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ABSTRACT: Three-dimensionally nanoporous cellulose gels
(NCG) were prepared by dissolution and coagulation of
cellulose from aqueous alkali hydroxide-urea solution, and
used to fabricate NCG/poly(ε-caprolactone) (PCL) nano-
composites by in situ ring-opening polymerization of ε-CL
monomer in the NCG. The NCG content of the NCG/PCL
nanocomposite could be controlled between 7 and 38% v/v by
changing water content of starting hydrogel by compression
dewatering. FT-IR and solid-state 13C NMR showed that the
grafting of PCL onto cellulose are most likely occurred at the
C6-OH groups and the grafting percentage of PCL is 25 wt %
for the nanocomposite with 7% v/v NCG. 1H NMR, XRD, and DSC results indicate that the number-average molecular weight
and crystal formation of PCL in the nanocomposites are remarkably restricted by the presence of NCG. AFM images confirm
that the interconnected nanofibrillar cellulose network structure of NCG are finely distributed and preserved well in the PCL
matrix after polymerization. DMA results show remarkable increase in tensile storage modulus of the nanocomposites above glass
transition and melting temperatures of the PCL matrix. The percolation model was used to evaluate the mechanical properties of
the nanocomposites, in which stress transfer among the interconnected nanofibrillar network is facilitated through strong
intermolecular hydrogen bonding and entanglement of cellulose nanofibers.
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■ INTRODUCTION

Bionanocomposites formed by combination of biopolymer
matrix and nanofillers having led to a rapidly increasing interest
due to the environmental awareness and demand for green
technology.1,2 Poly(ε-caprolactone) (PCL) is a hydrophobic,
semi-crystalline, and degradable polyester. It has been used in
packing, tissue engineering, and biomedical applications, but is
also hampered by their poor mechanical strength.3

The rigid nanofillers, such as carbon nanotubes,4,5 cellulose
nanofibers/nanowhiskers,6−14 clay,15,16 graphene,5,17,18 and
self-assembled carbon nanotube and graphene,19,20 cellulose
nanofibers/nanowhiskers gels,21−26 and bacteria cellulose
gels27−29 have been used to prepare nanocomposites, which
exhibit remarkable properties such as electric conduction, high
mechanical strengths, thermal stability, and gas-barrier proper-
ties.
Among these nanofillers, cellulose nanofibers/nanowhiskers

derived from cotton, wood, or tunicate attract special attention
because of their remarkable physical properties, such as low
density, high specific surface area, high elastic modulus, low
thermal expansivity, and chiral nematic ordering capability of

aqueous suspension.10,11,30−33 Practical utilization of hydro-
philic cellulose nanofibrials/nanowhiskers for polymer compo-
sites, however, is still a challenge with regard to production cost
and difficulty inhomogeneous dispersion in hydrophobic
matrices.25,30,32,34 Many attempts to prepare cellulose nano-
fibers/nanowhisker-based polymer nanocomposites include
surface functionalization by covalently bound groups, surfactant
adsorption,6,7,13,34−45 use of self-assembled templates from
aqueous suspension,22−25 and supercritical drying.26

Although the majority of reported works deal with
nanofiber/nanowhisker with native (cellulose I) crystallinity,
cellulose can be prepared as hydrogel with regenerated
(cellulose II) crystallinity via dissolution and coagulation.
Recently, we found that aqueous alkali hydroxide-urea solution
is particularly suited for gel preparation. The resulting three-
dimensionally nanoporous cellulose gel (NCG) has been
shown to give remarkable mechanical strength, high light
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transmittance, and porosity of nanometer orders.46 NCG’s
usefulness as nanomaterial has been demonstrated through
aerogel preparation,47 and in situ synthesis of metallic,
inorganic, and conductive nanoparticles.48−50 It can also serve
as substrate of tough, foldable, and transparent composite
films.51 The aim of the present work is to develop a strategy for
the NCG/PCL nanocomposites via in-situ ring-opening
polymerization of ε-caprolactone (ε-CL), and to study the
mechanical reinforcement effects of the NCG in the PCL
matrix.

