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ABSTRACT: A macroscopic organohydrogel hybrid was  hydrogel HA2B3 organogel OA2B3
prepared by fast adhesion between the hydrogel and organogel W ) u
which often repel each other. The two original gels were water . anisole
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prepared by condensation of two poly(ethylene glycol) (PEG)
gelators in anisole and water, respectively. Reversible ' S0k S
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linking points of the polymer networks in the gels. When the organohydrogel hybrid t /. o
two gels were brought into contact, a robust hybridized gel was A e . T
obtained in 10 min. An emulsion layer formed at the interface o tepli  cofme L |
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between the two gels and dynamic chemistry of acylhydrazone 4 “legy o
bonding are key factors in rapid adhesion of the two inherently : —— : .

different gels. We hope this finding will enable the develop-
ment of intelligent soft objects whose macroscopic water and
oil phases contain different functional components.

ydrogel and organogel are generally prepared by physical form oil-in-water or water-in-oil emulsions at micro/nanoscale

or chemical cross-linking of gelators in water or oil dimensions. Therefore, these organohydrogel hybrids are
Three-dimensional cross-linked networks thus formed provide macroscopically homogeneous. Other hybrid gels have ever
skeletons for holding a large amount of solvents. Although been prepared by dispersing one gelator in the other in one
hydrogels and organogels have attracted much interest in recent solvent, and thereby the products are homogeneous too.” To
decaneés for their applications1 in pharmaceuticals,2 biotechnol- the best of our knowledge, macroscopic hybrids of organogels
ogy,”"* and intelligent materials,” their macroscopic hybrid- and hydrogels that are strongly linked at the interface have
ization has never been found. This is because their main never been reported.

constituents, water and oil, are intrinsically immiscible. As
reported in the literature,® '’ macroscopic hybrid gels have
been prepared by adhering or “gluing” different gels through
noncovalent interactions, and thereby independent gel types or
zones are connected as one integrate subject; however, the
solvents in the different gels are the same or mutually
compatible. For example, as reported by Leibler et al, all the
pieces of different hydrogels glued by using various solutions of
silica nanoparticles contained water as solvents.® In adhesion of
host and guest gels reported by Harada and co-workers, water
or DMSO was used as solvents for all the gels.” Macroscopic
hybrid gels have also been prepared by covalent bondin%
through polymerization of two high viscosity pregel mixtures'
and “stacking” of one layer of a gel on top of the other through
successive atom transfer radical polymerizations (ATRPs)."* In
the two cases, identical'’ or mutually compatible solvents'> Received: February 6, 2015
were used for the different gels. Incompatible solvents have ever Accepted: April 10, 2015
been used in organohydrogel hybrids,"*™'® but they generally Published: April 13, 2015

Herein, we report a unique macroscopic organohydrogel
hybrid synthesized by rapid adhesion between the organogel
and hydrogel through dynamic covalent chemistry. The hybrid
gel obtained was one integrated structure but consisted of two
separate macroscopic phases, namely, water and oil. The
hydrogel and organogel were prepared by condensation of two
poly(ethylene glycol) (PEG) gelators in water and in anisole,
respectively, as shown in Figure 1. The acylhydrazone bond, a
typical dynamic or reversible covalent bond, acts as cross-
linking points in the polymer networks formed in organogels or
hydrogels.'"®'® Because of its dynamic chemistry, polymer
networks grew across the hydrogel—organogel (water—anisole)
interface and connected the two gels in 10 min. Tensile
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Figure 1. Preparation of macroscopic organohydrogel hybrid by rapid
adhesion of the hydrogel (HA2B3) and organogel (OA2B3). HA2B3
and OA2B3 contained the same acylhydrazone-bonded polymer
networks. HA2B3 was dyed yellow by addition of lemon yellow (0.05
wt %) at the beginning of the preparation. The organic solvent in
OA2B3 was anisole.

strength tests proved that the newly formed polymer network
at the interface was as strong as that in bulk gels. Therefore,
polymer networks in both the hydrogel and organogel are the
same in the present study, but they contain immiscible solvents:
water in the hydrogel and anisole in the organogel. It was
demonstrated that these gels could rapidly self-assemble
through dynamic covalent chemistry, and then macroscopic-
ordered organohydrogel hybrids could be obtained.

