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Resistance as a function of temperature for membranes with
2 mol% (A), 4 mol% (B), 9 mol% (C) and 12 mol% (D) comonomer
content. In each case a measuring cycle is shown which consists of
a heating curve (red) and a cooling curve (blue). Additionally the
swelling curve (green) of the corresponding microgels obtained from
PCSmeasurements is plotted. Due to the low swelling capacity and the
loss of a real thermoresponse in (D) no effect is observed. In all other
cases drastic increases of the resistance occur at the VPTT.

Fig. 8 Photograph of cross-linked microgel layers deposited on
a funnel hole of a Si3N4-chip after detachment from a silicon wafer.
The membranes are made of cross-linked microgels containing
2 mol% (A), 4 mol% (B), 9 mol% (C) and 12 mol% (D) HMABP. The chips
containing the microgel membranes were used in this form for the
resistance measurements. The insert scale bar is 1 mm.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
2:

39
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
microgels and the layer thickness determined by ellipsometry,
we expect the cross-linked layers to be stable enough to form
free-standing membranes. The results of the specic layer
thicknesses for the respective cross-linked microgel particles
are summarized in Table 5.

Aer the detachment of the layers, the microgel membrane
slowly oats from the wafer towards the air/liquid interface,
where the microgel membrane can be picked up and trans-
ferred to any substrate. As an experiment demonstrating the
potential of free-standing microgel membranes and investi-
gating the thermoresponsive property of cross-linked free-
standing microgel lms, the detached membranes were trans-
ferred to a Si3N4-chip with a 200 � 200 mm funnel hole (Fig. 8).
As it can be seen in Fig. 8, the funnel hole is completely spanned
with membranes containing 2 mol% (A), 4 mol% (B), 9 mol%
(C) and 12 mol% (D) HMABP. Fig. 8 also shows, that the
mechanical stability of the membrane is high enough to
transfer it to the Si3N4-chip without ruptures.

3.4 Resistance measurements

To show the reversible temperature-dependent switching of the
membranes, resistance measurements with increasing and
decreasing temperature were performed, as shown in Fig. 9. As
can be seen, the resistance at low temperatures is for all
membranes about 250 kU. Here, the cross-linked microgel
particles are in a swollen state, which is illustrated by the
additionally plotted swelling curve (green). However, with
increasing temperature the resistance of the membrane initially
remains constant until a sharp increase of the membrane
resistance is observable at a temperature of 33 �C. A further
increase of the temperature does not increase the measured
resistance further, which leads to a plateau. Interestingly, the
steep increase in membrane resistance seems to be connected
to the VPTT of PNIPAM, which is around 33 �C 20 in all cases
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 22014–22024 | 22021
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Fig. 10 Dry state TEM image of P(NIPAM-co-HMABP) microgels with
a comonomer content of 4 mol% decorated with silver nanoparticles.
In addition to silver nanoparticles incorporated into the microgels,
individual nanoparticles can also be detected outside the polymer
network, which can be attributed to the “bleeding” of the nanoparticles
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except for the membranes produced with microgels containing
12 mol% HMABP. Here neither the membrane nor the microgel
particles show a signicant thermoresponsive behaviour. In the
plateau region, which corresponds to the fully collapsed parti-
cles, the membranes reveal different resistances with increasing
comonomer content. Microgels with a comonomer content of
2 mol% show a resistance of 900 kU. This increases to 1.4 MU at
4 mol% comonomer content and a resistance of 1.8 MU is
reached at 9 mol% comonomer content. We suspect that the
differences in resistance are attributable on the one hand to the
slightly different layer thickness of the membranes and on the
other hand to the increase of the multiple cross-linking points
between the microgel particles of the membrane with
increasing comonomer content. In fact, the switching point of
the membranes is very sharp in comparison to the corre-
sponding swelling curve and independent of the comonomer
content. The collapse of the cross-linked microgel particles and
thus the sharp transition, occurs always at the VPTT of PNIPAM.
Whereas, in the swelling curves an increasing comonomer
content leads to broadening of the phase transition and the
VPTT of the microgel is shied to lower temperatures. We
suppose, that the switching of the membrane is not necessarily
connected to the size change of the microgel particles. Instead it
can be explained by the local interactions between the polymer
network and the solvent. Before reaching the VPTT of PNIPAM,
the network has hydrophilic properties on a local scale, while
polymer/polymer interactions are dominant above this
temperature. Hence, the diffusion of the ions changes strongly,
when the network properties are switched between these two
states. Above the VPTT of PNIPAM, the network forms a diffu-
sion barrier for the polar ions, while the membrane in the
swollen state does not provide a sufficient barrier to hinder the
diffusion of those.

