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ABSTRACT: In this study, we developed a pH-responsive shape-
memory polymer nanocomposite by blending poly(ethylene glycol)−
poly(ε-caprolactone)-based polyurethane (PECU) with functionalized
cellulose nanocrystals (CNCs). CNCs were functionalized with pyridine
moieties (CNC−C6H4NO2) through hydroxyl substitution of CNCs
with pyridine-4-carbonyl chloride and with carboxyl groups (CNC−
CO2H) via 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) mediated
surface oxidation, respectively. At a high pH value, the CNC−C6H4NO2
had attractive interactions from the hydrogen bonding between pyridine
groups and hydroxyl moieties; at a low pH value, the interactions
reduced or disappeared due to the protonation of pyridine groups, which
are a Lewis base. The CNC−CO2H responded to pH variation in an
opposite manner. The hydrogen bonding interactions of both CNC−
C6H4NO2 and CNC−CO2H can be readily disassociated by altering pH
values, endowing the pH-responsiveness of CNCs. When these functionalized CNCs were added in PECU polymer matrix to
form nanocomposite network which was confirmed with rheological measurements, the mechanical properties of PECU were not
only obviously improved but also the pH-responsiveness of CNCs could be transferred to the nanocomposite network. The pH-
sensitive CNC percolation network in polymer matrix served as the switch units of shape-memory polymers (SMPs).
Furthermore, the modified CNC percolation network and polymer molecular chains also had strong hydrogen bonding
interactions among hydroxyl, carboxyl, pyridine moieties, and isocyanate groups, which could be formed or destroyed through
changing pH value. The shape memory function of the nanocomposite network was only dependent on the pH variation of the
environment. Therefore, this pH-responsive shape-memory nancomposite could be potentially developed into a new smart
polymer material.
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■ INTRODUCTION

Shape-memory polymers (SMPs), as one of the most important
branches of smart materials, are able to fix into a temporary
shape and then recover to their original shape1 when exposed
to an environmental stimulus such as heat,2−4 light,5,6 electric
field,7−9 magnetic field,10,11 solvent,12−14 or redox.15,16 SMPs
have many potential applications in the design of therapeutic
strategies,17 such as aneurysm occlusion devices,18 esophageal
stent,19 tissue engineering scaffold,20 and drug delivery.21,22

Despite the demonstrated merits, the low mechanical proper-
ties of the SMPs limit their applications. Incorporating stiff
fillers or fibers is an effective way to increase the mechanical
properties of SMPs,23 such as SiO2,

24 nanoclay,25 carbon
nanotubes,26 Fe3O4 nanoparticles

27 and CNCs.28 Among these
fillers, CNCs have such advantages as high crystallinity, large
surface area, excellent mechanical strength, and so on. CNCs
also have many OH groups on their surfaces, which leads to
strong hydrogen bonding interactions between CNCs and

matrix materials.28 Due to their superior physical and chemical
properties, CNCs have received much attention in the field of
nanocomposites.29

The shape memory effect (SME) of shape-memory polymer
composites (SMPCs) is anticipated to be conveniently
controlled with a mild stimulus. The SMPCs that incorporate
CNCs in the polymer matrix display a innovative water-induced
SME and change their mechanical properties upon exposure to
water, which has been developed in recent years.30−32 In these
composites, the CNC percolation network in matrix materials
serves as the switch units of SMPs, leading to an unprecedented
rapidly switchable SME that may be activated by water. This is
due to more hydrogen bonding interactions between CNC
percolation network and matrix materials reversible formation
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and destruction during the wetting and drying cycle.33−35 This
SMP is totally different from the traditional water-induced
SMPs, which belong to indirect thermal-sensitive SMPs. The
water as plasticizer reduces transition temperature of SMPs, and
then the SMPs recover their original shape at room
temperature.36

Different sites of the body have variations in physiological
pH values. In particular pathological conditions, the physio-
logical pH of biological systems generally appears a sharp
gradient.37 Compared with the thermal-sensitive SMPs and
indirect thermal-sensitive such as light, electric, magnetic
induced SMPs limited in biomedical applications, the pH-
induced SMP is an ideal candidate for designing biomedical
applications.38 So far, there have been several reports about pH-
sensitive SMPs. For example, Zhang et al. reported a pH-
sensitive SMP prepared with β-cyclodextrin modified alginate
and diethylenetriamine modified alginate.39 Willner et al.
reported pH-stimulated DNA hydrogels exhibiting shape-
memory properties.40 Our group previously developed a pH-
sensitive SMP based on polyurethane.38 However, in these
systems, the pH-induced shape memory effect was realized by
the polymer material itself via polymer swelling at different pH
values. At the same time, the mechanical properties of these
materials are poor. To address these problems, adding
functionalized CNCs into polymer to form polymer composites
is an effective strategy. Chen et al. reported biomimetic
polymer composites by using chitosan-modified cellulose
whiskers as the stimulus-responsive phase and thermoplastic
polyurethane as the resilient matrix, which represented water-
active mechanically adaptive and shape-memory behavior in
different pH environments.41

