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ABSTRACT: Macroscopic poly(2-hydroxyethyl acrylate) organo-
gel beads were synthesized and applied as a chemoresponsive
component in a smart valve. Monodisperse round beads of about 3
mm diameter were obtained by cryogenic dripping and subsequent
UV photopolymerization of the frozen aqueous monomer solution.
The synthesis yields dimensionally stable, soft spheres with a
macroporous architecture. The elastic modulus increases from the
soft, swollen state in benzyl alcohol to over 250 kPa for high-
density networks in the collapsed state in benzaldehyde. They have
a degree of swelling in benzaldehyde lower by a factor of 3−7 to
that in benzyl alcohol, in dependence of the amount of
polyethylene glycol diacrylate cross-linker in the precursor solution. Upon exposure to benzaldehyde, the beads become opaque,
indicating a phase transition. Kinetic analysis of the bead volume change for swelling in benzyl alcohol and shrinkage in
benzaldehyde gives half-life times in the range of 2−5 min. Beads exhibiting a macroscopic volume change of up to 71% were
confined in a casing and acted as a smart valve in a reactor system. The aerobic oxidation of benzyl alcohol to benzaldehyde with a
TEMPOL/copper acetate catalyst mixture demonstrated the high efficiency and practical applicability of the self-regulating flow-
control component.

1. INTRODUCTION
The transition in the chemical industry toward renewable
feedstocks challenges the operational stability of the estab-
lished chemical value chains. Biomass-derived raw materials
exhibit variable compositions depending on harvest conditions
and biological origin.1 Conventional chemical plants, in
contrast, mostly operate effectively under steady-state con-
ditions designed for a constant quality of fossil chemical
inputs.2 This operational rigidity leads to inefficiencies and/or
safety risks under more dynamic input loads.3 Solar and wind
power generation introduces further volatility on short
timescales in the form of energy supply.4,5 The implementation
of adaptive process systems, therefore, requires a fundamental
redesign of control strategies to effectively manage such
fluctuations. Resilience has become a primary design criterion
for the next generation of chemical reactors and their
operation.6−9

Intrinsic material-based responses in a chemical production
context can offer a robust alternative to external control
systems.10,11 Smart reactors utilize the physicochemical
properties of materials for autonomous self-regulation.8,12

Such an effective decentralization of the process control

reduces the dependence on complex hierarchies of electronic
sensors and actuators. Stimuli-responsive polymer gels can take
the role of direct transducers of chemical information into
macroscopic mechanical work.13 This may take the form of a
change in volume, e.g., following a phase transition induced by
a trigger.14 A gel-based actuator then can regulate residence
time or flow paths.15 This principle gives an inherent actuator
that is independent of external power sources, detection, or
signals.10,12 Beyond passive flow regulation, the versatility of
these materials enables actions such as autonomous pump-
ing16,17 or fluid sorting,10,18,19 and even chemical logic gates
can be constructed.20,21

The application of responsive gels in chemical engineering
faces the challenge of “smart material” availability for
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(commercially) relevant reactions. Today’s developments of
responsive materials mostly concern aqueous hydrogels for
biomedical22−29 or microfluidic10,12,30−32 applications.33−35 In
contrast, most industrial chemical syntheses are performed in
(dry) organic environments: a plethora of industrial oxidations,
esterifications, or polymerizations proceed in organic sol-
vents.36−39 A multitude of complex transformations also
necessitates these solvents for heat transfer and solubility.40,41

In contrast, sustainable process design increasingly favors
solvent-free conditions.42,43 Actuators should not only be
compatible with latter conditions but also exhibit a functionally
relevant, i.e., smart, response to critical process variations, like
those occurring in the progress of a chemical process.44−46 The
transfer of smart reactor concepts to chemical production in
the context of organogels requires new materials with specific
solvating properties of organic compounds, i.e., educts and
products.47 The material design must address the compatibility
with them. However, only a few studies report on the behavior
of responsive gels in nonaqueous environments with relevance
to process engineering.9,46−48

In addition, kinetic limitations may hinder the implementa-
tion of nonporous or closed-cell organogels in macroscopic
reactor components.49 Mass transfer within a dense polymer
network then relies on the relatively slow Fickian diffusion.50,51

The characteristic time of swelling scales with the square of the
critical dimension, according to Tanaka’s theory of gel
kinetics.50 An actuator with a diameter of several millimeters
would require hours to reach an equilibrium of its volume.
This slow response prevents the compensation of dynamic
process disturbances in real-time.12 Effective process control
necessitates reaction times in the range of seconds or minutes
as a compromise.49,52 A functional actuator thus would
combine a useful degree of swelling/shrinkage with high
temporal resolution and, on top, should be mechanically robust
under the specific flow conditions.
Round organogel beads effectively withstand mechanical

stress under flow conditions.53,54 The regular surface structure
promotes a uniform interaction with the surrounding
medium.55 This geometry suits the application as a valve
component in cylindrical reactor channels. Spherical geometry
ensures a uniform and isotropic response to external stimuli
from all spatial directions, and isotropic expansion ensures
reliable sealing without complex orientation requirements.56

The synthesis of such round, and preferably monodisperse,
macroscopic organogel beads constitutes a specific technical
challenge. A spherical geometry requires stabilization through-
out the entire liquid-to-solid transition during preparation from
monomers in order to prevent deformation.57 Sedimentation
polymerization in an immiscible phase offers one established
route for such geometries.58 Surface tension forces shape the
liquid monomer solution into a sphere during its descent
through a column.59 However, this technique is critically
dependent on the polymerization rate. The droplet must
solidify chemically before reaching the bottom of the reactor.58

