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ABSTRACT: Chemoresponsive P(NiPAAm-co-AA) beads (ap- Smart organogel beads
proximately 3 mm radius) were synthesized via UV-light-induced - >
e ., ST

copolymerization of N-isopropylacrylamide (NiPAAm) and acrylic ‘ “

acid (AA) in aqueous droplets suspended in silicone oil. SEM h 2 mi‘ ) 3 ‘i@
'o‘)‘oﬁl EtOH %‘?

— g

analysis revealed a closed surface for beads with a 3-fold excess of
AA; macroporous morphologies appeared for NiPAAm:AA ratios

of 1:1 and 3:1. Swelling behavior was mapped across linear [m]' .
alcohols, acids, esters, and their mixtures, revealing a cononsolvency 5
related to ethanol presence. Beads with a 1:1 monomer ratio
exhibited the largest swelling difference between ethanol and ethyl
acetate or with mixtures of ethyl acetate and ethanol. Their
reversible swelling—shrinkage was fitted to two exponential

functions. The time constant of the first fast part is on the order

of minutes. The extent of shrinkage is negatively correlated with the logarithmic ethanol fraction in ethyl acetate. Beads in a casing
were used to halt the flow of ethyl acetate after a switch to ethanol.
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B INTRODUCTION systems.”” The “smartness” of the gel could involve the ability
to swell or shrink in response to a (reacting) medium. The

The development of smart gels, i.e, gels with an ability to
development of such “inherent” smart entities may lead to

reversibly change their shape in response to some kind of

external stimulus, is an appealing field of research that is innovations in a variety of scientific and industrial fields,
actively pursued.'™' Smart gels are relevant for various including (bio)chemical process control, lab-on-a-chip tech-
biomedical applications,'' including targeted drug release,"* ™" nologies, """ agriculture,”* and environmental monitoring''
tissue engineering, and cell immobilization. 6! Hydrogels, systems.9 The inherent soft mechanical responses are also very
especially those synthesized from N-isopropylacrylamide much of relevance in a biological context.'***
(NiPAAm)**™*® and acrylic acid (AA),”’"** have been in The description of the response of a gel to different stimuli is
spotlight for quite some time (past 20 years) because of their still in need of a deeper understanding: its action should be
2-fold, ie. thermo- and pH-responsive, properties. These predictable at a useful level for an application.**™** A spherical
properties make them also relevant for applications in chemical shape provides a consistent response to stimuli from all
engineering, such as in the development of smart valve directions, unlike other shapes such as cylinders or plates.*’
systems.”* ™’ A smart valve will be understood as a general Round organogel beads thus seem well-suited as smart valve
device that contains a responsive gel, which undergoes a model components, particularly in experimental studies: their
change of volume upon a chemical trigger (change of spherical shape gives a uniform and isotropic swelling that is
medium).** ™" also relatively easy to describe.””>" And in practice, a round
Fluid flow control is central to controlling many liquid-based bead in a round channel is expected to show an isotropic

chemical processes, where precise tuning of conditions can
increase selectivity and optimize space—time yields."*' A
conventional setup with addressable valves will only be
effective when the operation is in an environment with
detectors, allowing for a process-control-system-regulated
operation. Such valves themselves do not adapt to changes
in the system. The latter can be a limitation, certainly with a
dynamically changing composition during the progress of a
reaction. Autonomous valves with a “smart” organogel as a
directing component would allow an action that regulates flow
rates without the need for detectors and external control

expansion or contraction on the action of the stimulus, thereby
potentially regulating the flow efficiently.” The regular surface
structure of such beads promotes a uniform interaction with
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Scheme 1. Organogel Preparation in Droplets Comprising Dropwise Addition of Aqueous Monomer Solution to Silicon Oil,
UV-Light-Induced Radical Polymerization, and Solvent Exchange
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the surrounding medium, shortening swelling, and shrinkage
times.” The shape of a sphere also seems beneficial to
withstand mechanical stresses, e.g,, those under high flow.>*
The state of the art of “smart” hydrogels comprises a
40,53,54 34,35,55—57
response to a change of temperature, pH value,
.1 58—60 =63 i
to light, or to CO,. Triggering a response by a
change of a general chemical composition (other than pH
values or CO, and beyond water as medium*’), certainly in the
context of a smart valve, seems not to have had a large

40,64 : ) .
focus.”®" Smart gels with chemoresponsive properties would,
however, be more of universal value in a valve applica-
tion, 40:47,65,66

This study concerns the synthesis of P(NiPAAm-co-AA)
organogels in the form of round beads and the analysis of their
response to changes in organic solvents and solvent mixtures.
Round beads in the millimeter range were obtained by droplet
polymerization. An acrylic precursor aqueous solution was
dripped into a silicone oil, where UV-light triggered polymer-
ization while the forming beads sank slowly to the bottom. The
process not only provides control over the size but also ensures
high reproducibility in the preparation of spherical particles
(Scheme 1; a related thermal polymerization to beads was
reported before®”). The production process of the hydrogel
beads used in this work thus differs from conventional methods
such as sedimentation polymerization®” (falling drop),*®
alginate techniques,””~”* and others.”” The simple approach
opens up possibilities for the production of polymer particles
of multifaceted functionality in the millimeter range, expanding
the options beyond microgels.”* In the case of hydrogels, a
large degree of synthetic freedom allows the properties to be
tailored for application in complex systems that need a specific
sensitivity.

It will be shown that thermoresponsive and pH-sensitive
hydrogels for (autonomous microfluidic) flow control can be
pushed to include solvent-quality-based responsiveness in
organic media. The synthesized organogels exhibit a useful
degree of swelling in alcohol and shrinkage in aliphatic esters.
Such a property gives the option to use them as an
autonomous valve component in a setup for the preparation
of esters from alcohols and acids. The intermediate swelling in
mixtures of solvents such as in the course of an esterification is
of relevance too. It is mentioned that in the case of solvent
mixtures, a cosolvency and, more prominent in this study, a
noncosolvency may arise. The latter describes a situation
wherein a polymer is (more) soluble in the single components
making up the mixture than in the mixture. The microscopic
origin of cononsolvency is still a matter of debate.”””® It has
been pointed out that interactions between the components of
the mixture are competing with interactions between the
polymer segments. This may lead to more solvent—solvent and
in consequence more polymer—polymer interactions.”” A
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further line of arguments is that cononsolvency could arise
from the preferential binding of one of the components of the
solvent mixture (also on account of temporary cross-link
formation by hydrophobic aggregation in PNiPAAm but which
is also questioned as a cononsolvency may principally arise in
ternary mixtures).”*™*” It indeed is found as a preliminary
result here that one organogel shows a cononsolvency in
solvent mixtures with ethanol.

