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This study develops a new type of moisture-sensitive shape memory polymer based on zwitterionic copolymers
synthesized with acrylic acid (AA) and 3-Dimethyl (methacryloyloxyethyl) ammonium propane sulfonate (DMAPS).
The moisture absorption properties of zwitterionic copolymers are particularly investigated in this paper. The results
demonstrate that the DMAPS/AA copolymers possess a sulfobetaine structure and form a two-phase separation
structure. The zwitterionic copolymers show both good hydrophilic properties and moisture absorption properties.
Both AA and DMAPS segments influence the hydrophilic properties and moisture absorption of the composite copol-
ymer. The moisture absorption process is well modeled by Fick’s second law in its initial stage. The moisture absorp-
tion is mainly determined by immersion conditions and the given materials’ structure. Moisture absorption speed
and saturated moisture absorption both increase with an increase in DMAPS content as well as the immersion
temperature. The increased moisture absorption rate and higher saturated moisture absorption results from the
higher activation energy of diffusion. The DMAPS/AA copolymers demonstrate adequate moisture-sensitive shape
memory effects. Stain recovery is faster in the zwitterionic copolymers containing higher DMAPS content, whereas
the final shape recovery decreases with an increase of DMAPS content. Finally, it is proposed that not only good
moisture absorption units are required but also physical crosslinks should be improved for moisture-sensitive shape
memory polymers. Copyright © 2017 John Wiley & Sons, Ltd.
Additional Supporting Information may be found online in the supporting information tab for this article.
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INTRODUCTION

Zwitterionic polymers are polymers possessing both anionic and
cationic groups.[1,2] In past decades, zwitterionic polymers have
been introduced for a wide variety of applications that include
ion exchange, sewage treatment, chelation to bind trace metals
from drinking water, soil conditioning, and paper reinforce-
ment.[2] Recently, polybetaines, which have the anionic and
cationic groups on the same monomer units, have attracted
significant interest as biomedical materials.[1,2] They are reported
to have excellent biocompatibility, show high resistance to
non-specific protein adsorption, and possess suitable antimicro-
bial properties.[3–6] One advantage of polybetaines for biomedi-
cal applications is that the zwitterionic groups can form a
hydration layer for resisting attachment to proteins, bacteria,
and blood cells. Additionally, various ionic polymers have been
reported to have good moisture absorption.[7–9] The moisture
absorption and moisture absorption kinetics in polyelectrolyte
films were also investigated in previous publications.[10,11]

Therefore, zwitterionic polymers might also have good moisture
absorption properties. However, the moisture absorption behav-
iors of zwitterionic polymers are less reported in literature. It is
critical to understand the moisture absorption process of zwitter-
ionic polymers before promoting their various applications in
copolymer composites.
In recent years, shape memory polymers (SMPs) are attractive

to both scientists and engineers because they have the

capability of fixing a temporary shape and recovering its original
shape by applying external stimuli such as heat, light, electric,
and water.[12–18] Many kinds of SMPs have been developed for
various applications, including biomedical applications,[19,20]

self-healing coatings,[21,22] actuators,[23,24] dry adhesives,[25] tex-
tiles,[26,27] and information carriers.[28,29] A conventional
thermal-induced SMP relies on a reversible thermal phase transi-
tion. The thermal-induced shape fixing/recovering can be easily
achieved by cooling/heating the surroundings to below/above
the transition temperature. The recent development of the
water-induced SMP represents an obstacle in the realization of
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its full potential for practical applications without the need of
heat stimuli.[30,31] Another route for shape recovery is by reduc-
ing the thermal phase transitions below the surrounding tem-
perature with the stimulus of water, moisture, chemistry, and
so on.[30,31] Since the first report of water-driven programmable
shape memory polyurethane in 2005,[32] non-thermally induced
SMPs have rapidly become investigated. Recently, Wang et al.
investigated the water-induced shape memory effect (SME) in
sodium dodecyl sulfate/epoxy composites.[33] Lu et al. also
reported the chemo-responsive SME in shape memory polyure-
thane triggered by inductive release of mechanical energy
storage via copper (II) chloride migration.[34] By utilizing the fea-
tures of thermo/moisture-responsive SMPs, Sun et al. proposed a
concept of incorporating micro-sized devices made of SMPs that
were delivered into living cells for surgery or operation.[35]

However, the biocompatibility should first be considered before
promoting these SMPs for biomedical applications. Even though
most zwitterionic polymers are reported to show good biocom-
patibility, there are few reports on zwitterionic SMPs.[1,2] Zwitter-
ionic polymers provide a feasible way to achieve both good
biocompatibility and moisture-sensitive SMEs The moisture-sen-
sitive SMEs of zwitterionic polymers might greatly promote the
biomedical application of SMPs.