This requirement limits the applicability of fast-curing
organogel formulations, thereby imposing a significant practical
constraint.
Cryogenic fixation decouples the shaping process from the

chemical-curing reaction.60 The procedure comprises the
dropwise addition of a monomer solution into liquid nitrogen.
The spherical geometry freezes upon impact: physical
solidification preserves the shape, and polymerization can be
subsequently induced. This separation of morphology control

and polymerization in the frozen state expands the choice of
the monomers and initiators. The procedure allows us to even
use slow-curing organogel formulations for the preparation of
spheres.
This study establishes round beads of a simple macroporous

organogel as actuators in the bulk synthesis of benzaldehyde
from benzyl alcohol. The smart material is primarily based on
2-hydroxyethyl acrylate (HEA) networks. Poly(2-hydroxyethyl
acrylate) (PHEA) has been studied in the form of bulk
hydrogels61−63 or coatings;64,65 however, to the best of our
knowledge, no reports were found on macroscopic PHEA-
organogel spheres. In addition, the application of structurally
defined PHEA beads as intrinsic actuators shifts the focus from
passive swelling matrices to active flow-control devices, here in
a nonaqueous reactor system. Variations in the resin
formulation allowed us to prepare several modifications, each
with its characteristic degree of swelling and distinct kinetics of
swelling-shrinkage in benzyl alcohol/benzaldehyde. The ma-
terial system demonstrates a reversible shape change in
response to the chemical environment on the scale of minutes.
The beads were successfully used to monitor and regulate a
reactor system in which the aerobic oxidation of bulk benzyl
alcohol to benzaldehyde was carried out. The interplay of high
cross-linking density and specific network architecture ensures
the mechanical integrity required for effective flow control.
This autonomous functionality substantiates the suitability of
these beads as intrinsic valve components in resilient, self-
regulating chemical reactor systems.

2. EXPERIMENTAL SECTION

2.1. Materials
Benzaldehyde ≥ 99% (Sigma Aldrich, 82024 Taufkirchen, Germany),
benzyl alcohol ≥ 99% (Carl Roth, 76231 Karlsruhe, Germany),
copper(II)acetate 98% (BLD Pharmatech, 21465 Reinbek, Germany),
4-dimethylaminopyridine 99% (ABCR GmbH, 76187, Karlsruhe,
Germany), dimethyl sulfoxide-d6 (Deutero GmbH, 56288 Kastellaun,
Germany), 2-hydroxyethyl acrylate 96% (Sigma Aldrich, 82024
Taufkirchen, Germany), 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL, Evonik Industries, 45128 Essen, Germany),
lithium-phenyl-2,4,6-trimethylbenzoylphosphinate 98% (TPO-Li,
BLD Pharmatech, 21465 Reinbek, Germany), N,N′-methylene
bisacrylamide ≥ 98% (BIS; Sigma Aldrich, 82024 Taufkirchen,
Germany), nitrogen (Linde GmbH, 82049 Pullach, Germany),
poly(ethylene glycol) diacrylate (PEGDA; Mn of 575 g/mol, Sigma
Aldrich, 82024 Taufkirchen, Germany).

2.2. Synthesis of Gel Beads
The protocol for HEA-20 is given as exemplary: 2-hydroxyethyl
acrylate (HEA) was dissolved in deionized water to achieve a
concentration of 20 wt%. Poly(ethylene glycol) diacrylate (PEGDA)
was added as a cross-linker at 0.5 wt%. The photoinitiator TPO-Li
was added in an amount of 0.1 wt%. The well-mixed solution
underwent ultrasonification for 30 min for degassing. This precursor
solution was added dropwise into a bath of liquid nitrogen from a
height of approximately 10 cm using a syringe pump (LSP02-1B,
Longer Precision Pump Co., Ltd.) equipped with a needle or flexible
tubing. The pump rates were 0.06, 0.08, or 0.15 mL·min−1 for tubing
inner diameters of 0.57, 0.66, and 4.0 mm, respectively. Dispensing of
the precursor solution into the liquid nitrogen took 1−3 h, depending
on the amount. The precursor solution remained protected from light
during that time. Its viscosity showed no observable change during the
dripping stage, indicating the absence of polymerization. The frozen
droplets were collected from the liquid nitrogen and rapidly
transferred to a UV-curing chamber (LED CUBE 100 IC, Hoenle
AG (365 nm)66). Polymerization was triggered by irradiating the
round solid ice beads at a wavelength of 365 nm for 10 min at an
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intensity of 880 mW cm−2, at a distance of approximately 15 cm from
the light source. The liquid-nitrogen-frozen droplets maintained their
solid state and spherical shape during handling for a span below 10
min. The inherent low temperature prevented thawing during
polymerization after the irradiation. The resulting beads comprise
the water from the precursor solution. They were stored before
further processing at −32 °C to minimize solvent evaporation and
structural relaxation. The storage time varied between a few days and
a few weeks without a noticeable change to the state directly after
synthesis. The solvent exchange from water of synthesis to benzyl
alcohol was effectuated by thawing the beads (at room temperature)
and subsequent immersion in 150 mL benzyl alcohol for at least 24 h.
The benzyl alcohol swollen beads were the precursors for
benzaldehyde swollen beads. Therefore, these were kept in
benzaldehyde for another 24 h.

2.3. Size Distribution
The particle size distribution of the as-synthesized organogel beads
was determined by using optical imaging. A picture of a statistical
population of more than 100 beads was acquired by using a digital
camera (CANON EOS R50, Canon Germany GmbH). The

macroscopic bead diameters were quantified by digital image analysis
using the open-source software ImageJ (version 1.54g).

2.4. Swelling Properties
2.4.1. Gravimetric Degree of Swelling. The dry mass mdry of

the beads was set to the mass of the lyophilized cryogel beads
(obtained at −90 °C, 0.250 mbar, 48 h using a Gamma 2-16 LSCplus
freeze-dryer (Osterode am Harz, Germany)). The mass of the swollen
beads mswollen was obtained after removing excess surface liquid from
the beads that had been immersed in benzyl alcohol or benzaldehyde
for 48 h. The equilibrium degree of swelling (DoS) was calculated as
the ratio of mswollen and mdry.
2.4.2. Optical Measurement Setup and Determination of

Swelling Rates. Preswollen beads in benzyl alcohol or benzaldehyde
were mounted on a thin metal skewer within a glass cuvette using a
3D-printed lid to fix their position. The cuvette was filled with the
complementary compound to induce medium exchange inside the
beads. Changes in bead dimensions were monitored by using a digital
camera (CANON EOS R50, Canon Germany GmbH) with an image
capture interval of 30 s. The resulting image series were analyzed
using a Python script (utilizing OpenCV) for the detection of the

Figure 1. Loop reactor setup for the oxidation reaction; image showing HEA-20 beads (collapsed in benzaldehyde) in a glass casing functioning as
a smart valve.
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bead boundaries. The bead diameter was calculated from the rounded
boundary. Cyclic switching was performed by alternating the exposure
of the beads for 30 min to benzaldehyde or benzyl alcohol. Five cycles
were completed while tracking the diameter. The solvent sensitivity
was assessed by exposing the beads to binary mixtures (10 mL) of
benzyl alcohol and benzaldehyde (0, 25, 50, 75, and 100 vol%). The
beads were equilibrated in each mixture for 45 min before their
diameter was recorded.