B EXPERIMENTAL SECTION/METHODS

Materials and Equipment

Acetic acid (Sigma-Aldrich, 82024 Taufkirchen, Germany), acrylic
acid (Synthopol Chemie, 21614 Buxtehude, Germany), ARACO-200
LEMON UV Pigment (ARALON COLOR GmbH, 56412
Heiligenroth, Germany), butan-1-ol (Sigma-Aldrich, 82024 Tauf-
kirchen, Germany), butyric acid (Griissing GmbH, 26849 Filsum,
Germany), dimethyl sulfoxide-dg 99.5 atom % (Sigma-Aldrich, 82024
Taufkirchen, Germany), ethanol absolute > 99.8% (VWR Chemicals,
64295 Darmstadt, Germany), ethyl acetate (BCD Chemie GmbH,
21079 Hamburg), lithium-phenyl-2,4,6-trimethylbenzoylphosphinat
> 95% (Sigma-Aldrich, 82024 Taufkirchen, Germany), methanol
(VWR Chemicals, 64295 Darmstadt, Germany), N,N’-methylene
bis(acrylamide) > 98% (Sigma-Aldrich, 82024 Taufkirchen, Ger-
many), N-isopropylacrylamide 97% (Thermo Scientific Chemicals),
pentanoic acid (TCI Deutschland GmbH, 65760 Eschborn,
Germany), propan-l1-ol (VWR Chemicals, 64295 Darmstadt,
Germany), propanoic acid (TCI Deutschland GmbH, 65760
Eschborn, Germany), and silicone oil M 200 (Carl Roth, 76185
Karlsruhe, Germany) were used.

Characterization

Fourier-Transform Infrared (FTIR) Spectroscopy. ATR-FTIR
spectra of the samples were recorded using a Shimadzu IR Spirit with
QATR-S Unit (Shimadzu Deutschland GmbH, Duisburg, Germany).
The measurements were conducted over a spectral range of 4000—
400 cm™" with a resolution of 2 cm™, utilizing 15 scans.

Morphological Characterization. Morphological evaluation of
the gel networks was achieved after the gels were frozen in liquid
nitrogen after synthesis and then lyophilized at —90 °C and 0.250
mbar for 48 h (y 2-16LSCplus, Osterode am Harz, Germany). The
dried gels were crushed and sputter-coated with a thin Pt layer. The
analysis is by scanning electron microscopy at S kV high voltage (LEO
Electron Microscopy Inc., One Zeiss Drive, Thornwood, NY 10594,
USA). The size distribution of the beads was determined using three
independent samples. The photos for this were taken in a photo box
(Godox LST40), and the beads were placed in the respective solvent;
100 beads each were evaluated by using Image] (manual selection).
Pore size analysis was performed using Image] image analysis
software.

Nuclear Magnetic Resonance (NMR) Spectroscopy. The
relative solvent composition within the gel network after syneresis was
determined by crushing blotted organogel beads that were flash-
frozen in liquid nitrogen. The resulting gel fragments were transferred
into vials containing DMSO-dy and agitated on a shaker for 1 h to
affect dissolution of the gelator matrix and quantitative extraction of
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the trapped solvents. '"H -NMR spectra of the DMSO-d, solutions
were obtained using a Bruker (Billerica, MA, USA) Avance I-III 400
MHz or a Bruker Avance I 500 MHz spectrometer at a temperature of
298 K. The chemical shift (§) was expressed in parts per million
(ppm) relative to the internal standard, tetramethylsilane (TMS) at &
= 0.00 ppm. The relative weight percentages (wt %) of ethanol and
ethyl acetate were calculated by integration of the signals of the
respective aliphatic CH; resonance (triplet at § = 1.06 ppm for
ethanol, respectively, singlet at § = 1.99 ppm for ethyl acetate).

Preparation of the Hydrogel-Precursor Solution

The precursor solution was prepared by adding a total amount of 4 g
of monomers (20 wt % in total of acrylic acid and NiPAAm in
different ratios; Table 1) to 16 mL of water (80 wt %) and stirring.

Table 1. Monomer Composition of the Hydrogel-Precursor
Solution

entry organogel NiPAAm [wt %] AA [wt %]
1 0OG1S5-5 15 S
2 0G10-10¢ 10 10
3 OGS-15 S 15

“FTIR analysis of NIPAAM, AA, and the resulting P(NIPAAm-co-
AA) is in accordance with complete conversion (Figure S1).

Cross-linker N,N-methylene bis(acrylamide) (MBA; 60 mg; 0.3 wt %)
and photoinitiator TPO-Li (20 mg; 0.1 wt %) were added and
dissolved by vigorous stirring. The precursor solution was degassed
under atmospheric pressure using ultrasound for 5 min. The swelling
behavior of transparent gels was evaluated by in-line volume tracking
on gels with additional fluorescent pigment ARACO-200 LEMON (S
mg, 0.025 wt %).

UV-Droplet Polymerization Method for the Fabrication of
Hydrogel Beads

Hydrogel beads were prepared in 250 mL of silicone oil (p of 0.975 g-
cm™3) confined to a beaker placed in a reflective chamber (180 X 180
X 180 mm?®) with a UV-light source (irradiation intensity up to 1.100
mW/cm? at a wavelength of 365 nm). The OEM chamber was
modified to allow tubing to pass through the hatch door. The
precursor solution was dropped into the silicone oil at a constant flow
rate of 3 mL/min through PTFE tubing (1.6 mm inner diameter)
using a syringe pump (LongerPump Model LSP02-1B equipped with
a 20 mL HENKE-JECT Syringe). The droplets sink slowly and
polymerization is basically completed within 30 s. The hydrogel beads
were collected on a Biichner funnel and washed with ethanol (3 X 100
mL).

Swelling Experiments of Organogel Beads

Gravimetric Determination of the Degree of Swelling
(DoS). The gels were equilibrated in the reactants and products of
an esterification, i.e., in alcohols, acids, and esters. Freshly prepared
hydrogels from aqueous solutions were immersed in 250 mL of
ethanol for 24 h at room temperature (while stirring slowly). They
were transferred to a further portion of ethanol and held there for
another 24 h.

The equilibrium swelling values in alcohols, carboxylic acids, their
mixtures, and esters were obtained after 48 h in a medium. The
organogels were then freeze-dried at —90 °C under high vacuum
(0.250 mbar) for 72 h. The mass-specific degree of swelling DoS was
calculated as DoS = massg,cjien gel/ MASSgried polymer- L ne rate of swelling
was obtained by transferring the gel beads from 100 mL volumes of,
e.g., ethanol to ethyl acetate or to its mixtures with ethanol or acetic
acid. This exchange was generally carried out over several cycles of 30
min each.

Volumetric Tracking of the Swelling Behavior by Inline
Monitoring. The volumetric swelling behavior of the hydrogel beads
was recorded at 25 °C using interactive image processing. The beads
were fixed inside a 100 mL cuvette sealed with a 3D-printed lid. Their
size was recorded using a camera over several cycles of 60 min
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consisting of 30 min of shrinkage in not as good solvent (mixture)
and 30 min of swelling in the better one. Images were taken every 30 s
to ensure a high resolution of the tracking. The resulting image series
was evaluated with a Python script developed for counting the pixels
corresponding to the bead circumference in a fixed space. The script
identified color differences between the bead and the background,
isolated the region of interest (ROI), and determined the bead
diameter using contour detection. The pixel-based diameters were
used to calculate the radius and volume of the beads.

Valve Actuation Experiment

A custom-made glass flange casing (70 mm height, 25 mm inner
diameter) was filled with 25 g of ethyl acetate-wet OG10-10
organogel beads. An integrated stainless steel mesh (1 mm pore
size) retained the beads inside the transparent boundary. The valve
was connected to the bottom of a reservoir containing solvent. The
solvent was allowed to leave the reservoir in a free flow from the
bottom through the valve. A diaphragm metering pump (ProMinent
delta optoDrive, Heidelberg, Germany) with a maximum delivery rate
of 160 strokes per minute and a maximum flow rate of 30 L-h™" was
used to keep the level in the reservoir at a constant height, taking the
solvent from a collection vessel below the valve. The loop contained a
total 350 mL of solvent.

