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A ‘grafting from’ approach was used to graft poly(3-caprolactone) (PCL) polymers to cellulose
nanocrystals by Sn(Oct)2-catalyzed ring-opening polymerization (ROP). The grafting efficiency was
evidenced by the long-term stability of suspension of PCL-grafted cellulose nanocrystals in toluene.
These observations were confirmed by Fourier Transform Infrared Spectroscopy (FT-IR) and
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS). Extracted nanohybrids were
characterized by Differential Scanning Calorimetry (DSC), X-ray photoelectron spectroscopy (XPS),
and contact angle measurements. The morphology and crystalline structure of the PCL-grafted
cellulose nanocrystals was examined by transmission electron microscopy (TEM) and X-Ray
diffraction, respectively. Results showed that cellulose nanocrystals kept their initial morphological
integrity and their native crystallinity. Nanocomposites with high content of cellulose nanocrystals
were prepared using either neat cellulose nanocrystals or PCL-grafted cellulose nanocrystals and high
molecular weight PCL as matrix using a casting/evaporation technique. Thermo-mechanical properties
of processed nanocomposites were studied by DSC, dynamical mechanical analyses (DMA) and tensile
tests. A significant improvement in terms of Young’s modulus and storage modulus was obtained.

Introduction
During recent years, increasing interest has been shown in
biocomposites. This interest is justified both by the potential
technological applications of these materials and by the environmental problems which they resolve. Bionanocomposites are
a family of materials consisting of a polymeric matrix reinforced
with a fiber, platelet, or particle having at least one dimension on
the nanometre scale.1 In true bionanocomposites, the matrix
phase and nanofillers are derived from renewable sources or
biodegradables.
Nanocrystals from natural polysaccharides such as cellulose,
starch, or chitin are potential nanosized reinforcements. In the
case of cellulose nanocrystals, they are extracted from cellulose
fibers such as bleached wood pulp, cotton or ramie fibers by acid
hydrolysis with either sulfuric or hydrochloric acid. Acid molecules primarily degrade the less ordered, and thus more accessible
regions along cellulose microfibrils, to finally leave intact nanometric highly crystalline cellulose fragments. Aspect ratios of the
rigid rod cellulose particles are found to vary with the cellulosic
source material and the conditions of hydrolysis.2,3 In the case of
wood-derived cellulose as starting material, the cellulose nanocrystals are approximately 100–300 nm long and 3–15 nm wide.2–4
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Cellulose nanocrystals have focused attention as reinforcing
fillers in nanocomposite materials as a combination of their high
surface area and unique morphology as well as good mechanical
response upon stress. Nevertheless, the most important restraint
of using nanocrystals from polysaccharides as reinforcement in
nanocomposites is the poor compatibility between the hydrophilic polysaccharides and the typically hydrophobic polymer
matrices.5,6 Hence, the nanocrystal–matrix interface is usually
the weakest point in a nanocomposite, which makes the performance of the final composite limited by fiber pull-out rather than
nanofiber break. Preventing the presence of aggregation effects is
not a trivial issue, especially when dispersing the cellulose
nanofillers in hydrophobic matrices. This is mainly due to the
lack of hydrophilic cellulose nanofiller compatibility with the
hydrophobic matrix. In order to prevent the cellulose nanocrystals from aggregating and to improve its dispersion and the
compatibility in the matrix material, modification of cellulose
surface is required. Some of the cellulose surface modification
techniques include graft polymerization,7–9 silylation of the -OH
group in cellulose,6,10–12 and the use of surfactants.7,13 Dispersion
in organic solvent without any modification has also been
reported.14–17 Among these options, the use of the polymer
grafting method as dispersant is of interest due to covalent
linkage between the compatibilizer and the filler. In addition, if
the grafted chains and the matrix are the same, better compatibilization can be obtained thanks to the co-continuous phase
which can be created. The formation of a continuous interphase
between the polysaccharide phase and polymer matrix phase can
improve interfacial adhesion. Moreover, entanglements between
grafted and ungrafted polymer chains are expected to occur if the
molar weight is high enough.
This journal is ª The Royal Society of Chemistry 2008
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Chemical modification of the cellulose nanocrystal surface
with polymer chains can be achieved by ‘grafting onto’ or
‘grafting from’ approaches. The ‘grafting onto’ method involves
attachment of pre-synthesized polymer chains, carrying reactive
end groups, to hydroxyl groups on the cellulose surface. The
polymers can be fully characterized before grafting to the
surface, offering the possibility of controlling the properties of
the resulting material. However, steric crowding for the attachment increases during the reaction as the polymer chains have to
diffuse through the layer of already attached brushes to reach the
reactive sites on the surface. Thus, it is very difficult to achieve
high grafting densities using the ‘grafting onto’ method.18 We
reported elsewhere the possibility of modifying cellulose and
starch nanocrystals using the ‘grafting onto’ technique.19,20
However, the grafting efficiency was very low. In order to
increase the grafting density of polymers on the surface, one
typically explores the so-called ‘grafting from’ approach. In
this method, the polymer chains are formed by in situ surfaceinitiated polymerization from immobilized initiators on the
substrate.
Aliphatic polyesters constitute the most versatile group of
degradable polymers. They have been used in surgical and
biomedical applications, but they are also finding their way into
everyday bulk applications such as packaging.21,22 They are
often biodegradable and biocompatible, have good mechanical
properties, and they are therefore particularly interesting
as a promising matrix component in bionanocomposites.
Poly(3-caprolactone) (PCL), made from petroleum-derived
3-caprolactone (3-CL), is one example of such aliphatic polyesters. PCL is a hydrophobic polyester with a low glass transition
temperature. PCL has traditionally been prepared by the ringopening polymerization (ROP) of cyclic 3-caprolactone monomer. The catalytic ROP of lactones is the most common synthesis
route today and can be carried out in melt or in solution by
cationic, anionic or coordination–insertion mechanisms,
depending on the catalyst used. Stannous octoate (Sn(Oct)2)
is the most commonly used catalyst in ROP due to its high
effectiveness and low toxicity.23–25
‘Grafting from’ of PCL polymers to various substrates has
been widely investigated, and the ROP method has been used
successfully to graft PCL from pure cellulose or cellulose derivatives,26,27 starch,28 dextran,29,30 silica nanoparticles,31 hydroxyapatite nanocrystal surfaces,32 titanate nanotubes33 and recently
carbon nanotubes.34
The aim of this work was to modify cellulose nanocrystals by
attaching hydrophobic polymers such as PCL via ROP in order
to improve the dispersion and compatibility between the PCL
matrix and cellulose nanocrystals in bionanocomposites.

