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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Anionic (block) copolymerization of 
redox-active monomers from the surface 
of organic microparticles is described. 

• Reversible redox-switchable and elec
trochemically mediated ion sorption 
and exchange are shown. 

• Polarity of the comonomer shows an 
impact on ion sorption capacity within 
flow-through experiments  
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A B S T R A C T   

Mining and harvesting of valuable components from water or organic phases are urgent challenges. Metal
lopolymers can show excellent control of the binding and release of target molecules or ions without additional 
external chemical inputs. Here, we report the covalent functionalization of porous polystyrene microparticles 
with poly(hydroxyethyl methacrylate) (PHEMA) and poly(ferrocenylmethyl methacrylate) (PFMMA) copolymers 
and block copolymers via surface-initiated living anionic polymerization to tailor the functionality and polarity 
of the surface. The metallopolymer-decorated particles were characterized by infrared spectroscopy, scanning 
electron microscopy, and energy-dispersive X-ray spectroscopy, and the redox-responsiveness was analyzed in 
different media using cyclic voltammetry. The variation in polarity enabled the investigation of the influence of 
polarity on the electrochemical performance. The metallopolymer particles were used as efficient ion-adsorbers 
and ion-exchange materials in both static and flow measurements, and the resulting findings were compared to 
homopolymer-functionalized particles. The adsorption of fluoride, nitrate, and sulfate and their adsorption 
selectivity were investigated. The capacity of sulfate was increased for hydrophilic particles and remained more 
constant over time. The results demonstrate the importance of the controlled design of surfaces for tailoring the 
efficiency of ion-adsorption materials. The insights on the structure-property relation of the metallopolymer 
immobilization pave the way for new adsorption technologies and future design of electrochemically switchable 
surfaces.  
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1. Introduction 

Ion exchange materials are omnipresent in everyday life and play a 
crucial role in society in the field of water purification [1,2], water 
analysis [3], or water filtration [4]. A few of the oldest applications of 
ion exchange resins are the removal of pollutants, reducing high ion 
concentrations in water, or softening of water [5,6]. These materials are 
of great importance in agriculture, for example, as nitrate or sulfate 
accumulates in high concentrations [7,8]. While sulfate in low concen
trations plays an important role for humans and the environment, 
excessive concentrations lead to health risks or corrosion issues [9–11]. 
Climate change, which favors the accumulation of high concentrations 
of sulfate in water, strongly increases these issues [12,13]. Ion exchange 
resins can be used to overcome these challenges. These materials are 
based on a structural component which is often composed of a highly 
porous polymer matrix such as cross-linked polystyrene particles. As a 
second compound, ion exchange resins contain functional ionic groups, 
mostly amines, that enable the ion exchange process [14,15]. Using such 
resins for softening of water, removal of pollutants from water, or gen
eral analysis of water results in an ion exchange of the initially present 
counter ions with the ions to be adsorbed or analyzed. The equilibrium 
of the reversible process is dependent on the affinity of the ions to the 
functional groups of the resin and the ion concentration. By rinsing the 
resins with a highly concentrated ionic solution containing the initial 
counter ions, a regeneration of the exchangers can be achieved by 
shifting the equilibrium, which facilitates a renewed ion exchange 
process [16,17]. However, the demands placed on modern separation 
systems are extremely high, not least due to the immense challenges 
posed by today’s separation problems. For this reason, many researchers 
are engaged in the optimization and improvement of such materials or 
the development of new material classes for ion exchange applications. 
One strategy for addressing this issue can be to hydrophilize the mate
rials [18], as hydroxyl groups can support the elution of the ions to be 
analyzed through the hindrance of non-ionic interactions [19–22]. 
Zatirakha et al. functionalized micrometer-sized polystyrene particles 
with amine-containing functional groups and hydroxylated the particles 
by introducing OH groups to apply them as ion exchangers in chro
matographic systems. Compared to materials without OH groups, higher 
column performance and a better peak geometry could be generated 
[23]. In addition, Yang et al. were able to significantly reduce analysis 
times by introducing hydroxy groups [24]. 

Recently, stimuli-responsive polymers have attracted attention for 
the development of innovative ion exchange systems. Stimuli-responsive 
materials can change properties by applying external stimuli like tem
perature [25], pH value [26], light [27], mechanical stress [28], redox 
agents, or an electrical field [29–31]. The most studied materials are 
temperature or pH-based [32–35], but systems that provide a fast 
switchability due to non-diffusion limitations such as light or redox- 
responsiveness are also of significant interest. Metallopolymer-based 
functionalizations represent a fascinating class of stimuli-responsive 
polymers here. These metallopolymer-based, mostly ferrocene- 
containing, surfaces can change properties by applying redox reagents 
or an electric potential to switch between the neutral, hydrophobic 
ferrocene to the positively charged, hydrophilic ferrocenium [36–38]. 
As a result, the neutral polymer can be converted into a positively 
charged ferrocenium polyelectrolyte and thus, the polymer brush 
structure is affected at the surface [39,40]. These changes in capabilities 
enable applications in catalysis [41,42], separation processes [43–45], 
or sensing materials [46]. Therefore, ferrocene-containing materials 
play a crucial role in the field of electrochemistry. For example, 
ferrocene-containing particles can be utilized to prepare redox- 
responsive opal films, which can be investigated among their electro
chemical responsiveness [47–49]. The systematic design of ferrocene- 
containing polymer interfaces on the molecular level is thereby a key 
factor for the applications and enables new-generation materials with 
enhanced properties [50,51]. For instance, Jeon et al. developed an 

electrochemical sensing electrode by using a polymer with chiral 
ferrocene units and could therefore enhance the recognition of enan
tiomeric target molecules [52]. Su et al. were able to capture arsenic and 
chromium oxyanions from water with high selectivities [44]. The 
controlled design of ferrocene polymers with different electronic situa
tions directly next to the ferrocene group could prove a remarkable 
avenue to tailor the selectivity of the polymers by PFAS capture [53]. 
Furthermore, the incorporation of non-redox-active, hydrophilic co
monomers in ferrocene-containing polymer-based materials facilitates 
the overcoming of hydrophobicity issues [54], which resulted in a sig
nificant increase in selectivity in electrochemical-driven ion-adsorption 
processes [55,56]. However, avoiding leaching of the polymers is a 
major challenge in the application of electrochemical devices and this 
issue is even more prominent in hydrophilized polymers, that are often 
applied in polar solvents [57]. For this reason, the covalent immobili
zation of the polymers on surfaces offers an increased relevance for 
redox-responsive materials [58–61]. 