In previous publications, we developed a new kind of
moisture-sensitive SMP from the pyridine-containing polyure-
thane.[36,37] The mechanism of moisture-sensitive SMEs could
be ascribed to the dissociation of hydrogen bonding presented
in the pyridine ring because of moisture absorption.[36] Thus,
moisture absorption behavior plays an important role in the
moisture-sensitive SME. Most recently, we successfully devel-
oped zwitterionic SMPs synthesized with acrylic acid (AA) and
3-Dimethyl (methacryloyloxyethyl) ammonium propane sulfo-
nate (DMAPS). Preliminary results demonstrate that the
DMAPS/AA copolymers were found to show not only multi-
SME and moisture-sensitive SME properties but also good
biocompatibility.[38] However, the moisture absorption of zwit-
terionic polymers and the moisture absorption kinetics have
not been investigated until now. Therefore, on basis of the anal-
ysis of structure and morphology, we have carefully investigated
the hydrophilic properties, moisture absorption, moisture
absorption kinetics, and moisture-sensitive SMEs in this study.

EXPERIMENT

Materials

Sodium hydroxide (NaOH), ammonium persulphate ((NH4)S2O8),
acrylic acid (AA, cat.#174230), and other common chemicals
were purchased from Aladdin (Shanghai, China). 3-Dimethyl
(methacryloyloxyethyl) ammonium propane sulfonate (DMAPS,
ca.#537284) was synthesized by Changzhou Yipingtang Co. Ltd.
(Changzhou, China).

Synthesis of DMAPS/AA copolymers

The DMAPS/AA copolymers with various DMAPS content were
synthesized with DMAPS and AA via a free-radical polymeriza-
tion method according to the procedure in our previous
publication.[38] The reaction was performed in a nitrogen-filled
three-neck flask with mechanical stirring. Firstly, the monomers,
DMAPS and AA, were added to the flask, the polymerization
was initiated with addition of (NH4)S2O8 into the solution, and

the reaction was kept at 60°C for 10 hr. Finally, a 10 wt% polymer
solution was obtained. DMAPS/AA copolymer samples could be
obtained by heating a Teflon pan of the polymer solution at
80°C for 24 hr in continuous air flow and then in vacuo for an-
other 24 hr. In this study, the samples were labeled as DMAPS##,
in which ## is the weight fraction of DMAPS.

Materials characterizations

Fourier transformation infrared (FT-IR) spectra were obtained
with an FT-IR spectrometer (Nicolet 6700, Nicolet, USA) equipped
with an Attenuated total reflection (ATR) accessory; 24 scans at a
4-cm�1 resolution were signal averaged and stored as data files
for further analysis.
Dynamic mechanical analysis (DMA) curves were determined

using a Q200 instrument (TA, USA) purged with nitrogen, while
operating at a heating rate of 2°C/min from �60°C to 180°C and
at 1 Hz. The specimens for testing were prepared by casting a film
of thickness of 0.5 mm, a length of 25 mm, and a width of 5 mm.
X-ray photoelectron spectroscopy (XPS) spectra were recorded

on a VG multilab2000 with Al Ka source. The anode current was
10 mA, and the anode voltage was at 15 KV. The core-level sig-
nals were obtained at a photoelectron take-off angle of 90°.
The elemental compositions were obtained from peak areas
and sensitivity factor from the C1s, O1s, N1s, and S2p peaks by
TA advantage software. All binding energies were calculated in
reference to carbon, C1s = 284.6 ev.
Static contact angle of samples were investigated with a

JC2000Y stable contact angle analyzer (Chengde Chengwei Tester
Co. Ltd., Chengde, China) by using distilled water as the test liquid.