Experimental
Materials
Pure ramie fibers were obtained from Stucken Melchers GmbH
& Co. (Germany). Sulfuric acid (95%), acetone (99%), toluene
(anhydrous, 99.8%) and dichloromethane (99.5%), were all
obtained from Sigma-Aldrich. Toluene was distilled prior to
use and other solvents were dried over molecular sieves (3 Å,
4–8 mesh beads, Sigma-Aldrich) for 48 h. 3-caprolactone
This journal is ª The Royal Society of Chemistry 2008

(3-CL, 99%) was dried 48 h over calcium hydride, distilled under
reduced pressure prior to use and stored under nitrogen atmosphere. Toluene (p.a., Labscan) was dried over calcium hydride
and distilled. Tin(II) ethylhexanoate (Sn(Oct)2) (95%, Aldrich)
was used as received without further purification. Uranyl
acetate dihydrate (98%) was purchased from Sigma-Aldrich and
used as received.

Nanocrystal preparation
Ramie fibers were cut into small pieces and treated with 2%
NaOH at 80  C for 2 hours in order to remove residual additives.
The purified ramie fibers were submitted to acid hydrolysis with
a 65% (wt/wt) H2SO4 solution at 55  C for 30 min and with
continuous stirring. The suspension was washed with water until
neutrality and dialyzed against deionized water. The obtained
suspension was homogenized by using an Ultra Turrax
T25 homogenizer for 5 min at 13 500 rpm, filtered through a no.
1 glass sinter in order to remove unhydrolyzed fibers, and the
suspension concentrated, providing the stock suspension. Prior
to polymerization, the recovered cellulose nanocrystals were
neutralized using a 1 wt% NaOH solution as described in the
literature.35