The most common preparation method for immobilized polymer 
brushes represents the grafting-from polymerization, in which the 
initiator is provided through covalent bonding to the surface. The 
polymerization emerges directly from the surfaces and offers the pos
sibility of high polymer capacities [62–64]. Mazurowski et al. used the 
grafting-from method to synthesize poly(2-(methacryloyloxy)ethyl fer
rocenecarboxylate) polymer brushes via surface-initiated atom transfer 
radical polymerization (SI-ATRP) for investigation of the swelling ca
pabilities of resulted particles [40]. In addition, the preparation of poly 
(ferrocenylmethyl methacrylate) (PFMMA) brushes on glassy carbon 
surfaces was realized to investigate the electron transfer process in the 
polymer coating [65]. However, especially in electrochemical applica
tions of metallopolymers, metal impurities from the ATRP catalyst can 
affect the results of separation processes [66,67]. For this reason, living 
anionic polymerization on surfaces represents a facility for anchoring 
specifically designed polymer brushes on surfaces without the addition 
of harmful impurities. Because of the high purity requirements of the 
substrates and the reagents, this method has been less studied on sur
faces. Jordan et al. described the surface-initiated living anionic poly
merization (SI-LAP) of styrene on gold substrates in 1999. The 
Advincula group utilized this technique on silica substrates for the 
polymerization of polystyrene homopolymers [68–70] and block co
polymers of styrene and isoprene [71]. The polymerization of ethylene 
oxide and methyl methacrylate (MMA) has been described, too, but high 
degrees of functionalization have not been realized [72–74]. In addition, 
stimuli-responsive polymers have been anchored on polystyrene nano
particles by using ansa-ferrocenophane as a monomer [75]. Recently, we 
described the functionalization of polystyrene microparticles with 
MMA, 2-(trimethylsiloxy)ethyl methacrylate (HEMA-TMS), FMMA, and 
vinyl ferrocene homopolymers [54,76]. The polymerization process was 
described in more detail and the degree of functionalization could be 
tailored up to high degrees of polymer coating (more than 50 %). 
However, to the best of our knowledge, no functional or redox- 
responsive copolymers or block copolymers have been polymerized on 
surfaces using SI-LAP. 

In the present study, we report the SI-LAP as a powerful method for 
tailored surface functionalization with copolymers and block co
polymers. For this SI-LAP approach, we used porous polystyrene mi
croparticles as substrate and HEMA-TMS as well as the redox-responsive 
FMMA as monomers. Various degrees of hydrophilization were explored 
by using different HEMA(-TMS) contents. The functionalization of 
resulting particles was confirmed through attenuated total reflection 
infrared (ATR-IR) spectroscopy and the homogeneity of the coating was 
analyzed using scanning electron microscopy (SEM) and energy- 
dispersive X-ray spectroscopy (EDS). Furthermore, the electrochemical 
addressability of the functionalized particles was studied by cyclic vol
tammetry in different media, and the influence of polarity on electro
chemical behavior was investigated by using the TMS-protected block 
copolymer-functionalized particles and their deprotected pendants. In 
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addition, the application of the particles as ion adsorption and ion ex
change materials was examined by static and flow experiments based on 
chemical oxidation and reduction, or flow-through regeneration pro
cesses. For this study, the homopolymer-functionalized particles were 
utilized as comparing material. The influence of the hydrophilization on 
the selectivity or the rate of the ion exchange process was examined 
both, with and without competition of inorganic anions. 

2. Experimental section/methods 

2.1. Materials and instrumentation 

All reagents and solvents were purchased from Fisher Scientific, TCI 
Chemicals, Sigma Aldrich, or Alfa Aesar and, if not otherwise specified, 
used as received. Polystyrene-divinylbenzene particles (PSDVB, 55 wt% 
DVB in ethyl vinyl benzene) were donated by Metrohm AG and dried for 
polymerization by repeated distillation in THF as described previously 
[76]. High-purity multi-walled carbon nanotubes (MWCNTs, NC7100) 
were provided from Nanocyl. Phenol was freshly sublimed. THF was 
dried with n-butyl lithium (n-BuLi, 1.6 M in n-hexane) and freshly 
distilled before use. Lithium chloride, diphenylethylene, methanol, 
HEMA-TMS, and FMMA were purified and dried as previously 
described. PFMMA, PHEMA-TMS, and PHEMA homopolymers as well as 
FMMA monomer were synthesized as described previously [76]. All 
syntheses were carried out under an inert gas atmosphere. All chemicals 
for adsorption measurements were purchased from Supelco and possess 
the purity grade for analysis EMSURE. 

The anionic polymerizations were performed in A Braun Unilabplus 
Eco glovebox system equipped with a Julabo FP89 cryostat. NMR 
spectroscopy was performed with a Bruker AVANCE II 400 MHz spec
trometer in CDCl3 after filtration of the samples through a syringe filter 
to remove the particles. The spectra were referenced relative to the re
sidual solvent signal [77] and evaluated with MestReNova. ATR-IR 
measurements were carried out on a Bruker Alpha II FT-IR spectrom
eter in transmittance. The evaluation and baseline correction was con
ducted with OPUS 8.5 and all spectra were normalized between 0 and 1. 
SEM images were collected on a Zeiss Sigma VP device (GeminiSEM 
500) with an in-lens detector by using SmartSEM 6.07 as software. The 
images were recorded with an acceleration voltage of 3 kV in high 
current mode and an aperture of 20 μm. The samples were mounted on 
an aluminum stud using carbon tape, a copper grid, or a copper foil. All 
samples were sputter coated with ~6 nm platinum using an Automatic 
Turbo Coater Plasmatool 125 SIN 2020_131 from Ingenieurbüro Peter 
Liebscher. EDS spectra were collected with an SE2 detector using an 
acceleration voltage of 20 kV. Inductivity coupled plasma optical 
emission spectroscopy (ICP-OES) was performed for the elements iron 
and silicon with an ICP-OES Model Spectro Arcos after aqua regia 
digestion in a microwave in a CEM MARS 6 by MicroLab Kolbe in 
Oberhausen after drying for 24 h under 120 ◦C. CV was carried out on a 
Biologic SP-150 potentiostat and evaluated with EC-Lab V11.46. All 
measurements were calibrated with ferrocene. The adsorption experi
ments were carried out using a kdScientific KDS 100 legacy syringe 
pump with a flow rate of 3.5 mL min− 1. For ion chromatography, a 930 
Compact IC Flex Ove/SeS/PP/Deg at 45 ◦C equipped with a 2 mL Dos
ino, the Metrohm intelligent Partial Loop Technique, and a conductivity 
detector were used. Aqueous 3.6 mmol L− 1 Na2CO3 solution was used as 
mobile phase on a Metrosep Supp 7 250/2.0 column with a Metrosep RP 
3 Guard HC/4.0 and a flow rate of 0.2 mL min− 1. The evaluation was 
accomplished with MagIC Net 3.3 software. 

2.2. Synthesis of PSDVB@CP-1 via SI-LAP 

200 mg PSDVB particles in a reaction flask equipped with a KPG 
stirrer were dispersed in 50 mL THF. The dispersion was cooled to -78 ◦C 
and titrated and activated with a total of 70 μL (91 μmol) s-butyl lithium 
(s-BuLi, 1.3 M in n-hexane). The orange particles were stirred for 30 min, 

warmed to room temperature, and stirred for 2 h. After adding 40 μL 
(227 μmol) diphenylethylene, a red particle dispersion was obtained and 
stirred for 15 min at room temperature. 75 mg (1.77 mmol) LiCl was 
added, and the mixture was cooled to − 78 ◦C. The polymerization was 
started by quickly adding the monomer mixture of 500 mg (2.29 mmol) 
HEMA-TMS and 500 mg (1.76 mmol) FMMA in 4 mL THF. The reaction 
was terminated after 2 days with methanol and stirred for 30 min. The 
particles were cleaned by multiple centrifugation steps for 10 min at 
2370 rcf, after redispersion in THF, toluene, distilled water, pyridine, 
and methanol, respectively. The particles were dried in a vacuum. 

