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. . . . 1. Introduction
Crosslinked polymers and gels are important in soft robotics, solar vapor

generation, energy storage, drug delivery, catalysis, and biosensing. How- H}’ﬁrogi?’hclross'hnked polymer nzt“iorks
ever, their attractive mass transport and volume-changing abilities are with a highly porous structure and large

iffusion-limi .. e . . water content, promise extensive applica-
diffusion-limited, requiring miniaturization to avoid slow response. Typical tions in soft robotics,V solar vapor gen-

approaches to improving diffusion in hydrogels sacrifice mechanical proper- eration,? energy storage,! drug delivery,*
ties by increasing porosity or limit the total volumetric flux by directionally catalysis,?l and biosensingl®! owing to their
confining the pores. Despite tremendous efforts, simultaneous enhancement softness, simple and tunable synthesis,

functionalization, and stimuli-responsive-
ness. Most practical hydrogel applications,
however, are constrained by the notably

of diffusion and mechanical properties remains a long-standing challenge
hindering broader practical applications of hydrogels. In this work, cononsol-

vency photopolymerization is developed as a universal approach to overcome slow diffusion through their pore struc-
this swelling—mechanical property trade-off. The as-synthesized poly(N- ture.”! Devices relying on mass transfer at
isopropylacrylamide) hydrogel, as an exemplary system, presents a unique the pore-water interface, such as for energy
open porous network with continuous microchannels, leading to record-high storage and catalysis, or water transport

through the pores, such as for soft robotics
and solar vapor generators, experience sig-
nificant diffusion limitations necessitating

volumetric (de)swelling speeds, almost an order of magnitude higher than
reported previously. This swelling enhancement comes with a simultaneous

improvement in Young’s modulus and toughness over conventional hydro- scale down to miniature prototypes to sus-
gels fabricated in pure solvents. The resulting fast mass transport enables tain the required volumetric flowrates.®
in-air operation of the hydrogel via rapid water replenishment and ultrafast The response rate of smart hydrogels is

inversely proportional to the square of the
hydrogel’s smallest dimension.' The mass
transport through porous media can be

actuation. The method is compatible with 3D printing. The generalizability is
demonstrated by extending the technique to poly(N-tertbutylacrylamide-co-

polyacrylamide) and polyacrylamide hydrogels, non-temperature-responsive improved by understanding tortuosity, a
polymer systems, validating the present hypothesis that cononsolvency is a measure of how easily molecules can travel
generic phenomenon driven by competitive adsorption. without experiencing obstacles, which can

be characterized by geometric, electrical,

and diffusive properties.’ The diffusive

tortuosity is defined as the length traveled
between two points, L, divided by the shortest straight-line path
between those points, Ly, squared (Equation (1)).
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It can be seen from Equation (2) that controlling pore
size and pore structure of the hydrogel can directly affect the
swelling rate, enabling high levels of tunability essential for
controlled drug release, soft robot actuation, and high-speed
sensing. To date, most works that improve swelling ratio and
swelling rate do so by increasing the porosity (¢), the total
volume fraction of pores.*! Superporous hydrogels, which
boast the highest porosities and swelling rates among hydro-
gels, have been fabricated using porosigen,'®®l phase separa-
tion, 129 particle crosslinking,?!! and gas-blowing?>?% tech-
niques. The larger pore sizes effectively reduce the tortuosity
of the hydrogel and facilitate faster and greater water transport
through the polymer matrix. However, increasing ¢ to increase
effective diffusion coefficient typically results in a compromise
in mechanical properties such as Young’s modulus and tough-
ness.l? Hydrogels with overly high porosities usually lack the
necessary rigidity for practical applications.

Reconfiguring the overall pore structure, which tunes struc-
ture factor p, presents an alternative approach for increasing
the effective diffusion coefficient in hydrogels. To date, this
has been achieved via directionally aligned pore channels with
built-in structural anisotropy.>-?8 Although limiting diffusion
to fewer dimensions reduces the tortuosity, it also reduces the
total volumetric flux through the hydrogel due to the confine-
ment of transport: even with maximum diffusion coefficient,
that is, Dg = Dy, the overall swelling properties of the hydrogel
are limited by the total flux of water in the x, y, and z direc-
tions.l?! Larger volumetric flowrates are especially needed for
large hydrogels in scalable industrial applications, rendering 1D
and 2D confined flux suboptimal.

