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A Soft Shape Memory Reactor with Controllable Catalysis 

Characteristics 

 

Xinzhen Wu, Jie Hu*, Songjun Li, Rong Zhao, Di Wang 

 

 

 

 

A kind of two-layer hydrogel with temperature responsive shape-memory 

performance is reported, which demonstrates a tunable catalytic ability. 

Page 1 of 5 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ChemComm 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

COMMUNICATION
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

A Soft Shape Memory Reactor with Controllable Catalysis Characteristics† 
Xinzhen Wu, Jie Hu*, Songjun Li, Rong Zhao, Di Wang 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 
DOI: 10.1039/b000000x 

A shape memory reactor comprised of a temperature 5 

responsive control layer and non-responsive substrate layer 
has been developed following a facile procedure. This unique 
structure and Ag nanoparticles contained in the control layer 
results in a catalytic ability controlled by its shape change 
when temperature varies. 10 

It is estimated that catalysts are responsible for the production of 
over 60% of all chemicals and are used in some 90% of all 
chemical processes worldwide[1]. Interest in the use of metal 
nanoparticles in the catalysis has dramatically increased in the 
last years, due to the many different advantages they can offer[2,3]. 15 

Owing to the large surface-to-volume ratio, the metal 
nanoparticles bring together the benefits of heterogeneous 
(recovery and recyclability) and homogeneous catalysts 
(relatively high activity and good selectivity)[4]. Nevertheless, due 
to their high surface, metal clusters tend to aggregate into larger 20 

particles in order to minimize their surface energy, which leads to 
loss of the catalytic activity. To solve this key problem, 
restricting noble metal nanoparticles into supporting materials is 
an ideal solution since it prevents particle migration and the 
corresponding decay in the efficiency of the catalyst.  25 

Different sorts of materials, e.g. organic micelles[5-8], 
polymers[9-13] and inorganic materials[14-17], have been utilized to 
prevent metal nanoparticles from sintering and leaching. Among 
these supporting materials, smart polymeric hydrogels that can be 
switched “on” and “off” by an external stimulus have attracted 30 

more and more attentions in recent years. Besides isolating and 
protecting the metal nanoparticles, those polymer gels can 
regulate effectively the reaction process and behavior under 
stimuli. For example, Zhang and coworkers[18] reported the use of 
a thermoresponsive hydrogel based on crosslinked poly(glycidyl 35 

methacrylate-co-N-isopropylacrylamide) as a thermotunable and 
recyclable nanoreactor of gold nanoparticles. It was found that 
the reduction of 4-nitrophenol catalyzed by the thermoresponsive 
hybrid could be tuned by temperature change, in which the 
reduction rate at T < LCST was much lower than that at T > 40 

LCST. Results from Zhang’s group[19,20] indicated that hydrogels 
was indeed a suitable reaction medium where organic synthesis 
could be accelerated in comparison to the processes in water, 
since the hydrophobic reactants and metal catalyst could indeed 
become highly enriched within the hydrogel. Recently, Lu et al. 45 

reported an Au/PNIPAm yolk-shell catalytic system. They found 
that the polymer based nanoreactor showed a high catalytic 
activity for 4-nitrophenol. When the matrix became hydrophobic 
with increased external temperature, the shrinkage of the 
nanoreactor thereby caused a sharp decrease in the reaction 50 

rate[21]. Investigations by Mei et al.[22] and Perez-Juste et al.[23,24] 

demonstrated that the volume transition within a thermosensitive 
network could be used as a switch and systems having a 

thermoresponsive shell with limited crosslinking allowed for 
particularly efficient control of the catalysis.  55 