2.3. Exemplary synthesis of PSDVB@BCP-TMS-1 via SI-LAP 

An amount of 150 mg PSDVB particles were dispersed in 50 mL THF 
in a reaction flask equipped with a KPG stirrer in a glovebox and cooled 
to − 78 ◦C. The dispersion was titrated with a total amount of 70 μL (91 
μmol) s-BuLi until a yellow-orange color was obtained. After stirring for 
40 min, the mixture was warmed to room temperature and stirred for 2 
h. 40 μL (227 μmol) diphenylethylene was added and stirred for 15 min. 
After adding 75 mg (1.77 mmol) LiCl, the dispersion was cooled to 
− 78 ◦C and the polymerization was started by quickly adding 400 μL 
(1.83 mmol) HEMA-TMS. After 2.5 h, an aliquot of PSDVB@FB-1 par
ticles was taken for IR and SEM analyses. A mixture of 250 μL HEMA- 
TMS (1.15 μmol) and 300 mg (1.06 μmol) FMMA in 2 mL THF was 
added for polymerization of the second block. The polymerization was 
terminated after 2 days by adding methanol, stirred for 30 min, and 
centrifugated. The particles were cleaned by multiple centrifugation 
steps for 10 min at 2370 rcf, after redispersion in THF, toluene, distilled 
water, pyridine, and methanol, respectively. The particles were dried in 
a vacuum. The experimental details of the other particle batches can be 
found in Table S1 (Supplementary Information). 

2.4. Exemplary deprotection of PSDVB@BCP-TMS-1 

50 mg PSDVB@BCP-TMS-1 were dispersed in 5 mL of a 0.1 M tet
rabutylammonium fluoride (TBAF) solution in THF at 0 ◦C and stirred 
for 1 h. After stirring for 1 h, the dispersion was warmed to room tem
perature and stirred for further 18 h. The particles were centrifugated for 
10 min at 2370 rcf and washed 5 times with saturated aqueous Na2CO3. 
For cleaning, the particles were redispersed in THF, methanol, pyridine, 
and diethyl ether, respectively. The particles were dried in a vacuum. 

2.5. Electrochemical measurements 

50 mg MWCNTs were dispersed in 10 mL ethanol by ultrasonic 
treatment for 30 min. 2 mg of the particles were swollen in ethanol, 
mixed with the MWCNT dispersion in a ratio 10/1, and 0.5 mg phenol 
was added. The dispersion was sonicated for 1 min and drop-coated on a 
glassy carbon working electrode (5 mm inner diameter) using two 
droplets. All measurements were performed with a three-electrode 
configuration by applying a scan rate of 20 mV s− 1 using a Pt-wire as 
the counter electrode. The measurements in an aqueous solution were 
carried out with an Ag/AgCl reference electrode (equilibrated in 3 M 
NaCl) and NaClO4 as electrolyte (0.1 M solutions). The measurements in 
acetonitrile (ACN) and chloroform were conducted with an Ag/AgNO3 
(ACN) or an Ag wire (CHCl3) as a pseudo-reference electrode and tet
rabutylammonium hexafluorophosphate as a supporting electrolyte 
(0.1 M solutions). Note, that phenol is not used during the preparation of 
PSDVB@BCP-TMS-1 for the measurement in chloroform due to an own 
signal in the increased measuring range. 

2.6. Static ion adsorption measurements 

2–3 mg functionalized particles were dispersed in 1 mL acetonitrile 
and allowed to swell for 1 h at room temperature. An excess of 20 mg 
(72 μmol) FeCl3⋅6H2O was added and allowed to be oxidized for 20 min. 
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The particles were centrifugated at 11180 rcf for 2 min and washed 10 
times with acetonitrile via redispersion and centrifugation. The residue 
of the last washing cycle was analyzed for the removal of chloride 
content. The particles were dried under a nitrogen atmosphere and 
added to the stock solutions of 10 mg L− 1 sulfate, 10 mg L− 1 fluoride, 10 
mg L− 1 nitrate, or the multi-ion stock solution of 5 mg L− 1 fluoride, 5 mg 
L− 1 nitrate, and 4 mg L− 1 sulfate, respectively. Sodium was used as a 
counterion in all cases. For time-dependent measurements, a sample was 
taken under a nitrogen atmosphere after 1, 10, 30, 60, and 120 min, 
respectively. For adsorption capacity determination and selectivity in
vestigations, a sample was taken after 1 min. Solution concentrations 
were assessed using ion chromatography. All experiments were carried 
out twice. 

2.7. Separation efficiency of static ion adsorption 

(i) 2.99 mg and (ii) 5.27 mg oxidized, washed, and dried 
PSDVB@PFMMA particles were dispersed in 20 mL of an aqueous sulfate 
solution (5.37 mg L− 1), respectively. After 1 min, the particles were 
separated and the solution concentrations were assessed using ion 
chromatography. (ci(SO4

2− ) = 0.574 mg L− 1; cii(SO4
2− ) = 0.571 mg L− 1). 

2.8. Ion adsorption measurements in flow 

2–4 mg functionalized particles were dispersed in 1 mL acetonitrile 
and allowed to swell at room temperature for 1 h. A syringe cannula 
(1.20 × 40 mm, 18 G × 1.5) was filled with glass wool and glass mi
crofiber filter (1.6 μm pore size) first. The particle dispersion was added 
with a flow rate of 2 mL min− 1. A second layer of filter paper was 
inserted. The cannula was washed with 20 mL acetonitrile in flow. The 
flow rate during the experiment was set to 3.5 mL min− 1. The particles 
were oxidized with 10 mL FeCl3⋅6H2O solution in acetonitrile (0.1 M; 1 
mmol), and washed with a mixture of 19.95 mL acetonitrile and 0.05 mL 
deionized water. The last 5 mL were analyzed regarding the removal of 
chloride content. Afterward, 5 mL of a stock solution containing 5 mg 
L− 1 fluoride, 5 mg L− 1 nitrate, and 4 mg L− 1 sulfate were pumped 

through the cannula and analyzed (fraction 1). This process was 
repeated once for the cycle investigations (fraction 2) and four times for 
the time-dependent selectivity measurements (fraction 2–5). The parti
cles were (i) reduced with 10 mL of a 0.1 M ascorbic acid solution (1 
mmol) in (i-1) deionized water or (i-2) 1 M NaCl solution and afterward 
oxidized with 10 mL FeCl3⋅6H2O solution in acetonitrile (0.1 M; 1 mmol) 
for cyclic Red-Ox experiments or (ii) directly regenerated with 10 mL 
FeCl3⋅6H2O solution in acetonitrile (0.1 M; 1 mmol). This process was 
repeated four times. Solution concentrations of all samples were 
assessed twice using ion chromatography. 