Ring-opening polymerization
An aqueous suspension containing 2 g (12.3 mmol of anhydroglucose) of cellulose nanocrystals was solvent-exchanged with
acetone and then with dry toluene by several successive centrifugation and redispersion operations. The toluene suspension of
cellulose nanocrystals was introduced into a two-neck flask
equipped with a three-way stopcock and a magnetic stirring bar
under nitrogen flow. Two toluene distillation steps were carried
out to remove residual water. The flask was then immersed in an
oil bath and heated up to 95  C. Thereafter, the required volume
of toluene (30 ml), 3-CL (10 g, 87.71 mmol) and a catalytic
amount of Sn(Oct)2 (2 wt% with respect to the monomer, 4.9 ml
of a 0.1 M toluene solution) were added to the reaction flask
using flame-dried syringes. The polymerization was allowed to
proceed for 24 h and was stopped by adding a few drops of dilute
aqueous hydrochloric acid solution (1 M). Modified cellulose
nanocrystals were recovered by precipitation with heptane,
filtered and dried until constant weight at 40  C under vacuum.
The nanohybrid was recovered after removal of the non-grafted
PCL chains in toluene using a solubilization–centrifugation
technique (see ‘Results and discussion’ section).

Nanocomposite processing
Cellulose nanocrystals were first dispersed in dichloromethane
by stirring at room temperature for 2 h. The desired amount of
PCL was added and the resulting suspension was stirred
again until solubilization of PCL. The content of cellulose
nanocrystals was varied from 0 to 40 wt%. Solid films were
obtained by casting this suspension on Teflon plates and
dichloromethane evaporation at room temperature. The thickness of final films was around 0.25 mm.
J. Mater. Chem., 2008, 18, 5002–5010 | 5003
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Fourier transform infrared analyses. FTIR spectra were
recorded using a BIO-RAD Excalibur spectrometer equipped
with an ATR Harrick Split Pea. Spectra were recorded using
a spectral width ranging from 700 to 4000 cm1, with 4 cm1
resolution and an accumulation of 16 scans.
Time-of-flight secondary ion mass spectrometry. TOF-SIMS
measurements were carried out on an ION TOF IV spectrometer
equipped with an argon analysis ion gun. The analysis conditions
were 10 keV, 1 pA, pulsed Ar+ beam at a 45 incidence, rastered
for 100 s over 300 mm  300 mm area. These experimental
conditions ensure analysis under quasi-static conditions. The
detection was made in positive ion mode.
Wide-angle X-ray diffraction. WAXS experiments were carried
out at room temperature on powdered dry samples with a Panalytical X’Pert PRO MPD diffractometer in the Bragg–Brentano
geometry equipped with X’Celerator detector and operated with
a CuKa anode (l ¼ 0.15406 nm). 2q ranged from 5 to 50 with
steps of 0.05 and a counting time of 60 s.
X-Ray photoelectron spectroscopy. XPS measurements were
performed on the dried pellets of powdered cellulose nanocrystals before and after PCL grafting with a Kratos AXIS Ultra
photoelectron spectrometer. Pellets from dried powder were
prepared and washed with chloroform to remove contaminants
and then kept in a vacuum oven for at few hours at 40  C prior to
analysis. The XPS experiments were conducted at room
temperature with a base pressure of 109 mbar. The monochromatic Al K X-ray source was operated at 300 W (15 kV,
20 mA). The low-resolution survey scans were taken with a 1 eV
step and 80 eV analyzer pass energy; high-resolution spectra were
taken with a 0.1 eV step and 20 eV analyzer pass energy.
Quantitative XPS analyses were performed with the Kratos
Vision software (version 2.1.2). The atomic concentrations were
calculated from the photoelectron peak areas by using Gaussian–
Lorentzian deconvolution. The carbon 1s spectra were resolved
into different contributions of bonded carbon, namely carbon
without oxygen bonds (C–C and C–Hx), carbon with one oxygen
bond (C–O), carbon with two oxygen bonds (O–C–O) and
carbon with three oxygen bonds (O–C]O).36 The chemical shifts
were taken from the literature and the spectra were chargecorrected by setting the carbon-without-oxygen-bond contribution in the C1s emission at 285.0 eV.36