B RESULTS AND DISCUSSION

Preparation and Characterization of Organogel Beads

Gel beads composed of acrylic acid and NiPAAm were
obtained in an aqueous medium using radical droplet
polymerization at room temperature. Three formulations
were used with 5—15 wt % of the respective monomers,
always adding up to 20 wt % of monomer content. N,N’-
methylene bis(acrylamide) (MBA; 0.3 wt %) was added as a
cross-linker, and lithium-phenyl-2,4,6-trimethyl benzoylphos-
phinate (TPO-Li) was the choice of photoinitiator. The
organogel products OGx-y carry numbers x and y, the first one
corresponding to the wt % of NiPAAm, the second to wt % of
AA (Table 1). The copolymerization parameters of the
NiPAAm/AA system in water have estimated values of r; of
14 and r, of 0.07.*® These numbers imply that blocky
structures are formed in the batch polymerization inside the
droplet as minireactor, NiPAAm being consumed much
faster.”® Core—shell type of NiPAAm-AA microgels, mostly
with less than 10 wt % AA, are formed in emulsion or seed
polymerization:**~"" These products tend to have PNiPAAm-
like properties, compatible with the presence of larger
PNiPAAm domains: e.g, a LCST (lower critical solution
temperature) is detected in a small temperature range.”””"* It
has been noted too that the product of the copolymerization
parameter is close to one, implying a constant rate of
incorporation of both monomers.”> Arguments for the
formation of fractal (blocky) structures of NiPAAm-AA
copolymers have accordingly been put forward in the case of
copolymers with a lower ratio of monomers.”

The small ratios of NiPAAm to AA (3 to 1/3) used here in
the gel preparation are not common; however, most studies
concern PNiPAAm-AA co olymers (also as microgels) with a
ratio larger than 10.>%%"°>%*?/~19* The Jow ratios in this initial
study were chosen with the objective to map the response to a
change of medium over a larger range of compositions. Studies
on PNiPAAm-AA copolymers with a lower ratio of NiPAAm to
AA show additional features, which arise from substantial
interactions between different polymer segments,’>”*7%'%5710¢
The latter is also documented for blends of PNiPAAm and
PAA.'” 1t was also inferred that the PAA entities might
separate from the hydrophobic PNiPAAm domains when they
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Scheme 2. Radical Copolymerization of NiPAAm and Acrylic Acid Induced by Irradiation of TPO-Li and with MBA as the
Cross-Linker: Images of (a) OG10-10 and (b) OGS5-15 on a Metal Skewer
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Figure 1. SEM images of hydrogel beads with NiPAAm:AA wt% ratios of (a) 15:5, (b) 10:10, and (c) 5:15 after freeze-drying from water.

can form in the specific arrangement of the mono-
mers S396:101,107,110,111

Droplets of the precursor solution were generated by
pumping it slowly through tubing that ends just above the
surface of a medium-viscous silicone oil (unstirred) in a glass
beaker. The beaker is located in a chamber (18 X 18 X 18 cm®)
with reflective walls and can be illuminated by an LED UV
source. The initiation of the polyreaction, induced by the UV
source at an intensity of 880 mW-cm™* and a wavelength of
465 nm, transformed the droplets into uniform beads within 30
s. This is within the time of sedimentation of the droplet to the
bottom (Scheme 1). The beads with 15 and 10 wt % of
NiPAAm in the precursor solution immediately turn opaque as
the copolymerization sets in. This is in contrast to the
expectation of a clear PNiPAAm containing hydrogel formed
below its LCST.""* This observation is more compatible with
the formation of a cross-linked system as reported for fast
NiPAAm/AA copolymerization.*”""* Indeed, it is found that
the UV-induced droplet copolymerization, of e.g.,, equimolar
amounts of NiPAAm and AA, also leads to round beads with
some mechanical stability in the absence of the cross-linker, as
was reported before for copolymerization in aqueous solution
(contrasting, e.g., redox-initiated copolymerization of NiPAAm
and AA).""" Latter opaque beads appear softer and less tough,
disintegrating under little pressure.

Heating to 70 °C or cooling to 0 °C of the OG1S-S or the
OG10-10 beads (Table 1, entry 1, 2) does not lead to a
transparent gel. The OGS-15 gel in contrast remains clear
throughout its formation and also is transparent at the end.
The OGS-15 gel is faintly opaque at 50 °C in water, possibly
showing that NiPAAm domains precipitate. The PNiPAAm
segments in the OGS-15 apparently can form a separate phase
(vide infra) in the range of the wavelength of visible light. The
PNiPAAm-related phase transition (LCST at about 32 °C)
correspondingly shifted to a higher temperature with the AA
content.''> A visual detection is not always successful and
compatible with the faint opaqueness that arises.””'®> Such
subtle changes in appearance can of course not be detected in
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the turbid OG15-5 and OG10-10, but structural changes may
occur (vide infra).”®'*¢

The water in the beads was subsequently exchanged for
ethanol, in line with the objective to study them in organic
media. Some solvents of this study have a low solubility in
water and vice versa, which would complicate the direct
exchange in the originally formed hydrogels. OG15-5 and
OG10-10 gels with the higher NiPAAm content remain
opaque in ethanol (Scheme 2, image a). This is in contrast to
PNiPAAm gels, which tend to be soluble in neat low-mass
alcohols."'” The observations during the copolymerization
already hinted toward the formation of more densely cross-
linked domains inside the beads. Chain segments inside these
domains apparently cannot be solvated to a substantial degree,
i.e, to reach a matching index of reflection, neither in water
nor in alcohol. In contrast, the more hydrophilic AA-rich
aqueous gel OGS-1S yields a transparent system in ethanol too
(Table 1, entry 3; Scheme 2, image b). The inner structure of
this type of bead is markedly different: the transparency in two
solvents is compatible with a complete solvation of chain
segments.

The particle size of the beads of about S mm diameter can
be satisfactorily described as normally distributed. The sigma
values of the distribution are well below 10% of the mean
(Figure S2). The beads are smaller in water than in ethanol,
and on average, the size increased by 40—50% after exchange
to ethanol. The increase in size is congruent to the AA content,
which can be explained by either a lower cross-link density for
gels with more AA or to AA-based copolymer chain segments
with a better solubility in ethanol.

The behavior of NiPAAm copolymers and gels can be quite
complex, with no exception here.>*"''*~'*! The solubility of
PNiPAAm in alcohols results from specific (hydrogen-bond-
based) interactions of the amide to the solvent.”®’®808 122124
The solubility of the copolymers is less easy to describe. The
copolymers of NiPAAm and AA may contain several types of
polymer—polymer segment interactions, which enthalpically
compete with interactions to the medium. Also, the cross-
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Figure 2. Gravimetric degree of swelling (DoS) of the gels in (a) carboxylic acids, (b) alcohols, (c) esters, and (d) acid/alcohol 1:1 mixtures (ester:
1: methyl formate, 2: ethyl acetate, 3: propyl acetate, 4: butyl acetate, FA: formic acid, AcA: acetic acid, PrA: propionic acid, BuA: butyric acid).

linked structure may hinder the formation of hydrophobic
interactions between polymer segments.”* Beads of OG10-10
in water do not show a typical jump in size when cooled from
50 °C to room temperature (Figure S3). Rather, their size
monotonously increases at least to 25 °C: the copolymer
segments increase their interactions with water. This behavior
is compatible with the presence of NiPAAm-rich domains with
LCST behavior of various sizes and/or compositions and with
the presence of cross-links that hinder coherent segment
movements.”” The relatively high AA content of such
copolymers may have led to substantial interactions between
the acid (protonated form would prevail in ethanol) and the
amide entities, changing the internal structure away from a
majority of amide—amide hydrophobic interactions of a
PNiPAAm, as was suggested before.”” The cross-link density
may also be a cause for differences in the organogels; however,
since the mechanical properties were not studied yet, no
information on this is available.