The optimal stimuli-responsive hydrogel for fast diffusion
must maintain 3D transport while exhibiting few diffusion
obstacles, with moderate porosity; an overly high porosity,
although can decrease tortuosity, compromises mechanical
properties such as modulus and toughness due to a low
polymer content. Based on these criteria, the hydrogel must
exhibit a large degree of pore interconnectivity, so that most
transport paths can approach a straight line.

To our knowledge, there remains a need for a generaliz-
able technique to fabricate hydrogels with simultaneously
enhanced diffusivity and mechanical properties from a variety
of polymer backbones. In a recent review, Liu et al. report “in
order to widen the application range of nanocomposite smart
hydrogels, further improvement should be sought in terms of
responsiveness, including responsive rate and degree, as well
as mechanical properties, including Young’s modulus, tough-
ness, breaking strength, breaking strain, and so on.”l% To
address this need for simultaneous enhancement in swelling
and mechanical properties, which inhibits hydrogels’ practical
use in large-scale manufacturing, we propose cononsolvency
photopolymerization for fabricating sponge-like hierarchically
mesoporous hydrogels with simultaneously enhanced swelling
and mechanical properties.

The cononsolvency effect is a relatively rare and still contro-
versial phenomenon where the solubility of a macromolecule
decreases or even vanishes in a mixture of two good solvents.
This phenomenon was first reported for cellulose acetate dis-
solved in a mixture of aniline and acetic acid®% and later
studied for poly(N-isopropylacrylamide) (PNIPAM)B33 and
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other polymers dissolved in different solvent mixtures, such as
poly(vinyl alcohol) in dimethyl sulfoxide (DMSO)-water mix-
tures.3¥ To date, the cononsolvency effect has been primarily
utilized to study the fundamental coil-globule—coil transition in
PNIPAM linear chains,>>3¢ microgels,”-3* and macrogels syn-
thesized in pure solvents then immersed in mixed solvents.”!
While some works have reported polymerization of hydrogels
in different mixed solvent environments and observed changes
in their properties,***!l very few have generated hierarchi-
cally structured and highly-interconnected pores. Remarkably,
Tokuyama et al. showed that a 24 h thermally initiated poly-
merization of PNIPAM in N,N-dimethylformamide (DMF)-
water mixed solvent could produce structures with enhanced
thermally responsive deswelling rate;*?! however, the swelling
rate, an equally important property, and mechanical characteri-
zations were neglected. To date, no work systematically studies
the effects of reaction parameters of cononsolvency poly-
merization, such as solvent composition and temperature, to
develop a generalizable technique for producing hydrogels with
simultaneously enhanced swelling and mechanical properties.
Additionally, all these works employ 12-24 h thermally initiated
reactions, incompatible with rapid manufacturing.

In this work, we have developed a general, facile, and rapid
cononsolvency photopolymerization technique for various
materials, using PNIPAM in DMSO-water cononsolvent
mixtures as an exemplary system, to synthesize hydrogels
exhibiting twofold enhancements in swelling ratio and Young’s
modulus, and a sixfold enhancement in deswelling rate com-
pared to a hydrogel control synthesized with a conventional
pure solvent method. This technique takes advantage of simul-
taneous crosslinking and cononsolvency-induced polymer
collapse to generate hierarchically structured and intercon-
nected polymer networks. We have systematically investigated
the effects of solvent composition and reaction temperature
on the microstructures, mechanical properties, and swelling-
deswelling performance of the resulting hydrogels. By
leveraging the structure-property insights, we developed
3D-printable PNIPAM hydrogels with broadly tunable swelling
and mechanical properties and also extended this principle to
other polymer hydrogel systems.

PNIPAM is primarily investigated owing to its well-doc-
umented cononsolvency properties and widespread use as
a stimuli-responsive material. With a lower critical solution
temperature (LCST) of 31-34 °C, closely matching the human
body temperature, PNIPAM is a highly promising candidate
hydrogel for biomedical applications; when the temperature is
below the LCST the hydrogel swells and becomes hydrophilic,
and when it is above the LCST the hydrogel collapses and
becomes hydrophobic.