Synthesis of the organogel and hydrogel is shown in Figure 1.
The backbones of the gelators A2 and B3 (Figure 1) consist of
PEG blocks, which are soluble in water and in anisole.
Consequently, the hydrogel and organogel could be prepared
directly by mixing the gelators in water and in anisole,
respectively. Rheology testing of the gel point showed that the
hydrogel HA2B3 formed 35 min after mixing A2 and B3 in
water (15 wt % total concentration). However, the organogel
OA2B3 could not form in anisole even after 5 h. It formed in
50 min when a minute amount of glacial acetic acid, a catalyst
for acylhydrazone condensation, was added in anisole (0.75%,
v/v). Therefore, glacial acetic acid (0.75%, v/v) was added in
the preparation of all OA2B3 samples. As shown in Figure 1,
dynamic acylhydrazone bonds that formed by condensation of
the aldehyde and acylhydrazine groups at the chain terminals of
A2 and B3 generated the polymer networks.

Mechanical properties of HA2B3 and OA2B3 were studied
by a dynamic rheological test after they were aged for 24 h at
room temperature. In Figure 2A, the storage modulus (G’) and
loss modulus (G”) of HA2B3 (15 wt %) and OA2B3 (15 wt %)
are presented as functions of frequency (w) at a fixed strain (y
= 1.0%). Evidently, G’ for both HA2B3 and OA2B3 reaches a
w-independent plateau, and G” is much lower than G’ in the
entire range of @ tested (Figure 2A), indicating that HA2B3
and OA2B3 were well-developed gels. However, the curve of
G" for both gels increases after a minimum value with
decreasing ®, intersecting with that of G’ as expected at lower
frequencies, as observed in our previous work.'??® This fact
implies that acylhydrazone bonds in the polymer networks of
HA2B3 and OA2B3 were reversible under the experimental
conditions, imparting a self-healing ability to HA2B3 and
OA2B3."*" G’ values of HA2B3 (red dots) are much higher
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Figure 2. (A) Plots of storage modulus (G’) and loss modulus (G”)
versus angular frequency (@) of HA2B3 and OA2B3 (0.75% HOAC,
v/v) at 25 °C. Tensile curves of the gels: (B) Original and self-healed
samples of HA2B3. (C) Original and self-healed samples of OA2B3.
(D) Organohydrogel hybrid samples of HA2B3 and OA2B3 after
adhesion times of 1, 3, 5, and 10 min. The experimental errors for €
and ¢ were around +20% and +10%, respectively. Adhesion was
carried out in air at ambient temperature. The concentration of all gels
was 15 wt %.

than those of OA2B3 (blue dots). The equilibrium constant
(Keq) of acylhydrazone formation in different solvents may be
calculated from the ratio of the bonding rate constant to the
dissociation rate constant (k,/ky).2° As shown above, HA2B3
formed in 35 min, whereas OA2B3 needed more time,
indicating that k; in water might be larger than that in anisole.
That is, K., in water might be larger than that in anisole
although k; remains unknown. A higher K, value in water
implies a higher cross-linking degree in its polymer network
and explains the much higher G’ value of HA2B3 compared
with that of OA2B3. This result is also consistent with the
higher tensile modulus of HA2B3 compared with that of
OA2B3 (Figure 2D).

Rapid adhesion between HA2B3 and OA2B3 in atmosphere
at room temperature was observed and recorded in a movie
(mzSb00096_si_002.avi, Supporting Information). As shown in
the movie, when a column of HA2B3 (dyed yellow) was
attached to a column of OA2B3, a turbid, thin layer at the
interface between the hydrogel and organogel columns formed
in seconds. This column assembly was then left without
external intervention. After about 10 min, the two gel columns
merged together. The assembly could not be broken at the
turbid interface by pulling at its ends. Instead, it broke at the
bulk portion of either HA2B3 or OA2B3 at its failure point. It is
noteworthy that adhesion occurred quickly regardless of
whether the surfaces of the two gels were fresh or otherwise.
In contrast, self-healing of either HA2B3 or OA2B3 required
>24 h,'®7?° which is much longer than the time required for
adhesion between HA2B3 and OA2B3.

Tensile strength measurements were carried out to
quantitatively characterize this rapid adhesion process and to
compare it with self-healing of the original gels. As shown in
Figure 2B, the break stress of the HA2B3 sample that self-
healed for 24 h was ~20 kPa, which is ~30% of its original
strength at break, 66 kPa. The break stress of the OA2B3
sample after self-healing for 24 h was 41 kPa, which is 50% of
its original strength, 82 kPa (Figure 2C). In contrast, the break
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stress of the organohydrogel hybrid sample upon adhesion of
HA2B3 and OA2B3 for 10 min reached 64 kPa (Figure 2D),
which is almost equivalent to the break strength of the original
HA2B3. This result is consistent with the observation that the
healed organohydrogel hybrid under stretching often broke at
the bulk region of HA2B3 instead of at the interface
(mzSb00096_si_002.avi, Supporting Information). Stress—
strain curves of the organohydrogel hybrid samples after
various adhesion times (1, 3, 5, and 10 min) are almost
superimposable, but they are different from those of original
HA2B3 and OA2B3. It is worth noting that the strain at the
break of the organohydrogel hybrid sample (10 min, &£ 1000%;
Figure 2D) was slightly larger than that of OA2B3 or HA2B3,
although the experimental error for this quantity was around
20%.