In this study, we developed a pH-responsive SMP nano-
composite by blending poly(ethylene glycol)−poly(ε-caprolac-
tone)-based polyurethane (PECU) with functionalized cellu-
lose nanocrystals (CNCs). CNCs were functionalized with
pyridine moieties (CNC−C6H4NO2) through hydroxyl sub-
stitution of CNCs with pyridine-4-carbonyl chloride and with
carboxyl groups (CNC−CO2H) via TEMPO-mediated surface
oxidation, respectively. At pH values below 5, the pyridine
groups on the surface of CNC−C6H4NO2 were protonated
because the pyridine groups were a Lewis base. At pH values
above 5, CNC−C6H4NO2 had attractive hydrogen bonding
interactions between hydroxyl moieties and pyridyl group.38,42

The CNC−CO2H could be expected to respond to pH
variation in an opposite manner. At high pH, the CNC−CO2H
were ionized and negatively charged; therefore, the attractive
interactions between the CNCs could be reduced by electro-
static repulsions. Conversely, at low pH, the CNC−CO2H had
attractive interactions, which resulted from hydrogen bonding
of the carboxylic acid and hydroxyl moieties.43 PECU was
obtained by, first, the synthesis of PCL−PEG-PCL by the ring-
opening polymerization of ε-caprolactone (ε-CL) with poly-
(ethylene glycol) (PEG) and, second, getting the resultant
polymer with PCL−PEG-PCL as the soft segment of
polyurethane (PU) matrix materials by the reaction of PCL−
PEG-PCL with 4,4-diphenylmethane diisocyanate (MDI) in
the presence of chain extender DMPA. The introduction of the
PCL−PEG-PCL segment can enhance the biodegradation and
biocompatibility of the resultant polymer. The matrix materials
with good mechanical properties, which obtained through the
physical composite modified CNCs. In this nanocomposite
system, the pH-sensitive SME is realized through the
association and dissociation of the hydrogen bond interactions

between the modified CNCs percolation network and matrix
materials (Figure 1 and Figure S1, Supporting Information).

The pH-sensitive CNCs percolation network serves as the
switch units of SMPs; both the PECU physical cross-linking
and microphase separation act as the net-point.44

■ MATERIALS AND METHODS
Materials. Poly(ethylene glycol) (PEG, Mn 2.0 kDa) were

recrystallized before use, N,N-dimethylformamide (DMF), 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO), NaBr, NaOCl, isonicotinic
acid, thionyl chloride (SOCl2), triethylamine were reflux redistilled
before used and stannous chloride (SnCl2) were purchased from
Kelong Chemical Reagent Factory in Chengdu. ε-Caprolactone (ε-
CL), Stannous octoate [Sn(Oct)2, 95%] were purchased from Aldrich.
DMF was dried as our group previously report.38 4,4-Diphenyl-
methane diisocyanate (MDI), was purchased from Tokyo Chemical

Figure 1. Schematic representation of the pH-responsive shape-
memory materials, which rely on hydrogen bonding switching
mechanism in the interactions between cellulose nanocrystals
(CNC−C6H4NO2) within polymer matrix upon immersion in HCl
solution (pH = 4) or NaOH solution (pH = 8).
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industry Co., Ltd. ε-CL was purified by drying over CaH2 and distilled
under reduced pressure. 2,2-Bis(hydroxymethyl) propionic acid
(DMPA, 99%) was purchased from Acros Organics. CNCs were
preparedaccording to the previous literature.45