Characterization for moisture absorption

The moisture absorption was determined by weighing method
described in previous publications.[37,39] Before testing, the spec-
imens were completely dried. The specimen was then put on the
moisture condition at a specific temperature and a certain RH for
moisture absorption (Fig. S1). For example, on the first stage, the
duration of moisturizing time is short (e.g. ΔT = 5 min). After
30 min, the duration is gradually increased (e.g. ΔT = 10 min)
on the second stage. After 2 hr, the duration time is further
prolonged (e.g. ΔT = 30 min or 60 min) before the weight of
specimen is determined to be relatively constant. The measuring
time is about 5 min. Finally, the moisture absorption in percent-
age at any time (Mt) is calculated by the following equation:[39]

Mt ¼ Wt �Wdð Þ=Wd½ ��100% (1)

where Wd and Wt refer to the weight of the dry specimen and
the wet specimen, respectively.

Kinetics of moisture absorption

The kinetics of moisture absorption was studied according to the
method previously described in literature.[37,40–42] Diffusion is a
thermally activated process, and the diffusion coefficient obeys
the classical transition state theory, and its temperature depen-
dence can be expressed by the Arrhenius equation (eqn 2):[42]

D ¼ D0e
�Ea=RT (2)

in which D0 is the maximum diffusion coefficient (at infinite
temperature), Ea is the activation energy of diffusion, and R is
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the gas constant.In contrast to the diffusivity, water absorption
into a polymer is modeled as a Fickian process for the time re-
solved mass increase for a thin film on an impermeable sub-
strate. Thus, the mass gains at any time could be expressed
with the following equation (as seen in eqn 3):[42]

Mt

M∞
¼ 2

Dt

h2

� �0:5 1
π0:5 þ 2

∑
∞

n¼1
�1ð Þnierfc nh

2 Dtð Þ0:5
 !

(3)

where Mt and M∞ are the mass gains at time t and at equilib-
rium, respectively. D is the diffusivity, and h is the thickness of
tested film. The penetrate absorption is assumed to be one-di-
mensional because of the large surface area to volume ratio
and the impermeable substrate. At short times, this expression
can be simplified to eqn 4[42]:

Mt

M∞
¼ 2

h

ffiffiffiffiffi
Dt

π

r
(4)

According to eqn 2 and 4, the dependency of Mt on time can be
expressed with eqn 5:

Mt

M∞
¼ 2

h
D0e

�Ea=RTð Þ t
π

� �� �1=2
(5)

At lower RH, sorption of gasses and vapors into glassy polymers
is successfully described by a dual-mode sorption theory. The
equilibrium component of the theory is expressed with eqn 6.[42]

C ¼ KDPþ CH’b P= 1þ bPð Þ (6)

where C is the total solubility in polymer, P is the pressure re-
lated to the RH, KD is Henry’s law dissolution constant, b is the
hole affinity constant in polymer, and CH’ is the hole saturation
constant in polymer.According to the eqn 5, the dependency
of Mt on time can be expressed with eqn 7[42]:

lnMt ¼¼ 0:5 ln2=hþ :5 lnDo � 0:5 lnð

þ lnM∞ � 0:5Ea=RT þ 0:5 lnt

(7)

For the same sample, the eqn 7 can be simplified to eqn 8:

lnMt ¼ C þ lnM∞ � 0:5Ea=RT þ 0:5 lnt (8)

where C ¼ 0:5 ln2=hþ lnDo � lnðð Þ (9)

At a certain temperature, the eqn 8 can be simplified to eqn 10.

lnMt ¼ K þ 0:5 lnt (10)

where K ¼ Cþ lnM∞ � 0:5Ea=RT (11)

The eqn 11 can be further expressed with eqn 12:

K ¼ C’� 0:5Ea=RT (12)

in which C’ ¼ C þ lnM∞ (13)

Thus; dK=d1=T ¼ �0:5Ea=R (14)

RESULTS AND DISCUSSION

Structure and morphology analysis

In this experiment, the zwitterionic copolymer was synthesized
directly with AA and DMAPS via a free-radical polymerization
method.[38] The structure and morphology were firstly analyzed
via FT-IR, XPS, and DMA. FT-IR spectra demonstrate that the vi-
bration frequencies of SO3