Morphological Characterization of OG Gels

SEM images of the freeze-dried samples (from water) of
various beads reveal open-pore structures for the NiPAAm-
rich, turbid gels OG1S5-5 and OG10-10, whereas the OGS-15
bead has a closed surface (Figure 1). Although the freeze-
drying procedure of the sample preparation will change the
pore size, structural differences in these closely related
materials are probably conserved. The macroreticular structure
of the OG15-5 gel is coarser than that of the OG10-10 gel. The
dried OG15-5 shows large interconnected pores of an average
pore size diameter (PSD) of 11.5 + 1.6 ym (Figure 1a) in high
vacuum and OG10-10 has a finer porous structure with an
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average PSD of 4.4 + 1.4 ym after freeze-drying. Such open-
pore structures are favorable for solvent exchange and swelling,
and beads of that kind seem a good choice for the purpose of
this study (microscopic images of OG10-10 in ethanol or ethyl
acetate indicate windows of sizes of 3—7 um in ethyl acetate
resp ethanol; Figure S4).

Similarly structured NiPAAm gels were generated by
performing radical polymerization in a mixture of water and
methanol, which proceeds by intermediate polymer precip-
itation (phase separation) on the basis of the cononsolvency
effect™””*'*> or by polymerizations in a medium with a higher
ionic strength,'*° and by y-ray-induced NiPAAm-AA copoly-
merization above the LCST.'”®'*” Dense structures are
initially generated that become loosely connected in the
progress of batch copolymerization. This outcome is also
predicted (and observed)'”® by, e.g, the diffusion-limited
aggregation of sol particles in dependence of the rate of gel
formation."'* Tt was shown that a fast initiation of the
copolymerization—like that by UV radiation—will lead to
more dense domains that are loosely connected (with an
overall lower cross-link density).”*'*’ The extensive generation
of radicals by the photoinitiation will result in a high radical
concentration with fast propagation and termination. Transfer-
to-chain reactions will lead to local cross-links in dependence
of the respective rates, i.e., next to those generated from the
cross-linker.*® The gel particles will tend to phase-separate in
an early stage of monomer conversion. The importance of the
polymerization rate for phase separation of intermediate gel
particles of PNiPAAm is documented.””® A similar effect is
described for such copolymers prepared from a formulation
with a higher cross-linker content of 3—5 wt %.”' In
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Figure 3. Difference of DoS in alcohols, acids, and their 1:1 mixtures to the corresponding esters.

accordance, the gel from equal amounts of NiPAAm and AA
(OG10-10) has a finer structure, indicative of a slower
polymerization and/or a better solubility of intermediate sol
(and/or gel) particles before cross-linking appears (Figure 1b).
A slower polymerization is in accordance with the higher
concentration of the slower polymerizing acrylic acid
monomer.”® The surface of the transparent OGS-15 with the
highest amount of acrylic acid appears as a dense, nonporous
film. Only smaller NiPAAm-rich domains will have formed,
which will not precipitate below the LCST during synthesis
but lead to the opaque hue after temperature increase (vide
supra; Figure Ic).

Influence of Gel Composition on the Swelling Behavior

As stated, the objective of this study is to develop a
chemoresponsive gel for use in a smart valve, here initially
for a reaction system comprising an esterification of linear
alcohols with linear acids. The gel should therefore show a
variation of swelling in esters relative to alcohols and acids and
in their mixtures. The choice of NiPAAm and AA monomers,
both with a hydrogen-bonding motif, seemed a logical first
choice for the purpose.

The swelling of the OG gels was mapped in a series of linear
alcohols, carboxylic acids, and the corresponding esters. All
gels showed a reversible swelling—shrinkage behavior upon
change of the medium from esters to alcohol/acid and back
(Figure 2). Structural changes (coil to globule state
transitions)**~"** were not assessed, and the effects are
described phenomenologically in this first study.

The degree of swelling (DoS) reaches up to a range of 20
and more, illustrating that some of the organogels are diluted
to a level of S wt % of polymer segments. The DoS generally is
higher in a medium of molecules with a higher concentration
of polar entities (i.e., compounds with a lower carbon number;
Figure 2).°° The interactions of larger enthalpy inside the gel
are between polar entities, which are more readily replaced by
comparable interactions with the solvent medium.'”” The
maximum DoS§ in those solvents tends to higher values for gels
with a higher acrylic acid content. The swelling in esters is
smaller than that in alcohols, and the difference is more
pronounced with higher AA content. These coarse effects are
modulated by the specific properties of individual solvents.

A more specific insight is obtained by considering the
equilibrium swelling in difference to the situation in the
respective C# esters (nos. 1—4; the number in esters refers to
the carbon atoms of the carbon chains). The difference from
the DoS in esters is higher in gels with a larger acrylic acid
content (Figure 3: larger bars). The OG1S-S beads swell to a
higher degree in alcohols than in esters and, in contrast, more
in esters than in acids (of the same carbon count). The OG10-
10 beads show a shift toward larger swelling in alcohols, and
the swelling in acid and ester approach each other. This trend
is followed in the OGS-15 gel, which swells to comparable
degrees in both alcohols and acids. The higher the content of
AA, the stronger the interactions with acids.

The solvation of chain segments/globular structures of the
copolymer in 1:1 mixtures (by volume) of acids and alcohols
has an opposing trend to the swelling in acids, i.e., the relative
DoS in NiPAAm-rich gels is higher on average. The swelling of
OGIS-S gels in the mixture is even higher than in neat
alcohols, in particular for those with a higher carbon count
(those with the most hydrophobic interactions). The swelling
of OG10-10 in the alcohol—acid mixture is close to that in the
derived ester and that of OGS-15 is clearly below that of the
individual compounds. The latter is a case of cononsolvency. It
remains to be investigated, where the cononsolvency finds its
origin, it was argued that any segment in a copolymer may
undergo a solvent-driven transition, although an interaction
between PNiPAAm and ethanol seems of high impact
(surpassing the interactions between acid entities, vide infra).**

The observed shrinkage of the organogel in ester-rich
environments, relative to alcohols and only partly to acids or
mixtures of acids and alcohols, coarsely aligns with its intended
function as a smart valve in esterification reactions. The
composition during the progress of an esterification reaction
would dynamically modulate the swelling state. The behavior
of the gels, however, appears not simple to predict along the
composition of an esterification reaction mixture. A decent
response can be expected for the C2-based reagents, and the
study was progressed in that sense with the common reagents
of ethanol, ethyl acetate, and acetic acid. These are also less
toxic and more stable than the C1 counterparts. This choice
was also based on the future option of establishing equilibrium
between the C2 reactants and the transesterification product
under the action of enzymes.
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Extent and Kinetics of Swelling—Shrinkage

Method of Detection. The dynamics of the response of
the gels to solvent exchange between ethanol and ethyl acetate
at 25 °C was addressed to begin with a useful smart valve to
show a response in a time frame of minutes.>* The dynamics of
swelling/shrinkage were assessed using a camera-based routine
of single-bead-size determination.”’ Images were taken
initiated by a computer controller at preset intervals. These
were analyzed for the number of pixels of the bead using a
python script from which the diameter was calculated. The
beads were hanging from a thin metal skewer in a solvent-filled
cuvette inside a photo box at room temperature. Measure-
ments could thus routinely be carried out, usually with a 30
min of exposure to a specific solvent or solvent mixture.