Preparation of Pyridine Moieties Modified Cellulose Nano-
crystals (CNC−C6H4NO2). The CNCs stable suspension in DMF was
achieved with a solid content of 20 mg/mL in our group’s earlier work,
in which the detailed experimental description has already been
provided.46 The amount (2.9 ± 0.2 mmol/g) of reactive hydroxyl
group on cellulose nanocrystals was measured by titration of excessive
isocyanate groups.47 Pyridine-4-carbonyl chloride was synthesized by
isonicotinic acid and SOCl2 as described previously.48 Pyridine-4-
carbonyl chloride (2 g) and triethylamine (1 g) were added to a dried
three-necked flask under stirring and Ar gas protection device. Later,
ultrasonic treatment CNCs suspension in DMF (30 mL) was added
dropwise into three-necked flask. The reaction was carried out at 80
°C for 24 h. The resultant suspension was subsequently distilled under
reduced pressure and washed by continuous centrifugation with

deionized water. Finally, CNC−C6H4NO2 suspension in DMF was
obtained by solvent-exchange sol−gel process, as described previously
(Scheme 1a1).46 From the nitrogen content according to eq 1, the
degree of substitution (DS) of modified cellulose nanocrystals was
calculated:

= × ×
+ ×

M
N%

DS 14
162 DS MWG (1)

where N% the is weight percentage of nitrogen, M is number of
nitrogen atoms in the substituent group, and MWG is the molecular
weight of the substituent group.49

Preparation of Carboxylic Acid Modified Cellulose Nano-
crystals (CNC−CO2H). Ultrasonic treatment CNCs suspension in
water (20 mg/mL, 30 mL) were added into a dried three-necked flask
with magnetic stirring, which was connected to the backflow device
and Ar gas protection device. TEMPO (0.02 g), NaBr (0.2 g), and
NaOCl (1.76 M, 0.5 mL, 0.88 mmol) were stirred in 10 mL of water
until completely dissolved. This solution was then added to the CNCs

Scheme 1. (a) Synthetic Procedure of the Modified Cellulose Nanocrystals (1) CNC−C6H4NO2 and (2) CNC−CO2H and (b)
Synthetic Route of PECU Polymer; (inset) Internal Structure of Cellulose Nanocrystals; Modification Occurs on the Surface of
Cellulose Nanocrystals.
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suspension.52 The pH of the mixture was maintained at 10 by adding
0.5 M NaOH while the suspension was stirred at room temperature.
After 5 h, methanol (ca. 2 mL) was added, terminating the oxidation,
and the pH was adjusted to 7 with 0.5 M HCl. The water suspension
of CNCs was recovered by centrifugation and washed with water. The
oxidized CNCs were dialyzed and then CNC−CO2H suspension in
DMF was obtained by solvent-exchange sol−gel process as previously
described (Scheme 1a2).46 Conductimetric titration curves allow us to
calculate the amount of carboxyl groups and the degree of oxidation
(DO), which is given by eq 2:

= × × −
− × × −

C
w C

DO
162 (V2 V1)

36 (V2 V1) (2)

where C is the NaOH concentration (mol/L), V1 and V2 are the
amount of NaOH (Supporting Information), w is the weight (g) of the
oven-dried sample, the value of 36 corresponds to the difference
between the molecular weight of an anhydroglucose unit (AGU) and
that of the sodium salt of a glucuronic acid moiety.50

Preparation of PECU and its Nanocomposites. PCL−PEG-
PCL(PCL/PEG molecular mass ratio, 6:4) was first synthesized by
ring-opening polymerization method.51 Number-average molecular
weight (Mn) and polydispersity were measured by gel permeation
chromatography (GPC). The detection method of GPC (Waters
1515) measurement was previously reported by our group.38 PCL−
PEG-PCL (0.36 mmol) were added into a three-necked round flask
and dried at vacuum under a reduced pressure at 80 °C for 2 h. Then
MDI (0.92 mmol) were added to this flask under stirring and Ar gas
protection device. The reaction was carried out at 80 °C for 2 h to
prepare the prepolymer. After that, MDI (1.54 mmol), Sn(Oct)2 and
chain extender DMPA (2.1 mmol) were added into the reaction
system at 80 °C for another 2 h. The solution was poured out and
evaporated at 80 °C for 8 h to obtain films. These films were further
dried under vacuum at room temperature for another 48 h (Scheme
1b). The PECU called as (PCL−PEG-PCL)70%-MDI-DMPA, in which
the numerical values under the PCL−PEG-PCL indicate the weight
percent of PCL−PEG-PCL in the PECU (Mn 16.9 kDa, polydispersity
1.1 measured by the GPC system). The PECU was dissolved in DMF
at a concentration of 50 mg/mL by stirring for 4 h. CNC−C6H4NO2
or CNC−CO2H suspension in DMF was prepared by ultrasonic
treatment and subsequently added into PECU solutions according to
the concentrations of 5, 10, 20, and 30 wt % (modified CNCs/PECU).
The numerical values under the CNCs indicate the weight percent of
CNCs in the nanocomposites. After these mixtures were stirred for 6
h, they were cast into Teflon dishes, and evaporated at 60 °C for 8 h to

acquire films. The films were further dried under vacuum at room
temperature for another 48 h and subsequently dried under vacuum at
80 °C for 12 h to remove residual solvent.