� groups at 1038 cm�1 and ammonium
groups at 960 cm�1 appear in the DMAPS and the obtained sam-
ples (Fig. 1). As the DMAPS content increases, the frequency at
1710 cm�1 (e.g. in DMAPS20) shifts to 1719 cm�1 (e.g. in
DMAPS60 and pure DMAPS). This frequency should be attributed
to the stretching vibration of C═O in the DMAPS segment. As the
AA content decreases, the presence of the C═O stretching vibra-
tion at 1645 cm�1 in sample DMAPS60 shifts to 1637 cm�1 for
sample DMAPS20. The intensity at this frequency also increases
with an increase in AA segments; thus, this vibration frequency
should be ascribed to the AA segment. This result suggests that
the DMAPS is copolymerized with AA to successfully yield zwit-
terionic copolymers. Additionally, the XPS survey scan spectra
demonstrate that S2p (binding energy, 166 eV) and N1s (binding
energy, 400 eV), which are two indicative atoms for DMAPS, are
detected in the DMAPS/AA copolymers. Furthermore, the N1s

spectrum consists of two peaks, one peak at 402 eV for the
sulfobetaine ammonium nitrogen (�N+(CH3)2CH2) and the other
peak at 400 eV for the nitrogen in the residues of the NH4

+ cations
from (NH4)S2O8 serving as the initiator because ammonium ni-
trogen was only measured in the N1s spectrum of pure DMAPS
(Fig. 2). It is thus confirmed that the DMAPS/AA copolymers pos-
sess the sulfobetaine structure. This sulfobetaine might provide
the structural foundation for good biocompatibility critical for
many biomedical applications.[43] Additionally, the AA segment
also contains carboxylic acid groups that form hydrogen bonds
and allow for moisture sensitivity. Moreover, the strong hydro-
gen bonds among AA segments might serve as reversible
switches while the strong electrostatic forces among DMAPS
segments could serve as physical netpoints for the composite
copolymer. Thus, results suggest that a two-phase separation
structure might be formed in the DMAPS/AA copolymers.

Morphology of DMAPS/AA copolymers was investigated with
DMA measurements. The DMA curves of samples DMAPS20
and DMAPS50 demonstrate that the zwitterionic copolymers
have high storage modulus in their glassy state and a lower stor-
age modulus in their rubbery state. Significant decrease in
modulus is observed in all DMAPS/AA copolymers that suggest
that the formation of an amorphous soft phase in the copolymer.
The glass transition temperature (Tg) also shifts to a higher tem-
perature range as the DMPAS content increases, suggesting the
reinforcement of DMAPS segment (Fig. 3). Even though the
rubbery modulus gradually decreases with an increase in tem-
perature, the rubbery modulus is higher than 10 MPa below
100°C, suggesting good stiffness within a high temperature
range because of the good physical crosslinks. Tanδ curves fur-
ther demonstrate that both samples exhibit two peaks, resulting
from the glass transition of the soft and hard phases (Fig. 3); thus,
these findings confirm the formation of a two-phase separation
structure. A hypothesis is that the hard phase might be formed
with the aggregated zwitterionic DMAPS segments, while the
amorphous soft phase is greatly influenced by the hydrogen
bonding of AA segments. The tanδ peak attributed to hard seg-
ments shifted to high temperature side in DMAPS50 sample,
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confirming more aggregation of zwitterionic DMAPS segments.
Differential Scanning calorimeter (DSC) curves further confirm
that the DMAPS/AA copolymers have amorphous soft phase,
in which the Tg increases with the increase of DMAPS

content (Fig. S3). This structure and morphology satisfy the pre-
condition for good shape memory properties of DMAPS/AA
copolymers.[12]

Hydrophilic properties

The incorporation of sulfobetaine structure is hypothesized to
affect the hydrophilic properties of zwitterionic copolymers.
Figure 4A presents a representative water contact angle of
sample DMAPS60. The water contact angle is relatively high
in sample DMAPS20, suggesting poor hydrophilic properties;
whereas the water contact angle decreases as the DMAPS con-
tent increases (Fig. 4B). This finding indicates that the hydro-
philic properties of zwitterionic copolymers are primarily
determined by the DMAPS segments. When sample DMPAS50
was adjusted with NaOH to a different pH value, the hydro-
philic properties were significantly altered. Figure 4C illustrates
the dependence of water contact angle on pH value. As the pH
value increases, the water contact angle increases, suggesting a
marked decrease in hydrophilicity. A possible reason is that a
fraction of the hydrogen bonds among AA segments are
disrupted by increasing the pH value. The disrupted hydrogen
bonds are no longer capable of attracting water molecules,
which effectively results in a decrease in the copolymer’s hy-
drophilic properties. It is thus confirmed that both sulfobetaine
structure and hydrogen bonding among AA segments provides
hydrophilic properties to the zwitterionic copolymers. The hy-
drophilic properties might promote the formation of a hydra-
tion layer, which is thought to be responsible for their
excellent biocompatibility and good moisture absorption
properties.

