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pH value in the buffer solution due to the enhanced degree of ionization of PAA at
more basic environment. At pH 2, which was well below the pKa (~ 4.7) of PAA, the
acid groups remained fully protonated; the polymer network was relatively
hydrophobic due to the low ionization of the acid groups, and the formation of the
hydrogen bonding between the protonated acid groups and the PNIPAAm. Thus, the
swelling ratio was 1.61. Near the pKa of PAA in the range of pH from 4.5 to 5.5, there

was a sharp volume change of the hydrogel, which was attributed to the large degree
of ionization change of the weak acid groups. The swelling ratio O, = 9.18 was

obtained at pH 7, when most of the acid groups became dissociated. Further increase
of pH did not affect the swelling ratio due to the saturated ionization of carboxylic acid
groups. Therefore, the hydrogel swelling behaviors were not further investigated at pH >
7.

In a similar manner, we characterized the thermal responsiveness of the hydrogel
from 20 °C to 45 °C at pH 4, 5, and 6, respectively (Fig. 4.2 b). We observed a
temperature dependent swelling similar to that from the random copolymers of
PNIPAAmM and PAA.[31] At pH 6 (> pKa of the PAA), LCST behavior of PNIPAAmM
in the copolymer network disappeared because the ionized PAA components generated
sufficient hydrophilicity to overcome the aggregation of the hydrophobic PNIPAAmM
chains when heated above LCST.[35] On the other hand, at pH 4 (<pKa of the PAA),
we found that the hydrogel networks exhibited low swelling capability even at 20 °C,
due to the low ionization of the acid groups. As a result, here we focused on the thermal

switching behavior of the hydrogel at pH value near the pKa of the PAA, (i.e. pH 5),

where good swelling capability at low temperature (Q,= 5 at 20 °C) and a clear

transition to the collapsed state at high temperature (Q, = 1.5 at 45 °C) can be

simultaneously achieved. It is worth noting that the swelling transition in our hydrogel
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network was broad (spanned from 25 °C to 40 °C), which might be attributed to the
interruption of the hydrogen bonding due to the randomly copolymerized PNIPAAM
with PHEMA and PAA.[31] However, we consider this broad transition beneficial,
since it can offer a broad temperature window for actuating the hydrogel swelling in
response to the temperature change, and thus allowing for fine-tuning of the

morphologies of the hydrogel membranes via changing the temperature.

Q
o

10 9|

.
-

Swelling ratio (Qv)
Swelling ratio (Q.)
(5]

4’____.‘--—-* “A--eeo D it LT
1 T T T T 1+ T T T T ?

2 3 4 5 6 7 20 25 30 35 40 45
pH Temperature (C)

Figure 4.2 (a) The volumetric swelling ratio of the poly(2-hydroxyethyl methacrylate-
co-N-isopropylacrylamide-co-acrylic acid) (44: 41: 15 mol%) bulk hydrogel in buffer
solutions of different pH values at room temperature. (b) The volumetric swelling ratio

of the hydrogel vs. the temperature at pH 4, 5, and 6, respectively.

The hydrogel membrane was first swollen in the pH 2 buffer solution, where the
hydrogel exhibited the lowest degree of swelling (Q,=1.61). As shown in Fig. 4.3 a,
the pores remained circular after swelling, illustrating as ‘“breathing” mode
instability.[36] In a sharp contrast, when the swelling ratio was increased to 1.84 at pH
4, the circular pores in a square array were compressed and buckled into elliptical shape

with long axis mutually orthogonal to each other; the transformation was observed
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through the entire sample (~ 1cm?). At a unit cell level of the buckled hydrogel
membrane, the pattern transformation can be related to the rotations of the hydrogel
domains in clockwise and counterclockwise directions, and the bending of the
interconnected joints[37] as indicated on the magnified optical images (Fig. 4.3 b). We
also looked at the overall deformation of the individual hydrogel domain during the
transition via 3-D confocal microscopy. An obvious torsional deflection occurred,
noticed as the helical edges on the hydrogel domains during the transition to the buckled

state (Fig. 4.3 b).
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Figure 4.3 (a) Fluorescent images of the hydrogel membranes after immersed and
equilibrated in pH 2 and pH 4 buffer solutions. (b) Fluorescent images of a single unit
cell of the square lattice, showing detailed structural reconfiguration occurred during
the pattern transformation process. (c-e) Illustration of the buckling instabilities in the
hydrogel membrane. (c) Hydrogel domains and interconnected joints. (d) 3D view of

confined swelling of an individual hydrogel domain. (e) Structural change of the
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adjacent hydrogel domain. The yellow and the white arrows indicate the rotation

directions of each domain.