Characterization. 1H NMR was performed on a Varian 400 NMR
spectrometer. The detection method of Fourier transform infrared
spectroscopy (FT-IR) of all CNCs samples were conducted as our
group previously report.48 Each nanocomposite sample was prepared
by using a film, which was tested after immersion in HCl solution at
pH = 1 or 4 and NaOH solution at pH = 8 or 10, respectively, for 60
min. The detection method of X-ray photoelectron spectroscopy
(XPS) as our group previously reported.46 Elemental analysis was
carried out using Micro Analysis (Euro EA 3000) Elementar
instrument (Table S1, Supporting Information). The carboxyl content
of oxidized CNCs samples was determined by conductometric
titration (Rex DDS-307A). The detailed experimental description
has already been provided.50

The average size and zeta potential of CNCs were determined by
dynamic light scattering (DLS; Zeta-Sizer, Malvern Nano-ZS90,
Malvern, U.K.) at 25 °C. The morphologies of CNCs were tested
by transmission electron microscopy (TEM) with JEOL 2100F
instrument (JEOL Ltd., Japan) operated at 200 kV. The detection
method of the fracture surfaces of the composites were investigated as
our group previously reported.46 The swelling degree of the samples
was calculated by measuring the samples weight before and after
immersed in HCl solution (pH = 1 or 4) or NaOH solution (pH = 8
or 10) at room temperature. The weight ratio of absorbed solution was
calculated as our group previously reported.46 Contact angle
equipment (DSA 100, KRUSS) was investigated as our group
previously reported.46 The retained time of the water drop on the
sample surface was 30 s.

Differential scanning calorimetry (DSC) measurements were
performed as our group previously reported.46 X-ray diffractometry
(XRD) was investigated as our group previously report.46 The tensile
properties of the samples at room temperature were performed on an
Instron 5567 (Instron Co., Massachusetts) instrument. The extension
rate was 1 mm min−1. The rheological measurement was carried out
on a stress controlled rheometer (rheometer System Gemini 200,
Germany) using a 40 mm diameter parallel plate. During the
rheological measurement process, the frequency sweep from 0.01 to
120 rad/s was performed at 200 °C under dry nitrogen atmosphere.
For all the measurements, the samples were tested within the linear
viscoelastic strain range.

The PECU/CNC−C6H4NO2 (0, 5, 10, 20, and 30 wt %) films were
cut into rectangular strips. The test specimen dimensions were 15 × 4

Figure 2. Transmission electron micrographs of (a) CNC, (b) CNC−C6H4NO2, and (c) CNC−CO2H. (d) Size analysis.
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× 0.2 mm (length × width × thickness). The shape memory
experimental description has already been provided.38 The fixity ratio
(Rf) was defined as θf/θi and the shape recovery ratio (Rr) was defined
as (θf −θr)/ θf. The results represent the averages of at least three
specimens. We also tested the shape memory effect of PECU/CNC−
CO2H (0, 5, 10, 20, and 30 wt %) films by immersing them in acidic
and alkali solutions with different pH values. The shape recovery ratio
and the fixity were repeated three times.

■ RESULTS AND DISCUSSION
Characterization of CNC−C6H4NO2 and CNC−CO2H.

The morphological details of the cellulose nanocrystals and the
modified cellulose nanocrystals (CNC−C6H4NO2, CNC−
CO2H) were illustrated by TEM and DLS. As shown in Figure
2, the morphologies of CNCs, CNC−C6H4NO2 and CNC−
CO2H are rod-like with length ranging from 200 to 300 nm and
width of 5−20 nm. Figure 2d shows that the relative average
particle size of the three nanofibers were 190, 210, and 240 nm
accompanying with a uniform distribution. Thus, we could
conclude that the modified conditions do not have further
hydrolytic treatment on the CNCs, whose lengths were
determined by the initial hydrolytic treatment. Therefore, the
modification seemed to occur on the surface of CNCs.
FT-IR was employed to confirm the chemical structure of the