■ EXPERIMENTAL SECTION
Materials. ε-Caprolactone (ε-CL) was dried over CaH2, distilled

under reduced pressure. Acetone, chloroform, tetrahydrofuran (THF),
tin octoate (SnOct2), dodecanol, lithium hydroxide hydrate, and urea
were used as received. Cellulose (cotton linter pulp) with viscosity-
average molecular weight (Mη) of 9.2 × 104 was provided by Sanyou
Chemical Fiber Co. Ltd. (Tangshan, China), and dried in vacuum at
60 °C for 24 h prior to use.
Fabrication of NCG Hydrogels. Cellulose was dissolved in an

aqueous 4.6 wt % LiOH/15 wt % urea solution pre-cooled to −12 °C
to form a 6 wt % transparent cellulose solution according to our
previous method.46 The cellulose solution was subjected to
centrifugation to remove air bubbles, spread on a glass plate and
coagulated by ethanol to form gel, which was thoroughly washed with
deionized water. Thickness of the gel was made 1, 3, 4, and 6 mm.
Fabrication of NCG Film. The NCG hydrogel with 1 mm

thickness was fixed on a plastic plate at ambient temperature, to
evaporate the water and dry the resulting film, which had a thickness of
ca. 0.1 mm.
Fabrication of NCG/PCL Nanocomposites in NCG by in Situ

Ring-Opening Polymerization. The hydrogels were compressed
under 0.2 MPa at 60 °C to ca. 1 mm to form hydrogels with different
water content, i.e., varied porosity. The NCG hydrogels were subjected
to solvent-exchange to acetone, then to chloroform, and immersed at
ambient temperature in neat ε-CL containing 1.8 wt % Sn(Oct)2 as
catalyst and 0.16 wt % dodecanol as initiator for 12 h. The gel was then
placed in an ampoule connected to a Schlenk line, sealed with a Teflon
septum and degassed by three vacuum/N2 cycles. This procedure was
effective to remove chloroform (bp 61.2°C) from ε-CL (bp 253°C).
Polymerization was allowed to proceed at 120 °C for 12 h. Reference
sample of neat PCL was prepared using the same procedure. The
volume fraction of NCG in the nanocomposite was determined
gravimetrically as an average of at least 3 independently prepared
samples. The densities of cellulose and PCL are 1.62 and 1.2 g/cm3,
respectively.49,52 The composition of nanocomposites is listed in Table
1.
Characterizations. Fourier Transform Infrared (FT-IR) Spectros-

copy. FT-IR spectra were recorded at ambient temperature on a FT-
IR spectrometer (Nicolet 5700 FTIR Spectrometer, MA) in the
wavelength range from 4000 to 400 cm−1 with a 2 cm−1 resolution and
an accumulation of 32 scans.
Wide-Angle X-ray Diffraction (WAXD). WAXD measurements

were carried out on a WAXD diffractometer (D8-Advance, Bruker,

USA) in reflection mode. The X-ray used was Ni-filtered CuKα

radiation with a wavelength of 1.5418 Å. The voltage was set at 40
kV and the current was set at 40 mA. Measurement was done by 2θ =
2° min−1 scan over 2θ range of 8 to 40°. The peak position and
crystallinity of the nanocomposites was determined by multi-peak
fitting of the XRD profiles, and apparent crystallite size (D) was
estimated by Scherrer’s formula

λ
β θ

=D
0.9
cos (1)

with

β = −B b2 2 (2)

where λ is the wavelength of the CuKα line; b is the instrumental
constant (0.1°); B is the full-width half maximum in radian of
diffraction peak; and 2θ is the peak angle in radian.