grids were observed with a Philips CM200 microscope (FEI
Company, USA) operated at an accelerating voltage of 80 kV.
Thermogravimetric analysis. TGA analyses were performed
under helium flow at 20  C min1 from room temperature to
800  C using a TA Instrument Q50 thermogravimetric analyzer
(TA Instruments, USA).
Dynamic mechanical analysis. DMA of the prepared nanocomposites was carried out in tensile mode (RSA III, TA
Instruments, USA). The measurements were carried out at
a constant frequency of 1 Hz, strain amplitude of 0.05%,
a temperature range from 100  C to 70  C, a heating rate of
5  C min1 and gap distance of 10 mm. The samples were
prepared by cutting strips from the films with a width of 5 mm.
Three samples were used to characterize each material.
Differential scanning calorimetry. DSC was performed using
a DSC Q100 differential scanning calorimeter from TA. Around
15 mg of sample was placed in a DSC cell in glove box. Each
sample was heated from 100 to 100  C at a heating rate of 10  C
min1, kept at this temperature for 2 min and then cooled down
at a cooling rate of 10  C min1. The glass transition temperature
Tg was taken as the inflection point of the specific heat increment
at the glass–rubber transition while the melting temperature Tm
was taken as the peak temperature of the melting endotherm.
Tensile measurements. The mechanical behavior at large
deformations for the nanocomposites was analyzed with an RSA3
instrument (TA Instruments, USA) with a load cell of 100 N.
Experiments were performed with a cross-head speed of 10 mm
min1 at 25  C. The sample dimensions were 10 mm  5 mm 
0.25 mm, and the results were the averages of five measurements.

Results and discussion
Cellulose nanowhiskers
Acid hydrolysis of native ramie cellulose fibers leads to aqueous
suspensions of elongated nanocrystals with high aspect ratio.
The rod-like nanocrystals from ramie exhibit an average diameter of 6–8 nm and a length of about 150–250 nm as estimated by
transmission electron micrographs (Fig. 1). Regarding their
arrangement in solution, it is noteworthy that because of electrostatic repulsions between sulfate ester groups, surface-grafted

Contact angle measurements. The dynamic contact angle of
sessile drops of water on the cellulose nanocrystals was measured
with an OCA20 automated and software-controlled Video-Based
Contact Angle Meter (DataPhysics Instruments GmbH, Filderstadt, Germany). All measurements were conducted at room
temperature (22  C).
Transmission electron microscopy. For TEM, drops of
unmodified cellulose nanocrystal suspension in water (0.01% w/v),
or of the modified cellulose nanocrystals in dichloromethane,
were deposited on carbon-coated electron microscope grids,
negatively stained with uranyl acetate and allowed to dry. The
5004 | J. Mater. Chem., 2008, 18, 5002–5010

Fig. 1 Transmission electron micrograph of cellulose nanocrystals.
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during the sulfuric acid hydrolysis, the cellulose nanowhiskers
(CNW) repel each other and then do not flocculate in water. The
overall concentration of these sulfate moieties is related to the
sulfur ratio, which was determined by elementary analysis to be
0.57% of dry matter. According to these sulfur ratios and to the
average geometry of cellulose nanocrystals, the average surface
charge of rods is estimated to 0.60 charge nm2, which corroborates published values.37
In order to modify their hydrophilic character and to make
them more hydrophobic, the PCL-grafted cellulose nancrystals
were prepared by in situ ring-opening polymerization of
3-caprolactone as initiated from the hydroxyl groups available at
the surface of cellulose nanoparticles.

Table 1 Synthesis of CNW-g-PCL nanohybrid [CL]0 ¼ 2 M,
[Sn(Oct)2]0 ¼ 0.01 M; time ¼ 24 h, T ¼ 95  C
Sample code

mnwc/g

mCL/g

mnwc-g-PCLa/g

Yielda (%)

CNW-g-PCL

1.3

10

9.8

85

a

Determined by gravimetry.