2.5. Mechanical Properties
Compression tests were carried out using a rheometer (Discovery HR
30, TA Instruments) equipped with a parallel plate geometry
(diameter of 25 mm). Individual beads equilibrated in benzyl alcohol
or benzaldehyde were placed centrally on the lower plate. A standard
gap zeroing was performed prior to loading: the upper plate was
manually positioned in close proximity to the sample apex.
Subsequently, an axial compression ramp was applied at a speed of
50 μm/s up to a maximum strain of 50%. For each formulation and
solvent condition, at least five independent replicates were measured.
The Young’s modulus E was calculated from the force-displacement
curves by fitting the Hertzian contact model for spherical objects
F 4/3 E/(1 ) R2 3= · · · , where F is the normal force, R is the
bead radius, ν is the Poisson ratio, and δ is the displacement.67,68 The
Poisson’s ratio was set to 0.5.

2.6. Scanning Electron Microscopy (SEM)
The gel beads were examined using scanning electron microscopy
(LEO Electron Microscopy Inc., One Zeiss Drive, Thornwood, NY
10594, USA). Water-swollen samples were lyophilized prior to
imaging (Gamma 2-16 LSCplus, Osterode am Harz, Germany). The
dried samples were fractured to expose the interior and were coated
with a thin layer of carbon. Images were acquired at an acceleration
voltage of 5.0 kV.

2.7. Valve Testing System
An autonomous loop reaction system was built around a 500 mL
double-walled glass reactor with a central bottom outlet (Figure 1).
Agitation of the reaction medium was ensured by an electronic
overhead stirrer (IKA EUROSTAR digital, Staufen, Germany)
utilizing a propeller rotating at 1300 rpm. Compressed air was
sparged into the reaction solution using a custom-fabricated glass tube
equipped with a sintered glass frit (porosity 1) to ensure fine bubble
dispersion. The smart valve consisted of a custom-fabricated glass
housing (height 70 mm, inner diameter 25 mm), which facilitated the
direct optical monitoring of the organogel volume phase transition.
The organogel beads were filled into this casing and were retained
there by a chemically inert stainless steel mesh (1 mm mesh size).
The reaction mixture was allowed to leave the main reactor at the

bottom and was directed to flow through the organogel valve from the
bottom to the top to prevent compaction and clogging. The effluent
then entered a collection container placed on a precision balance
(Mettler Toledo, Giessen, Germany). A diaphragm metering pump
(ProMinent Delta optoDrive, Heidelberg, Germany) with a maximum
flow rate of 30 L·h−1 continuously recirculated the reaction mixture
back to the main reactor. A software-based proportional-integral (PI)
control algorithm adjusted the pump stroke frequency in real-time to

maintain a constant mass in the collector vessel. The pump frequency
correlated directly with the valve throughput, serving as a flow meter
for the system. The entire process automation and data logging were
executed by a LabManager system (LM-LABBM2B, HiTec Zang
GmbH, Herzogenrath, Germany).

2.8. General Procedure for Benzyl Alcohol Oxidation
A stock solution was prepared by dissolving copper(II) acetate (1 mol
%) and 4-dimethylaminopyridine (DMAP, 2 mol%) in 350 mL of
benzyl alcohol. This mixture was stirred for 16 h at room temperature
to ensure the dissolution of all components. Five minutes prior to the
reaction start, TEMPOL (1 mol%) catalyst was added to the solution.
The smart valve assembly had been loaded with organogel beads that
were equilibrated in benzaldehyde for 30 min to reach the collapsed
state. The reactor was filled with the reaction mixture, and the
recirculation pump was activated to establish a feedback loop. The
oxidation was initiated by commencing the admission of compressed
air into the reactor vessel. Reaction progress was monitored by taking
samples and evaluating their 1H NMR spectra (Bruker 300 MHz
spectrometer) (Figure S1; cf. SI): aliquots of the reaction mixture (0.1
mL) were withdrawn and diluted with DMSO-d6. The molar
conversion was quantified by integrating the signals of the methylene
protons of benzyl alcohol and calculating the ratio relative to the
intensity of the aldehyde proton signal of benzaldehyde.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Morphological Characterization of
“Smart HEA-Beads”

Poly(2-hydroxyethyl acrylate) (PHEA) was chosen as the
matrix material for its nonionic and nonthermoresponsive
properties. PHEA does not undergo a phase transition upon
changing the temperature, which allows for the investigation of
solvent interactions without thermal interference.69,70 The high
density of hydroxyl groups in PHEA gives the option of
hydrogen bonding, which is the strongest interaction in organic
systems with heteroatoms.71 A differentiation of the inter-
actions of PHEA with various organic compounds then
becomes more likely. The reported selective TEMPOL-
catalytic oxidation of benzyl alcohol to benzaldehyde using
oxygen from air was selected here as a model reaction for the
conversion of benzyl alcohol educt to benzaldehyde.72 The
smart gel would need to switch the valve whenever the
oxidation reaches completion. The latter may also be relevant
for preventing overoxidation.
Different interactions of the polymer making up the

organogel beads with benzyl alcohol and benzaldehyde are of
central importance to this study. These can be estimated from
the Hansen solubility parameter concept, wherein an
interaction distance Ra is calculated based on established
group contribution methods (Table S1).73 The Ra values of
PHEA for benzyl alcohol and benzaldehyde indeed are quite
different:74 benzyl alcohol has a small Ra value of 6.6 MPa0.5

Table 1. Composition of Precursor Solution Leading to Organogel Beads

organogel monomer (wt%) cross-linker (wt%) dosing end diameter (mm) DoS in benzyl alcohol DoS in benz-aldehyde