Nuclear Magnetic Resonance (NMR). The nanocomposites were
washed with THF for 24 h using Soxhlet extraction to remove the free
PCL within the NCG. 1H NMR spectra of the extracted free PCL were
recorded at 300 MHz on a Bruker AMX300 using CDCl3 as solvent.
The conversion of the ε-CL monomer was calculated from 1H NMR
signals at 4.05 (−CH2O−, PCL repeating unit) and 4.20 (−CH2O−,
ε-CL). The number-average molecular weight (Mn) of the free PCL
was also estimated with 1H NMR using signals at 4.05 (−CH2O−,
PCL repeating unit) and 3.62 (−CH2OH, PCL end group).53 Solid-
state 13C NMR [cross/polarization, magic/angle spinning and dipolar
decoupling (CP/MAS/DD)] measurements were carried out on a
Bruker AVANCE/III spectrometer operating at 75.47 MHz at room
temperature. The contact time for cross/polarization was 3 ms, the
spin rate of the 4 mm rotor was 5 kHz. The ratio of the number of ε-
CL monomer to anhydroglucose unit of cellulose was determined by
quantitative cross-polarization (QCP) in solid-state NMR. The QCP
scheme is based on reciprocity relation between cross-polarization
(CP) and cross depolarization (CDP).54,55 For each sample, one CP/
MAS NMR spectra with certain polarization time and two CDP/MAS
NMR spectra with different depolarization time were performed. The
spin rate of the 4 mm rotor was 9 kHz.

Atomic Force Microscopy (AFM). The nanocomposite was cryo-
microtomed at −30 °C to obtain smooth surfaces by an Ultracut FC4E
(Reichert-Jung). The surface and cross-section of the sample were
examined by a SPM-9500J3 multi-mode SPM (Shimadzu, Japan).

Differential Scanning Calorimetry (DSC). DSC was performed
using a DSC Q20 differential scanning calorimeter (TA Instruments,
USA) to evaluate the crystallinity (χc) and melting points (Tm) of the
PCL in nanocomposites. Around 15 mg of sample was placed in a
DSC cell. Each sample was heated from −80 to 100°C at 10°C/min,
kept at 100 °C for 2 min, and then cooled down at same rate. The χc
of the PCL was calculated from the melting transition as follows56

χ =
Δ
Δ

H
w Hc

m

m
o (3)

where ΔHm is the heat of fusion of the sample, ΔHm
o (157 J/g) is the

heat of fusion for 100% crystalline PCL, and w is the weight fraction of
PCL in the nanocomposites.

Table 1. Physical Properties of the Neat PCL, NCG, and NCG/PCL Nanocomposites

χc (%)

sample NCG (v/v%) PCL (w/w%) Mn
a (g/mol) ΔHm, J/g DSCb XRDc D (nm) Tm (°C) σb (MPa) εb (%) E (MPa)

PCL 0 100 23 400 71.7 46 77 39.9 57.5 9.8 691 175
NCG/PCL-1 7 90 6500 46.4 32 60 11.6 54.3 17.7 9 429
NCG/PCL-2 16 78 3500 28.4 22 56 12.4 52.4 18.5 13 535
NCG/PCL-3 30 62 3100 20.4 19 51 9.7 50.4 21.6 9 654
NCG/PCL-4 38 53 2800 10.0 10 53 7.0 46.3 25.8 11 775

aMn, number-average molecular weight of the PCL;
bχc, crystallinity of the PCL, determined by DSC; cχc, crystallinity of the neat PCL and NCG/

PCL nanocomposites, determined by XRD; σb, εb and E are the tensile strength, elongation at break, and Young’s modulus of the PCL and
nanocomposites.
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Dynamic Mechanical Analysis (DMA). DMA temperature sweeps
under oscillatory stress were performed on the nanocomposites using a
DMA Q800 (TA Instruments, USA) in tensile mode at a heating rate
of 5 °C/min and a distance between jaws of 10 mm in the temperature
range from −100 to 150 °C with a frequency of 1 Hz. The width of the
samples was about 5 mm.
Thermogravimetry Analysis (TGA). TGA analysis for the nano-

composites were performed on a STA 449C thermal analyzer
(NETZSCH, Germany) under nitrogen at a heating rate of 10°C/
min from 30 to 600°C.
Contact Angle Testing. Contact angle was measured by a Contact