Although many important achievements have been obtained in 
this field, there is none successful example, to our best 
knowledge, reported on a smart reactor that can regulate its 
catalytic behavior by changing its shape under an external 
stimulus, and can be judged its “on” or “off” state through 60 

observing its shape simply with naked eyes. Here, we consider a 
conceptually novel design to intelligent polymer based reactor in 
which catalytic activity is modulated by the shape changing of a 
shape memory hydrogel under temperature variation. It is known 
that shape memory polymers (SMPs) are one kind of the most 65 

potential advanced materials which have the capability of 
changing their shapes upon application of an external thermal 
stimulus[25,26]. These SMPs can perform even more complex 
shape changes when prepared in a two- or multi-layer form 
composed of control layer and substrate layer, in which the shape 70 

change is automatic and reversible without needing any external 
mechanical manipulation[27-29]. Comparing with the traditional 
shape memory alloys, SMPs are much softer and therefore 
possess many advantages including excellent processability, 
lightweight, and great flexibility, which seems to provide a 75 

promising prospect for the stranded catalytic reactors[30,31]. 
Furthermore, some special shape changes of the reactor 
responding to the external stimulus, such as an extended shape 
denoting the “on” state and the high catalytic activity of the 
reactor, and a coiled roll denoting the “off” state and the low 80 

catalytic activity, would have many benefits in practical process. 
It can not only facilitate the operating process of catalytic 
reaction, utilizing and protecting the metal nanoparticles 
contained in SMPs in a better way, but people can judge the real 
catalytic state of reactors very simply with eyes.  85 

   Inspired by this principle, we herein report a novel soft shape 
memory reactor with controllable catalytic characteristics. As 
outlined in Scheme 1, a two-layer shape memory reactor is 
prepared, in which Poly(N-isopropylacrylamide) (PNIPAm) 
crosslinked with methylenebisacrylamide form the 90 

thermosensitive control layer, and polyacrylamide (PAAm) 
crosslinked with methylenebisacrylamide form the substrate. 
Silver nanoparticles contained in the control layer play the 
catalyst role. When temperature is above the LCST of PNIPAm, 
the temperature responsive control layer shrinks drastically while 95 

the substrate layer does not undergo any noticeable changes in 
volume. The two-layer reactor curls to form a coiled roll, which 
results in the difficult access of reactants to silver particles 
contained in the control layer. On the contrary, when temperature 
is below the LCST, the swelling of the control layer induces the 100 

two-layer reactor to expand to form an extended strip, which 
results in the easy access of reactants to silver particles. So, upon 
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the temperature variation, the catalytic activity can be regulated 
effectively with the change in shape of the smart reactor.  
 

 
Scheme 1 Schematic presentation of the soft shape memory reactor with 5 

controllable catalytic characteristics 
 

   Just as shown in Fig. S1, the preparation route of the two-layer 
shape memory reactor, this novel shape memory reactor is 
fabricated in a two-layer form composed of a PNIPAm control 10 

layer containing Ag nanoparticles and a PAAM substrate layer. 
There should be no doubt concerning the main polymer 
compositions of the two layers, because N-isopropyl acrylamide 
and acrylamide are the only monomers used for the 
polymerization to form the control layer and substrate layer, 15 

respectively. As shown in Fig. S1, the substrate layer is clear and 
colorless. The control layer, however, showed the black color 
because of Ag nanoparticles contained. Both layers are estimated 
to be about 2.5 mm. The Ag nanoparticles contained in the 
control layer are tested with XRD. As shown in Fig. S2, the peaks 20 

indexed to diffractions from the {1 1 1}, {2 0 0}, {2 2 0}, and {3 
1 1} planes indicate existence of the face-centered cubic silver. 
For a comparative study, the XRD patterns of the both controls, 
AgSR-D and SR-A, are also provided. Just as expected, the 
diffraction pattern of AgSR-D also shows peaks at the same 25 

2theta values with AgSR-A, demonstrating the silver metal in it. 
In the diffraction pattern of SR-A, however, no any peaks is 
observed, which agrees with the absence of Ag. Fig. S3 shows the 
TEM images of the shape memory reactor and two controls. 
Similar with the results discussed in XRD analysis, there is no Ag 30 

nanoparticles observed in SR-A. The average sizes of silver 
particles contained in AgSR-A and AgSR-D are estimated to be 
25 nm and 20 nm, respectively.   Themogravimetric analysis is 
shown in Fig. S4. It is found that the three hydrogels are stable 
below 250 ℃ . Beyond about 600 ℃ , SR-A decomposes 35 

completely. However, there are 15.3% and 10.9% mass left 
respectively for AgSR-A and AgSR-D, which is thought to be the 
residual silver nanoparticles. More content Ag in AgSR-A than in 
AgSR-D might result from the greater electronic density in N 
atom induced by the electron denoting effect of neighboring 40 