HEA-10 HEA (10) PEGDA (0.5) 0.66 45 ± 4 10 ± 1
HEA-20-0 HEA (20) − (0) 0.66 19 ± 2 3.7 ± 0.5
HEA-20 HEA (20) PEGDA (0.5) 0.66 21 ± 3 4.0 ± 0.6
HEA-40 HEA (40) PEGDA (0.5) 0.66 10.8 ± 0.4 1.9 ± 0.1
HEA-20-2 HEA (20) PEGDA (2.0) 0.66 15.0 ± 0.9 5.3 ± 0.4
HEA-20S HEA (20) PEGDA (0.5) 0.57 26 ± 2 5.0 ± 0.3
HEA-20L HEA (20) PEGDA (0.5) 4.0 23.8 ± 0.5 5.0 ± 0.2
HEA-20BIS HEA (20) BISa 0.66 22.9 ± 0.7 3.4 ± 0.2

aEquimolar to 0.5 wt% of PEGDA.
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(Table S2), typical for a high solvent quality. Benzaldehyde, in
contrast, shows a significantly larger Ra value of 13.8 MPa0.5,
indicative of a solvent of much lower quality.
Beads of PHEA in the range of 0.25−0.50 cm were prepared

using a cryogenic free-radical polymerization technique starting
from HEA solutions in water. Dropping a precursor monomer
solution into liquid nitrogen immediately fixes the spherical
geometry of the droplets. A consecutive UV initiation of the
polymerization in the frozen state preserves the isotropic
distribution of the monomers. Conversion of the monomers
seems complete by IR analysis, and the presence of a sol
fraction was not investigated. The chemical uniformity of the
synthesized beads provides a well-defined model system for
systematically investigating the influence of cross-linker density
on the swelling characteristics. The approach circumvents the
need for a dispersive phase or emulsifiers, which are typically
required in the case of conventionally synthesized gel beads in
suspension polymerization procedures.75,76

The HEA was mostly cross-linked with small amounts of
polyethylene glycol diacrylate (PEGDA) to yield macro-
reticular materials (Table 1; 0.5 wt% in the precursor
solution). A systematic approach is adopted for an easy
identification of the beads, relating them to the composition of
the precursor solution. A prefix HEA is followed by the wt% of
HEA in the solution, which is followed by a dash to denote the
amount of PEGDA if the latter is different from 0.5 wt%.
Extensions S for small or L for large refer to an inner diameter
of the dispensing tube other than 0.66 mm and BIS for the
substitution of PEGDA as a cross-linker. The cryogenic droplet
protocol can be applied to a broader variation of monomers.
The synthesis also yielded dimensionally stable beads of N-
isopropylacrylamide (NiPAAm) and HEA-NiPAAm copoly-
mers, which will be reported upon later. Notably, dimension-
ally stable particles from the HEA monomer were even formed
in the absence of a chemical cross-linker. This stability suggests
that during polymerization, sufficient self-cross-linking reac-
tions occur to achieve the spherical integrity after thawing.
Consequently, the cryofreezing step effectively ensures the
topological fixation that led to complex macromolecular
architectures after UV curing.
The cryogenic dropping technique also yields dimensionally

stable spherical organogel beads of similar size (Figure 2).
Variation of the tubing inner diameter at the end of the dosing
line directly controls the final particle size. The dry density of
the beads thus scales with the mass of the monomers in the
droplets. The number # of the HEA-# bead thus also is an
indicator of the polymer density. The particle sizes of the beads

from the smallest tubing are monomodal and normally
distributed with a mean close to 0.3 cm (HEA-20S/HEA-20;
Figure 3). The dripping process is known to produce highly

uniform droplets at small diameters; however, shock-freezing
in liquid nitrogen becomes a limiting factor when the droplets
are formed from 4 mm tubing. Beads formed in this execution
appear to be bimodally distributed (HEA-20L). A close
examination of the freezing of the larger droplets in the liquid
nitrogen bath reveals that the impact occasionally leads to the
ejection and formation of small satellite droplets. The impact-
induced splashing upon contact with the liquid nitrogen
surface is hard to avoid. The resulting distribution can be
adequately described by two normal distributions with a
similar mean (within 10%). These beads still pack into a dense
ensemble, which is a useful feature for valves based on stacked
beads.77,78

Scanning electron microscopy (SEM) reveals the macro-
porous network structure within the lyophilized beads (Figure
4). It is important to note that the PHEA network has a glass-
transition temperature close to ambient conditions (10−15
°C),64,79 rendering the solvent-free polymer rubbery and tacky
at room temperature. This soft state inevitably allows for some
viscoelastic relaxation and shrinkage during lyophilization. The
micrographs, however, confirm that an open-cellular structure
is present, as expected.
The most elaborated HEA-20 system displays a sponge-like

topology with unevenly distributed pores. The pore structure
provides sufficient free volume for solvent uptake, correlating
with the high equilibrium degree of swelling (DoS of 21 ± 3)
in benzyl alcohol. The HEA-40 sample with a lower
concentration of cross-linker in the polymer has significantly
thicker polymer walls between the pores. The effective cross-
linking per bead is higher (less pores lead to a lower surface-to-
volume ratio), a lower mobility of chain segments results, and a
higher stress arises in the material upon swelling. This restricts
the swelling capacity to about 50% of that of HEA-20 (Table
1). The structure of HEA-20-0 (no cross-linker) also shows a
high(er) thickness of the polymer walls. The inner surface
appears quasi-continuous and punctured with pores rather
than a fibrous network. Polymerization of the monomer is
accompanied by a volumetric shrinkage, and at low cross-
linking densities, a flow can occur during network formation,
leading to partial collapse of the rubbery polymer structure.

Figure 2. Organogel beads of HEA-20 after swelling in benzyl alcohol
(left) and benzaldehyde (right; not at the same scale).