Angle System OCA20 (Germany). A drop of water (ca. 5 μL) was put
on the sample and droplet shape was recorded over a period of 60 s.
Tensile Test. Stress-strain experiments were performed on a

universal tensile tester (CMT 6503, SANS Test machine Co. Ltd.,
China) at 5 mm/min stretch, with 30 mm span at 25°C.

■ RESULTS AND DISCUSSION

The NCG hydrogels can provide large pore volume for
polymerization of ε-CL, with abundant hydroxyl groups acting
as initiator (Figure 1a). High conversion of 96% to 100%
monomer to polymer was observed in all trials. Because of the
thermoplasticity of PCL, the nanocomposites can be reshaped
by heating (Figure 1b). Moreover, the opaque NCG/PCL
nanocomposite containing 16% v/v NCG became transparent
under heating flow and showed hardly deformation under a
tension force of 445 N/cm2 for a long time, demonstrating
excellent mechanical stability of the nanocomposites above the
melting temperature of the PCL matrix (Figure 1c and Movie
S1 in the Supporting Information).
The FT-IR spectra of nanocomposites are superposition of

those of cellulose and PCL (Figure 2). The strong peak from
carboxyl stretching at 1726 cm−1 indicates the presence of PCL.
Also, the peaks located around 1636 to 1620 cm−1 and 1730 to
1720 cm−1 overlapped with the neat PCL were probably for

PCL-g-NCG,26,56 which cannot be removed through Soxhlet
extraction (not shown). The C−H stretching peaks (2800 to
3000 cm−1) become prominent by increased PCL content in
comparison to O−H stretching peak of cellulose (3000 to 3600
cm−1). The shift of this peak from 3338 to 3444 cm−1 is likely
to result from enhanced of hydrogen bonding between cellulose
hydroxyls and the ester groups of PCL.
The CP/MAS 13C NMR spectra of the NCG/PCL

nanocomposites show synthesis of characteristic peaks of
cellulose (C1′, 107.4 and 105.3 ppm; C2′, 73.4 ppm; C3′, 77.0
ppm; C4′, 89.2 and 88.0 ppm; C5′, 75.2 ppm; C6′, 63.1 ppm)
and PCL (C1, 174.6 ppm; C2, 66.5 ppm; C3, 30.2 ppm; C4,5,
26.7 ppm; C6, 34.3 ppm) (Figure 3).

57,58 A new peak at around
55 ppm emerged in the nanocomposites after Soxhlet
extraction with THF, not belonging to either neat PCL or

Figure 1. (a) Scheme of in situ ring-opening polymerization of ε-CL in NCG, (b) photographs of the reshaped NCG/PCL nanocomposite sheets,
and (c) a weight of 1500 g in weight clung onto the down side of a NCG/PCL nanocomposite sheet (50 mm × 4.3 mm × 0.8 mm) containing 16%
v/v NCG under heating flow.

Figure 2. FT-IR spectra of the NCG, PCL, and NCG/PCL
nanocomposites.
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cellulose. This peak can be attributed to the C6 of cellulose at
grafting point. This feature is consistent with a previous study
that showed the derivatization of cellulose most likely occurred
at the C6-OH groups because of steric advantage.59

QCP was used to evaluate the graft ratio of NCG/PCL
nanocomposite (Figure 4). The signals of CO of PCL and
C-1 of NCG were selected to calculate for their good
resolution. For a certain group, one can get the enhancement
factor (η) of CP based on the reciprocity relation

η γ γ= −[1 CDP /CDP ]( / )(long time) (short time) H C (4)

where CDP(long time) and CDP(short time) were peak intensity of
two CDP/MAS NMR spectra with different depolarization
time, γH/γC is equal to 3.98. Combined the corresponding CP/