isopropyl group. As a result, the cooodinating ability with Ag+ of 
N atom in NIPAm is strong than that in AAm. 
   The shape change of the AgSR-A and SR-A with temperature 
variation are shown in Fig. 1. It is found that both AgSR-A and 
SR-A exhibit extended strips at 25℃. Increasing the temperature, 45 

both two-layer hydrogels bend to form the similar circle shape at 
35℃, and curl to become coiled rolls at 45℃. It seems that Ag 
nanoparticles barely affect the thermo-responsive shape change of 
the two-layer hydrogel. Most interesting, the change in shape is 
automatical and reversible upon the external temperature change, 50 

which might mainly be resulted from the switchable 
expanding/shrinkage of PNIPAm control layer in the two-layer 
reactors while the substrate layer does not undergo any noticeable 
changes. The defined shape at a given temperature demonstrates 
the shape memory effect of AgSR-A and SR-A. No shape change, 55 

however, is observed for AgSR-D, although not being 
represented here. 

 

Fig. 1 The shape change of SR-A and AgSR-A upon changing 60 

temperature 
 
  Fig. 2 shows the thermally induced shape changes of AgSR-A 
over time when immersed into a 45℃ water bath. It is found that 
the straight strip bends quickly when heated, and curls to a roll 65 

within 200s. Its relatively fast thermo-responsive shape changing 
ability is believed to facilitate its “on” and “off” states switched 
sensitively by temperature in controllable catalytic reaction 
 

.       70 

 
Fig. 2 Series of photographs showing shape changes of AgSR-A 

developed with time at 45℃ 
 

To further discuss the shape change characteristics of these 75 

two-layer hydrogels, DLS is utilized to evaluate the relative 
volume change of the thermosensitive control layer compared 
with the substrate layer. Through determining the dependence of 
Rc upon temperature (Rc, the difference of size changing at a 
given temperature between grinded small particles from separated 80 

control layer and substrate layer, whose detailed calculation 
method was described in the Experimental part), the shape 
changing temperature or temperature range of AgSR-A and SR-A 
can be estimated. As can be seen from Fig. 3, Rc values of AgSR-
A and SR-A show a sharp change in the range of 30-38℃, which 85 

is compatible with the fact that the volume of PNIPAm gel 
shrinks drastically at temperatures higher than its LCST, about 32
℃[32], whereas the volume of PAAm gel does not. As a result, 
when the bilayer strips of AgSR-A and SR-A are heated 
uniformly, they gradually bend and finally curl into rolls. 90 

Because most shape changes are developed in the range of 30-38
℃, 25℃ and 45℃, which are lower and higher than the shape 
changing temperature range, respectively, are selected in the 
following switchable “on” and “off” studies. 

0 s 40 s 80 s 

120 s 160 s 200 s 
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Fig. 3 Plots of size change difference between control layer and 

substrate layer upon temperature variation 
 5 

   Electrochemical experiments are performed to get information 
on the switchable “on” and “off” states by determining the 
dependence of the availability of external ions to the smart 
reactor prepared upon the shape change with temperature 
variation. In an electrochemical workstation, a Pt wire inserted in 10 

the control layer of the two-layer hydrogel is used as the working 
electrode in a conventional three-electrode configuration. The 
redox process of HPO4

2-/H2PO4
- is adopted as a probe to achieve 

information on the controllable access of external mass into the 
control layer to contact with Pt wire by detecting the current 15 

change upon temperature variation. Two typical temperatures, 25
℃ and 45℃, are selected for the comparative study, at which the 
shape memory reactor exhibited shapes of the extended strip and 
the coiled roll, respectively. As shown in Fig. S5(a), a reduction 
peak as high as 113.80 µA for AgSR-A at 25℃ is observed, 20 

which indicates the easy availability of the external ions for the Pt 
wire. When temperature increases to 45℃, however, the current 
peak decreases significantly to 44.27µA, which reveals the 
difficult access of the external ions into the reactor. It is believed 
that hydrophobic phase transition and shrinkage of the control 25 