Figure 3. Size distribution (diameter) with Gaussian fit of the gel
beads after synthesis.
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Higher PEGDA concentrations accelerate the macroscopic
gelation. Rapid network formation promotes the phase
separation of the polymer chains from the aqueous phase.80

This kinetic restriction generates a finer network architecture
with smaller pore dimensions. HEA-20-2 has a denser
microstructure than that of HEA-20. The high number of
cross-links creates a denser polymer mesh with restricted
mobility: a degree of swelling (DoS) in benzyl alcohol of only
15.0 results, and the difference in DoS in benzyl alcohol and
benzaldehyde is only a factor of 3 instead of about 5 with 0.5
wt% of PEGDA (and 6−7 for BIS) or no PEGDA in the
precursor solution (vide inf ra).
3.2. Mechanical Properties and Elastic Modulus

The macroscopic stiffness of the organogel beads was
quantified using unconfined compression testing on single
beads (Figure S2). The elastic force is a central quality in the
kinetics of swelling and shrinkage and therefore of interest.81

The data show a nonlinear response F ∝ δ1.5 in the low-
deformation regime lower than a 10% strain, which is expected
for a Hertzian contact model of spherical geometries.
Regression analysis confirmed the validity of the Hertzian fit
for small compressive loads, indicating a predominantly elastic
response. The mechanical stiffness of the beads correlates
directly with the solvent-dependent chain conformation
(Figure 5).82,83 The expanded network in benzyl alcohol
means a high chain mobility of coils between cross-links and
gives a low macroscopic stiffness to the bead. The polymer
chains collapse to contracted globule aggregates to minimize
solvent contact in benzaldehyde. This densification restricts
segmental mobility and increases the number of effective load-
bearing segments per unit volume, transforming the material
into a rigid solid. This appears as a favorable property for a
packed ensemble of beads confined to the casing of the valve,

lowering the propensity of irreversible fusion of beads (Figure
1).
The stiffness follows the polymer density, but no simple

numerical dependencies arise (the cross-linker concentration
in the polymer is varying too). The HEA-10 formulation,
having the lowest monomer concentration, exhibits the lowest
modulus in the HEA-# series with 0.5 wt% of PEGDA. The
highest increase in rigidity is observed for HEA-40, reaching
values exceeding 250 kPa in the collapsed state. The beads
contain the most mass of polymer per unit volume, thus
reaching the highest density of load-bearing polymer segments.
The difference between the swollen state with little mechanical
resistance and the collapsed state is thus the highest.
A higher concentration of cross-linker leads to a higher

stiffness in the bead, mostly noticeable in the collapsed state.
HEA-20BIS has comparable mechanical properties to HEA-20,
the shorter cross-linker only tending to have somewhat better

Figure 4. SEM images of the internal structure of freeze-dried hydrogel beads (HEA-20, HEA-40, HEA-20-0, and HEA-20-2).

Figure 5. Elastic modulus of organogel beads in benzyl alcohol and
benzaldehyde at 10% compression.
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mechanical properties. Furthermore, beads with 6.6 mm
(HEA-20L) and 3.8 mm (HEA-20S) diameters have no
significant differences in the elastic modulus. This demon-
strates that a homogeneous gel has formed in the cryo-droplet
method of synthesis. This also confirms that the mechanical
response is an intrinsic material property and not an artifact of
the macroscopic sample geometry.
3.3. Swelling Behavior and Solvent Kinetics in Benzyl
Alcohol−Benzaldehyde System
3.3.1. Equilibrium Swelling. The DoS (mass of the

swollen bead in relation to the mass of the polymer) of the
beads was determined gravimetrically in both benzaldehyde
and benzyl alcohol. The swelling in benzyl alcohol leads to
substantially clear organogels (Figure 2). Benzyl alcohol is the
better solvent, and all organogels reach their individual
maximum volume in it (Table 1). The DoS in benzyl alcohol
is proportional to the inverse of the HEA monomer content in
the precursor solution (Figure 6), making the product of
monomer content and DoS, i.e., the mswollen, almost a constant
with a value of 445−455. The higher concentration of the
polymer chain segments in the beads of comparable size (vide
inf ra) exerts a higher osmotic driving force for solvent uptake
(dilution). The higher elastic forces of the network counteract
further expansion to balance this osmotic pressure, ultimately
limiting the hydrodynamic volume to a nearly constant value
for these formulations.81

The DoS in benzyl alcohol appears only weakly dependent
on the concentration (or even presence) of the chemical cross-
linker (Figure 6b). Beads prepared without a cross-linking

agent have, within error limits, the same DoS as the
formulations with 0.5 wt% PEGDA cross-linker. Free-radical
acrylate polymerizations inherently undergo intermolecular
chain transfer reactions. These transfer events abstract tertiary
protons from the polymer backbone and create midchain
radicals. The midchain radicals initiate long-chain branching
and subsequent chemical self-cross-linking.84,85 A chemical
cross-linker (PEGDA) introduces further covalent anchor
points. The low PEGDA concentration alters the predominant
baseline network only slightly. Increasing its content to 2.0 wt
% (1:10 to HEA), thereby increasing the solid content, gives a
bit more than the expected lower DoS on account of the mass.
A network with higher elastic forces is indicated, which is
congruent with the mechanical property profiles. The choice of
BIS as a cross-linker (using 20 wt% of HEA) also gives beads
with properties very comparable to HEA-20.
Subsequent submersion in benzaldehyde shrinks the macro-

scopic beads, and they become opaque (Figure 2). The poor
solvent quality drives the polymer segments to interact and
leads to solvent expulsion (vide supra). The polymer segments
separate into a denser phase, which raises the refractive index.
The refractive index mismatch between the polymer-rich
domains and the surrounding solvent causes the light
scattering, which underlies the macroscopically observed
turbidity. The distinct swelling behaviors in benzyl alcohol
and benzaldehyde may also be understood as a direct
consequence of specific interactions. Benzyl alcohol, bearing
a hydroxyl group, would form an intermolecular hydrogen
bond network with the PHEA segments. These favorable

Figure 6. DoS of beads in benzyl alcohol as function of (a) HEA-# (# = 10, 20, 40) and (b) PEGDA content (HEA-20-0, ..., 2).