We believe that high swelling induced compression at the joints between
neighboring hydrogel domains triggered such dramatic deformation of the hydrogel
membrane. As seen in Fig. 4.3 ¢, in a square lattice, the hydrogel domains diagonally
bridge four neighboring holes (Fig 4.3 c¢). The two adjacent domains are connected by
a thin joint (indicated by the red dashed circle). An isolated individual hydrogel domain
undergoes confined swelling, where the bottom of the domain is restricted by the rigid
substrate, while the top expands freely in X, y, and z directions (Fig. 4.3 d). In the case
of swelling the hydrogel membrane, the hydrogel domains are interconnected.
Therefore, the lateral expansion of the top layer becomes restricted by its neighbors,
leading to a compressive force exerted to the joints and the pores (Fig. 4.3 e). At a low
degree of swelling (pH 2), the compressive stress generated at the joint is small
compared to the critical buckling threshold, thus, pores shrink slightly, but remain
circular.[20] When compressive stress generated by osmotic pressure is increased
above the buckling threshold (e.g. at pH 4), the joints are buckled, and the
corresponding rotation of the hydrogel domains is triggered simultaneously (Fig. 4.3
c). Once one pore is buckled, the joints connecting the swollen hydrogel domains also
contribute to the uniform spreading of the buckling instabilities, where the neighboring
joints were bent accordingly, resulting in pattern transformation of the entire porous
membrane, similar to what we previously observed when swelling of the PDMS
membrane in toluene, where the square array of circular pores are buckled into a
diamond-plate structure with mutually perpendicular slits.[13] Due to the strong

confinement of the hydrogel on the substrate (the bottom of the hydrogel domains
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cannot rotate), the rotational deformation on the top cannot propagate vertically through
the hydrogel domain. Therefore, a gradual torsional deformation occurs to
accommodate the rotational misalignment between the top and bottom surfaces.

As we further immersed the hydrogel membrane to the buffer solution of higher
pH, pH 5 (Q, =5.05), we observed a secondary structural reconfiguration process,

which ended up with a state of collapsed pores twisted into “S” shape (Fig. 4.4 a). It is
worth noting that this transition involved a symmetry breaking process, where the final
structure of the hydrogel membrane has either right or left handedness (see insets in
Fig. 4.4 a). At the phase boundary of these regimes (shown as yellow dashed line), the
rotational directions of hydrogel domains were not well-defined due to the competition
from the regimes of opposite handedness.

To understand the morphological transition and why the hydrogel underwent a

symmetry breaking, we took a closer look at the hydrogel membrane at pH 4.3 (Fig.
4.4 b), an intermediate state (Q, =2.24) between the buckled state at pH 4 and twisted

state at pH 5. Here, the deformation to the hydrogel membrane was accentuated (Fig.
4.4 c), which cause the circular pores being largely compressed to form an “8” shape,
whereas the joints in the opposite side of the pore start to touch against each other
(shown in the inset of Fig. 4.4 b). Further swelling intensified the compression at the
touching joints, and triggered a symmetry breaking process at pH 5, as we shown in the
unit cell level (Fig. 4.4 d). During this symmetry breaking process, the increased
swelling of the hydrogel membrane was compensated by rotating all the hydrogel
domains in the same direction (indicated by the solid arrows). By having such
reorientation of the surface structure, the two touching joints were able to slide against
each other (see the white dashed arrows), which relieved the compression forces

between the touching joints. We also noticed that there were two possibilities of

91



symmetry breaking process: clockwise or counterclockwise rotations, which explained
the coexisting of both right- and left-handed chirality of the features. Meanwhile,
symmetry breaking could start from different nucleation sites and propagate, leading to
the formation of phase boundaries where two independently evolved regimes of

opposite handedness met with each other.
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Figure 4.4 Fluorescent images of the hydrogel membranes at different deformed states.
(a) The hydrogel membrane at the twisted state. Insets: showing the left- and right-
handed chirality. The yellow dashed line indicates the boundary between regimes of
deformed hydrogel membrane with opposite handedness. (b) The hydrogel membrane
at pH 4.3, an intermediate state between the buckled and twisted states. Inset: higher
magnification image revealing that the deformation of the pores led to the joints at
opposite side of the pores touching against each other due to increased compression.