The structure of the polymer networks of HA2B3 and
OA2B3 was observed by IR spectroscopy (Figure S1,
Supporting Information). In the spectra of freeze-dried
HA2B3 and OA2B3, the 1690 cm™ peak in the B3 spectrum
is absent, indicating that aldehyde end groups in B3 were
consumed during condensation with acylhydrazine end groups
of A2. C=N stretching vibrations of the formed acylhydrazone
bond at 1620—1670 cm™" should be present in the spectra of
dried HA2B3 and OA2B3, but their peaks overlap with that of
C=0 in the acylhydrazone bond. A minor shift of the benzene
ring peak from 1600 cm™ (B3) to 1610 cm™ (dried HA2B3
and OA2B3) reflects the transformation of the CHO group to
C=N, which is conjugated with the benzene ring. These
observations suggest the formation of the dynamic polymer
networks in HA2B3 and OA2B3. The organohydrogel hybrid
sample was freeze-dried, and the healed area at the interface
was examined by attenuated total internal reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy. The ATR-FTIR
spectrum at 1500—1800 cm™' (green curve in Figure SI,
Supporting Information) is not markedly different from that of
HA2B3, implying that the polymer network at the interface
formed during adhesion was similar to that in the bulk gels.

To prove that the acylhydrazone bond played a key role in
the adhesion process, polyurethane organogel and hydrogel in
which acylhydrazone is replaced with urethane were prepared.
As shown in Figure S2 (Supporting Information), the backbone
structures (PEG blocks) of the polyurethane networks in the
organogel and hydrogel were similar to those of OA2B3 and
HA2B3. The polymer concentration in the gels and the liquid
phases (anisole and water) in OA2B3 and HA2B3 were
maintained for comparison. The structure of the polymer
networks in the polyurethane gels was proved by infrared
spectroscopy (Figure S3, Supporting Information). A control
experiment showed that adhesion between the polyurethane
organogel and hydrogel did not occur even in 48 h (Figure S2
and mzSb00096 si_003.avi, Supporting Information). Self-
healing of the polyurethane gels was also not observed. These
results indicate that adhesion or self-healing was impossible
without the acylhydrazone bond.

The turbid, thin layer at the interface between the HA2B3
and OA2B3 columns observed in the movie
(mzSb00096 _si_002.avi, Supporting Information) was high-
lighted by stereomicroscopic observations (Figure S4, Support-
ing Information). The appearance of the turbid layer implies
that emulsification occurred at the interface of the hydrogel and
organogel. HA2B3 labeled with malachite green (MG) dye and
OA2B3 were used, and a slice perpendicular to their interface
was obtained. Fluorescence microscopy (Figure SS, Supporting
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Information) revealed a fluorescent layer at the interface with a
thickness of ~300 ym. Because of the amphiphilicity of MG, it
easily accumulated at the oil—water interface. Thus, the
fluorescent layer was an emulsion layer. It is worth noting
that no emulsion (turbid) layer formed between the polyur-
ethane organogel and hydrogel (Figure S2 and
mz5b00096_si_003.avi, Supporting Information) and the
contacting surfaces upon separation were intact after testing.
The proposed mechanism of rapid adhesion between the
hydrogel and organogel is shown in Figure 3. Because the PEG
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Figure 3. Mechanism of rapid adhesion between the hydrogel and
organogel. (A) Contact before adhesion. (B) Dangling PEO chains
moving across the interface bring solvent to the other phase and form
an emulsion layer. (C) Condensation between acylhydrazine and
aldehyde end groups, as well as exchange reaction of acylhydrazone,
connects the polymer networks in the hydrogel and organogel across
the interface.

block is soluble in water and in anisole, it can be a phase
transfer agent,” and then A2 and B3 chains with acylhydrazine
or aldehyde living end groups may shuttle back and forth across
the hydrogel—organogel interface. As a result, the gelators
generate an emulsion layer (turbid layer), which can be an oil-
in-water or water-in-oil emulsion, thereby considerably
increasing the contact area between the hydrogel and
organogel. Meanwhile, acylhydrazone formation and exchange
reaction allow growth of dynamic polymer networks across the
anisole—water interface. Dangling PEG chains may function as
surfactants in the emulsion, stabilizing the interface between the
oil and water phases and thereby accelerating the formation of
the polymer network. In contrast, no emulsion layer was
observed in the control experiment of the polyurethane
organogel and hydrogel because there are no acylhydrazine or
aldehyde living end groups in those gelators. Therefore, we
believe that both the emulsion layer and acylhydrazone are
critical factors in the adhesion of the two gels that normally
repel each other.