3. Results and discussion 

3.1. Synthesis and characterization 

The redox-responsive polymer brush was synthesized by surface- 
initiated living anionic polymerization (SI-LAP; Fig. 1). For this pur
pose, highly porous organic polystyrene microparticles (PSDVB), cross- 
linked with divinylbenzene, were used as substrate for functionalization. 
Two different kinds of polymer brushes were prepared as illustrated in 
Fig. 1a. On the one hand, 2-(trimethylsiloxy)ethyl methacrylate (HEMA- 
TMS) and ferrocenylmethyl methacrylate (FMMA) were statistically 
copolymerized. On the other hand, a block copolymer with PHEMA-TMS 
as the first block and PHEMA-TMS-co-PFMMA as the second block was 
grafted-from the particles. The first PHEMA block enabled the shielding 
of the hydrophobic PSDVB particles by forming a hydrophilic interlayer. 
The activation of PSDVB was carried out as described previously [76] 
with s-BuLi at − 78 ◦C in THF followed by adding a sterically hindered 
group of diphenylethylene (DPE). The exclusion of non-immobilized 
initiator was carried out by the reaction of s-BuLi and THF forming 
different alcoholates [78–80]. 

To remove the protective TMS group, an excess of tetrabutylammo
nium fluoride was used resulting in more hydrophilic polymer brushes 
based on the hydroxyl group of PHEMA. Three different batches of the 
particles functionalized with block copolymers (PSDVB@BCP-TMS) 
were synthesized, varying the total amount of monomer and the ratio of 

Fig. 1. a) Schematic illustration of grafted particles with copolymers or block copolymers in addition to the monomer structures of HEMA-TMS and FMMA and a 
summary of different polymer structures grafted from the particle surface. b) Stepwise grafting-from synthesis of methacrylates via one-pot SI-LAP reaction. 
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HEMA-TMS and FMMA monomers (Table S1). PSDVB@BCP-TMS-1 and 
PSDVB@BCP-TMS-2 contained equal amounts of HEMA-TMS in the first 
block. Whereas PSDVB@BCP-TMS-1 exhibited a similar ratio of both 
monomers in the second block during synthesis, in PSDVB@BCP-TMS-2 
the amount of FMMA and thus the total amount of monomer was 
increased. It can be assumed that the reaction kinetics within the porous 
particles differ from free anionic polymerization in solution causing an 
incomplete conversion during the SI-LAP. This polymerization behavior 
of SI-LAP was demonstrated in a previous study for the homopolymers 
and is assumed to be the result of surface effects, side reactions, and the 
complex hierarchical porosity of the particles [76]. The conversion can 
generally be determined using 1H NMR spectroscopy following the 
corresponding monomer concentrations. For example, in the case of 
PSDVB@FB-1 (particles with the first block of polymer functionalization 
only) the HEMA-TMS conversion was determined to be 40 % after 2 h. In 
PSDVB@BCP-TMS-3, the first block was synthesized to a higher degree 
compared to the second block due to a reduced amount of monomer. 
This assumption could be verified by inductively coupled plasma optical 
emission spectrometry (ICP-OES) measurement. For the calculation of 
the HEMA(-TMS) and FMMA contents, the Si and Fe content were used, 
respectively (Table S2). Besides the preparation of co- and block co
polymers, the monomers could also be homopolymerized as described in 
a previous study [76], which can be realized on a 2.5–5 g scale. 

ATR-IR spectra were recorded to prove the successful functionali
zations of PSDVB with PHEMA(-TMS) and PFMMA copolymer and block 
copolymer. Fig. 2a shows the spectra of PSDVB@CP-1 particles before 
and after deprotection of the TMS group, which were functionalized by 
statistical copolymerization of FMMA and HEMA-TMS. In addition, the 
ATR-IR spectrum of the PFMMA homopolymer is given for comparison. 
The spectra of PHEMA-TMS and PHEMA homopolymers can be found in 
Fig. S1. The characteristic IR signals of PSDVB particles [76] and the 
polymers were observed in both copolymer-functionalized particles 
verifying the modification of the particles. Thereby, the carbonyl group 
at 1725 cm− 1 and the -C-O stretching band of the ester at 1141 cm− 1 

should be noted. The major difference was found in the -Si-O bond and 
the -Si-C bond observed at 841 cm− 1 and 1250 cm− 1, respectively for the 
PSDVB@CP-TMS-1 particles. Moreover, the -C-O bond of primary al
cohols of the deprotected PSDVB@CP-1 particles was observed at 1077 
cm− 1. Fig. 2b compares the IR spectra of the PSDVB@BCP-1 samples 
before and after deprotection with the particles modified only with the 
first block PHEMA-TMS. The PSDVB@FB-1 particles revealed the bonds 
of the grafted polymer in lower intensity beside the PSDVB signals. As 
expected, the block copolymer-modified particles revealed identical 
signals as the copolymer-functionalized samples. 

The surface structure of the different particles was investigated by 
scanning electron microscopy (SEM) as depicted in Fig. 3. Images of the 
other particle batches and additional magnifications can be found in 
Figs. S2–S5. For the SEM measurements, the particles were dispersed in 
tetrahydrofuran and drop-coated to a copper grid. The grid was placed 

on carbon tape and sputtered with a 6 nm platinum layer. 
The PSDVB@FB-1 particles exhibited a highly porous surface 

morphology without a dense polymer coating on the particles’ surface. 
This was due to a slight functionalization with PHEMA-TMS. In contrast, 
the block copolymer PSDVB@BCP-TMS-1 revealed a formation of a 
coating due to a higher degree of functionalization after adding of the 
second polymer block. A slight difference in the coating formation was 
observed after deprotecting of PHEMA-TMS functionalization, based on 
providing another kind of polymer [76]. These differences could be 
attributed to intermolecular interactions between the functional groups 
of the polymer. For example, the deprotected polymers can form 
hydrogen bonds between the hydroxyl groups of PHEMA. Therefore, the 
PSDVB@BCP-TMS particles exhibited a significantly smoother surface, 
while the coating of the deprotected PSDVB@BCP featured a more 
contoured surface. The capability of synthesizing block copolymers 
proves the living character of the SI-LAP process, which was also 
responsible for the homogeneous polymer coating. As a result, the high 
monodispersity of the microparticles could be maintained. As described 
previously [76], the thickness of the polymer coating correlated with the 
degree of functionalization. This could be observed using the 
PSDVB@BCP-TMS-2 particles with a higher degree of functionalization 
based on a higher amount of monomer used (Fig. S4a). Additionally, the 
thicker polymer coating results in slight amounts of polymer film be
tween the contact areas of the single particles by entanglement of the 
polymer chains. PSDVB@BCP-TMS-3 particles with the lowest degree of 
functionalization revealed no formation of a dense coating but main
tained the porous particle structure (Fig. S5). The comparison between 
the different particle batches showed different particle sizes, which 
correlate with the degree of functionalization and increase from the first 
to the second block (Table S3). 