Figure 7. (a) Relative volume of beads in benzaldehyde as function of PEGDA content; (b) relative bead volume as a function of the solvent
composition.
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polymer−solvent interactions overcome polymer−polymer
interactions, yielding a solvated, expanded network. In
contrast, the aldehyde entity of benzaldehyde formally is
only a hydrogen bond acceptor. The absence of a
corresponding donor moiety renders intra- and intermolecular
hydrogen bonding between the PHEA chains thermodynami-
cally more favorable.
Normalization of the individual DoS to their respective

swelling in benzyl alcohol reveals that the lower the cross-
linker density in the polymer (ratio of cross-linker to
monomer), the lower the DoS becomes (Figure 7a). The
linear dependence starts for HEA-20-0 at a relative DoS of
about 0.15 and increases to 0.34 at an HEA to PEGDA ratio of
20 to 1 (wt:wt) in HEA-10. This indicates that the inherent
cross-linking of HEA building blocks during polymerization is
of particular importance when, relative to HEA, little PEGDA
is used. This is in accordance with the SEM images of the
respective networks (Figure 4). The effect levels off at lower
HEA to PEGDA ratios: the relative DoS of HEA-20-2 (ratio of
10) is only 0.36, contrasting with the expected 0.54 of a linear
extrapolation and is indicative of an appreciably stiffer network.
The effect of substitution of PEGDA for BIS again is marginal.
Larger HEA-20-based particles show a smaller difference in
relative DoS but are still in a similar range of 0.3. This range is
more than sufficient for smart valve applications.
The dependence of the relative DoS on the benzaldehyde

content in benzyl alcohol is of major importance for a valve
that is responsive to the degree of oxidation of benzyl alcohol
to benzaldehyde. Depending on the operation of a reactor, a
strong response only at high conversion is favored, or,
alternatively, a smooth transition during conversion could be
used to monitor the progress of the oxidation reaction. The
relative DoS of the HEA organogels shows an approximate
quadratic decrease (Figures 7b, S3, and Table S3) with the
benzaldehyde content. The response is thus an intermediate-
strength one. Still, it was decided to use these gels for the
construction of a smart valve to show that the concept is viable.

The HEA-20 system has a volume change of 77% from
benzyl alcohol to benzaldehyde, a significant variation in the
hydrodynamic cross section. Even at 50% of benzaldehyde
(corresponding to 50% conversion in a reaction for benzyl
alcohol oxidation to benzaldehyde), the relative DoS still is
80%. This shape-change capability enables the beads to act as
intrinsic valves within a fluidic channel. The material could
thus autonomously regulate the flow path in response to the
local chemical environment without the need for external
sensors or power sources, provided that the rate of change of
the volume is reasonably fast.
3.3.2. Kinetics of Swelling and Shrinkage. The rate of

swelling of the beads was addressed within a previously
reported setup.86 The beads were thus mounted on a thin
metal skewer and exposed to an organic medium inside a
cuvette. Their volume was monitored by taking photographs at
preset intervals by using a computer-based controller. The
diameter was evaluated from the number of pixels that the
bead makes up in a frame using a Python script. Changes of the
volume were calculated from the diameter and were related to
the degree of swelling (DoS) by assuming a uniform and
constant density of the differently swollen beads. The time-
dependent diameter in the second phase was fitted to a first-
order decay/growth model. The swelling-shrinkage of hydrogel
beads has been shown to go through two apparent phases.87

Both phases can be described by exponential functions. The
second, slower phase of the diameter change is probably more
characteristic of the network.81 The time constants (i.e.,
collective diffusion coefficient)81 contain contributions of the
network’s mechanical moduli and the friction factor for solvent
exchange.
The experimentally determined diameters d were fitted as

d(t) = A − B exp(t/τ) with A, B, and τ as fit parameters,
minimizing the sum of residuals (Figure 8: the red line is the
fit, demonstrating a good agreement to the measurements).
Regression analysis consistently yielded high coefficients of
determination across all beads, confirming that the macro-

Figure 8. Swelling in benzyl alcohol and shrinkage in benzaldehyde and exponential fit (of the 2nd phase) of HEA-20 beads.
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scopic volume transition follows a predictable exponential
behavior in that second phase. Consequently, the derived
characteristic time constant τ serves as a robust metric to
quantitatively compare the response rates of different network
architectures (Table 2). The swelling curve rises significantly
faster than the decay of the shrinkage curve, the solvent
expulsion with collapse of the chain segments being slower
than the expansion (Figure 8). This is a usual feature, the
dissolution of the polymer into a good solvent being more
rapid.86

Fast swelling-shrinkage kinetics constitute a critical feature
for the application of the beads inside a smart valve. The valve
should preferably react faster than conversion proceeds (here,
exemplary of benzyl alcohol to benzaldehyde). The swelling
kinetics of the HEA-# (#: 10, 20, 40, 20-0, 20-2, and 20BIS)
beads depend on their network architecture. The crucial later
phase of swelling of HEA-20 has a time constant of 240 s
(corresponding to a half-life of approximately 3 min). The
smaller initial swelling phase proceeds significantly faster, and
the time constants for the slower extension phase across all
formulations range from 110 s (HEA-20-0) to 520 s (HEA-20-
2). This temporal resolution means an acceptable lag between
the chemical trigger for many reactions and the gel response,
implying that a close to real-time process control can be
achieved. The shrinkage is about 3 times slower on average,
which is also an acceptable value for application in a smart
valve for moderately fast reactions (at room temperature).
The macroscopic dimensions of HEA-20 reproducibly

oscillate between the swollen and collapsed states (Figure 9)

upon cyclic exposure to solvents. The higher density of HEA-
40 and the more cross-linked HEA-20-2 formulations exhibit a
gradual decrease in the swelling capacity over consecutive
cycles (Figures S4−S10). This drift indicates a progressive
accumulation of kinetically trapped states or plastic deforma-
tion and relaxation from the constitution after synthesis within

the denser polymer matrix. The HEA-20 gel therefore seemed
more useful as a component in a smart valve. The shrinkage to
a normalized volume fraction of about 0.3 is very constant, and
the swelling reaches mostly the initial values after shrinkage in
benzaldehyde. The time constants for swelling and shrinkage
are also very constant. This organogel thus withstands the
mechanical stress during the response without (immediate)
failure, and the network seems robust with no immediate signs
of fatigue.
3.4. Application in a Valve for Autonomous Feedback
Loop Control
The concept of intrinsic material intelligence was evaluated in
a closed-loop circulation reactor using benzaldehyde formed by
the aerobic oxidation of benzyl alcohol as the chemical trigger
(Figure 1). The beads were arranged in a glass casing with
close packing of equal spheres. The valve is not completely
sealed by the beads. It is designed to maintain a small leakage
flow, ensuring continuous contact between the medium and
the beads, even in the swollen state. This flow is necessary to
keep (at least parts of) the beads under the same conditions as
the reactor content or close to it. Otherwise, the exchange of
information between the valve and the reactor will be delayed
to a random extent, i.e., beyond that of the response time of
the beads. This will, e.g., be the case if the contact of the beads
with the reaction medium is only at beads at the surface of the
valve. The outflow of the reactor through the valve is collected
in a flask, and a pump returns it back to the reactor at about
the same rate (vide supra).
The oxidation of benzyl alcohol to benzaldehyde uses