‘Grafting from’ reaction from CNW and experimental evidence
of PCL grafting
Prior to the polymerization step, some precautions were taken in
terms of acidity of the CNW suspension (resulting from hydrolysis reaction, vide supra) and water residues. Actually, the
preparation of CNW under strong acidic conditions thus leads to
the presence of sulfate ester groups that may trigger complete
destruction of the CNW during the polymerization reaction at
high temperature (95  C). In order to improve the CNW thermal
stability, neutralization by NaOH (1 wt%) was carried out as
described in the Experimental section. Thermogravimetric
analysis (Fig. 2) displays a marked increase of the degradation
temperature (by ca. 50  C) for neutralised CNW samples.
Following this neutralization step, the polymerization of
3-caprolactone was carried out as described in the Experimental
section. It is worth noting that prior to the ROP reaction, the
neutralized CNWs were further dried by two consecutive azeotropic distillations with toluene. Then the polymerization was
conducted in toluene using the experimental conditions reported
in Table 1.
Successful polymerization catalyzed by Sn(Oct)2 was achieved
at 95  C for 24 h as attested by the yield of 85%. According to this
result, the CNW content in the recovered nanohybrid sample was
estimated to 15 wt%. The presence of PCL was confirmed by
FT-IR analysis. Spectra of both unmodified and PCL-modified
cellulose nanocrystals are shown in Fig. 3. Compared to

Fig. 2 TGA curves of untreated (B) and neutralized (C) CNW (under
helium flow).
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Fig. 3 FT-IR spectra of cellulose nanocrystals (A) before and (B) after
3-CL grafting/polymerization reactions.

unmodified cellulose nanocrystals, the FT-IR spectrum (Fig. 3A)
of the PCL-modified cellulose nanocrystals (CNW-g-PCL)
shows a new intense peak around 1730 cm1, which can be
ascribed to the stretching frequency of the carboxyl groups
carried by the grafted chains. Moreover, the hydroxyl band at
3300 cm1 was clearly decreased, probably due to PCL grafting
from cellulose surface (vide infra).
In order to confirm the grafting efficiency, the recovered
CNW-g-PCL was suspended in toluene, stirred, and the stability
of the resulting suspension compared to neat CNW. For the sake
of comparison, a simple mixture of neat CNW and homo-PCL
(in same proportion than in CNW-g-PCL sample) was prepared
in toluene and characterized under the same conditions.
As shown in Fig. 4, both the homo-PCL + CNW mixture and
the neat CNW suspensions settle much more rapidly than the in
situ polymerized CNW-g-PCL nanohybrid. At this stage, we can
not exclude that free (non-grafted) PCL can interact with the
cellulose nanocrystals and behave as a surface-compatibilizer.
Nevertheless, it is clearly seen that the nanowhisker surfacegrafted PCL chains, highly solvated in toluene, are able to
maintain the cellulose nanoparticles in a stable suspension state
even in such an apolar solvent. Even after 48 h, the supernatant
still shows a marked turbidity due to the presence of CNWg-PCL while other samples, i.e. neat CNW and the homo-PCL +
CNW simple mixture, are fully sedimented with clear and
colorless supernatants. Actually, this effect is responsible for the
huge difficulty we faced in completely separating and quantifying
the content of free (ungrafted) PCL chains formed during the in
situ polymerization reaction, and therefore inevitably contaminating the CNW-g-PCL nanohybrids.
Attempts to isolate quantitatively the free (non-grafted) PCL
chains by selective solubilization in toluene followed by sedimentation of CNW-g-PCL via centrifugation failed. Indeed, even
after two solubilization/centrifugation cycles CNW-g-PCL
J. Mater. Chem., 2008, 18, 5002–5010 | 5005
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concerned, the same extraction procedure allowed the PCL
chains to be removed by solubilization in toluene (no remaining
carbonyl signal on the FT-IR spectrum, Fig. 5B).
At this stage of the study, high efficiency had been evidenced
for both in situ ROP of 3-caprolactone and concomitant grafting
reaction onto cellulose nanocrystals even if part of the polyester
chains are produced directly in solution. In the next section,
the CNW-g-PCL nanohybrids were deprived from most of
the free (ungrafted) PCL via Soxhlet extraction before further
characterization and preparation of bionanocomposites with
a commercially available PCL matrix.
Characterization of CNW-g-PCL nanohybrids

Fig. 4 (a) Neat CNW, (b) homo-PCL + CNW simple mixture, and (c)
CNW-g-PCL nanohybrid in toluene suspension: pictures recorded (1)
immediately after stopping the stirring agitation and (2) 15 min later.