2. Results and Discussion

PNIPAM hydrogels were synthesized via free-radical UV
photopolymerization in different mixed solvent compositions,
as shown schematically in Figure 1a. In pure solvent environ-
ments, the polymerization yields regular closed-cell pores,
termed closed pores, while in specific mixed solvent conditions,
the pores exhibit hierarchical open-celled pores, termed open
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Figure 1. a) Schematic of the mixed solvent photopolymerization technique which utilizes the cononsolvency effect to generate hydrogels with hier-
archically structured open pores. b) Optical photos (scale bar: 1 cm) and SEM images (scale bar: 5 um) of PNIPAM hydrogels photopolymerized in

0 mol% (left), 40 mol% (middle), and 100 mol% (right) DMSO.

pores, with a high degree of interconnectivity caused by the
simultaneous crosslinking and cononsolvency-induced collapse
during photopolymerization. The pore structure and hydrogel
properties can be tuned via careful selection of solvent com-
position and reaction temperature to achieve both enhanced
swelling and mechanical performance. Figure 1b depicts photos
and scanning electron microscopy (SEM) images of PNIPAM
hydrogels photopolymerized in pure water, pure DMSO, and
mixed DMSO-water solutions; it is readily observed that the
hydrogels synthesized in the pure water and DMSO solvents
were optically transparent, while the mixed solvent synthesized
gel was white and opaque.

To better characterize the cononsolvency phenomenon, it is
preferable to focus on polymer solutions rather than cross-linked
polymer hydrogels; polymer solutions exhibit reversible coil-to-
globule transitions which can be observed in real time, unlike
cross-linked polymer hydrogels where the coils or globules
are fixed due to crosslinking. The polymer structures that can
be generated with cononsolvency photopolymerization require
specific solvent systems and reaction conditions; not all mixed
solvent systems exhibit the cononsolvency phenomenon with
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the desired polymer backbone. In the case of linear PNIPAM
chains, mixtures of water-DMSO,®! water-methanol,?2#l
and water—ethanol™ have been extensively studied. Although
it is possible to synthesize these hierarchical open pore
PNIPAM hydrogels in any of these reported cononsolvent
systems, we focus on the water—-DMSO system for simplicity.
PNIPAM chains exist in the coil state in pure water and pure
DMSO solvents; they collapse into globules in DMSO-water
mixtures (Figure 2a). Although the reason for this polymer
collapse in specific mixed solvents is controversial, the most
commonly accepted explanation is that it is a consequence of
the generic competitive adsorption phenomenon;*! specifi-
cally, for PNIPAM in DMSO-water mixtures, DMSO behaves
as a stronger solvent than water, so it competes for adsorp-
tion sites along the polymer backbone. When the boundary
layer surface of the PNIPAM chains is saturated with DMSO,
the entire polymer surface becomes more hydrophobic and
rejects water, causing polymer coils to collapse into globules
(Figure S1, Supporting Information), which scatter more light.
The coil-to-globule transition can hence be tracked by observing
the solution turbidity. At room temperature, the turbidities of
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Figure 2. a) Schematic of the cononsolvency effect for PNIPAM polymer chains in mixtures of DMSO and water, demonstrating the coil-globule—coil
transition behavior. b) Photos of UV-photopolymerized PNIPAM chains (non-crosslinked) dissolved in 0 mol% (left), 40 mol% (middle), and 100 mol%
(right) DMSO solutions at 25 and 60 °C. c¢) Phase diagram showing the lower critical solution temperature (solid circles) and upper critical solution
temperature (hollow circles) of PNIPAM chains dissolved in DMSO-water solutions with varying DMSO mole fractions, xpyso. Shaded and unshaded
regions correspond to the conditions where PNIPAM exists in the coil and globule states, respectively. Inset photos show PNIPAM hydrogels synthe-
sized at the corresponding temperatures and solvent compositions, with optical transparency consistent with the solution phase boundaries. d) SEM
images of PNIPAM hydrogels synthesized at different xpyso and temperatures.

PNIPAM solutions in 0, 40, and 100 mol% DMSO (Figure 2b)
correspond to the expected coil-globule—coil transition behavior
described in Figure 2a; namely the polymer solutions are opti-
cally transparent in pure water and DMSO solvents, where
coils are expected, but not in a DMSO-water mixture, where
globules are expected. In comparison, above the LCST of
=31°C, PNIPAM dissolved in 0 mol% DMSO (100 mol% water)
becomes turbid due to LCST-induced globule formation. For
simplicity, a subscript notation is used to indicate the DMSO
mole fraction of the solvent; for example, x, , refers to a DMSO
mole fraction, xpyso, of 0.4.