(c) Amplification process at unit cell level of the buckled hydrogel membrane between
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hydrogel membranes immersed in pH 4 to pH 4.3. (d) Symmetry breaking process at
unit cell level of the buckled hydrogel membrane from achiral (pH 4.3) to chiral (pH
5). The white and yellow arrows indicate the rotation directions of the hydrogel
domains, and the dashed arrows indicate the sliding directions of the joints during the

transition.

The symmetry breaking process in the cellular solid has been recently reported by
Kang et al.[24] In their experiment, by triggering different modes of buckling on the
surface-attached thin plates, the cellular solids were designed to be buckled and resulted
in both achiral and chiral structures upon swelling the polymer pattern in a favored
solvent. We believe that the symmetry breaking process reported here is significantly
different from that by Kang et al, even though both processes involved the swelling
induced buckling. The major difference is that the chirality reported by Kang et al. was
directed by the programed buckling modes, depending on the plate aspect ratio
(Iength/height), and the symmetry breaking occurred simultaneously with the triggering
of the buckling instability. In our experiment, the buckling instabilities initially did not
invoke the symmetry breaking process (circular pores was initially buckled into the
achiral buckled state), yet after the hydrogel was further swollen to a larger degree, the
chirality was induced in a secondary bifurcation step. Such two-step reconfiguration
mechanism led to three states of distinctive pattern symmetries, which is more
advanced compared to the existing pattern transformation systems that only allow for
switching between the initial and buckled states. We expect that our system can be
further modified to generate a defect-free reconfiguration with single handedness by
limiting nucleating sites, for example, wetting the sample from a single point.[38]

Moreover, since the swelling ratio of the hydrogel membrane was coupled to both of
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the pH and thermal responsiveness, later we will show to erase the chirality by
deswelling of the hydrogel above LCST.

When pH of the buffer solution was increased to 7, the pores were further
compressed by the highly swollen hydrogel, and star-shaped patterns appeared
randomly in the film (Fig. 4.5 a), similar to the creasing instability. Solvent swelling
induced transition from buckling to creasing when increasing swelling ratio has been
reported by us in thin film PHEMA gels confined on a rigid substrate.[33] However,
we did not observe the transition from buckling to creasing instability within individual
pores as suggested in simulation by Cao et al.[39] This can be attributed to the local
defects within the gels, where crosslinking or swelling inhomogeneity is amplified in
the highly swollen gel, and thus offering local energy minimum for creasing to take
place in these regions.

A closer look by confocal imaging of the depth profile of the hydrogel membrane
at pH 5 and pH 7 (see Fig. 4.5 b-c) showed that the hydrogel surface in the creased
region was compressed by the neighboring hydrogel domains at pH 7 to make a contact
in contrast to a rather uniform height at different swollen regions at pH 5, As seen in
Fig. 4.5 c, the transverse expansion of the swollen layer becomes inhomogeneous at pH
7. To release the excessive compressive stress exerted from the neighboring hydrogel
domains, a cusp is formed in the membrane, much like the observation of surface folds

formed on a flat thin film at a large swelling ratio.[40]
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Figure 4.5 Confocal microscopy images of the hydrogel membranes visualized from
different planes (a) xy plane at pH 7. (b-c) xy- (b) and xz- (c) planes at pH 5 and 7.
Dotted lines in (b) correspond to the location where the cross-sectional images (viewed
from xz planes) were taken, showing a cusp in the hydrogel film due to compression of
the neighboring hydrogel domains. (d) Schematic illustration of creasing instability
when increasing the compressive stress in the swollen hydrogel membrane. The dots
on the free surface of the adjacent hydrogel domains move toward center, forming a

cusp.