CNC−C6H4NO2 and CNC−CO2H. From the spectra of the
CNC−C6H4NO2 in Figure 3a, we can find that CNCs show the
characteristic peaks at 3343 (O−H), 2905 (C−H), 1640 (C
C), 1432 (−CH2), and 1162 and 1056 (C−O−C) cm−1. As a
result of surface graft of pyridine moieties, the characteristic
peaks of the aromatic rings of pyridine appeared at 1643 and
1600 (CC) and 1535 (CN) cm−1.49 The most important
change was the appearance of 1730 (CO) cm−1 stretching
band, indicating that the hydroxyl group of CNCs reacted with
pyridine-4-carbonyl chloride successfully.48 Degree-of-substitu-
tion (DS) of CNC−C6H4NO2 was 0.21, which calculated from
the nitrogen content according to eq 1. Figure 3b confirms that
the oxidized CNCs (CNC−CO2H) was synthesized success-
fully, carboxyl content could be obtained from the area of the
band at 1730 cm−1. Meanwhile, only a slight reduction of the

bands related to stretching vibration of O−H groups at 3343
cm−1 and C−H at 2905 cm−1 is observed.52 The amount
carboxyl groups and therefore the degree of oxidation (DO) of
CNC−CO2H could be detected by conductometric titrations.
As shown in Figure S2 (Supporting Information), with the
addition of sodium hydroxide, the carboxyl group on the
modified CNCs was ionized, and then lead to change the
conductivity.52 According to conductometric titrations, we
obtained the degree of oxidation is 0.18, which is less than the
maximum theoretical DS 3 for modified cellulose under
homogeneous conditions, indicating that not all of the surface
hydroxyl groups are readily accessible, since some can be
oriented toward the inner regime of the nanocrystals.49 In
Figure 3c, by comparison the diffraction peaks of nonmodified
and modified cellulose nanocrystals, we can find that the
cellulose I crystal structure is still reserved. Peaks appeared at
2θ 34.5, 22.5, 20.4, 17.6, and 15.8°, which belong to diffraction
from (040), (002), (021), (110), and (110) planes,
respectively, of cellulose I. However, as a result of the
modification, the peaks at 2θ 17.6 and 15.8° become a little
different, which corresponded to (002) plane was broadened,
indicating swelling of the nanocrystals in the reaction medium
during chemical modification since the (002) plane consists of
layered sheets of cellulose chains.49 This is also evidence that
the modification only occurs on the surface of CNCs as
described before. The chemical structure of PCL−PEG-PCL
polymer was investigated through 1H NMR (Figure 3d). The
disappearance of OH signal (4.7 ppm) from PEG indicates the
reaction of OH groups with ε-CL. Whereas H-(a) at 3.65−3.69
ppm, H-(b) at 2.25−2.35 ppm, H-(c) at 1.59−1.71 ppm, H-(d)
at 1.35−1.42 ppm, H-(e) at 4.05−4.1 ppm, all chemistry shift
signals matched with the corresponding protons, indicate the
successful synthesis of PCL−PEG-PCL.53 From the intensity of
signal H-(a) and H-(e), the repeating unit m was calculated and
then Mn was deduced. Molecular weight of PCL−PEG-PCL is
about 5.9 kDa measured by 1H NMR, which is in agreement
with the result (Mn 5.9, PDI 1.1) measured by GPC.

Figure 3. IR spectra of (a) CNC and CNC−C6H4NO2 and (b) CNC−CO2H; (c) XRD spectra of modified cellulose nanocrystals; and (d) 1H NMR
spectra of PCL−PEG-PCL (PEG/PCL = 4:6).
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X-ray photoelectron spectra (XPS) were used to determine
the main elements and the carbon-based bonds of the CNC−
C6H4NO2. In Figure 4 low resolution spectra of all the

nanocrystals show that carbon and oxygen atoms were the main
components, while less nitrogen was indicates the presence of
pyridine moieties. In the high-resolution carbon spectra, the
carbon signal can be resolved into several component peaks,
which reflect the local environments of the carbon atoms C−
C(C−Hx), 285.0 eV; C−O, 286.5 ± 0.1 eV; O−C−O/CO,

288.05 ± 0.05 eV; O−CO, 289.0 ± 0.1 eV; and C−N, 286.2
eV.54 The difference between CNC−C6H4NO2 and CNCs was
that the characteristic peaks of O−CO and C−N appeared.
These results also indicated that the hydroxyl groups of CNCs
reacted with pyridine-4-carbonyl chloride successfully.