MAS NMR spectra, the weighted peak intensity (WPI) of the
certain CP signal can be represented by

η=WPI PI/ (5)

where PI is the peak intensity of the certain group in CP
experiment.
Despite not being able to establish the average degree of

polymerization of the grafted PCL, the ratio of the number of
ε-CL monomer to anhydroglucose unit of cellulose were
evaluated from QCP NMR and listed in Table 2. The CO/

C-1 values of the NCG/PCL nanocomposite with 7% v/v
NCG before and after Soxhlet extracting are 7.3 and 2.2,
respectively. Based on these values, the grafting percentage of
the PCL can be calculated to be 25 wt %. The Mn of the free
PCL in the nanocomposites decreased when NCG content
increased (Table 1). This behavior can be attributed to the
increase of hydroxyl groups of cellulose serving as initiating site.
Figure 5 shows the XRD patterns of the neat PCL, NCG and

NCG/PCL nanocomposites. The patterns are nearly systematic
superposition of those of neat PCL and NCG. Based on multi-
peak fitting and estimation with the Scherrer equation, the
crystallinity of the nanocomposites and crystallite size of the
PCL were calculated and are listed in Table 1. Remarkably, the
crystallinity of the nanocomposites decreases from 77% of neat
PCL to 53% for the nanocomposite with 38% v/v NCG. The
crystallite sizes estimated by the Scherrer equation were 39.9
nm for the neat PCL and decreased to 7.0−11.6 nm for the
PCL in the nanocomposites. These features demonstrate that

Figure 3. Solid-state CP/MAS 13C NMR of the (a) PCL, (b) NCG,
and (c) NCG/PCL nanocomposite after Soxhlet extracting with THF.

Figure 4. Left: (a) CP/MAS and (b, c) CDP/MAS 13C NMR spectra of the NCG/PCL nanocomposite containing 7% v/v NCG. (a) 0.2 ms
polarization time; (b) 0.001 ms depolarization time; (c) 0.2 ms depolarization time. Right: (d) CP/MAS and (e, f) CDP/MAS 13CNMR spectra of
the NCG/PCL nanocomposite (7% v/v NCG) after Soxhlet extracting with THF. (d) 0.3 ms polarization time; (e) 0.001 ms depolarization time;
(f) 0.3 ms depolarization time.

Table 2. Results from QCP NMR of the NCG/PCL
Nanocomposite with 7% v/v NCG before and after Soxhlet
Extracting with THF (Denoted as NCG/PCL-1a and NCG/
PCL-1b, Respectively)

samples η(CO of PCL) η(C-1 of cellulose) CO/C-1

NCG/PCL-1a 1.61 2.67 7.3
NCG/PCL-1b 1.82 2.65 2.2
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the crystallization of the PCL was severely restricted by the
interconnected nanofibrillar cellulose network of the NCG.
The DSC thermograms of the neat PCL and nanocomposites

are shown in Figure 6. The melting temperature (Tm), heat of

fusion (ΔHm) and crystallinity (χc) of the PCL in nano-
composites were established by DSC and are summarized in
Table 1. While the neat PCL shows typical melting endotherm
with Tm of 58°C, those in nanocomposites are diminished and
shifted to lower temperature with increasing NCG content. For
instance, the NCG/PCL nanocomposite containing 38% v/v
NCG showed the lowest Tm of 46.3°C and a crystallinity of
10% for the PCL matrix. All these changes are result of
restricted crystallization and smaller molecular weight of PCL
in the nanocomposites.
The nanocomposites showed remarkably improved water

resistance over the NCG. Swelling by deionized water after 24
h immersion was nearly proportional to NCG content of the
nanocomposites (Figure 7), an inevitable feature because of
hydrophilicity of cellulose. The water contact angle of the NCG

film was 43°, and decreased rapidly because of the absorption
by cellulose. Expectably, hybridization with PCL made the
nanocomposites more hydrophobic.
Microscopic morphology and structure were examined by