Moisture absorption behavior

Moisture absorption in polymers is vital for a variety of industries
ranging from microelectronics to adhesives and coatings.[44]

Aiming at a complete understanding of the moisture-sensitive
SME of zwitterionic copolymers, it is necessary to study their
moisture absorption behavior. In this study, the moisture absorp-
tion was determined by weighing the specimens on a balance.
The moisture absorption in percentage at any given time (Mt)

Figure 1. Fourier transformation infrared spectra of DMAPS/AA copolymer. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2. X-ray photoelectron spectroscopy spectra of DMAPS/AA co-
polymers. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 3. Dynamic mechanical analysis curves of typical DMAPS/AA
copolymers. [Colour figure can be viewed at wileyonlinelibrary.com]

Z. MEI ET AL.

wileyonlinelibrary.com/journal/pat Copyright © 2017 John Wiley & Sons, Ltd. Polym. Adv. Technol. (2017)



could be calculated using eqn 1. The moisture absorption curves
of zwitterionic copolymers of varying DMAPS content are
presented in Fig. 5A. These curves clearly depict the moisture
absorption process. All samples absorb moisture very quickly
within the first 40 min yet then appear to slow down and tend
to reach its saturated state after 200 min under the moisture
conditions of 80% RH within the temperature range of 20°C–
60°C. This curve indicates that the moisture absorption process
of zwitterionic copolymers is well modeled by Fick’s second
law in its initial stage.[44,45] In addition, the curves clearly show

the effect of DMAPS content on the moisture absorption of
zwitterionic copolymers. Even though all samples exhibit identi-
cal moisture absorption processes, the Mt tends to be higher in
the samples with higher DMAPS content (Fig. 5A). Figure 5B
further demonstrates that the saturated moisture absorption
linearly increases with an increase of DMAPS content in the
zwitterionic copolymers. This result indicates that DMAPS
content has a strong contribution to the moisture absorption.
The zwitterionic structure might be responsible for moisture
absorption properties of zwitterionic copolymers.

Figure 4. Hydrophilic properties of zwitterionic copolymers [(A) representative water contact angle; (B) dependency of water contact angle on DMAPS
content; (C) dependency of water contact angle on pH value for sample DMAPS50]. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Moisture absorption of zwitterionic copolymers of varying DMAPS content under 80 RH% and T = 30°C [(A) moisture absorption curves; (B)
dependency of saturated moisture absorption on DMAPS content]. [Colour figure can be viewed at wileyonlinelibrary.com]
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The effect of the immersion temperature was also investi-
gated in this investigation. Figure 6 presents the moisture
absorption of sample DMAPS60 under a moisture condition
at varying temperature and a constant RH (RH = 80%).
Figure 6A demonstrates that all moisture absorption curves
exhibit a similar initial slope that suggests an identical
absorption rate on the surface of the polymeric film. However,
Mt at higher temperatures is generally higher than those at
lower temperatures, which is indicative of the solubility of wa-
ter being higher at a higher immersion temperature. Addition-
ally, Fig. 6B also demonstrates that the saturated moisture
absorption increases in a linear behavior with an increase of
temperature in particular within the temperature range of
20°C–50°C. Previously reported in literature, it was revealed
that the solubility of water in semi-crystalline poly(ester
urethane) increases with an increase of immersion tempera-
ture.[46] This is because the diffusion rate is the primary
driving force to the moisture absorption in the bulk polymeric
materials, in which the diffusion coefficient increases with
increasing immersion temperature. In the same materials’
structure, the higher diffusion coefficient will greatly promote
the movement of absorbed water molecules from the surface
to the bulk of the polymer, improving the solubility of water
in the composite. This finding confirms that the moisture
absorption of polymer is primarily determined by the immer-
sion conditions and materials’ structure. In comparison with
previous polymer systems like pyridine-containing polyure-
thane[37] and semi-crystalline poly(ester urethane),[46] the
zwitterionic copolymer in this study demonstrates not only a
much higher saturated moisture absorption but also
faster absorption rate. This might be the most important fea-
ture for zwitterionic copolymers that demonstrate good
moisture-sensitive SME.