oxygen as an oxidant and is catalyzed by a previously reported
homogeneous mixture of copper(II) acetate (1 mol%), 4-
dimethylaminopyridine (DMAP, 2 mol%), and TEMPOL (1
mol%) acting as the radical mediator (Scheme 1).72 An

oxidation does not proceed in its absence. The organogel in
the valve is also in contact with the components of the catalytic
system. A degradation of PHEA by the catalytic system,
however, was not obvious. Progressive conversion of benzyl
alcohol to benzaldehyde induces the projected shrinkage of the
polymer beads.
The initial conditions of the setup had HEA-20 organogel

beads in the valve that were equilibrated in benzaldehyde. The
solid, collapsed beads were loosely packed in the valve casing,
i.e., without any compressive preload, thereby establishing the
initially open flow state at the onset of the reaction (Figure 1).
This packing procedure turned out to be crucial (vide inf ra).
The benzyl alcohol-catalyst mixture was initially added to the
collection vessel. The process was started by turning on the

Table 2. Swelling and Shrinkage in Benzyl Alcohol Resp. Benzaldehyde

time constants τ (1000 s) HEA-10 HEA-20 HEA-40 HEA-20-0 HEA-20-2 HEA-20BIS

shrinkage 0.83± 0.07 1.1± 0.2 1.4± 0.2 0.93± 0.05 1.7± 0.2 1.1± 0.1
swelling 0.48± 0.04 0.24± 0.04 0.33± 0.08 0.11± 0.01 0.52± 0.12 0.34± 0.06
diameter swollen d0 (cm) 0.44 0.48 0.41 0.60 0.42 0.49
ultimate volume change ΔV (%) 61 77 59 81 68 76
volume change 30 min (%) 57 70 52 75 53 69

Figure 9. Cyclic exposure (30 min) of HEA-20 beads to benzyl
alcohol (green underlay) and benzaldehyde.

Scheme 1. Aerobic Oxidation of Benzyl Alcohol by the
TEMPOL/Copper Acetate Catalytic System
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recirculation pump and the air supply. The system’s response
was characterized by the pump frequency, which serves as a
flow meter for the hydrodynamic permeability of the packed
bed in the valve. In this setup, the organogel beads function
simultaneously as the sensor, processor, and actuator.
Upon initiation of the pump as benzyl alcohol is admitted to

the reactor, the loosely packed valve underwent a rapid self-
sealing (Figure 10). The flow rate drops within the first few
minutes from an initial value of approximately 300 mL·min−1

to a baseline level below 20 mL·min−1. This residual
permeability is defined as the “closed” state for this reactor
configuration. The rapid kinetics of this closure confirm the
high solvent sensitivity and the fast response rates observed for
the organogel single beads.
The valve maintains this closed state of maximum

hydrodynamic resistance for the subsequent 10 h. The catalytic
oxidation of benzyl alcohol proceeds steadily, as is evidenced
by the spectroscopic analysis of samples. The accumulation of
the benzaldehyde product gradually alters the thermodynamic
quality of the mixture for swelling the beads. The increasing
fraction of benzaldehyde triggers a noticeable shrinkage of the
organogel beads at conversions above 40%. This gradual
shrinkage facilitates a continuous, sigmoidal recovery of the
flow rate (Figure 10). Initially, the confined beads maintain
their positions. Extensive shrinkage ultimately eliminates
critical interparticle contact points, and the packed bed
reorganizes itself. This later-stage macroscopic rearrangement
alters the flow channels abruptly. The structural shift produces
the observed discontinuous jumps in the flow rate at high
conversion. As the conversion reaches 70% after 22 h, the
loosely packed valve opens to its largest extent, reaching a flow
rate of 400−500 mL·min−1. This permeability change of more
than 20-fold demonstrates the successful translation of the
chemical transition into a macroscopic process control
function.
A consecutive second reaction cycle in the else-unmodified

setup showed the reversibility and operational stability of the
smart valve. Replacing the product-rich reaction mixture for a
fresh benzyl alcohol mixture (after 25.5 h) makes the
organogel beads to respond immediately: the flow rate returns
to the baseline level of below 20 mL·min−1, resetting the valve
to its closed state. As the second oxidation period progressed,
the valve maintained this hydrodynamic resistance until the
accumulation of benzaldehyde once again triggered the

macroscopic shrinkage of the beads. The flow rate mirrored
the actuation profile of the first cycle and ultimately reached
the fully open state again.
These real-time data provide direct phenomenological

evidence of the material’s intrinsic intelligence. The synchro-
nous evolution of the hydrodynamic profile with the reaction
coordinate confirms that the organogel beads autonomously
process the chemical information. The shift in solvent quality is
translated into a functional mechanical output, thereby
opening the feedback loop without external electronic devices.
Repeated cycling confirms that the organogel beads fully retain
their solvent responsiveness and structural integrity even under
prolonged operational stress (chemically and physically),
thereby validating their suitability for multicycle autonomous
process control.
It is also found that the actuation profile of the valve is

highly dependent on the initial configuration. When the
organogel beads are initially subjected to a compressive
preload (packed tightly in the casing at the beginning), a
distinctly different (and surprising) close-open-close flow
profile emerges (Figure 11) in the course of the benzyl
alcohol oxidation. Initially, the baseline flow rate is briefly
recorded at approximately 200 mL·min−1 before the tightly
packed beads swell rapidly upon contact with the reaction

Figure 10. Flow rate and molar conversion of benzyl alcohol in a loosely packed valve system during two cycles (one reloading with benzyl alcohol
and catalyst system).