layer, in which the Pt wire is inserted, result in the sharp 
decreasing of the current peak. It makes the external mass contact 
with the Pt wire much more difficultly. These phenomena 
observed demonstrate controllable access of external mass into 
AgSR-A by its shape change with temperature variation, which 30 

provides excellent mechanism for a reactor with switchable “on” 
and “off” characteristics. As can be seen from Fig. S5(b), SR-A 
also shows the similar controllable ability companied with the 
change in shape. As shown in Fig. S5(c), however, no significant 
current change is observed in AgSR-D with the temperature 35 

variation, which could be well understood if take the fact that the 
both layers in AgSR-D comprised only of PAAM for 
consideration.  
  The catalytic property of the smart reactor prepared is evaluated 
utilizing the reducing reaction of SF with NaBH4 catalyzed by Ag 40 

nanoparticles. Two typical temperatures, 25℃ and 45℃, are also 
selected for the comparative study. As indicated in Fig. 4(a), SR-
A is not found obvious catalytic ability due to the absence of Ag 
nanoparticles. Although exhibiting catalytic ability, no controlled 
catalytic behavior had been observed on AgSR-D, in which both 45 

layers are built up by   PAAm and no PNIPAm layer included. 
The little difference of conversion when changing temperature is 
only because of the faster reaction rate induced by higher 
temperature. Most interesting, as shown in Fig. 4(b), AgSR-A 
shows tunable catalysis as expected. After 10 min, the reaction 50 

conversion at 25℃, being 51%, is much higher than that at 45℃, 
only 10%. It is believed that hydrophobic phase transition and 

shrinkage of the control layer containing Ag nanoparticles, along 
with the embedding of PNIPAm layer in the coiled roll combine 
to respond for the sharp decreasing of the reaction rate when 55 

temperature increases. Fig. 4(c) illustrates the catalytic reaction 
progress of AgSR-A undergone an alternate temperature change 
between 45℃ and 25℃. It is found that the catalytic reaction in 
the present of AgSR-A is significantly accelerated if temperature 
changes from 45℃ to 25℃, and reaction rate falls dramatically 60 

when temperature increased back to 45℃. The marked and quick 
change in slope of the conversion-time curve with temperature 
variation indicates the fast responsibility of AgSR-A to 
temperature. It is consistent with the fast shape changing 
described above, in which the two-layer hydrogel completes its 65 

shape changing within 200s. So, it is clear that the soft smart 
reactor switches quickly between the “on” and the “off” states, 
when it changes its shape between the extended strip and the 
coiled roll with the temperature varies between 25℃ and 45℃.  
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Fig. 4  (a) Catalytic activity of AgSR-D and SR-A at different 
temperature, : AgSR-D at 45℃; : AgSR-D at 25℃; : SR-A 
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at 45℃; : SR-A at 25℃. (b) Catalytic activity of AgSR-A at 
different temperature, : AgSR-A at 45℃; : AgSR-A at 25℃. 
(c) Conversion profile catalyzed with AgSR-A by switching the 
bathing temperature between 45℃ and 25℃. 
 5 

In summary, a novel thermosensitive SMR with controllable 
catalysis characteristics was reported. Comprised of a PNIPAm 
control layer and a PAAM substrate layer, this soft two-layer 
hydrogel revealed temperature responsive shape memory features. 
The reversible expanding and shrinkage of the PNIPAm layer 10 

with the temperature variation between 25℃ and 45℃ resulted in 
the corresponding switchable extended bar and coiled roll shape 
change of the two-layer hydrogel. Electrochemical experiments 
demonstrated controllable access of external mass by the shape 
change of SMR with temperature variation. Most interesting, this 15 

SMR indicated a tunable catalytic ability companied with its 
shape change, which displayed weak reactivity when curled to a 
roll at high temperature and high catalytic activity if changed to 
an extended strip at low temperature.  

Although PNIPAm and PAAm have been chosen as the control 20 

layer and substrate layer, respectively, the design principles and 
synthetic methods are applicable to a wide variety of soft 
materials that can change their shape under external stimuli. 
Therefore, the advanced properties of this self-switchable shape 
memory system have considerable potential to open a new 25 

avenue for tailoring the catalytic activity of metal nanoparticles 
toward a given reaction. 
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