Kinetics of moisture absorption

Aiming at a deeper understanding of the mechanism of
moisture absorption of zwitterionic copolymers, the moisture
absorption kinetics of zwitterionic copolymers is also investi-
gated in this study. The calculation for moisture absorption
kinetics was described in Section 2.4. As described previously,
a good linear relationship between saturated moisture

absorption and immersion temperature was found within the
temperature range of 20–50°C. Thus, the moisture absorption
behaviors are investigated at the constant moisture condition
of 80% RH while the immersion temperature is varied from
25°C to 50°C. Figure 7 displays the dependency of moisture
absorption on immersion time for sample DMAPS60. According
to the calculation method of kinetics,[37,42] the relationship
between lnMt and 0.5lnt could be obtained, as shown in Fig. 8.
Figure 8 confirms that the moisture absorption of zwitterionic
copolymers are well modeled by Fick’s second law because
they show a good linear relationships in their initial state[47].-
According to Fig. 8, the K value at different temperatures (T)
can be calculated from the intercept of Fig. 8, in which the
dependency of K on 1/T is shown in Fig. 9. According to Fig. 9,
the slope of the fitted line and its intercept are �3283 and
14.1, respectively. Thus, by using eqn 12, the activation energy
of diffusion Ea can be calculated with the use of
R = 8.31 J mol�1 K�1. The constant C0 in eqn 12 exactly corre-
sponds to the intercept,[42] i.e.

Ea ¼ 54:5 KJ mol�1 and C’ ¼ 14:1

Figure 6. Moisture absorption of sample DMAPS60 under 80 RH% as a function of temperature [(A) moisture absorption curves; (B) saturated moisture
absorption at different temperature]. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 7. Dependency of moisture absorption of sample DMAPS60 at
the moisture condition of RH80% and different temperatures. [Colour
figure can be viewed at wileyonlinelibrary.com]
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By assuming that M∞ is independent of temperature,
lnM∞ = 3.27 can be calculated from Fig. 7 when M∞ = 26.3 is
the saturated moisture absorption at 50°C.

According to eqn 8, the constant C in eqn 8 is calculated with
the use of lnM∞, i.e.

C ¼ �10:83

In addition, the thickness of the testing film in this experiment is
about 1.0 mm, i.e. h = 1.0 mm. Using eqn 9, the maximum diffu-
sion coefficient D0 can be effectively obtained, i.e.

D0 ¼ 1:63�1010 m2=s

Finally, the relationship between moisture absorption at a given
time (Mt) and time (t) at various temperatures (T) for sample
DMAPS60 under the moisture condition of 80%RH can be
expressed by the following equation (eqn 15):

lnMt ¼ 14:1� 3283 1=Tð Þ þ 0:5 lnt (15)

Therefore, moisture absorption kinetics confirms that the
moisture absorption process of zwitterionic copolymers can be
successfully modeled by Fick’s second law in its initial stage. As
compared with the previously reported pyridine-containing
polyurethane,[37] the activation energy of zwitterionic copolymer
is much higher. This higher activation energy of diffusion is the
basic reason for their high moisture absorption speed and higher
saturated moisture absorption. These findings convince us that
the zwitterionic copolymer demonstrates good moisture-sensi-
tive SME with a fast strain recovery speed.

Moisture-sensitive SMEs

On basis of the aforementioned analysis, the structure and
morphology of zwitterionic copolymers effectively satisfies the
fundamental structural requirements for polymers exhibiting
SMEs; moreover, the copolymers exhibit good moisture absorp-
tion properties. Therefore, the DMAPS/AA copolymers are
expected to show good moisture-sensitive SME. In this experi-
ment, the moisture-sensitive SME is investigated from the strain
recovery, recovery immersion time and recovery speed accord-
ing to the method previously described in literature.[36] Firstly,

Figure 9. Dependency of K on 1/T.