remains present in the supernatant owing to the solvation of the
grafted polyester chain in toluene. The presence of cellulose in
the supernatant was obtained by TOF-SIMS (not shown here).
Moreover, characterization by FT-IR of the isolated insoluble
fraction clearly evidenced the presence of PCL and therefore the
polyester grafting onto the cellulose nanocrystals. Indeed, the
ester carbonyl absorption at around 1730 cm1 (Fig. 5A)
remained visible even after tentative extraction by two consecutive solubilization–centrifugation cycles. It is worth pointing
out that as far as the homo-PCL + CNW simple mixture was

Fig. 5 FT-IR spectra of the insoluble fractions isolated after two
consecutive solubilization–centrifugation cycles for (A) the CNW-g-PCL
nanohybrid and (B) the homo-PCL + CNW simple mixture.

5006 | J. Mater. Chem., 2008, 18, 5002–5010

Before preparing the bionanocomposites by dispersion of the
CNW-g-PCL nanohybrids in PCL via solvent casting, a large
part of the free (non-grafted) PCL chains present in the nanohybrids were first removed by Soxhlet extraction in toluene.
Then, the modified cellulose nanocrystals were further characterized by TEM and X-ray diffraction, DSC, XPS and contact
angle measurements.
After PCL grafting, the structural and morphological integrity
of the cellulose nanocrystals does not appear to have been
affected by Sn(Oct)2-catalyzed polymerization and grafting as
shown by TEM (Fig. 6). The nanocrystals are less individualized
than native ones and are believed to aggregate as a result of
sulfate groups being removed from their surface. Furthermore,
the presence of hydrophobic PCL chains on the nanocrystal
likely triggers the nanowhisker aggregation upon drying.
The WAXD analyses of both unmodified and PCL-grafted
cellulose nanocrystals show typical patterns (not shown) of the
cellulose I crystalline form. They display 2q diffraction peaks at
14.8 (0.60 nm) 16.5 (0.54 nm), 22.6 (0.39 nm) and 34.5
(0.258 nm). This observation confirms that the crystalline core of
the cellulose whiskers is not affected by the Sn(Oct)2-mediated
ROP treatment, which is therefore limited only to the nanocrystal surfaces. However, the characteristic diffraction peak of
PCL polymer at 21.5 is not clearly apparent on the WAXD
patterns of the CNW-g-PCL nanohybrid because a strong
diffraction peak at 22.6 due to cellulose I occurs in the same
diffraction angle range.
This nanohybrid was then analyzed by DSC and the thermogram obtained for PCL-grafted cellulose nanocrystals is shown

Fig. 6 Transmission electron micrograph of cellulose nanocrystals
recovered after ROP/grafting reactions and Soxhlet extraction.
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Fig. 7 DSC thermogram of the CNW-g-PCL nanohybrid after Soxhlet
extraction.

in Fig. 7. It displays a low magnitude but well defined melting
endotherm around 50  C that was not observed for the native
nanocrystals. It is clearly attributed to the grafted PCL chains
that form a crystalline structure at the surface of the nanocrystals. They are believed to take a crystalline brush-like
structure from the nanoparticle surface outward. Compared to
typical values of the melting point reported for PCL (around
60  C), the low temperature position of this melting endotherm is
an indication of the restricted size of these crystallites probably
due to the low degree of polymerization of the grafted polymer
chains. Similar values have been previously obtained for PCL
chains with molecular weight of 10 000 g mol1 grafted onto
cellulose nanocrystals by the ‘grafting onto’ technique.20
The presence of PCL polymer was also confirmed by XPS
measurements. X-Ray photoelectron spectra were determined
for the main elements and for the carbon-based bonds in order to
evaluate the chemical composition of the substrates especially the
occurrence of PCL presence before and after grafting. Low
resolution spectra of both unmodified and modified cellulosic
substrates show that carbon and oxygen atoms are the main
components (Fig. 8A and B). A small amount of sulfur was
detected in the unmodified sample. In the high-resolution carbon
spectra (inside Fig. 8A and B), the carbon signal can be resolved
into several component peaks, which reflect the local environments of the carbon atoms (C–C and C–H or C–O or O–C–O or
O–C]O). In all samples, the four component peaks are therefore
categorized by the kind of bonds where C is involved in PCL and/
or cellulose structures. The relative amounts of each carbon type
in the samples were determined before and after grafting. The
XPS spectra of both untreated and PCL-grafted cellulose
nanocrystals exhibit contributions of each type of carbon atoms
but within different proportions (Table 2). The ratio of carbon
atoms with two bonds to oxygen relative to carbon atoms with
one bond to oxygen (O–C–O/C–O) is 0.18 and very close to the
theoretical value of 0.2 expected from the formula of pure
cellulose (C6H9O5)n. The presence of carbon with three bonds to
oxygen in the untreated cellulose crystals can be explained by the
presence of residual cell wall polysaccharides with carboxylic
groups (like glucuronoxylan) that remain intimately linked to
cellulose microfibrils. The presence of carboxylic groups
This journal is ª The Royal Society of Chemistry 2008

