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A Novel Hydrogel Showing Super-Rapid Shrinking introducing NIPA monomer and cross-linker, the system is
but Slow Swelling Behavior polymerized at £C. We synthesized PNIPA gel in the space
of the compartments between the bilayer membranes to obtain
this hybrid gel (PDGHPNIPA gel) (see the Experimental
) Section in the Supporting Information). It is interesting to note
Nanotechnology Research Center, Research Institute for that the PDG+PNIPA hydrogel shows super-rapid shrinking
Eiﬁ:—tlignIga?)(i;lgp;%bz‘%kok;lld%;:)Iggslgia’\:iﬁ;t’e Vg-clhoc;ol of behavior during the phase transition process; the volume
Science, Hokkaido Upersity, N-lO,’W-S, Kita-ku, Sapporo shrinkage of 90% oceurs, anq the g_el attains the com_plete
060-0810, Japan; and JST, CREST collapsed state _Wlthln 15 s. This hybl_’lq gel turns to tyr_b|d at
the very beginning of the phase transition but still exhibits the
Receied August 7, 2006 rapid shrinking. The phase transition temperature of PBGI
Revised Manuscript Recegd October 7, 2006 PNIPA is, interestingly, almost the same as that of pure PNIPA

Phase transition phenomena in polymer gels have attractedd®! and the swelling process of PDENIPA hybrid hydrogel

much attention from the viewpoints of their scientific interest '2K€S @ much longer time than the shrinking one.

and technological significance. Thermoresponsive pPoly( The volume phase transition of the hybrid hydrogel was
isopropylacrylamide) (PNIPA) gel shows a volume phase measured by calculating the value\d¥., whereV andV; are
transition at about 34C2 (which is close to physiological the gel volumes at the target temperature and at the highest
temperature) and has a wide range of applications in biotech-temperature of the present experiment, respectively. It should
nology and medical fields:5 Below the phase transition be noted heré that V. does not represent the volume of the
temperature, the hydrogel is in a swollen, hydrated, and completely collapsed state of pure PNIPA gel, sikcandV,
hydrophilic state; above the phase transition temperature, onwere measured at interval$ d h and the samples were not
the other hand, the gel is in a dehydrated and collapsed onenecessarily in the equilibrium state. However, this situation gives
The rate of the phase transition of PNIPA gel is quite slow little effect on the determination of the phase transition
resulting from the skin formation on the surface of the Gel. temperature. As shown in Figure 1a, the hybrid gel shows an
order to obtain more rapid volume change around the phaseabrupt volume change at the temperature close to the phase
transition temperature, several strategies have been adopted. Bransition one of pure PNIPA gel, i.e., around &\ The water
comb-type grafting, PNIPA gel showed a rapid deswelling absorbencies\V.) of the PDG-PNIPA gels are 45-fold
behavior due to the dehydrated grafted chains creating hydro-greater than those of PNIPA gel, which are comparable with
phobic cores, which enhanced the hydrophobic aggregation ofour previous resuft?

the networks. The copolymerized PNIRA&-acrylic acid gels The shrinking and swelling processes of the PPBNIPA
with more pores showed rapid swelling and deswelling proper- and PNIPA gels at 40 and 2€ are shown in parts b and c of
ties by two-step preparatiérBy incorporating silica particles  Figure 1, respectively. It is surprisingly worth noting that the
into polymer networks to prepare porous PNIPA detse PDGIPNIPA hybrid hydrogel shows a very rapid phase
deswelling process could be greatly enhanced. We have alsaransition. As one can see from the figure that, within 15 s, the
reported that the swelling and collapsing speeds were greatlyyolume change of PDGIPNIPA hybrid hydrogel is as high as
improved by introducing a kind of polymeric surfactant micelle 9096, while the PNIPA gel shows a shrinkage only about 10%.
into the PNIPA gel? The volume of the PDGHPNIPA gel is almost constant after
As to our best knowledge, there is no report so far on the 15 s, showing the complete collapse of the network. In contrast,
introduction of bilayer membranes into PNIPA gel to improve  the volume of PNIPA gel is still decreasing even after 405 min,
the volume phase transition rate. We herein present this novelindicating the incomplete collapse of the gel. The so-called
method to ameliorate the Shrinking property of the traditional “uitra_rapid” phase transition of the PNIPA hydrogei reported
PNIPA gel. A polymerizable nonionic surfactamt;dodecyl so far shows a 70% shrinkage in 5 nihWe can call this
glyceryl itaconate [DGIN-C12H2s0COCHC(=CH,) COOCH:- PDGI-PNIPA hybrid gel with a shrinkage of 90% volume in
CH(OH)CHOH], forms bilayer membranes (an iridescent 15 s as a super-rapid one. The video of this super-rapid shrinking
lamellar liquid crystal) in water having the spacing distance of process at intervals is available in the Supporting Information.
sub-micrometer in the presence of small amounts of ionic The swelling process of PDGPNIPA is, interestingly, much
surfactant at the temperature above the Krafft point°@g** slower, as can be seen from Figure 1c. For PNIPA gel in
HOWeVer, this iridescent SyStem is very fragile as environmental imperfect Coiiapsed state, the volume can be recovered over
conditions change. When temperature decreases, DGI tends t®504 within 100 min, but for PDG+PNIPA gel, 90% volume
crystallize from the iridescent solution and phase separation can be recovered in 160 min. The PDGINIPA and the PNIPA
takes place. We have interestingly found that after polymeri- gels recover the original sizes in 424 and 326 min, respectively.
zation the periodic structure of poly-DGI (PDGI) bilayer The PDGHPNIPA gel does not show a rapid swelling behavior,
membranes is stable enough at room temperature for a longwhich might be due to the formation of wrinkles of DGI bilayer
time. DGI forms onionlike multilayer lamellar vesicles i membranes during the drastic volume shrinkage. The recovery
solution at 55°C. After polymerization, the onionlike structure of these p|icate biiayer membranes of DGI may take time. The
still eXiStS, which is prOVed by the iridescent color. After PDGI-PNIPA gei Showsasuper-rapid Shrinking process but a
rather slow swelling one during the phase transition. The volume
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Figure 1. (a) Temperature dependence of shrinking volumes of the gels in pure water. Both PNIPA and PNDBA gels show similar phase
transition temperature at about 38. Time dependence of the volume change of the PERNIPA and the PNIPA gels during shrinking (b) and
swelling (c) processes, respectively. In the shrinking process, the samples were put directly into waté€atrdthe swelling process, the
1-day-shrunk gels were put back into water at°’®0 AV was normalized by the size of the gels before phase transition as 100%.
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Figure 2. Photographs for hydorgels before (a) and after (b) phase
transition at 40°C. The pictures were taken within 1 min after the
samples were put into the warm water (40). The time was so short
that the PNIPA gel did not form skin homogeneously yet. The
background was changed from black to white in order to make the Figure 3.
contrast clear before and after shrinking.