For example, a gel bead of OG10-10 expanded in ethanol
shrinks when placed in ethyl acetate (Figure 4). The reaction is
most dynamic within the first 3 minutes after which the
process becomes slower. This is quite general for gels and can
be described by multiple exponential or polynomial
functions.”***""3> A consecutive placement in ethanol
(changing the cuvette) results in a volume increase. In this
special case, the initial reswelling in ethanol is interrupted
intermediately by a shrinkage that soon follows by the main
swelling phase.*” The process of switching solvents (periods of
30 min of exposure) can be repeated several times. The
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response of the gels over 6 cycles is almost identical, illustrating
the robustness of the beads and their response.

Cononsolvency Behavior in Ethyl Acetate—Ethanol
and Ethyl Acetate—Ethanol—Acetic Acid. The swelling of
ethyl acetate-conditioned beads in ethanol is an expected result
of the enthalpically driven extension of the gel into ethanol in
which it is better soluble. The observed anomaly of an
intermediate volume shrinkage must be related to a decrease in
the solvent quality for the polymer (segment). This would
imply that mixtures of ethanol and ethyl acetate, which form
inside the beads, are worse solvents than either component
(cononsolvency). The diffusivity of ethanol in ethyl acetate is
higher than vice versa (SI), and a gross net flux of ethanol into
the bead is expected in any situation with the result that
mixtures of the solvents are formed inside the beads. The ethyl
ester in the beads also will continue to diffuse into the bulk of
ethanol, leading to the final state.

It indeed is found that the beads are smaller (lower DoS) in
mixtures of ethyl acetate and ethanol up to a volume ratio of
about 4 to 1 (Figure S): a lower or higher ethyl acetate content
leads to beads with a larger equilibrium swelling. The
maximum shrinkage in compositions with low amounts of
ethanol shows a linear dependence on the molar composition
and vice versa for the ethanol-rich regime with a change of
trend at a molar fraction of about 0.7 (corresponding to the
volume ratio of ethyl acetate/ethanol of 4/ 1). The data from
various measurements show some spread as indicated in Figure
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S, which is most likely related to the spread in the properties of
the beads that are not fully identical in size and structure on
account of the drop size and the precipitation polymerization
progress.

The shape of the dependence is the typical cononsolvency
behavior of PNiPAAm containing beads, known, e.g., in water/
methanol or water/ethanol mixtures.**’®80=82132136,137 ;¢
also suggests that parts of the NiPAAm segments of the gel are
actively involved in solvation, although it has been put forward
that this does not necessarily need to be the case.*> Such a
cononsolvency of NiPAAm-AA copolymers in different organic
solvents appears not to have been noticed so far. Apparently,
hydrogen bonding to ethanol leads to a situation where the
presumably solvated NiPAAm (or AA) domains collapse more
extensively (more interactions) in the mixture. A similar
behavior is found in ethanol—acetic acid mixtures with a fixed
volumetric ratio of 1:1 for swelling and ethyl acetate/ethanol
mixtures for shrinkage (Figure S, right). The smallest size is
found at an ethyl acetate fractional molar content a bit lower at
0.65 but close to the 0.7 of ethanol—ethyl acetate situation.
Although the absolute radii of the beads are smaller in the
ethanol—acetic acid 1:1 mixture (as neat acetic acid has a lower
DoS than ethyl acetate), the relative decrease of radius in the
minimum of the cononsolvency is comparable (somewhat
larger). The interaction with ethanol seems, therefore, of high
importance.

No transient swelling—shrinkage of the gels in this study was
observed in mixtures of ethyl acetate and ethanol with a
volume ratio smaller than 4 to 1. The latter ratio was used to
determine the response of the different OG-gel beads to a
change to ethanol and ethyl acetate:ethanol as solvating media
(Figure 6). A trifold consecutive exchange of solvent
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Figure 6. Shrinkage—swelling—shrinkage cycle of the OG-gel beads in
ethanol (swelling) and in a mixture of ethyl acetate and ethanol at a
vol:vol ratio of 4:1 (shrinkage).

(equilibrated in ethanol, shrinkage in EtOAc/EtOH 4/1-—
swelling in ethanol—shrinkage) was carried out, each with 30
min of exposure. It is observed that the open-pore gels (Figure
1) respond much faster, and also that OG10-10 has a larger
response.””® The apparent closed surface gel OGS-15 needs
about 24 h after shrinkage in the EtOAc/EtOH mixture 4:1
(Figure SS). It shows an erratic behavior in the consecutive 30
min of exposure. These findings highlight the crucial role of
monomer composition and morphology from the polymer-
ization process in optimizing the reversibility (and long-term
stability) of organogels for solvent-driven applications.”
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Rates and Magnitude of DoS of the Organogel. The
time-dependent volume change of the macroporous organogels
can be reasonably well-described by a sum of two exponential
decay or growth functions (Table 2). The course of the

Table 2. Time Constants 7, and 7, at 25 °C of Exponential
Description”

shrinkage 7, swelling 7, shrinkage 7, swelling 7,
organogel [1000 s] [1000 s] [1000 s] [1000 s]
OG15-5 0.17 0.19 2.6 0.7
0G10-10 0.15 0.5 0.9 0.7
OGS-15 2.6 2.6

“From 12 periods of 30 min, radius a(t) fitted to A, exp (—t/7)) +
Ay exp (=t/7,) + A

shrinkage of the turbid OG15-5 and OG10-10 gels thus could
adequately be fitted by a biexponential decay function (Figure
S6). Evaluation of the time curves gives, for the initial fast
processes, a factor between swelling and shrinkage rate of 1.1
for OGI15-5 to 3 for OG10-10, and a ratio of 4 and 14,
respectively, for the slower exponential process. The shrinkage
comes with the expulsion of solvent and is slower, the larger
the swelling was (as in OG10-10). Note that the maximum
shrinkage from ethanol to ethyl acetate—ethanol 4/1 is not
reached within the 30 min of observation.

The largest difference between the maximum swelling and
most extensive shrinkage with relevant rates is found in the
OG10-10 gel. This gel responds reasonably fast to a change in
solvent, and the response in 30 min adds up to a 64% change
in volume. This gel was therefore selected for a more elaborate
investigation as it is potentially useful in a chemical-responsive
valve. OGS5-15 has a time constant for the swelling process of
over 24 h, not really compatible with the objectives of use in a
smart valve.

Shrinkage from Ethanol in Ethyl Acetate and in Its
Mixtures with Ethanol. The longevity of the OG10-10 gel
was indicated in six cycles of shrinkage in 4:1 and 1.5:1 ethyl
acetate/ethanol (v/v) mixtures and reswelling in ethanol. It
can be observed for the repetitive swelling of OG10-10 in
ethanol and shrinkage in an ethyl acetate—ethanol 4:1 mixture
that the maximum normalized volume increases to approx-
imately 96% of the original volume in the first cycle and then
remains constant over the next five cycles (Figure 7). The
shrinkage in 1.5:1 ethyl acetate—ethanol mixture shows some
smaller variations in final values, but all-in-all a very consistent
response is found too, like in the switching between ethanol
and neat ethyl acetate shown in Figure 4. The medium to fast
consistent swelling and shrinkage behavior over multiple cycles
demonstrates the potential for reliable and repeatable flow
control in dynamic chemical environments.