pH-Responsive Properties of the Modified Cellulose
Nanocrystals. It is well-known that the pKa value of pyridine
is 5.19. At pH <5, pyridine accepts H+, becoming protonated in
acid.38 The protonated N atom on the surface of CNC−
C6H4NO2 caused an increase in hydrophilia, it could be well
distributed in the solution. When in base, H+ was neutralized by
OH−, the N atom was deprotonated, CNC−C6H4NO2 became
hydrophobic and precipitates from aqueous solution because
the interactions among the groups on the surface of CNC−
C6H4NO2 were formed.42 As shown in Figure 5a,b, initially,
both the CNCs and CNC−C6H4NO2 appeared stable
distributed in the solution at different pH values. After 30
min, however, the unmodified CNC suspensions remained
insensitive to pH value, whereas above pH 5 the CNC−
C6H4NO2 were precipitated at the bottom of the bottle. The
onset of flocculation was visible and continued over many
hours. This transition was reversible; as the pH was shifted to
values <5, a stable suspension was returned because the pyridyl
groups were protonated again.42 Figure 5c indicates that in an
aqueous environment at high pH, the CNC−CO2H were
ionized and negatively charged, resulting in the electrostatic
repulsions significantly reducing the attractive interactions
between the CNC−CO2H, and a homodisperse emulsion was
obtained. Conversely, at low pH the CNC−CO2H were
deprotonated and in turn formed attractive interactions, which
resulted from hydrogen bonding of the carboxylic acid and
hydroxyl moieties, the onset of flocculation is visible. The pH-
responsive function and surface zeta potential of CNC−
C6H4NO2 were quantified by DLS. As shown in Figure 5d,
unmodified CNCs with sulfate ester groups were negatively

Figure 4. General XPS spectra for (a) CNC and (c) CNC−C6H4NO2.
Surface functional group composition as obtained from the XPS
decomposition of the C 1s signal (b) CNC and (d) CNC−C6H4NO2.
High-resolution carbon spectra: C−C (C−Hx), 285.0 eV; C−O, 286.5
± 0.1 eV; O−C−O/CO, 288.05 ± 0.05 eV; O−CO, 289.0 ± 0.1
eV; C−N, 286.2 eV.

Figure 5. Photographs of (a) CNC, (b) CNC−C6H4NO2, and (c) CNC−CO2H suspensions (0.15 wt %) with different pH values for 1 and 30 min,
respectively; (d) The zeta potential of modified cellulose nanocrystals placed in water solutions with different pH values. Experimental data represent
average ± standard error.
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charged due to sulfuric acid hydrolysis treatment. With the
change of pH value of the solution, CNCs may be less changed.
The value of zeta potential was relatively high, which could
confirm that the solution is stable. The CNC−C6H4NO2 had a
positive electrophoretic mobility at pH values less than 5, which
corresponds to a pyridyl groups protonated induced cationic
surface charge. The value of zeta potential of the CNC−CO2H
was changed along with different value of pH. At pH < 7, the

stability of the CNC−CO2H solution was worse than that of
CNCs, and the CNC−CO2H solution appeared to be
flocculating.

Morphology of the Nanocomposites. The fracture
surface of samples, including PECU nanocomposites as a
function of different CNC−C6H4NO2 content, were observed
by SEM. From Figure 6a,b, the white dots could be clearly
identified in the matrix of the nanocomposites, which

Figure 6. Cross-sectional SEM images showing the fracture surface of the PECU/CNCs nanocomposites: (a and c) PECU/CNC−C6H4NO2 (10 wt
%) and (b and d) PECU/CNC−C6H4NO2 (20 wt %) magnified (a and b) 30 000× and (c and d) 100 000×. (Scale bar: 100 nm).

Figure 7. Typical stress−strain curves of the PECU/CNCs nanocomposite films with different CNCs loading: (a) PECU/CNC−C6H4NO2 and (b)
PECU/CNC−CO2H. The DSC of PECU and its nanocomposites for (c) PECU/CNC−C6H4NO2 (20 wt %) and (d) PECU/CNC−CO2H (20 wt
%).
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correspond to the CNC−C6H4NO2 in the perpendicular plane
of the nanocomposites.55 Figure 6c,d, display the larger
magnification of the fractured surface of the nanocomposite,
and it could be obviously observed that the CNC−C6H4NO2

fillers insert into the PECU matrix.46 In addition, the solvent-
exchange sol−gel process dispersed these CNC−C6H4NO2

fillers in the PECU matrix; due to the hydrogen bonding
between CNC−C6H4NO2 and the molecular chains of the
PECU, indicating that a good compatibility between the
nanofillers and polymer matrix was achieved.46 The CNC−
C6H4NO2 percolating network structure was formed in the
nanocomposites due to the interactions among CNC−
C6H4NO2 as previously reported.56