AFM by tapping-mode (Figure 8). The topography images and

phase contrast images on the surface of the nanocomposite
revealed uniform morphology with emerging of the NCG in
PCL matrix (Figure 8a, b). The image of the cryo-fractured
specimen (Figure 8d) reveals a homogenous distribution of
nanofibrillar cellulose network similar to that of neat NCG. The
observation at higher resolution (Figure 8e, f) confirmed again
that interconnected cellulose nanofibers embedded in PCL

Figure 5. XRD patterns of the PCL, NCG, and NCG/PCL
nanocomposites.

Figure 6. DSC thermogram of the PCL and NCG/PCL nano-
composites.

Figure 7. Water uptake as a function of NCG content for 24 h
immersion. Inserted photographs of a water droplet deposited on the
surface of NCG (upper right) and NCG/PCL nanocomposite
containing 38% v/v NCG (bottom left).

Figure 8. AFM topography images (left) and phase contrast images
(right) of the nanocomposites containing 7% v/v NCG: (a, b) the
surface, (c, d) cryo-microtomed inner part at low magnification, and
(e, f) high-resolution images of the nanocomposite.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500337p | ACS Appl. Mater. Interfaces 2014, 6, 7204−72137208



matrix. Overall, the images support that the interconnected
nanofibrillar network structure of NCG is preserved well and
finely distributed in nanocomposites after in situ polymer-
ization.
Figure 9 shows dynamic mechanical behavior of the

nanocomposites by DMA at 1 Hz. The neat PCL showed a

typical behavior of semi-crystalline polymer. At below −60°C,
the neat PCL is in glassy state, with E′ nearly constant because
of restricted molecular motions.8 A small decrease in E′
between −60 °C and −20 °C is glass transition of amorphous
regions of the PCL.44,56 The melting at 60 °C cause sudden
drop of E′ to null, resulting from the melting of the crystalline
regions of the PCL. Incorporation of cellulose network changes
the behavior drastically. While the increase in E′ by NCG is
modest at below Tg, it becomes significant at above ca. −25°C;
finally, collapse by melting is totally suppressed. Similar
reinforcement effects on the polymers above Tm have also
been reported in 2,2,6,6-tetramehylpiperidine-1-oxyl radical
(TEMPO) -oxidized cellulose nanofibers-polystyrene nano-
composites6 and nanofibrillated cellulose-g-PCL nanocompo-
sites.26 However, E′ values of the NCG/PCL nanocomposites
are much higher than those of the cellulose nanofibers/
nanowhiskers-based PCL nanocomposites at comparable
composition,26,45,56 most probably because of the intercon-
nected nanofibrillar network structure of the NCG was formed
by strong intermolecular hydrogen bonding and entanglement
of cellulose nanofibers.60

From the maximum in loss tangent (tan δ) (Figure 9b), the
neat PCL has α-relaxation temperature (Tα) around −37°C.

The introduction of NCG into PCL matrix increased Tα to
around −21°C with increasing of NCG content. Moreover, the
intensity of tan δ peak at around 79°C of the nanocomposites,
which cannot be observed in the neat PCL, decreased more
than proportionally the NCG content. Considering the
different polar nature of cellulose and PCL, a weak hydrogen
bonding or van der Waals forces between the PCL matrix and
NCG can be expected. Thus, these tendencies are attributed to
the substantial restrained mobility of chain segment of PCL due
to the strong confinement effects from the interconnected
nanofibrillar network structure of the NCG.
Figure 10 show the NCG-content dependence of modulus of

nanocomposites at −80, −20, and 100 °C, i.e., below Tg,

between Tg and Tm, and above Tm of the PCL. The presence of
NCG with only 7% v/v enhanced E′ by 1.3 times, 10 times, and
8 orders of magnitude from those of the neat PCL at −80, −20,
and 100 °C, respectively, demonstrating significant improve-
ment in E′ above Tg and Tm of PCL. Dependence of elastic
modulus on cellulose content has been studied numerously for
cellulose nanofiber/nanowhisker-based nanocomposites, with
interpretation by the percolation model giving E′ of the
nanocomposites as6,9,21−23