Since globules scatter more light than polymer coils, the coil-
to-globule transition can be characterized by measuring the
cloud-point temperature of the PNIPAM solutions at different
xpmso (Figure S2, Supporting Information). These cloud-point
temperatures of PNIPAM solutions define the boundaries of
the phase diagram in Figure 2c. It is readily observed that the
PNIPAM solutions experience LCST and upper critical solution
temperature type behavior at low and high xpyso values, respec-
tively. Overlaid on the phase diagram are photos of cross-linked
PNIPAM hydrogels synthesized at 60 °C (rectangle-shaped) and
10 °C (circle-shaped). The optical transparencies of the hydrogel
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samples are consistent with the phase diagram obtained from
turbidity measurements of the non-crosslinked PNIPAM solu-
tions. Specifically, hydrogels polymerized within the globule
region exhibited high levels of scattering, resulting in an
opaque white appearance, while those polymerized within the
coil regions appeared optically transparent. Additionally, unlike
in non-crosslinked PNIPAM solutions, the globules formed
in the PNIPAM hydrogels were permanent due to chemical
crosslinking. Hence, hydrogels polymerized within the globule
region remained white, despite being immersed in 25 °C deion-
ized (DI) water for 24 h post-synthesis; all the hydrogel images
in Figure 2c were taken after complete rinsing in room tem-
perature deionized water. We confirmed that the cononsol-
vency-induced opacity does not significantly affect the pore size
homogeneity, nor does it significantly limit sample size from
UV penetration issues, due to the fast photopolymerization
reaction (Figure S3, Supporting Information). SEM images
were taken of these crosslinked PNIPAM hydrogels synthesized
with cononsolvency photopolymerization (Figure 2d) showing
closed pore and open pore structures for hydrogels synthe-
sized within the coil and globule regions, respectively. Fourier
transform infrared (FTIR) spectroscopy was also performed on

© 2021 Wiley-VCH GmbH
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Figure 3. a) Deswelling curves for PNIPAM hydrogels (10 mm diameter, 3 mm thickness) photopolymerized in different DMSO mole fractions upon
immersion in 60 °C DI water. b) Compiled swelling ratios, deswelling rates, and Young’s moduli of the PNIPAM hydrogels. c) Compression test of x;
(closed pore) and x4 (open pore) hydrogel samples under 500 g load. d) Deswelling (60 °C, orange region) and swelling (25 °C, blue region) of xo4
gels polymerized at different temperatures. e) Comparison of volumetric swelling and deswelling rates with the reported literature on fast-responsive
PNIPAM hydrogels, normalized by their respective swollen volumes. Normalization was performed by dividing the calculated volume change rate by
the swollen hydrogel volume. (For refs. [48, 55, 57, and 58]: swelling rate was estimated to be 0.1 times the deswelling rate). f) Comparison of Young's
modulus and normalized deswelling rate with the reported literature. (The Young’s modulus in ref. [57] was measured in compression, while the others
were measured in tension). g) SEM images of x4 gels photopolymerized at 10 °C (left), 40 °C (middle), and 60 °C (right).

%04 and x; o hydrogels polymerized at 60 °C to confirm the two
are chemically identical (Figure S4, Supporting Information).

It is found that a higher monomer wt% (Figure S5, Supporting
Information) yielded superior swelling behavior and Young's
modulus (Figure S6, Supporting Information). Figure 3a depicts
the time-dependent deswelling behavior of PNIPAM hydro-
gels synthesized at 60 °C in different xpyso environments; the
%04 sample exhibited the highest swelling ratio and deswelling
rate. This is consistent with the SEM image of x,, (Figure 2¢)
depicting an open pore structure with large and highly inter-
connected pores compared to gels synthesized at other xpyso
conditions. In Figure 3b, Young’'s moduli were calculated from
stress-strain measurements (Figure S7, Supporting Information)
obtained with dynamic mechanical analysis (DMA) and over-
laid on top of swelling ratio and deswelling rate extracted from
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Figure 3a. Compared to the closed pore PNIPAM synthesized
at x; (the control), the open pore PNIPAM synthesized at x4
resulted in a twofold increase in swelling ratio and Young’s mod-
ulus, and a sixfold increase in deswelling rate. A discontinuous
increase in swelling ratio and deswelling rate is readily observed
as DM SO mole fraction reduces from x5 to x4, despite gravi-
metric measurements indicating that water content of the final
prepared hydrogels decreases gradually with decreased DMSO
mol fraction (Figure S8, Supporting Information); this supports
the idea that the diffusion enhancement comes primarily from
the pore structure enabling faster 3D transport, rather than the
porosity. Toughness was evaluated by placing a 500 g load on top
of the x4 and x4 gels (Figure 3c); the x;, hydrogel, with a typ-
ical closed pore structure, was destroyed while the x4 hydrogel
with open pore structure remained intact.