In addition, energy-dispersive X-ray spectroscopy was performed to 
investigate the iron distribution of the particle samples. For this, the 
particles were directly placed on a carbon tape and sputtered with a 
platinum layer. Fig. 4 shows the different functionalization states of the 
PSDVB@BCP-1 particles. The spectra of the other polymer batches can 
be found in Figs. S6 and S7. Element distribution of iron, based on 
ferrocene, and silicon, based on the TMS protecting group, was of in
terest. After functionalization with the first block PHEMA-TMS, silicon 
was detected well-localized on the particle spots (Kα at 1.74 keV, Fig. 4a 
and d). The concentration was significantly increased by the subsequent 
addition of the second block, which could be proven semi-quantitatively 
using EDX (Fig. 4b and e). In addition, iron was detected on the particles, 
which was demonstrated by the Kα signal at 6.40 keV (Fig. 4e and f). 
After deprotection, the concentration of iron was maintained, while the 
concentration of silicon decreased significantly. However, traces of sil
icon were monitored after the deprotection process due to incomplete 
conversion of the deprotection reaction, as is to be expected for polymer 
analog reactions in general. 

It can be assumed that the polymer was successfully covalently 

Fig. 2. Infrared spectroscopic data of a) PSDVB@CP-1 particles before (green) and after (blue) deprotection compared with PFMMA homopolymer (black) and b) 
PSDVB@BCP-1 particles before (green) and after (blue) deprotection compared to the particles modified only with the first block PHEMA-TMS (PSDVB@FB-1, black). 
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attached within all particle batches. From the SEM investigations, it can 
be concluded that homogeneous microparticles without the formation of 
additional free polymer were obtained. The retention of the porous 
structure at low degrees of functionalization in combination with the 
localization of the polymer on the surface (Figs. 4 and S2–S7) confirmed 
this assumption. In addition, non-immobilized polymer residues could 
be removed by intensive multiple-washing processes. The particles 
presented here were washed more than 20 times and redispersed in 
different solvents to exclude the presence of non-immobilized polymer. 
All these combined investigations and results prove the presence of a 
covalent bond between the microparticles and the functional polymers. 

3.2. Electrochemical switchability 

The synthesized particles pave the way for a wide range of applica
tions in the field of redox-responsive materials due to the covalent bond. 
Therefore, the stimuli-responsive behavior was investigated by studying 
the electrochemical addressability utilizing cyclic voltammetry. By 
considering both, the TMS-protected and the deprotected particles, the 

difference in electrochemical response and properties based on hydro
philization could be demonstrated. For these investigations, the particles 
were dispersed with multi-walled carbon nanotubes (MWCNT) to ach
ieve a higher contact area between the particles and the electrically 
conductive electrode. By using the TMS-protected particles, sufficient 
interaction on a microscopic scale with MWCNTs could be obtained by 
mild ultrasonic treatment of the dispersion in ethanol (Figs. 5a and S8). 
In contrast, flocculation was observed in the mixture of OH-containing 
particles with MWCNTs based on a lack of miscibility at the micro
scale level (Figs. 5b and S9). Instead, the MWCNTs were deposited well 
separated from the particles due to the different polarities. Note that the 
particles can break under intensive ultrasonic treatment. For this reason, 
it was necessary to increase the dispersibility of the OH-containing 
particles with MWCNTs, e.g. by using phenol as an additive to achieve 
a better interaction (Figs. 5a–d and S10). The importance of miscibility 
at the microscale level was evident in cyclic voltammetric measurements 
without using phenol by preparation (Fig. S11). These cyclic voltam
mograms revealed a double signal due to the low interaction between 
the ferrocene units and the intrinsic conductive material which leads to 

Fig. 3. Scanning electron microscopy images of a, b) PSDVB@FB-1, c, d) PSDVB@BCP-TMS-1, and e, f) PSDVB@BCP-1 particles in different magnifications.  
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secondary effects. For the measurements, the MWCNT-particle disper
sions were drop-coated onto a GC electrode and measured in different 
media. Fig. 5e and f demonstrate the cyclic voltammograms of 
PSDVB@BCP-TMS-1 and PSDVB@BCP-1 in water with NaClO4 as an 
electrolyte. For better comparison, the TMS-protected particles were 
prepared with phenol by dispersion, too. 

In both cases, the electrochemical addressability of the particles 
could be demonstrated. However, the significantly stronger decrease in 
signal intensity with an increasing number of measurements for the 
TMS-protected particles was noteworthy. In an aqueous solution, the 
TMS-protective particles maintained 58 % of the signal intensity after 
50 cycles, while the hydroxylated material maintained 91 %. This 
behavior was also observed in other organic solvents like chloroform 
and acetonitrile using tetrabutylammonium hexafluorophosphate as an 

electrolyte (Fig. S11). Fig. 5g displays the ratio of the maximum currents 
of the second and the 50 cycles of both particle kinds in the various 
solvents. The higher decrease of the signal intensity of the hydrophobic 
PSDVB@BCP-TMS-1 compared to the hydroxy-group-containing deri
vates could be recognized in the different media. In general, various 
effects can play a role in the stability of the measurements. Recently, it 
has been demonstrated that incorporating hydrophilic comonomers into 
PVFc can enhance its electrochemical stability [81]. Furthermore, it is 
described in the literature [82] that the solubility effects of investigated 
materials can lead to detachment from the working electrode and thus to 
a decrease in signal intensity. The polymer coating of particles can in 
principle affect the interaction of the particles with the MWCNTs and the 
electrodes respectively, also induced by swelling effects. However, SEM 
measurements after performing the electrochemical experiments did not 

Fig. 4. Energy dispersive X-ray mapping of a) PSDVB@FB-1, b) PSDVB@BCP-TMS-1, and c) PSDVB@BCP-1 and representative energy dispersive X-ray spectroscopy 
point spectra of d) PSDVB@FB-1, e) PSDVB@BCP-TMS-1, and f) PSDVB@BCP-1, respectively. 

Fig. 5. Scanning electron microscopy images of a) PSDVB@BCP-TMS-1 mixed with MWCNTs, b) PSDVB@BCP-1 mixed with MWCNTs, and c) PSDVB@BCP-1 mixed 
with MWCNTs in the presence of phenol. d) Schematic structure of interaction of the particles with phenol and MWCNTs. e–g) Cyclic voltammetry investigation of e) 
PSDVB@BCP-TMS-1, and f) PSDVB@BCP-1 in water using NaClO4 (0.1 M) as electrolyte with a scan rate of 20 mV s− 1. The second and the 50 cycles are marked as 
guides for the eyes only. g) Difference in measurement stability of the block copolymer-functionalized particles without (orange) and with hydroxy group (blue) in 
different media. The corresponding cyclic voltammograms and cyclic voltammograms of phenol only in the investigated potential range for comparison can be found 
in Fig. S11. 
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reveal a significant alteration of the particles (Fig. S12), and strong 
π–π-interactions between ferrocene and MWCNTs are still assumed to 
result in stable mixtures [83]. It can be furthermore assumed, that the 
higher polarity of the deprotected polymer coating has a stronger effect 
because it increases the interaction of ferrocene moieties in the hydro
philic copolymer and the ionic electrolyte solution. It also reduces the 
osmotic shock situation within the polymer brush, leading to higher cy
clic stability. 

These studies demonstrate the importance of the polarity of redox- 
responsive materials and the targeted design of such polymer-coated 
surfaces. The findings are not limited to aqueous electrolytes but also 
apply to ionic electrolytes in organic solvents. It is expected that these 
findings will lead to improved redox-responsive materials, which play a 
crucial role for example in separation processes or sensing materials. 