Mechanical and Thermal Properties of the Nano-
composites. Figure 7a,b shows typical stress−strain curves for
these nanocomposites, and the data, including elongation at
break (εB), tensile strength (σB), and young’s modulus (E), are
summarized in Table S2 (Supporting Information). With the
nanocrystals component increasing, the Young’s modulus
increased from 9.6 ± 0.3 to 54.2 ± 0.6 MPa; however, the
elongation to break decreased 91%, which was attributed to a
higher crystallinity and higher aspect ratio of the nanocrystals.
In the nanocomposites, the enhancement in both strength and
modulus is directly attributable to the reinforcement provided
by cellulose nanofibrils dispersed at the nanoscale.57,58

Additionally, with CNCs content increasing, the rigidity of
the materials also increases, which is harmful to the shape
memory recovery of polymer.23

Figure 7c,d shows the DSC results of the nanocomposites.
The transition temperatures of all the nanocomposites were
approximately 43 °C. Due to its better SME, the nano-
composite with modified CNCs of 20 wt % was selected to test.
The transition temperature of the nanocomposite is slightly
lower than that of pure PECU (44.5 °C), possibly due to an
increase of the chain entanglement degree after the PECU

mixed with nanocrystals. Moreover, after the nanocomposite is
immersed in water at 37 °C for 30 min, the transition
temperature cannot be changed. The reason may be that in this
nanocomposite system, the polymer chains bond with modified
CNCs via hydrogen bonds, and consequently, the water
molecules have a very little influence on the movement of
polymer chains. This is different from traditional ones, in which
the water or other solvent dispersed in material matrix generally
act as plasticizers to lower the glass transition temperature of
shape memory polymers.36

Mechanism of the pH-Sensitivity. In acidic or alkali
solutions, the primary condition to realize the pH-responsive
SME based on hydrogen bonding interaction is that the
material possesses good hydrophilicity, enabling H+ or OH−

ions to diffuse into material matrix accompanying with H2O
molecules. The water contact angles of both PECU/CNC−
C6H4NO2 and PECU/CNC−CO2H nanocomposites are
approximately 75°; their swelling degrees get to more than
20% after immersion in acidic or alkali solutions for 90 min,
indicating that they have good hydrophilicity (Figure S3,
Supporting Information). In these nanocomposites, there are
several kinds of H-bonding pairs, such as H-bonding interaction
among COOH, NH, CO, OH and electron-rich pyridine
ring.48 Figure 8 exhibits FT-IR spectra of PECU/CNC−
C6H4NO2 (20 wt %) film after immersion in HCl solution at
pH = 4 or NaOH solution at pH = 8 for 30 min and PECU/
CNC−CO2H (20 wt %) film after immersion in HCl solution
(pH = 1) or NaOH solution (pH = 10) for 30 min. There are
significant differences between spectra in the acid and spectra in
the base. The main contribution in the range of 3000−3500
cm−1 is due to O−H stretching, whereas the 1500−1750 cm−1

region is attributed to the NH, CO and pyridine ring. The
main peaks are located at 1500−1750 cm−1 and 3000−3500
cm−1 regions because the hydrogen bond of the materials
caused wavenumbers to shift lower and wider. In the acid, the

Figure 8. FT-IR spectra of (a and b) PECU/CNC−C6H4NO2 (20 wt %) film after immersion in HCl solution (pH = 4) or NaOH solution (pH =
8) for 30 min; (c and d) PECU/CNC−CO2H (20 wt %) film after immersion in HCl solution (pH = 1) and NaOH solution (pH = 10) for 30 min.
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pyridine on the surface of CNC−C6H4NO2 was protonated,
leading to the damage of H-bonding interactions of isocyanate
groups of PECU and pyridine of CNC−C6H4NO2. The
vibration peak of the pyridine ring at 1598 cm−1 disappeared
in acid, indicating that the hydrogen bond between N−H and
the pyridine ring was destroyed by protonation of pyridine in
acid.38 In the base, the pyridine on the surface of CNC−
C6H4NO2 was deprotonated, causing the formation of the H-
bonding interactions among nanocrystals and materials. H-
bonding interactions between the carboxyl groups on the
surface of CNC−CO2H and isocyanate groups of PECU were
also confirmed by FT-IR. CNC−CO2H responded to pH
variation in an opposite manner with CNC−C6H4NO2 (Figure
1 and Figure S1, Supporting Information).
Figure 9 gives the dependence of storage modulus G′ on

frequency for pure PECU and its nanocomposites. With

modified cellulose nanocrystal content increasing, G′ of the
nanocomposites were significantly enhanced and became less
dependent on frequency throughout the test range.59 The
diminished dependence on frequency indicates that the
formation of modified cellulose nanocrystals networks. The
percolated networks of filler are often quantified by a plateau in
the dynamic moduli at low frequencies.59 In this system, the
nanocomposite exhibits pH-sensitivity SME through the
association and dissociation of the hydrogen bonding
interactions between the modified CNC percolation network
and matrix materials, which would be formed and destroyed via
changing pH values. The pH-sensitive modified CNCs
percolation network in matrix materials served as the switch
units of SMPs.
pH-Responsive Shape-Memory Properties of the