Figure 8. Dependency of lnMt on 0.5lnt. [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 10. Images showing typical moisture-sensitive shape recovery process. [Colour figure can be viewed at wileyonlinelibrary.com]
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the specimen is deformed to a second temporary shape by ex-
ternal force and fixed at room temperature. After the fixed
temporary shape is exposed to a moisture condition of
RH = 80% at T = 30°C, the specimen can be found to recover
itself. The strain recovery started at about 30 min of immersion
time. Significant strain recovery was observed within the im-
mersion time range of 30–60 min. Beyond 60 min, the original
shape was completely recovered (Fig. 10). Similar to the
thermal-induced SMEs as described in literature,[48] the
moisture-sensitive strain recovery process is also characterized
with several parameters, such as strain recovery start time (ts),
strain recovery time (tr), strain recovery end time (te), immer-
sion time length (Δt), and final stain recovery (Rr).

[36] The more
detailed calculations can be found in Fig. S2. The variables are
as follows: ts is defined as the immersion time at which the
strain recovery is about 10% Rr, tr is defined as the immersion
time at which the strain recovery is about 50% Rr, te is defined
as the immersion time at which the strain recovery is about
90% Rr, and Δt (Δt = te�ts) is also used to characterize the
strain recovery speed.[36] Table 1 summarizes the parameters
of moisture-sensitive strain recovery for DMAPS/AA copolymers
of varying DMAPAS content. For investigating the relationship
between strain recovery and moisture absorption, the saturated
moisture absorption for each sample is also provided. Table 1
demonstrates that all immersion times including ts, tr, te, and
Δt decrease as the DMAPS content increases. Meanwhile, the
saturated moisture absorption increases with the increase of
DMAPS content. This result suggests that stain recovery is
faster in the samples with higher DMAPS content because of
their higher moisture absorption rate, as described previously.
On the contrary, Rr decreases with an increase of DMAPS
content. A possible reason should be ascribed to their higher
saturated moisture absorption. An excess amount of water
molecules might impede hydrogen bonding and aggregation
of zwitterionic segments in the zwitterionic copolymer, effec-
tively decreasing the physical netpoints, further influencing
the total strain recovery. This observation was also found in
the moisture-sensitive SME of pyridine-containing polyure-
thane in a previous investigation. As compared with the poly-
urethane system, the DMAPS/AA copolymer shows fast strain
recovery speed under the moisture condition because of their
sulfobetaine structure and hydrogen bonding as mentioned
previously. The strain recovery decreases with the increase
of DMAPS content in DMAPS/AA copolymers, whereas the
strain recovery is higher in the polyurethane with high con-
tent of pyridine ring. This quite difference should be resulted
from their different physical crosslinks. The strong hydrogen
bonding between urethanes serves as physical netpoints in
the polyurethane while the electrostatic force between
DMAPS segments serves as physical netpoints in DMAPS/AA

copolymers. It is thus proposed that not only a high fraction
of moisture absorption units is required but also physical
crosslinks should be improved in the molecular designing of
moisture-sensitive SMPs.

CONCLUSIONS

This study develops a new kind of moisture-sensitive SMPs
based on a zwitterionic copolymer synthesized with DMAPS
and AA segments. In order to understand the moisture-sensitive
SME of zwitterionic copolymers, the structure and morphology,
hydrophilic properties, moisture absorption, and moisture ab-
sorption kinetics were carefully investigated in this paper. The re-
sults demonstrate that the DMAPS/AA copolymers possess a
sulfobetaine structure and form a two-phase separation struc-
ture. The zwitterionic polymers show both good hydrophilic
properties and moisture absorption properties across varying
DMAPS content, in which both AA and DMAPS segments con-
tribute to the hydrophilic properties. The moisture absorption
behavior is primarily determined by immersion conditions and
the materials’ structure. Both moisture absorption rate and satu-
rated moisture absorption increase with an increase of DMAPS
content and the immersion temperature. Moisture absorption ki-
netics further confirms that the moisture absorption process is
well modeled by Fick’s second law during the initial stage. The
higher activation energy of diffusion is the elementary mecha-
nism that contributes to the copolymers’ high moisture absorp-
tion rate and saturated moisture absorption. Additionally, the
DMAPS/AA copolymers exhibit good moisture-sensitive SME.
Strain recovery is faster in the zwitterionic copolymers with
higher DMAPS content, whereas Rr decreases with an increase
of DMAPS content. It is thus proposed that not only good mois-
ture absorption units are required but also netpoints should be
improved for moisture-sensitive SMPs.
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