© 2021 Wiley-VCH GmbH
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As described by the phase diagram in Figure 2c¢, the conon-
solvency phenomenon is not only a function of solvent com-
position, but also a function of temperature. Hence, the effect
of reaction temperature on hydrogel pore structure and perfor-
mance was also investigated. The temperature of the x, 4 prepol-
ymer solutions was measured throughout the duration of the
cononsolvency photopolymerization reaction under ambient
conditions, active cooling, and pulsed illumination with active
cooling (Figure S9, Supporting Information), corresponding
to reaction temperatures of 60, 40, and 10 °C, respectively. The
time-dependent deswelling and swelling of these x,, PNIPAM
hydrogels are measured upon sequential immersion into 60
and 25 °C baths, respectively (Figure 3d). It is readily observed
that gels fabricated at all three reaction temperatures exhibited
the same swelling ratio and deswelling performance, while the
gel synthesized at 10 °C swelled the fastest. Based on the SEM
images of these three hydrogels (Figure 3g), this enhanced
transport can be attributed to the smaller, but still highly inter-
connected, pore structure of the 10 °C x4 gel that results in
higher capillary pressure. Normalized swelling and deswelling
rates of the 10 °C sample were calculated by dividing the
volume change rates obtained from Figure 3d by the swollen
hydrogel volume, then compared to those calculated from some

a _Ft_nllx Swoll2I
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representative literature focusing on fast stimuli-responsive
PNIPAM hydrogels (Figure 3e).*>% In this comparison, it is
readily observed that both normalized swelling and deswelling
rates in this work are about an order of magnitude higher than
what has been reported. Comparing to the few works meas-
uring both the deswelling rate and Young’'s modulus of their
PNIPAM hydrogels, this work demonstrates a record-breaking
order of magnitude improvement in both properties without
compromise (Figure 3f).

One of the significant limitations of hydrogels is the require-
ment of submersion in water: due to severe transport limita-
tions, hydrogels cannot be exposed to air for long durations
because evaporation rates are generally higher than swelling
rates, resulting in undesired deswelling and drying. We fab-
ricated % and x4, PNIPAM hydrogel pillars and exposed
them to air for 24 h to dry;, remarkably, these pillars were
able to support themselves upright in air due to their rigidity.
Afterward, we added DI water to the base of the pillars and
observed the swelling behaviors. The x,, pillar was able to
rehydrate itself in air completely within 60 min, while the x;,
pillar could not, no matter how long we waited (Figure 4a).
This suggests that cononsolvency photopolymerization for
fabricating spongy open pore hydrogels presents a promising