ψ ψ ψ
ψ

′ =
− + ′ ′ + − ′

− ′ + − ′
E

X E E X E
X E X E

(1 2 ) (1 )
(1 ) ( )

r s r r r
2

r r r s (6)

with

ψ =
−

−

⎛
⎝⎜

⎞
⎠⎟X

X X
X1

r
r

c

c

0.4

(7)

and

=X
f

0.7
c

(8)

where Es′ = E′ of neat polymer; Er′ = E′ of percolating
cellulosic network; Xr = volume fraction of nanofibers/
nanowhiskers; Xc = volume fraction of nanofibers/nano-
whiskers at percolation threshold; Ψ = volume fraction of
nanofibers/nanowhiskers contributing to percolation (“effective
skeleton”); and f = aspect ratio of nanofibers/nanowhiskers.
Because the NCG is intrinsically percolated as long as it is a

“gel”, Xc must be set zero, making eq 8 irrelevant. Equation 7 is

Figure 9. DMA temperature sweeps for NCG/PCL nanocompoites.
(a) Storage modulus E′ and (b) loss tangent tan δ of nanocomposites
as a function of NCG content and temperature.

Figure 10. Storage moduli E′ of PCL and NCG/PCL nanocomposites
at −80°C (▲), −20°C (○), and 100°C (●). Lines show the
predictions by the percolation model.
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based on the assumption that elastic modulus is proportional to
percolation probability, i.e., fraction of fibrous elements
belonging to spanning clusters, or “effective skeleton”. Here
again, use of this formula to gel is questionable because all
elements of a gel belongs to an infinite network. Still, the E′
values for NCG/PCL nanocomposites agree well with the
percolation model by using experimental values for Xr and Es′
(2.44 GPa at -80°C, 641 MPa at −20°C and less than 1 Pa at
100 °C, respectively, for neat PCL), and fitting values from the
experimental data for Er′ (21 GPa at −80°C, 16 GPa at −20
°C, and 3.6 GPa at 100 °C, respectively, for the percolating
NCG network), confirming again that the three-dimensional
NCG indeed form a percolating network and preserved well in
the nanocomposites.
Notably, the predicted Er′ of the NCG for percolating

simulation are significantly different with the experimentally
determined E′ of the NCG film (18.1, 11.8, and 7.0 GPa,
respectively, at −80, −20, and 100 °C), and different with the
Er′ of tunicate nanowhiskers (4 to 80 GPa),21,22,24,61−64 cotton
nanowhiskers (0.25 to 22.8 GPa),22,23,63−66 sisal nanowhiskers
(8.5 GPa),67 wheat straw nanowhiskers (6 GPa),68 and
TEMPO-oxidized cellulose nanofibers (10 GPa)6 for various
cellulose nanofiber/nanowhisker−polymer composites (Table
3). Possible causes of this behavior are (i) nanofiller−nanofiller
interactions in polymer nanocomposites are strongly depending
on type and architecture of cellulosic network, polarity, and Tg

of polymer matrix, (ii) difference in the mechanical properties
of the NCG film and the percolating NCG network in
nanocomposites, (iii) possible changes in the intermolecular
hydrogen bonding of cellulose nanofibers and aggregate
structure of polymer matrix with temperature. Nevertheless,
the agreement with calculation for reinforcement simulation is
even better than those for cellulose nanofibers/nanowhikers-
based nanocomposites to which percolation model seems to be
appropriate at high volume fraction of cellulose. The scaling law

formula of eq 7 may be used as a phenomenological description
of the gel-type nanocomposites.
Typical stress−strain curves at 25°C clearly show the