Finally, we demonstrated the reversible switching of the hydrogel membrane between
the twisted state and circular hole arrays by applying the heating and cooling cycles
between 20 °C and 45 °C at pH 5. The switching time was on the order of 10’s of second
due to the fast diffusion of the water and ions across the micron-sized hydrogel
membrane. Since the volume of the hydrogel film could be varied continuously by
temperature in a large temperature window, we were able to dynamically tune the pore

size, shape, and geometry. As seen in Figure 4.6 a, the hydrogel membranes
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equilibrated at different temperatures exhibited distinctive morphologies, including the
chiral twisted structure (40 °C), diamond-plate structure (30 °C), and the original
circular pore array (20 °C). Moreover, we showed that the thermal response of the
hydrogel membrane persisted at least 10 heating and cooling cycles, while the pattern
transformation behavior did not alter after multiple cycles, indicating that the
temperature triggered switching of hydrogel membranes is quite robust. In comparison,
the hydrogel membrane swollen at pH 5 at room temperature (the twisted structure)
could not be fully recovered to the circular pore array when immersed in a pH 2 buffer
solution even after the membrane was equilibrated for more than a week. Instead, the
membrane was partially recovered to the diamond-plate structure. We suspect that there
may be two reasons contributed to the non-fully recovery of the membrane by the
deswelling at a lower pH: 1) the fast dehydration upon immersing into the pH 2 buffer
caused the hydrogel network collapse dramatically, which might be responsible for
kinetically trapping the deformed state of the hydrogel membrane due to the strong
interaction between polymer chains at the collapsed state, e.g. hydrogen bonding, and
hydrophobic interactions; and 2) a hysteresis commonly observed in the pH responsive
hydrogels, since PAA based gels have different swelling and deswelling curves,
depending on the pH value and pH gradient.[41, 42] Here, the hydrogel membrane
might not be able reach the same equilibrium state when deswelling from pH 5 to pH

2 as it was initially transferred from DI water to the pH 2 buffer solution.
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Figure 4.6 (a) Fluorescent images showing the morphologies of the hydrogel
membranes equilibrate at 40 °C, 30 °C, and 20 °C, respectively, in pH 5 buffer solutions.

(b) The volumetric swelling ratio of the hydrogel measured at 10 heating and cooling

cycles between 20 °C and 45 °C.

4.3 Conclusions

In this report, we investigated swelling-induced pattern transformation and various
morphologies from pH and temperature responsive hydrogel membrane. We showed
that pattern transformation can be triggered and evolved into different reconfiguration
states by controlling the swelling ratio of the hydrogel. At pH2, the hydrogel membrane
underwent breathing mode instability, then became buckled into diamond-plate
structure with mutually perpendicular ellipses at pH 4. When further increasing pH and

swelling ratio, we observed a symmetric breaking transition from pH 4.3 to pH 5, where
the achiral buckled state of hydrogel membrane was transformed into a chiral twisted
state, along with the compaction of the hydrogel domains within the 2-D space. Such a

spontaneous generation of chirality in the absence of a chiral induction has profound
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impact for the understanding the origin of single chirality found in nature, and could
lead to potential applications including optical devices, sensors, drug delivery, and
advanced structural components. At an even higher degree of swelling, the hydrogel
membrane fully occupied the 2D space, the excessive swelling of the hydrogel was
found accommodated by forming local cavity on the hydrogel surface, similar to the
initiation process of creasing instability on the flat hydrogel surface at large swelling.
Finally, we demonstrated the temperature-dependent reversible switching of the
hydrogel membrane among chiral twisted state, buckled state, and circular state. The
study demonstrated here using the responsive hydrogel membrane with tunable
swelling ratio as a model system to dynamically control the pore size and shape, pattern
geometry, and chirality of periodic achiral structures in response to environment stimuli
will offer new insights to the design of the next generation reconfigurable structures.
Meanwhile, since the entire transformation process is driven by the tunable swelling
ratio of the hydrogel, we expect such switching process can be obtained by a rich
category of external stimuli (e.g. light, electric field, and biomolecules) that involve

volume phase transition of the materials.
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