Further characterization of the chemical response behavior
of the OG10-10 gel was carried out by the cyclic swelling—
shrinkage in ethanol and ethyl acetate—ethanol mixtures of
0.67:1 and 0.25:1 (vol:vol). A similar behavior to that in the
4:1 mixture was observed, with the shrinkage in ethyl acetate—
ethanol mixtures becoming smaller at a higher ethanol content
(Figure S7).

The time-dependent swelling and shrinkage of the OG10-10
gels by change of the solvent medium between ethanol and
ethanol—ethyl acetate mixtures were evaluated by separate
fitting of the two phases to exponential functions. A
comfortable fitting is reached with a three-parameter approach,
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Table 3. Details of the Shrinkage of Ethanol-Swollen OG10-10 in Ethyl Acetate—Ethanol Mixtures

first phase second phase
vol EtOAc to length rel. shrinkageb 7 diffusion time rel. ) Aa,. EtOH content’ excess EtOH®
EtOH [s%ﬂ [%] [1000 s] [1000 s]© viscosity?  [1000 s] [%]° [wt %] [wt %]
neat 135 87 0.1 3.5 1 0.70" 9 12 12
20 175 78 0.1 3.7 1.03 0.64 12 13
15 285 73 0.16 4.1 1.04 0.56 15 16
10 360 63 0.26 4.3 1.06 0.78 23 26 16
4 356 22 0.53 4.9 1.14 2.5 45 36 14
3/2 1.33 22 21 n.d
2/3 1.65 2.4 8 n.d.
1/4 2.17 n.d. <1 n.d.

“Time at equal values of the exponential fits of the first and second phases. Flrst phase shrinkage relative to the total shrinkage in the medium after
30 min. “Calculated time for diffusion of ethanol over the radius of the bead. “Relative viscosity to ethyl acetate, measured at 22 °C. “Calculated
maximum shrinkage from the simulation. TRelative ethanol content w1th1n the bead after 30 min of shrinkage, determined using 'H NMR
spectroscopy. $Excess of ethanol with respect to the bulk medium. "Small second phase with about 300 s error. n.d.: not determined or not
assessable.

fitting the first and second phase of the time-dependent change residual of fit and data points are smaller than an arbitrary 10
of the radius a, independently to a, = A; exp (—t/73,0) + A,. times the average residual (clear outliers were also discarded:
The relative (to the initial bead radius) time-dependent
swelling (and shrinkage) data of S cycles after the initial ones
were therefore averaged first. The residuals of the differences
between the fit function and data were minimized for values of
Ay, A,, and 7. The approach gives straightforward values for the

see Data Availability Statement). The value for 7 ,,, varies
within 10% if other cut-offs than the 10% of the residuals are
used. The error in the numerical values of 7 is thus estimated
to be in the range of 10—15%. The beads show some smaller

variables (Table S1). The designation of first respectively the variations in properties too, and the internal structure and size
second phase data point were chosen by a criterion that any are similar but not the same (Figure S).
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The initial rate of shrinkage of the ethanol-swollen beads
(after synthesis and conditioning) in ethyl acetate and its
mixtures with ethanol is fast, in particular, when the ethanol
content in the mixture is low or zero (Figure 8). The shrinkage
of ethanol-conditioned OG10-10 gels in ethyl acetate and ethyl
acetate with up to 1/4 volumetric part of ethanol can
reasonably well be described by the two exponential decays
(with rate constants of the first and second phases that
approach each other, more ethanol is present; Table 3). The
end of the first phase is also the start of the second phase,
which is defined here as the moment that the two exponential
fit functions of respective initial and final radius simulations
have the same magnitude (Figure S8). The shrinkage in
mixtures of ethyl acetate with more ethanol has a negligible
short initial fast phase and is only described by one exponential
for the major part. The time constant then is that of the second
phase.

The extent of shrinkage is negatively correlated to the
ethanol content of the new medium with ethyl acetate along a
natural logarithmic function, i.e., along the chemical potential
(Figure 9). This holds true for both the shrinkage in the first
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Figure 9. Fraction of ethyl acetate in the medium vs the extent of
shrinkage in the first phase and final shrinkage (extrapolated).

fast period and the ultimate shrinkage (calculated). The
dependence indicates a proportional amount of ethanol
remaining in the gel. This was also confirmed by NMR
spectroscopic analysis of the equilibrated and pulverized
shrunken beads (Table 3). The beads contain the components
of the medium in their channels and pores and inside the
swollen walls. It is found that the relative amount of ethanol in
the bead always surpasses that of the medium (Table 3, last
column), with a trend toward higher numbers for a medium
with a higher ethanol concentration. Note that the beads have
different swollen sizes, with the consequence that the polymer
content is lower at a higher degree of swelling, skewing the
comparison somewhat.

The interactions of ethanol with the polymer segments
apparently become more abundant with the amount of ethanol
in the mixture with predominantly ethyl acetate (up to
EtOAc:EtOH of 4:1). A straightforward interpretation is that
two types of physical (linking) interactions between the
polymer segments exist with different enthalpies: a mutual one
between segments and one additionally involving ethanol. This
hypothesis shall here not be stressed beyond the point that the
gel will change its properties in dependence on the content of
ethanol. This kind of description is not uncommon, and similar
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argumentation is raised for the cononsolvency of PNiPAAm
hydrogels in water with ethanol or methanol.”>’®**%18385

The fastest shrinkage of the OG10-10 beads in the first
phase is in the transition from the ethanol-swollen state to neat
ethyl acetate (Figure 8 inset). This phase of shrinkage lasts for
about 2 min to reach 87% of its final value in ethyl acetate.
Such a fast response in macroporous PNiPAAm gels is not
without example: The response process of a PNiPAAm
hydrogel for fast initial shrinkage was reported complete
within 100 s for a 3 mm size bead (and for swelling within 400
s) or 200 s for a disk of 4 mm thickness.””"*®"** (Similar rate
data > ~250 s are found for macroporous polydimethyl
acrylamide for a solvent exchange from water to either acetone
or dioxane.)"*’

The rate of shrinkage in the first phase is faster with lower
ethanol content of the ethyl acetate mixture. The time constant
7, and extent (with respect to the final state in the specific
mixture) of shrinkage appear negative-linearly correlated
(Figure 10). The faster process thus leads to a more extensive
shrinkage in the first phase that correlates to the final ethanol
content in the bead.
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Figure 10. Linear correlation between the extent of relative shrinkage
and its time constant of the first phase.