Figure 11. Time-dependent profile of the flow rate and molar
conversion of benzyl alcohol in the initially tightly packed valve
system.
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mixture, causing the permeability to plummet within minutes
as described above. This creates a tight seal, with the
compressed valve allowing no permeation of liquids for the
next 15 h. Despite this prolonged and highly restrictive closed
state, the continuous accumulation of benzaldehyde eventually
triggers a strong structural response. The macroscopic
shrinkage of the network overcomes the compressive preload,
leading to a steep, robust recovery of the flow rate. The valve
opens to reach a maximum flow rate of approximately 325 mL·
min−1 at 70% conversion. However, as the reaction proceeds
further, the flow rate autonomously decreases again, and the
valve completely reseals itself.
This secondary closure can be attributed to the formation of

water as an equimolar byproduct of the aerobic oxidation of
benzyl alcohol. As it turned out, water in benzaldehyde also
swells the beads but to a lesser extent than benzyl alcohol
(Figure 12). In contrast to a valve with a loosely packed HEA-

20, a prominent reduction in flow is observed when the casing
is tightly packed with beads. The individual beads are more
confined in the tightly packed bed, and the function of the
valve changes.
An experiment simulating the oxidation was conducted on

the swelling of the beads to gain this insight, tracking the
volume of the HEA-20 beads in solvent mixtures that mimic
the increasing water fraction alongside that of benzaldehyde
(Figure 12). The ternary system containing water exhibits a
significant volume turnaround at high benzaldehyde and water
fractions (above 75%). The outcome shows that the presence
of water is nontrivial, as it often is in organic media.
Water acts as a strong hydrogen-bond provider to the

hydroxyls at the PHEA side chains. Interaction of the aqueous
byproduct apparently effectively competes with polymer−
polymer interactions that govern the collapsed state in
benzaldehyde. A partial hydration and macroscopic reswelling
of the gel network result. Consequently, this water-induced
volumetric expansion is sufficient to partly eliminate the
interstitial voids again when these are small in the tightly
packed valve. The reswelling overcomes the initial benzalde-
hyde-induced shrinkage, autonomously sealing the flow
channels at high conversions.
The microstructural changes and mechanical dynamics

underlying this multistimuli response surface of the HEA

beads remain to be elucidated in future, more systematic
investigations.88 The synthesis of HEA copolymers is an option
to tune the thermodynamic potential to the diverse properties
of educts and derived products. The outcome also shows that
the development of a valve based on smart organogels relies on
engineering its constitution and shape in concert with each
other.

4. CONCLUSIONS
Cryogenic shaping in combination with free-radical polymer-
ization provides a versatile platform for tailoring macroscopic
organogel actuators. The synthesis allows for the precise
topological fixation of diverse network architectures to meet
specific hydrodynamic requirements. The HEA-based material
transitions autonomously from a soft, expanded state, blocking
a channel, to a rigid solid upon solvent quality deterioration.
This mechanical contrast ensures reliable channel sealing
against backpressure and thus could eliminate the need for
external sensor-actuator loops. The swelling kinetics are
compatible with real-time process control for moderately fast
reactions. The mobility of the HEA network enables rapid
bead expansion, particularly during an initial swelling. The
open pore structure of the beads ensures rapid solvent
exchange during switching, thereby overcoming the slow
diffusion limitations typical for nonporous gels. The swelling
kinetics are primarily governed by the macroscopic bead
geometry and porosity rather than the specific molecular
architecture of the cross-links. The material has the potential to
act as a combined sensor (solvent recognition), a processor
(phase transition), and an actuator (volume expansion) within
a single structural element. Solvent�i.e., medium-responsive
organogels�would be an option for intrinsic material
intelligence in chemical engineering. Future (microfluidic)
systems may utilize these self-regulating components to
dynamically adapt to their chemical environment, reducing
the complexity of the peripheral control infrastructure.
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calculation of the Hansen solubility parameters (Table
S1); calculated Hansen solubility parameters and
interaction distances for the polymer network and
solvents (Table S2); relative bead volume as a function
of the solvent composition, including quadratic model
fitting (Figure S3, Table S3); cyclic swelling and
shrinkage profiles of varying organogel formulations
during alternating solvent exposure (Figures S4−S10)
(PDF)

Figure 12. Relative bead volume as a function of the solvent
composition in benzyl alcohol/benzaldehyde (HEA-20) and benzyl
alcohol/benzaldehyde/water (HEA-20+H2O).
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(80) Dusěk, K. Diffusion control in the kinetics of cross-linking.
Polym. Gels Networks 1996, 4 (5−6), 383−404.
(81) Physics of polymer gels, Sakai, T., Ed.; Wiley-VCH, 2020.
(82) Das, A.; Babu, A.; Chakraborty, S.; van Guyse, J. F. R.;
Hoogenboom, R.; Maji, S. Poly(N-isopropylacrylamide) and Its
Copolymers: A Review on Recent Advances in the Areas of Sensing
and Biosensing. Adv. Funct. Mater. 2024, 34 (37), 2402432.
(83) Bharadwaj, S.; Niebuur, B.-J.; Nothdurft, K.; Richtering, W.;
van der Vegt, N. F. A.; Papadakis, C. M. Cononsolvency of
thermoresponsive polymers: where we are now and where we are
going. Soft Matter 2022, 18 (15), 2884−2909.
(84) Nikitin, A. N.; Hutchinson, R. A.; Buback, M.; Hesse, P.
Determination of Intramolecular Chain Transfer and Midchain
Radical Propagation Rate Coefficients for Butyl Acrylate by Pulsed
Laser Polymerization. Macromolecules 2007, 40 (24), 8631−8641.
(85) Plessis, C.; Arzamendi, G.; Leiza, J. R.; Schoonbrood, H. A. S.;
Charmot, D.; Asua, J. M. Seeded Semibatch Emulsion Polymerization
of n -Butyl Acrylate. Kinetics and Structural Properties. Macro-
molecules 2000, 33 (14), 5041−5047.
(86) Gmeiner, J.; Hasse, J.; Eckert, K. M.; Smirnova, I.; Luinstra, G.
A. Organogel Beads by UV-Droplet Polymerization; Kinetic Study of their
Chemoresponsiveness. TUHH. 2026.
(87) Nothdurft, K.; Müller, D. H.; Mürtz, S. D.; Meyer, A. A.;
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