3.3. Ion adsorption and ion exchange 

Ion adsorption and ion exchange experiments were carried out to 
demonstrate the application of the particles as adsorbent materials. For 
this, the materials were first investigated by static adsorption mea
surements. The particles PSDVB@BCP-2 with the highest ferrocene 
content and the PSDVB@CP-1, both with and without TMS protective 
groups were considered to investigate the direct influence of the hy
droxy groups. In addition to the statistical co- and block copolymer- 
functionalized particles, the PFMMA homopolymer-functionalized par
ticles (PSDVB@PFMMA) were analyzed for comparison studies. To 
oxidize the materials, iron chloride hexahydrate in acetonitrile was used 
as an oxidation solution. After multiple washing cycles to remove the 
excess chloride and drying under an argon atmosphere, the particles 
were dispersed in an aqueous sulfate solution for statical ion exchange 
and adsorption investigations. Sulfate was chosen as the ion for the 
exchange process due to its high content in the environment, particu
larly in the agricultural sector. On the other hand, as a divalent ion, it is 
entropically favored for interaction with ferrocenium compared to the 
counter ion chloride and it provides a suitable model for the investiga
tion of potential advantages that can be gained through hydro
philization in analytical applications [21]. Sodium was chosen in all 
experiments as a counterion to the salts to avoid any additional effects of 
different cations. First, the stability of the chemically oxidized particles 
as a function of time was examined and is displayed in Fig. 6a. 

The capacity of the ion adsorption processes was reduced over time 
in all cases. It can be assumed, that this could be probably due to a 
reduction process of ferrocenium to ferrocene in water or other side 
reactions, which can be observed in aqueous solutions without the 
presence of an oxidizing reagent (after washing process). Furthermore, 
the stability of the capacity was strongly decreased in the cases of TMS- 
protective co- and block copolymers (47–65 %) compared to a much 
higher stability of ~80 % during 2 h in aqueous environment by the 
PHEMA-containing polymers (Fig. 6b). The PFMMA homo polymer- 

functionalized particles revealed a stability of 66 % and thus exhibited 
reduced stability compared to the hydrophilized block copolymer par
ticles, too. These studies demonstrated the positive effect of the OH 
groups and confirmed the results of the electrochemical investigation. 
An overview of the total capacities of the individual particle batches is 
given in Figs. 7a and S13. For better comparability, the values were 
normalized to the ferrocene content, which was determined using ICP- 
OES measurements (Table S2). Comparison of identical particle 
batches with and without TMS protecting group revealed thereby a 
higher absorption capacity of the hydroxylated particles. There are 
multiple reasons for this: (i) flocculation of the hydrophobic particles in 
acetonitrile and water occurred (Fig. S13a), which could lead to a 
reduction in the capacity of oxidized ferrocenium groups. In addition, 
the diffusion during the adsorption process in water may have been 
reduced by the flocculation. (ii) Through hydrophilic groups, a higher 
overall swellability of the particles in water could take place [84,85] 
which paves the way for higher addressability of the functionalized 
groups within the particle pores. (iii) The exchange of ions within a 
polymer brush can affect the brush swelling at a molecular level, causing 
changes in the osmotic pressure on the polymer chains within a poly
electrolyte brush. For example, it is well known that the osmotic pres
sure within a polymer brush can be modulated by using multivalent ions 
compared to single valent ions [63,86]. The effect on the osmotic 
pressure within the brush, which may lead to entropic death of the 
polymer chains [87–89], could be reduced using hydrophilized poly
electrolyte brushes and lead to increased stability. (iv) The OH groups 
could facilitate adsorption compared to the TMS groups by forming 
hydrogen bonds to the sulfate ions. Comparative studies with non- 
functionalized PSDVB particles revealed thereby no ion adsorption 
(Fig. S13b), which proves that the ion adsorption did not only occur 
through the particulate structure but through the ferrocenium groups. 
The separation efficiency of the particles was determined for the 
PSDVB@PFMMA particles to be 89.34 ± 0.03 % due to sorption mea
surements by different particle concentrations (excess). 

For investigation of the ion adsorption regarding different anions, 
the experiments were carried out with stock solutions of fluoride and 
nitrate, respectively. In accordance with the sulfate solution, 10 mg⋅L− 1 

solutions were provided in both cases. First, we investigated the selec
tivity of three types of particles containing TMS-groups (PSDVB@BCP- 
TMS-2), hydroxy-groups (PSDVB@BCP-2), and PFMMA homopolymer 
(PSDVB@PFMMA). The PSDVB@PFMMA particles revealed the lowest 
adsorption capacity for nitrate (119 mg⋅gFc

− 1), while fluoride and sulfate 
exhibited similar values with 189 and 200 mg⋅gFc

− 1 (Fig. 7b). In contrast, 
the PSDVB@BCP-TMS particles were found to have a higher capacity for 
nitrate (117 mg⋅gFc

− 1) than for sulfate (66 mg⋅gFc
− 1) or fluoride (89 

mg⋅gFc
− 1). It can be assumed, that the preference for nitrate was observed 

because of a stronger interaction with the particles on short timescales 
due to the polarizable character of the nitrate compared to the other 
ions. This behavior is well known in the literature for non-hydrophilized 

Fig. 6. a) Adsorption capacities of sulfate depending on time after oxidation with iron chloride hexahydrate in static measurements, and b) ratio of sulfate adsorption 
capacity after 1 min and after 120 min of the different functionalized particles. 
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amine-functionalized particles [24,90] and represents a major reason for 
the necessity of hydrophilization of such particles for analytical appli
cations. The hydrophilized BCP-functionalized particles exhibited 
significantly higher adsorption of sulfate (191 mg⋅gFc

− 1) in comparison to 
fluoride (54 mg⋅gFc

− 1) and nitrate (110 mg⋅gFc
− 1). Electrochemical studies 

of ferrocene polymers in literature displayed mostly a higher adsorption 
capacity for hydrophobic homopolymers compared to hydrophilic co
polymers [55,56]. The particles prepared in this study demonstrated this 
behavior for example for the ion fluoride, which was more adsorbed by 
the homopolymer-, but less by the copolymer-functionalized materials. 
The direct comparison of TMS-protective versus deprotected particles 
indicated, that not only the hydrophilization but rather the incorpora
tion of comonomers could play a role in this, which affect directly the 
polymer brush structure. In the case of particles, various factors may 
influence the osmotic pressure within the polymer chain, which can 
have a significant impact. For example, the charge density can be 
reduced strongly due to the incorporation of comonomers, resulting in 
different brush behavior on the surfaces [88]. However, the direct in
fluence of hydrophilicity can be recognized by the adsorption of sulfate 

which was significantly different for the TMS-protected and deprotected 
particles. As already indicated above, the formation of hydrogen bonds 
between sulfate and the hydroxy group of PHEMA could be a reason for 
the higher adsorption of sulfate. In addition, the hydrophilization can 
lead to a higher addressability of the ferrocene groups within the pores 
in aqueous environment. The influence of the porosity of the materials 
was evident through the high capacities (up to 200 mg⋅gFc

− 1) for different 
particle batches compared to non-immobilized polymers, which proves 
the advantage of highly porous and accessible particles. Based on the 
data for other ions known from the literature [55,56], it can be assumed 
that the hydrophilization of the ferrocene polymers itself was not 
accountable for the higher capacities, but rather the combination be
tween the particulate structure and the accessibility of the ferrocene 
groups within the pores. 