Other organic solvents were used to prepare OA2B3, as
listed in Table S1 (Supporting Information). The adhesion
ability of the organogels thus formed with HA2B3 was
examined. The procedure was the same as the anisole case
described above. It is found that the rate of adhesion was highly
dependent on the organic liquid phase used for OA2B3. Among
the organic solvents investigated (Table S1, Supporting
Information), only anisole- and chloroform-based organogels
resulted in rapid adhesion with HA2B3. One common feature
of anisole and chloroform is that they are immiscible with water
but can dissolve PEG. However, the other two water-insoluble
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solvents, nitroethane and 1,1,2-trichloroethane, did not result in
rapid adhesion although PEG is soluble in both; 96 h of
adhesion time was needed. It is worth noting that the emulsion
layer was observed between HA2B3 and each of the four
immiscible solvent-based organogels, but it took much longer
time in the case of nitroethane or 1,1,2-trichloroethane. Two
water-miscible solvents, dimethylformamide (DMF) and
DMSO, were also used as organic phases for OA2B3 in
experiments on adhesion with HA2B3. Similarly, a long
adhesion time was required: 48 h for DMF gel and 24 h for
DMSO gel.

Rapid adhesion between the gels of heterophases is of
interest, as this unique feature enabled the selective macro-
scopic assembly of the gels. OA2B3 and HA2B3 samples with
dimensions of S mm X S mm X 5 mm were prepared, and
Rhodamine B was added to the HA2B3 gel pieces to dye them
red. When the two kinds of gel pieces (seven pieces for each
kind) were mixed in anisole and then shaken for about 5 min,
they assembled into the ordered, alternating structure of the
organohydrogel (Figure 4A and mzSb00096 si 004.avi,
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Figure 4. Macroscopic self-assembly of organogel and hydrogel. (A)
OA2B3 and HA2B3 (dyed red by Rhodamine B) shaking in anisole;
macroscopic ordered organohydrogel hybrid formed. (B) OA2B3 and
magnetic HA2B3 (13 wt % Fe;O, nanoparticles) shaking in anisole;
macroscopic, ordered, magnetic hydrogel—organogel architecture
formed.

Supporting Information). In control experiments, pieces of
the pure OA2B3 did not rapidly connect together, and neither
did the pure HA2B3. When functional species were loaded in
the hydrogel or organogel, various unique macroscopic
architectures with fascinating properties could be created
through this macroscopic assembly process. For example,
after magnetic particles of Fe;0, were loaded into HA2B3 and
after assembly with OA2B3 was carried out, an architecture
with alternating magnetic (black) hydrogel and nonmagnetic
organogel domains was produced (Figure 4B and
mz5b00096_si_00S.avi, Supporting Information). As demon-
strated by tensile strength tests (also see mzSb00096_si_002.a-
vi, Supporting Information), the interface between HA2B3 and
OA2B3 was very strong. It is difficult to separate HA2B3 and
OA2B3 pieces from the macroscopic gel assembly once it was
formed. When the macroscopic gel assembly was pulled from
both sides, the HA2B3 gel piece broke without damaging the
contact interfaces (mzSb00096_si 002.avi, Supporting Infor-
mation). The results showed again that the adhesion rate of the
present system is very high. In the case of self-healing of
organo§els or hydrogels through dynamic covalent bond-
ing,ls_ 02223 3 t0 24 h or even longer time is often needed for
complete restoration of original mechanical properties, while 10
min is enough to obtain a robust interface with equal
mechanical strength of the original gels in the present adhesion
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(Figure 2D). The adhesion rate and efficiency are also higher
than those of some adhesions through supramolecular
interactions, e.g., hydrogen bonding24 and host—guest inter-
actions in some cases.”® This fascinating property may facilitate
development of hybrid materials with each phase incorporating
different functional species.

In summary, we found that hydrogels and organogels, which
contain dynamic covalent bonds in their polymer networks,
could form macroscopic organohydrogel hybrids by rapid
adhesion along the interface of the macroscopic gel pieces. An
emulsion layer that rapidly formed at the interface of the
organogel and hydrogel increased the contact area between the
water and oil phases, accelerating growth of dynamic polymer
networks across the interface through acylhydrazone formation
and exchange reaction. The fast adhesion and strongly
integrated organohydrogel hybrids combined soft materials
containing a large volume of water and water-immiscible
organic solvent together into a whole object. This adhesion
allowed rapid self-assembly of the organogel and hydrogel into
ordered architectures. Such a remarkable phenomenon may
allow assembly of macroscopic objects having macroscopic
phase difference to develop unique smart soft materials.
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