The volumetric change of gel beads will only take place after
diffusion of the new medium into the bead.'** Macroporous
gels will react as a result of two processes, the exchange in the
pores/channels and subsequently in the structural polymer
part. The bead radius of about 3.5 mm and calculated
diffusivities of ethanol (SI) for Brownian motion into ethyl
acetate—ethanol mixture indicate times of 3—5 X 10° s for
completion (Table 3; assuming that the effective diffusivity
within channels in the range of 5 ym in the structure equals
that of the free solvent).”* The observed rate of loss of the
radius in the first phase though is much faster. Other transport
mechanisms (convection, surface tension-related effects) than
diffusion must contribute to the faster exchange of solvent into
the free space of the beads. Calculation of the diffusion of the
solvent molecules in the gel walls of approximately 1 ym give a
timespan of about 1 s (taking a diffusivity of 107 cm” s™* for
movements of the solvent inside the gel walls)."*" This
indicates that the exchange of solvent in the channels/pores is
rate-limiting, possibly in combination with a small resistance to
a flux through the surface of the walls of polymer. This
assumption is also corroborated from calculation of the
cooperative diffusivity from the theory of swelling Do, =
ao’ /1) (@ = 1 pm as the equilibrium state of swelling; 7, =
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100 s) gives values of 107" ¢m? s7! for low concentrations of
ethanol, i.e., outside the range of polymer segment—solvent
cooperative diffusivities.”'*" It is in accordance with the
finding that the time constants 7; have the same order as the
viscosity and the diffusion times in about linear correlations
(Table 3 and Figure S9). A similar conclusion was drawn for
solvent exchange in P(NiPAAm) hydrogels.130

The first phase of shrinkage leading to polymer—polymer
interactions without (or minor amounts of) ethanol may
tentatively be associated with the amount of ethanol that is
diluted into the ethyl acetate (rich) medium. The less ethanol
that remains in the polymer, the faster the shrinkage and the
less compacted the bead becomes. It is compatible with a
hypothesis that ethanol diffuses into bulk ethyl acetate (fast
effect) and is diluted with ethyl acetate in the channels of the
beads. Ethanol is subsequently lost from the polymer segments,
which then either become associated with some ethyl acetate
or with itself. The extent of ethanol that is initially stripped
from the polymer segments is relevant to both the rate and the
extent of network collapse. It is inferred that the interactions
with remaining ethanol lead to a more compact structure, as
described before for PNiPAAm hydrogels with methanol.*’

A further experiment with OG10-10 showcases how the
presence of ethanol influences the swelling/shrinkage of the
bead (Figure 11). An ethanol-swollen bead of OG10-10 was
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Figure 11. Shrinkage of OG10-10 in ethyl acetate by intermediate
suspension in a 4:1 mixture of ethyl acetate:ethanol (by volume).

first shrunk in neat ethyl acetate for 200 s, the time about to
reach the end of the first phase of rapid shrinkage. It was
subsequently put in a mixture of ethyl acetate:ethanol of 4:1
(by volume). The bead reacts by swelling, ie., taking up
ethanol, instead of pursuing the shrinkage. This shows that an
extensive amount of ethanol was previously depleted from the
gel. The swelling is shortly (one data point) interrupted by a
shrinkage (probably by association of ethanol to polymer
segments) and then continues to the initial level (of directly
after immersing), before the expected slow shrinkage in that
medium sets in. Placing the bead into neat ethyl acetate after
another 200 s again results in a fast shrinkage, now to a volume
below the level of straightforward shrinkage in ethyl acetate.
This shows that the polymer is more compact in the presence
of more ethanol. Further exposure of the bead to the ethyl
acetate:ethanol 4:1 mixture after the shrinkage in ethyl acetate
had basically subsided, again leading to a small swelling by
uptake of ethanol and is followed by another fast shrinkage.
This is finally followed by a further small ethanol uptake and
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slow shrinkage. The experiment shows the peculiarities of the
organogel in combination with ethanol, which can be
understood by assuming two types of polymer—polymer
interactions, one with fast dynamics and another involving
ethanol with a higher enthalpy and slower character. The
slower dynamics of ethanol associated with PNiPAAm is also
documented.'*

The time constants 7, of the second phase are in the range of
600—700 s for shrinkage in ethyl acetate:ethanol mixtures
down to a ratio of 10:1 (by volume). The time constant
becomes larger with more ethanol in the mixture to a value in
the range of 2000—2500 s. These values are closer to time
expected on the basis of free diffusion of solvents. It may thus
be that in this phase of the shrinkage, the diffusion properties
of various solvent mixtures take more influence, the diffusivity
of ethanol becoming smaller when less ethyl acetate is present
(Table 3; SI).

Reswelling in Ethanol. Reswelling in ethanol proceeds
almost along an increasing exponential function, with small
deviations in the early stages, except for the large expansions
from 10:1 and 4:1 ethyl acetate:ethanol volumetric mixtures.
The early fast expansion may perhaps be related to ethanol
diffusing into the ethyl acetate of the shrunken gel, the reaction
of the gel lagging by about 2 min in time. The diffusivity of
ethanol in ethyl acetate is larger than vice versa, which would
lead to a solvent increase in the bead. The time constants of
the second phase or the respective phase in case of one
exponential growth function are similar in magnitude. The
numbers tend to increase toward a high ethanol content, but
otherwise are not too different from each other in the range of
~300 s (basically within experimental accuracy). The
corresponding swelling curves closely match each other, ie,,
can almost be superimposed by horizontal shift in that range of
smaller changes after the expansion and intermediate shrinkage
(Figures 8 and S10). A calculation of the Dy, with a, of 3
mm, as the radius of an equivalent nonporous bead, gives a
value of about 3.10° cm?® s™". This number is typical for the
free diffusion of solvent. The swelling of the macroporous bead
thus seems determined by the rate of solvent exchange in the
channels/pores, and all other processes are faster.

Intermediate Swelling and Shrinkage. The swelling
from beads conditioned in mixtures with more than 90%
volumetric parts of ethyl acetate is interrupted by an
intermediate shrinkage (Figures 4 and 8). Congruent to the
shrinkage, a dependency on the presence of ethanol in the
bead exists. Beads with a lower amount of ethanol in the
shrunken state swell slower, and over a longer timespan reach a
higher level. Ethanol diffuses into the ethyl acetate(:ethanol)
swollen beads, to expand the bead to a maximum extent of 4%
of the respective radii after shrinkage (the first phase of
intermediate reswelling is short and the calculation of rates is
not reliable as it comes along with larger errors than the values
for time constants). The osmotic pressure is the largest for the
beads with the lowest amount of ethanol in ethyl acetate.
Thereafter, the bead polymer segments start to react to the
ongoing increase of ethanol in the solvent mixture surrounding
them. The intermediate quality of the developing solvent
mixture in the gel (polymer segments) is lower than after the
shrinkage (in the specific mixtures). This makes the beads to
lose volume to a minimum before swelling in the medium, with
time, more and more ethanol added to the final value. The
extent of the intermediate shrinkage (maximum of ~15% of
the radius at the intermediate swelling) again is larger, the
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lower the ethanol content (and the larger shrunken size) of the
bead. Beads with an initially lower ethanol content have a
higher driving force for shrinkage in the presence of some
additional ethanol (Figure 8, right). The process of
intermediate shrinkage is generally slower in the gels shrunk
in a medium with less ethanol. Accordingly, the process of
shrinkage sustains longer for the gel shrunken in neat ethyl
acetate, also with the result that the intermediate shrinkage
tends to be more extensive. The timespan scale itself is in the
range of 100 s, apparently the time necessary for increasing the
ethanol content in the bead and the gel reacting to the change.
The lower the amount of ethanol in the gel, the longer the
increase of ethanol concentration takes to a level necessary for
fast expansion (Table 4).

Table 4. Characteristics of Reswelling OG10-10 Beads in
Ethanol

ratio time to extent of time to
EtOAc— first reswelling inflection  shrinkage @
ethanol” max [s] [%] point [s]” [%]° [100 s]
0 48 4 140 16 3.0
20 30 4 61 15 2.6
15 20 3 25 15 2.4
10 6 1 12 7 2.4
4 ~2 n.d. n.d. 2.5
3/2 3.5
2/3 3.7
1/4 54
“Medium of shrinkage for 30 min. YIntermediate shrinkage, where

curves are not symmetrical (Figure 4). “Relative to the intermediate
maximum; n.d.,, not determinable.