Due to their high porosity, the polystyrene particles functionalized 
using SI-LAP were especially suitable for flow-through measurements 
(Fig. 8). For these studies, we investigated firstly the ion exchange by 
using the PSDVB@PFMMA homopolymer-functionalized material. The 
particles were embedded in a syringe cannula between two glass 

Fig. 7. Adsorption capacity measured in static experiments after oxidizing with iron chloride hexahydrate. a) Comparison of different functionalized PSDVB particles 
with TMS-protecting group versus deprotected hydroxy groups regarding the sulfate adsorption after 1 min and b) adsorption capacities of the different particles in 
three different ion solutions containing fluoride ions, nitrate ions, or sulfate ions. All capacities were normalized to the ferrocene content of the particles. 

Fig. 8. Principles of ion adsorption and exchange flow experiments, highlighting the difference between “Regeneration” and “Red-Ox” experiments. In the 
“Regeneration” experiment, the exchange materials were rinsed with iron chloride after each cycle to restore their initial state, whereas in the “Red-Ox” experiment, 
the exchange materials were reduced and oxidized after each cycle. 
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microfiber filters and oxidized in flow with an excess of iron chloride 
hexahydrate resulting in a color change of the particles (Fig. S14). 

A multi-ion solution containing fluorides (~5 mg⋅L− 1), nitrates (~5 
mg⋅L− 1), and sulfate (~4 mg⋅L− 1) was pumped through the particle- 
containing cannula (~2–4 mg particles per experiment) with a flow 
rate of 3.5 mL⋅min− 1 and analyzed in five fractions (Fig. 9a). In each 
fraction, 5 mL of solution was used, and ~97 % of the solution volume 
was retrieved. The first fraction contained a significant excess of chlo
ride ions, which is attributed to the oxidation process and could not be 
completely removed by the washing cycles. In the following fractions, 
the chloride content decreased continuously indicating a successful ion 
exchange mechanism. In fraction one, all three ions provided were 
adsorbed (20 mg⋅gFc

− 1 fluoride, 35 mg⋅gFc
− 1 nitrate, and 33 mg⋅gFc

− 1 sul
fate). The second fraction revealed further adsorption of 33 mg⋅gFc

− 1 

sulfate and 19 mg⋅gFc
− 1nitrate, while the fluoride content of the solution 

corresponds approximately to the initial concentration. The third frac
tion exhibited sulfate as an adsorbed ion, while the concentrations of 
fluoride and nitrate increased slightly (0.3 mg⋅gFc

− 1 fluoride and 1.4 
mg⋅gFc

− 1 nitrate). This increase of ions in the solution can be observed in 
later fractions after the adsorption capacity of the materials was 
reached. Fig. 9b shows the capacity of the different fractions, which 
decreased as expected due to the maximum capacity of the ionic groups 
being reached. Additionally, an overview of the percentage adsorption 
amount can be found in Fig. S15. In fractions four and five the con
centration of nitrate in the remaining solution was significantly 
increased (12 and 9 mg⋅gFc

− 1), demonstrating the ion exchange process of 
nitrate with sulfate. The order of the ion exchange rate F− >NO3

− > SO4
2−

corresponded to the order known in the literature for these anions in 
classical ion adsorption experiments with amine-functionalized particles 
[23,24]. Note, that comparative studies with non-functionalized PSDVB 
particles have found to adsorb none of the ions significantly. To inves
tigate the influence of the flow-through principle versus static mea
surements on the total capacity, PSDVB@PFMMA particles were also 
tested regarding their capacity in the multi-ion solution using static 
experiments similar to those described above. This resulted in slightly 
higher capacities in the static measurement, which can, however, be 
attributed to the decrease in capacity over time (Fig. 6a). A high total 
capacity of 176 mg⋅gFc

− 1 was achieved via a flow-through system 
(Fig. 9c). Even though the flow rate of 3.5 mL⋅min− 1 was rather high for 
ion chromatography, the selectivity was still significant, and the ca
pacities were also remarkable, making the developed material platform 
attractive to several industrial applications. 

Cyclic stability measurements were carried out over five adsorption 
cycles. Two experimental routes were employed for this purpose (Fig. 8). 
The first method was the regeneration technique, in which the ferrocene 
units were rinsed with a more concentrated iron chloride solution at the 
end of a cycle. The counterions were replaced by chloride and the 
reduced ferrocene groups could be oxidized again. This corresponds to 
the classical method in ion chromatography for particles containing e.g. 
amine groups. The second method was the “Red-Ox” technique, in which 

the stimuli-responsive behavior of the ferrocenes was exploited. The 
bound ions were desorbed by reducing the ferrocenium groups to 
neutrally charged ferrocenes. Subsequent oxidation returned the ion 
exchangers to their initial state. For both methods, the multi-ion solution 
containing fluoride (~5 mg⋅L− 1), nitrate (~5 mg⋅L− 1), and sulfate (~4 
mg⋅L− 1) was first pumped through the particle-containing cannula with 
a flow rate of 3.5 mL⋅min− 1 and analyzed in two fractions of 5 mL. As a 
result of the single-ion investigations, the sulfate ion was chosen to be 
contained in a slightly lower concentration to examine the selectivity of 
hydroxy-groups containing polymer-functionalized particles for sulfate. 
The particles were afterward regenerated by using an iron chloride 
hexahydrate solution and the excess oxidation agent was removed by a 
washing cycle. In this process, renewed oxidation of any reduced par
ticles was ensured. The experiments were conducted using the 
PSDVB@PFMMA homopolymer-functionalized particles (Fig. 10a and 
d), the block copolymer-functionalized particles PSDVB@BCP-TMS-2 
(Fig. 10b and e), and PSDVB@BCP-2 (Fig. 10c and f). A comparison of 
the total capacities revealed that the capacity of PSDVB@PFMMA par
ticles decreased to 65 % in the first two fractions. The protected BCP- 
TMS particles remained at an even lower capacity of 59 %, which 
confirmed the results of the time-dependent measurements above. The 
hydrophilic particles demonstrated a much higher stability by remaining 
a capacity of 82 %. However, it should be noted, that the first cycle 
generally exhibits the highest deviations and that subsequently a higher 
cycle stability can be achieved. Moreover, it was evident, that the 
presence of hydrophilic groups affected the ion exchange process. The 
amount of sorbed anions using PSDVB@PFMMA particles in the first 
fraction possessed ~60–82 % with a high degree of discontinuity. The 
PSDVB@BCP-TMS-2 particles revealed a higher regularity after the first 
cycle, but a similar low amount of sorbed anions in the first fraction 
(70–78 %). In contrast to this, the hydrophilic PSDVB@BCP-2 particles 
demonstrate a higher percentage ratio of 85–93 % indicating a faster ion 
exchange process. This finding was confirmed by analyzing the 
composition of anions in the first fraction (Fig. 10c, f). The hydro
philized particles adsorbed mostly sulfate ions (58–76 %), which sug
gests that the ion exchange process with the divalent ion occurred 
already. In addition, the measurements exhibited a relatively high uni
formity of adsorption during the 5 cycles. In comparison, the same 
particles containing the TMS protective group revealed lower sulfate 
adsorption and higher nitrate capture. The PFMMA homopolymer- 
functionalized particles were found to have the lowest adsorption of 
sulfate in the first fraction down to 13 %, but therefore a higher 
adsorption of fluoride and nitrate. The second fractions of the 
PSDVB@PFMMA particles mainly contained sulfate, while nitrate and 
fluoride were desorbed (Fig. S16). 