If the free-standing microgel membranes presented here are
compared with membranes investigated by Frost et al.,38 Menne
et al.,15 or Bell et al.,45 it becomes clear that they show a different
switching behaviour. Most importantly, there is a signicant
difference in the preparation and nature of the membranes in
which a template has always been used and modied with
microgels via dynamic adsorption or NIPAM was attached to
a PET membrane by FRP and ATRP.15,38,65 In the work of Bell
et al. a very thick multilayer is produced by photo-crosslinking
a microgel lter cake on a polymer lter-membrane. In
contrast to the ones shown here, all these membranes exhibit
the highest resistance and the highest retention at low
temperatures which corresponds to the swollen state of the
microgels or the used linear chains.45

As the temperature increases, the network of the microgels
collapse at the VPTT and the resistance decreases. Frost et al.38 call
this a positive switching effect in which the permeability increases
with increasing temperature. Furthermore, when investigating
PNIPAM graedmembranes with large (320 nm) and small (80 nm)
pores, Alem et al.65 showed that these membranes exhibit opposite
conductivity behaviour. For membranes with large pores, the
conductivity increases with increasing temperature. In contrast,
membranes with small pores exhibit the opposite behaviour.
22022 | RSC Adv., 2021, 11, 22014–22024
For large pores, the thickness of the polymer brushes in the
swollen state is equal to the virgin pore size (330 nm), so below
the VPTT the extended chains block the pores and thus reduce the
effective pore size, which is reected in low conductivity. As the
temperature rises, the chains collapse and release the pores, while
an increase in conductivity is detected. In the case of narrow pore
membranes, the layer thickness of the swollen PNIPAM layers (135–
250 nm) is greater than the pore size of the membrane (80 nm).
Although the pores are completely covered with the extended PNI-
PAMbrushes at low temperatures, high permeability is detected due
to the high hydration of the chains. If the chains collapse, the pores
are completely blocked and the diffusion of ions is prevented. Alem
et al. attribute this behaviour to formation of microgel membranes,
which are also studied in this work. As already mentioned earlier,
the authors call this a negative switching effect.
3.5 Free-standing catalytic lms

Firstly we investigated if the synthesis of silver nanoparticles
inside the network of the copolymer microgel particles was
successful. Therefore, dry state TEM measurements were per-
formed on non cross-linked microgel particles. The results are
shown in Fig. 10.

It is clearly observable that the microgel particles exhibit
different levels of loading with silver nanoparticles. Some of the
microgels are decorated strongly, while others seem to be
loaded with one or two particles, only. Also, some of the microgel
particles are empty and do not show a decoration with silver
nanoparticles. A result like this could be expected as no stabilizing
comonomer like acrylic acid was used in the present microgels.66

Because of that some nanoparticles, which are not trapped inside
the polymer network, bleed during the purication of the samples.
But in fact, most of the microgels are decorated with silver nano-
particles and because of that it is very likely that the formation
out of the microgel network.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Absorbance spectra of 4-nitrophenol during the catalytic
reduction with NaBH4 in presence of the free-standing catalytic
membrane. The measurements were performed after a reaction time
of 0 s (black), 1000 s (red), 2000 s (blue), 3000 s (magenta) and 6000 s
(brown) at a temperature of 311 K.
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a free-standing membrane out of the silver nanoparticle decorated
microgels will lead to a catalytic membrane as well.

Aer the UV cross-linking of those particles, the catalytic
activity of the free-standing membranes was investigated by
following the reduction of 4-nitrophenol with NaBH4 with UV/
Vis spectroscopy. This model reaction is the most prominent
example for the determination of the catalytic activity of nano-
particles embedded in different carrier systems.67 Fig. 11 shows
the absorbance spectra, which were recorded during the
measurements.

It is clearly visible, that the absorbance maximum at 400 nm
decreases strongly with increasing reaction time. This indicates,
that the silver nanoparticles located inside of the catalytic lm
still show a signicant catalytic activity. It is to mention that the
reaction rate for the reduction is extremely slow, compared to
colloidal nanoreactor particles which are not cross-linked to
a membrane,68,69 but in this case the catalyst is of course not
distributed homogeneously inside the whole reaction vessel,
which inuences the reaction rate a lot. In addition, the amount
of incorporated silver nanoparticles in the microgels is signi-
cantly lower compared to the work of Lu et al.32,70 and Pich
et al.,68 which also results in lower catalytic activity as it corre-
lates with the concentration of silver nanoparticles inside the
polymer network.

However, it can be stated that the silver nanoparticle deco-
rated free-standing membranes are suitable catalysts for the
reduction of 4-nitrophenol. This offers an interesting perspec-
tive for future investigations, for example on the switchability of
the catalytic activity or the design of intelligent ow-through
microuidic devices for catalytic reactions.
4 Conclusions

In this work we present the synthesis of PNIPAM-co-HMABP
microgels and their subsequent cross-linking by UV-light. This
leads to the formation of free-standing transferable membranes
© 2021 The Author(s). Published by the Royal Society of Chemistry
which are still thermoresponsive up to 9 mol% of the HMABP
comonomer. Moreover, we show that these membranes can be
used to regulate ion ow and the resistance increases by up to
nearly one order of magnitude upon heating the membrane
beyond the VPTT. This is an important step towards self-
regulating membranes with applications e.g. in fuel cells or
water purication systems.

In addition this work reveals that the same approach can
also be used to cross-link nanoparticle carrying microgels
leading to free-standing membranes with catalytic activity.
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41 I. V. Portnov, M. Möller, W. Richtering and I. I. Potemkin,

Macromolecules, 2018, 51, 8147–8155.
42 M. Wiese, T. Lohaus, J. Haussmann and M. Wessling, J.

Membr. Sci., 2019, 588, 117190.
43 C. Cutright, R. Finkelstein, E. Orlowski, E. McIntosh,

Z. Brotherton, T. Fabiani, S. Khan, J. Genzer and
S. Menegatti, J. Membr. Sci., 2020, 616, 118439.
22024 | RSC Adv., 2021, 11, 22014–22024
44 L. Wu and E. Sancaktar, J. Membr. Sci., 2020, 610, 118304.
45 D. Bell, S. Ludwanowski, A. Lüken, B. Sarikaya, A. Walther
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