Images of PDGHPNIPA and PNIPA gels under crossed
polarizers (a). The upper image in (a) is PD@NIPA gel and the
bottom one is PNIPA gel. In the right photograph (b), the colored gel
is PDGPNIPA and the colorless one is PNIPA gel. Both gels were
kept in water containing Yellow AB crystals for 1 week at room
temperature.

within 1 min; in contrast, a PNIPA gel shows a shrinkage from
1.49 x 14.6 mm to 1.43x 14.3 mm; the volume change is
only about 10%. The shrinking and swelling processes are
completely reversible and do not show any hysteresis. a bright image while PNIPA gel is almost dark. It is evident
For PNIPA gel systems, even though the clear mechanism from this photo that the DGI bilayer membranes (lamellar liquid
of rapid shrinking still remains uncertain, several reports have crystal) still exist in the PDG+PNIPA gel. When PDG+
revealed that the rapid shrinkage results from the formation of PNIPA gel and PNIPA are immersed in water with the presence
micelle aggregates and/or clusters of incorporated constitdents of an oil-soluble dye, Yellow AB crystals, PDGPNIPA gel
or grafted side chaifd34of PNIPA gel during phase transition.  shows yellowish color after a week while PNIPA gel is still
It should be noted here that DGI is a kind of nonionic surfactant colorless, as shown in Figure 3b. Yellow AB, which is insoluble
which forms lamellar bilayers instead of micelles in water phase. in water but soluble in the hydrophobic moiety, penetrated into
Sodium dodecyl sulfate (SDS) was added to DGI to prepare PDGI bilayer membranes and was solubilized there. By observ-
the iridescent system of bilayer membranes, but the gel samplesng the hybrid gel with a laser confocal scanning microscope
were washed fully in water for a week to remove it. Furthermore, (LCSM) (differential interference contrast, DIC, mode), one can
the shrinking and swelling processes were repeated several timesee the domains segmented by PDGI bilayer membranes, as
before the tests (see the Experimental Section). The super-rapicshown in Figure 4. Since the images are observed at DIC mode,
volume change of the PDGPNIPA gel cannot be ascribed to  the difference of the contrast in the image shows the density
any micellar aggregates or clusters. and/or refractive index differences. The curved traces in the
It is well-known that the process of swelling and collapsing image may be ascribed to the boundary between the domains
is collectively diffusion-limited, and their kinetics strongly of PDGI bilayer membranes and the PNIPA gel phases. As a
depend on the sizes of the gels. For spherical gels, Tahaka reference, the figure of simple PNIPA gel without PDGI is
has shown that the characteristic time of gel swelling and inserted. The onionlike multibilayer membrane structures with
shrinking is determined by the siz&, of the gel and the  a diameter of about 20m in iridescent state are shown in Figure
collective diffusion coefficientD, of the polymer network as 2 in the Supporting Information. The LCSM image also give
= R?D. For typical polymer gelsD is on the order of 10— the size of these PDGI bilayer membranes segregated domains
1076 cn¥/s, depending on polymer concentration, cross-linking to be about 2(im. The calculated characteristic time of swelling
density, etcFor the gels prepared by the same composition and and shrinking byr = R?/D is 10 s, which is very close to our
method, one can assurDeto be almost the same. By decreasing experimental results (15 s). The reason for the super-rapid
the size of the gel, the shrinking and swelling properties may shrinking but slow swelling behavior of this novel hybrid gel
be improved. The super-rapid shrinking behavior of PBGI  can be explained as follows: once it undergoes the phase
PNIPA gel can be supposed to have domains divided by PDGI transition, each PNIPA domain shrinks, but the PDGI bilayer
bilayer membranes. By polymerizing DGI mesophase in the membranes still keep the original structure for a while, which
iridescent state, the bilayer structures maintain well even after may favor to form interstices among these domains and facilitate
PNIPA network is introduced between them. As shown in Figure the releasing of water in the gel. As the shrinking going on, the
3a, when exposed to polarized light, PBEANIPA gel shows PDGI bilayer membranes are forced to be rumpled byé?)ev
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