In addition to investigating the potential applications of ion 
adsorption materials and the benefits of hydrophilization, the study 
explored the possibility of utilizing redox-responsive characteristics. 
Because of the more distinguishable differences in fractions for short 
flow distances, the PSDVB@PFMMA particles were chosen for proof-of- 

Fig. 9. a) Adsorption capacity of PSDVB@PFMMA in the multi-ion mixture observed in flow-through experiments by analyzing 5 fractions, b) the corresponding 
overall capacity, and c) the difference in capacity by static versus flow-through experiments. 
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concept studies (Fig. 11). This study utilized a Red-Ox process (Fig. 8), in 
which the particles were reduced due to flow-through with ascorbic acid 
in deionized water (0.1 M) after each adsorption cycle. This was fol
lowed by renewed oxidation using iron chloride hexahydrate. As the 
highest adsorption capacity was observed in fractions one and two, two 
ion exchange fractions were analyzed in each cycle before reducing the 
material. It was found that the material has a high capacity for adsorbing 
nitrate and fluoride comparably to the regeneration process (Fig. S17). 
However, there were major differences in the cyclic stability of the 
material, as seen in Fig. 11a. Specifically, there was a noticeable 
decrease in adsorption capacity during the five cycles. The lack of sta
bility of this process can be attributed to several aspects: (i) ascorbic 
acid, which was used as a reducing agent, could have remained/ 

accumulated in the pores of the particles in too tiny amounts and thus 
influenced the measurements and the total capacity. This aspect would 
not be observed by electrochemically controlled flow applications and 
will therefore not be investigated further. (ii) The structure of poly
electrolyte brushes on the surface is in general determined by the 
intermolecular electrostatic interactions of the chains and the osmotic 
pressure within the brush, which is attributed to counterion condensa
tion. The intensity of the osmotic pressure of a polyelectrolyte brush can 
be affected by several factors. In particular, the number of charges 
within the chain represents a significant intrinsic factor for this [88,91]. 
Due to the reduction of ferrocenium, the amount of positively charged 
groups decreased strongly, whereby the counter ions were driven out of 
the polymer brush following the charge gradient. In addition, a collapse 

Fig. 10. Adsorption studies utilizing the regeneration flow-through principle with a, d) PSDVB@PFMMA, b, e) PSDVB@BCP-TMS-2, and c, f) PSDVB@BCP-2. a–c) 
Adsorption capacities of two fractions (fraction one in blue and fraction two in green) within five cycles normalized to the ferrocene content, and d-f) content of 
adsorbed ions in the first fractions. The second fraction can be found in Fig. S16. Fluoride content is displayed in orange, nitrate in green, and sulfate in blue. The 
stock solution contained 35.5 % fluoride (~5 mg⋅L− 1), 35.5 % nitrate (~5 mg⋅L− 1), and 30 % sulfate (~4 mg⋅L− 1). 

Fig. 11. Adsorption studies utilizing the Red-Ox flow-through principle on PSDVB@PFMMA particles. The adsorption capacities of two fractions (fraction one in blue 
and fraction two in green) within five cycles normalized to the ferrocene content is displayed, whereby the reductions were carried out in a) 0.1 M ascorbic acid 
solution in deionized water and b) 0.1 M ascorbic acid in 1.0 M NaCl solution. 
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of the chain conformation was induced, causing the polymer brush to 
collapse at a molecular level [88]. The quick change of the osmotic 
pressure within the brush could lead to an osmotic shock situation [87], 
which could result in the entropic death of the polymer chains or side 
chain units and therefore in a lack of stability during the following cy
cles. The intensity of the osmotic pressure can be modulated by extrinsic 
factors such as salt concentrations [87,92], so this hypothesis was 
assessed by using a salt-containing reduction solution of ascorbic acid in 
1.0 M NaCl in water. Fig. 11b displays the capacity of the ion adsorption 
during the five cycles. Compared to the experiments without the pres
ence of ionic strength during the reduction process, a significant 
improvement in stability of ~20 % was observed. This strongly implies 
that the effect of osmotic shock must be taken into account by using 
stimuli-responsive polyelectrolyte brushes. 

Several factors such as osmotic shock and hydrophilization need to 
be considered for the application of stimuli-responsive polyelectrolyte 
brushes to be used in different fields of ion adsorption and ion analysis. 
The extent of osmotic shock can be significantly influenced by intrinsic 
factors such as charge density or hydrophilic groups as well as extrinsic 
factors such as salt concentration. Through the targeted design of 
stimuli-responsive surfaces, these factors can be modulated, and the 
applicability of the materials can be improved. Living anionic poly
merization has proven to be a powerful method for the tailored func
tionalization of surfaces. 

4. Conclusion 

In conclusion, a synthetic route for surface functionalization of 
porous microparticles with functional copolymers and block copolymers 
was reported. As monomers, HEMA-TMS and redox-responsive FMMA 
were used. For specific surface design, surface-initiated anionic poly
merization was applied which enabled block copolymerization featuring 
the living character for sequential anionic polymerization. The func
tionalized particles were characterized by ATR-IR verifying the different 
synthesis steps of the synthesis process. The surface morphology was 
investigated by SEM, while energy-dispersive X-ray spectroscopy 
confirmed the homogenous element distribution and therefore the uni
form functionalization. In addition, a comparison of cyclic voltammetry 
measurements of protected and deprotected block copolymer- 
functionalized particles demonstrated the influence of polarity on cy
clic stability. Furthermore, the materials could be applied as ion 
adsorption and ion exchange materials. In static measurements, the 
time-dependent stability was found to be higher for hydrophilic particles 
compared to their hydrophobic pendants, confirming the observations 
in CV. Additionally, a significantly higher capacity of sulfate adsorption 
was observed. In flow-through measurements, the application as ion 
exchange materials could be highlighted, whereby the ion exchange 
process could be demonstrated on homopolymer-functionalized parti
cles. These materials exhibited a lower stability compared to hydro
philized materials, demonstrating the importance of incorporating 
hydrophilic groups, particularly for analytical applications. Further
more, the investigation of the redox-responsive Red-Ox flow-through 
experiment revealed the significance of the modulation of the osmotic 
situation within the polyelectrolyte brush during the switching process. 
For these reasons, we expect that the findings described here have a high 
impact on the application of stimuli-responsive polyelectrolyte brushes 
as ion adsorption and ion exchange materials. In addition, the materials 
synthesized and presented have demonstrated the potential as ion ex
change resins, facilitating their application in various fields of ion 
adsorption or analysis, e.g. in ion chromatography. The excellent cyclic 
stability, especially of the hydrophilized materials, enables electro
chemical control of the application. 
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