The overall complex behavior of the beads is a useful one for
a smart valve for ethanol-to-ethyl acetate esterification. The
change of medium of ethanol as one of the starting materials to
the product ethyl acetate goes along with the shrinkage. An
accordingly designed valve would open upon conversion (see
below). The shrinkage of ethanol-conditioned beads in ethyl
acetate—ethanol mixtures proceeds at a higher rate, the more
ethyl acetate is formed. The esterification is a rather slow
reaction at room temperature, and the response time of the
beads would be competitive. Also, the closing of a valve based
on the gel in ethyl acetate with fresh ethanol occurs at a
satisfactory rate. An increase of the fraction of ethanol in the
mixture with ethyl acetate will undergo only a small
intermediate shrinkage, if at all. Two further tests were
conducted, addressing the impact of the presence of acetic acid
and the mechanical stability of the dilute polymer network in a
prototype valve.

Behavior of OG10-10 in Ethanol-Ethyl Acetate—
Acetic Acid Ternary Mixtures. The ternary system was
addressed in a few experiments based on the swelling and
shrinkage between ethanol—acetic acid mixtures as a good
solvating medium and ethyl acetate for shrinkage. Three
compositions were considered with up to a 1:1 volumetric
(and about molar) ratio of acetic acid (ethanol else was the
major compound; Table S). The data were similarly treated as
for ethanol—ethyl acetate mixtures (Table S2), i.e., fitting to
two exponential decay or growth functions. Interesting
dependencies appear that need more time to address and are
not further discussed in this manuscript.
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Table 5. Details of the Shrinkage of OG10-10 from
Ethanol—Acetic Acid Mixtures in Ethyl Acetate and the
Reverse Swelling

shrinkage
vol. mol fraction 7, shrinkage first T, total
ratio” EtOH [s] phase % [1000 s] shrinkageb %
1:1 0.49 72 85 0.63 31
1:2 0.66 75 88 0.55 35
1:4 0.8 91 87 0.64 31
0:1 1 98 87 0.73 9
reswelling
intermediate intermediate
vol.  intermediate  shrinkage” rate® shrinkag T,
ratio®  swelling® % [100 s] [um s7] [%] [1000 s]
1:1 15 4.7 0.25 11 0.49
1:2 15 4.2 0.31 12 0.45
1:4 17 4 0.39 14 0.39
0:1 4 2.2 1.02 16 0.3

“Volumetric ratio of acetic acid to ethanol. “Calculated final shrinkage
in neat ethyl acetate from exponential fits (+2%). “Maximum of the
intermediate swelling relative to shrunken starting point (+3% for
values >10%). “Duration of the intermediate shrinkage. “Rate of
decrease of the diameter during linear intermediate shrinkage.fExtent
of intermediate shrinkage relative to intermediate maximum.

Shrinkage in ethyl acetate gave similar observations as of
ethanol-swollen beads in ethyl acetate (Figure S11). The
presence of acetic acid does not change the role of ethanol in
solving the copolymer. A short first phase (<200 s) leads to a
close to 90% of the final decrease of the radius. The time
constant 7; tends to decrease somewhat with the acetic acid
content (98 — 75 s). The much slower second phase appears
independent from the acetic acid content. The relative final
shrinkage itself is more pronounced (30 vs 9%) in the presence
of acetic acid, but is not dependent on the concentration in the
studied range. The reswelling in the respective mixture of
acetic acid and ethanol proceeds with the intermediate
shrinkage after a fast swelling (reaching a 15% increase in
radius in 2—3 min). The rate of intermediate shrinkage
increases with the ethanol concentration, and the extent of
shrinkage is linearly correlated to the ethanol concentration
and natural logarithm of its fraction (vide supra; Figure S12a).
The latter is in accordance with the assumption that ethanol is
a factor in the shrinkage. The time constant 7, of final swelling
is also increasing with the acetic acid concentration, but is in a
similar range of 300—500 s (Figure S12b). This lower rate of
the second phase itself is satisfactory for the purpose of a smart
valve.

Testing the Action of a Smart Valve Based on the 0G10-10
Gel

A prototype valve was prepared by putting OG10-10 beads in a
glass tubing with a frit at the bottom to stack the beads and
also at the top to confine them (Figure 12, left). The medium
should be allowed to contact the beads from all directions, as
was reasoned before.”” The close-packed configuration is
expected to come along with some leakage, ensuring the
prompt exchange of chemical information between the beads
and the medium.

The beads were prior-conditioned (shrunken) in ethyl
acetate, ensuring that an expansion of the soft material would
lead to a loss of free volume between the beads. The prototype
valve was vertically connected to a solvent reservoir, which was
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Figure 12. Shrunken and swollen states of the organogel inside the glass casing (left) and the fluid flow rate of the macroscopic valve versus time

(right).

initially filled with ethyl acetate. The ethyl acetate was allowed
to leave the reservoir at the bottom through the valve in free
flow. The level of the solvent in the reservoir was held constant
by a pump. The pump volume was metered; it equals the
amount of solvent that flowed through the valve.

Ethyl acetate passed the shrunken beads in the casing
continuously without much resistance at a rate of about 500
mL min~" (Figure 12). The exchange of solvent in the
reservoir to ethanol led to a rapid volumetric expansion of the
polymer network, as intended. The expanding spheres filled
the available volume inside the casing. A tight physical barrier
arises that basically stopped the liquid stream, the pump
accordingly running idle, indicating a fully closed state of the
valve. The polymer beads, however, appeared mechanically less
suitable for further operation. The swelling of the soft polymer
beads of mm size pushed them into the rigid stainless steel
mesh. Changing the solvent back to ethyl acetate eventually led
to the expected shrinkage; however, the compressed polymer
structure hindered the rapid solvent exchange throughout the
casing. The deformed gels required a longer time for the
subsequent shrinkage process. Such material behavior will limit
the long-term reversibility in the valve application. Never-
theless, a proof of principle was reached for a smart valve based
on the PNiPAAM-AA copolymers. The PNiPAAm-AA
copolymers react with a sufficient mechanical answer to a
change of medium, ie., by a change of solvent quality, to
operate a macroscopic (primitive) valve. A further develop-
ment is in progress.

B CONCLUSIONS

An effective, simple way to prepare cross-linked gel beads of
NiPAAm is elaborated. The beads have a different state of
swelling in organic acids, alcohols, and esters, and
cononsolvency is a prominent feature when ethanol is
involved. The rate of change of the state of swelling makes
them potential candidates as smart materials in valves. The
UV-droplet polymerization procedure ensures precise bead
formation and high reproducibility, making the process
scalable for practical applications. The fast polymerization of
NiPAAm is essential for the preparation of open-pore beads via
the procedure. The ability of macroporous P(NiPAAm-co-AA)
organogels to reversibly swell and shrink, in particular, in
ethanol/acetic acid and ethyl acetate over multiple cycles
fulfills some of the prerequisites for a smart valve in an
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esterification reaction. Overall, the response rate is fast enough
for applications in reactions with half-life times of hours (such
as an esterification) as a valve, and the unusual transient
deswelling would not hamper the functionality. However, the
mechanics of the OG10-10 bead are not yet satisfactory for use
in the prototype valve. Further research will focus on
optimizing monomer compositions to enhance response rates
and also the mechanical stability for integrating these materials
into microfluidic and macroscopic flow systems for real-time
adaptive control: a balance between cross-linking density,
response time, and magnitude of response needs to be found.
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