influence of the NCG on the mechanical behavior of the
NCG/PCL nanocomposites (Figure 11). The neat PCL is a

ductile semi-crystalline polymer and undergoes large deforma-
tion before break in rubbery state, while all nanocomposites
exhibit an elastic nonlinear behavior. As expected, the
nanocomposites show improved Young’s modulus (E) in the
presence of NCG (Table 1). However, the elongation at break
(εb) was reduced from 650% for the neat PCL to around 12%
for the nanocomposites regardless NCG content. Moreover,
the tensile strength (σb) increased gradually from 11 MPa for
the neat PCL (stress at break) to 25.8 MPa for the
nanocomposites containing 38% v/v NCG, respectively.

Table 3. Er′ Values of Cellulose Nanofibers/Nanowhiskers and NCG in Various Polymer Nanocomposites for Percolation
Model Simulation

Er′, GPa

filler polymer matrixa aspect ratio Tg/Tα (°C) T < Tg Tg < T < Tm T > Tm ref

tunicate nanowhiskers PHO 67 0 15 61
EO-EPI 84 −37 4 21, 22
SBR 84 −46 4 24
PBD 84 −102 4 22, 24
PVAc 84 42 4 21
PS 84 102 4 22
epoxy 84 170 24 64
PVA 83 71 80 63
latex 100 0 5 62

cotton nanowhiskers PVA 10 71 10 63
epoxy 11 170 4 64
EO-EPI 11 −37 0.25 22, 23
PVA 11 40 10 66
PLA 16 60 22.8 65

sisal nanowhiskers PEO 43 −55 8.5 67
wheat straw nanowhiskers latex 45 0 6 68
TEMPO-oxidized nanofibers PS 310 102 10 6
nanoporous cellulose gels PCL ∞ −37 21 16 3.6 this work

aPHO, poly(β-hydroxyoctanoate); EO-EPI, ethylene oxide-epichlorohydrin copolymer; SBR, poly(styrene-co-butadiene); PBD, polybutadiene;
PVAc, poly(vinyl acetate); PS, polystyrene; PVA, Poly(vinyl alcohol); PLA, polylactide; PEO, poly(oxyethylene); PCL, poly(ε-caprolactone);
TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl.

Figure 11. Stress−strain curves of PCL and NCG/PCL nano-
composites containing various NCG content at 25°C.
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We examined thermal decomposition of the NCG/PCL
nanocomposites by TGA under nitrogen as shown in Figure 12.

Although thermal decomposition of cellulose nanowhiskers
takes place at less than 150 °C because of the presence of
sulfate groups,37 the NCG withstood heating up to 290−
370°C, the decomposition temperature of pristine cellulose. In
addition, the hybridization of PCL with NCG resulted in
mutual stabilizing effect as seen in the upward shift of DTG
peaks from those of neat PCL and NCG (Figure 12b). This
behavior is another demonstration of effectiveness of the
current approach of NCG-based hybridization of synthetic
resins.

■ CONCLUSIONS
This study has developed a facile route to prepare NCG/PCL
nanocomposites by in situ ring-opening polymerization of ε-CL
monomer in the nanoporous regenerated cellulose gel from
aqueous alkali hydroxide-urea solution. The NCG content of
the nanocomposite could be controlled widely, 7−38% v/v, by
changing water content of starting hydrogel by compression
dewatering. The molecular weight and crystallization of PCL in
the nanocomposites were significantly affected by the presence
of NCG network. The interconnected nanofibrillar network
structure of the NCG were finely distributed and preserved well
in PCL matrix. The NCG/PCL nanocomposites showed
remarkable improvement in tensile storage modulus above

glass transition and melting temperature of PCL, and matched
well with the percolation model. This approach of cellulose−
synthetic polymer hybridization seems worth further explora-
tion in developing advanced materials for both bulk and high-
value-added applications.
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