Nanocomposites. The effect of pH value of both acidic or
alkali solutions on the shape memory function was first
optimized. From Figure S4 (Supporting Information), it can be
seen that for PECU/CNC−C6H4NO2 nanocomposite, at pH =
4 it was easily protonated, leading to the disassociation of
hydrogen bonding interactions and subsequently acquiring the
shape recovery with the highest recovery ratio; at pH = 8 it was
also readily deprotonated, causing the association of hydrogen
bonding interactions and in turn achieving the shape fixity with
the highest fixity ratio. Therefore, the pH values of 4 and 8 are
chosen to investigate the pH-responsive shape memory of
PECU/CNC−C6H4NO2 nanocomposite. Similarly, the pH
values of 1 and 10 are optimized for PECU/CNC−CO2H
nanocomposite. The digital photos in Figure 10a display the

shape memory process of PECU/CNC−C6H4NO2 nano-
composites with CNC−C6H4NO2 concentrations from 0 to
30 wt % immersed in HCl solution (pH = 4) and NaOH
solution (pH = 8). First, a straight strip was immersed in HCl
solution for 30 min to destroy hydrogen bonding interactions;
and then the strip was folded by constant stress conditions to
fix the temporary shape in NaOH solution. After 5 min, the
force was removed, and the temporary shape was maintained.
After that, the deformed sample was immersed in HCl solution
for 30 min and gradually recovered to a strip again. Among
these materials, the nanocomposite with 20 wt % CNC−
C6H4NO2 performed the most excellent shape memory
properties with both Rf and Rr more than 85% (Figure 10b).
The temporary shape of the nanocomposites could be fixed,
however, the pure PECU materials could not fix at the same
condition, which proved that the pH-sensitive modified CNCs
percolation network in matrix materials served as the switch
units of SMPs to fix the temporary shape. With the content of
CNC−C6H4NO2 increasing, the hydrogen bonding interactions
became stronger and the switch units of SMPs were more
complete, leading to an increase of Rf. However, with the
content of CNC−C6H4NO2 increasing, the Rr slightly reduced.
This phenomenon may be influenced by the variation of
mechanical properties with the introduced of nanocrystals.23

The shape memory effect of PECU/CNC−CO2H was similar
to PECU/CNC−C6H4NO2 nanocomposite, but the pH value
for triggering SME is opposite to it (Figure S5, Supporting
Information).
The influence of cycle times of shape memory test on shape

memory properties was further investigated. As shown in
Figure 10c, with the cycle time of shape memory test
increasing, the Rf remained more than 80% because the
percolation network and hydrogen bonding interactions were
not destroyed. However, the Rr decreased from 82 to 65% after
six cyclic shape memory tests. In general, the values of Rf and Rr

for each sample are relatively stable, showing good repeatability,
despite the Rr decreases with increasing cycle number,
presumably due to the orientation of modified CNCs along
the stretch direction.60

■ CONCLUSIONS

In summary, we have successfully developed one type of novel
pH-responsive shape-memory polymer nanocomposite with
modified CNC percolation networks. The introduction of
PCL−PEG-PCL can improve biodegradability and biocompat-
ibility of PU. CNCs functionalized with carboxyl groups
(CNC−CO2H) and pyridine moieties (CNC−C6H4NO2)
endow the pH-responsiveness of CNCs via the association
and disassociation of hydrogen bonding interactions among
CNCs under different pH conditions. In the polymer
nanocomposite, the pH-sensitive CNCs percolation network
between CNCs and CNCs with polymer chains not only
improved the mechanical properties obviously but also served
as switch units of shape memory function. The excellent pH-
sensitive shape memory effect can be readily controlled through
changing hydrogen bonding interaction via altering the pH of
the environment. The pH-responsive shape memory polymer
nanocomposite can be potentially applied as biomaterials, smart
actuators, and sensors.

Figure 9. Rheological properties of PECU/CNC−C6H4NO2 nano-
composite with different CNCs loading about storage modulus (G′) as
a function of frequency.
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