t= h‘II t=15min t= 30

1cm

Figure 4. a) In-air swelling behaviors of x; o and xq 4 gel pillars, which were dried in air first and then supplied with water at the base. b) Swelling-induced
blooming behaviors of 3D printed x;¢ and xo, gel flowers shrunken at 60 °C then immediately immersed in 25 °C water. c¢) 3D-printed octet-truss
(left), gyroid (middle), and ovoid (right) structures from a modified xq4 PNIPAM precursor solution. d) SEM of the 3D-printed PNIPAM, confirming
open-celled pore structure.
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direction for in-air hydrogel applications, as long as there is a
constant water supply. The cononsolvency photopolymeriza-
tion technique is also compatible with 3D printing, as shown in
Figure 4b where the swelling behaviors of printed x;, and x4
PNIPAM flower structures were characterized; these structures
were printed using modified x;, and x4 precursors, described
comprehensively in the Supporting Information. The flowers
can be observed to bloom when immersed into a 25 °C water
bath from 60 °C; Figure 4b depicts that the x,, flower was able
to fully bloom six times faster than the x;, flower. To further
showcase the 3D printability, we printed various other struc-
tures from the modified x,, precursor (Figure 4c), and con-
firmed open-celled pore structure with SEM (Figure 4d).
Mukherji et al. suggested that polymer collapse in miscible
good solvents is not specific to PNIPAM ssystems, rather it is
generic.®l The work specifies that three criteria must be met
to achieve cononsolvency-induced polymer collapse: the pure
solvent and pure cosolvent must both be able to fully dissolve
the polymer, the solvent and cosolvent must be mutually mis-
cible, and the cosolvent must behave as a stronger solvent for
the polymer than the solvent. After exploring the role of con-
onsolvency in fabricating open pore gels from PNIPAM, we
extended the principle of cononsolvency photopolymerization
to polyacrylamide (PAM) and poly(N-tertbutylacrylamide-co-poly-
acrylamide) (PNTBAM-co-PAM) hydrogel systems (Figure 5a)
and fabricated similar open pore structures (Figure 5Db). As
expected, these hierarchically structured open pores resulted
in a white opaque appearance, similar to what was observed in
PNIPAM. It was observed that for PAM hydrogels, the closed
pore and open pore structures occurred at x, and x4 rather
than the expected x;, and x5, DMSO mole fractions, respec-
tively; in other words, the phase behavior is inverted. This is

Hydrophilicity
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likely due to the higher hydrophilicity of PAM, in which water
acts as a stronger solvent than DMSO, in contrast to PNIPAM
and PNTBAM-co-PAM systems; when the mole fraction is re-
written with respect to water instead of DM SO, one obtains the
expected x; and x4 for closed pore and open pore structures,
respectively. To confirm enhanced diffusion resulting from the
open pore structure, a capillary wicking experiment was used
since PAM and PNTBAM-co-PAM do not demonstrate clear
thermo-responsiveness (Figure 5c); a fresh tissue is applied to
the surface of the hydrogels every minute to absorb water, and
the mass loss is recorded (Figure 5d), confirming that for all
three hydrogel systems, the opaque open porous polymer struc-
ture exhibited increased water loss due to capillary wicking.

3. Conclusion

In this work, we have developed cononsolvency photopoly-
merization as a general, tunable, scalable, and one-pot-compatible
technique for synthesizing hierarchically structured open pore
hydrogels with simultaneously enhanced swelling and mechan-
ical properties, typically contradictory characteristics. PNIPAM
as an exemplary material was systematically investigated and
shown to exhibit a twofold enhancement in swelling ratio and
Young's modulus and a sixfold enhancement in deswelling rate.
The pore structure is tunable not only by controlling the solvent
composition but also the reaction temperature. PNIPAM hydro-
gels synthesized with this method carry the potential for in-air
applications, due to the ultrafast water transport. The method
is compatible with 3D printing and has been generalized to
other polymer systems. While simultaneous enhancement of
diffusion and mechanical properties can greatly benefit porous
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Figure 5. a) Chemical structures of PNTBAM-co-PAM, PNIPAM, and PAM in order of increasing hydrophilicity. b) SEM images of PNTBAM-co-PAM
(top), PNIPAM (middle), and PAM (bottom) hydrogels synthesized at different DMSO mole fractions, demonstrating both open pore and closed pore
structures. Inset images depict photographs of the corresponding hydrogels (0.95 cm x 0.95 cm X 3 mm). Scale bars: 10 um (low mag) and 1 um
(high mag). c) Capillary wicking of water by a tissue after 1 min for x; o PNIPAM (left) and x4 PNIPAM (right) hydrogels. d) Mass change over time for
closed pore and open pore PNTBAM-co-PAM, PNIPAM, and PAM hydrogels during capillary wicking of water.
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materials, there remain significant challenges in generalizing
this technique to more desirable polymer systems with chem-
ical structures significantly different from PNIPAM. Future
studies can greatly benefit from studying this synthetic frame-
work from both fundamental and engineering perspectives to
produce novel porous materials for specifically tailored appli-
cations in soft robotics, solar vapor generation, energy storage,
catalysis, drug release, and biosensing.
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