Fig. 8 XPS wide scans from cellulose nanocrystals (A) before and (B)
after the ROP/grafting reaction and Soxhlet extraction. Insets: highresolution carbon spectra: C1: C–C (C–Hx), 285.0 eV; C2: C–O, 286.5 eV;
C3: O–C–O, 288.0 eV; C4: O–C]O, 289.0 eV.

Table 2 Proportions of carbon atoms involved in various chemical
bonds for cellulose nanocrystals before and after ROP/grafting reaction
and Soxhlet extraction. XPS results from deconvoluted high-resolution
carbon peaks

Samples

C–C/C–Hx
(%)

C–O
(%)

O–C–O
(%)

O–C]O
(%)

O–C–O (%)/
C–O (%)

Unmodified
PCL-grafted

1.8
40.2

77.3
43.0

14.40
6.4

6.50
10.5

0.18
0.15

resulting from the oxidation of the reducing end groups of
cellulose is also suspected.
Nevertheless, the presence of carbon without oxygen bonds
can be explained only by the presence of some contaminants
because pure cellulose, as well as glucuronoxylan, does not
contain any carbon atoms without oxygen bonds.
After the ROP/grafting reaction, the proportions of each
carbon atom were significantly different. In particular, the
proportions of carbon atoms without oxygen linkage and carbon
atoms with three oxygen bonds were higher. The presence of
PCL polymers on the surface must explain the high proportions
of these types of carbon atoms. These results further confirm the
J. Mater. Chem., 2008, 18, 5002–5010 | 5007
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Table 3 DSC data recorded for PCL cellulose nanocrystal biocomposites obtained from unmodified cellulose nanowhiskers (CNW)
and PCL-grafted cellulose nanocrystals (CNW-g-PCL): glass transition
temperature (Tg); melting temperature (Tm), heat of fusion (DHm) and
degree of crystallinity (cc)
Sample
PCL
PCL/CNW

Downloaded by Portland State University on 22 January 2013
Published on 18 September 2008 on http://pubs.rsc.org | doi:10.1039/B809212E

PCL/CNW-g-PCL

Fig. 9 Time evolution of the water contact angle as recorded for (B)
unmodified CNW and (C) PCL-grafted cellulose nanocrystals.

presence of PCL and demonstrate the efficiency of the PCL
grafting via the ROP method onto cellulose nanocrystals.
Since the ultimate goal of this study is to disperse as finely as
possible the prepared CNW-g-PCL nanohybrids in a hydrophobic polyester matrix, contact angle (CA) measurements were
used to estimate the change in hydrophobicity of cellulose
nanocrystals as a result of the ROP/grafting reactions. While the
water droplet was rapidly adsorbed on the surface of the
untreated cellulose nanocrystals, the initial shape of the water
droplet remained unchanged for a much longer period of time in
the case of the PCL-grafted nanocrystals (Fig. 9). Increase of
contact angle after polyester grafting shows the more hydrophobic nature of the polymer-modified cellulose substrates and
the contact angle values recorded for CNW-g-PCL nanohybrids
fully corroborate the values reported in the literature.38
Preparation of bionanocomposites filled with PCL-grafted
cellulose nanocrystals
The nanoparticle chemical grafting of polymer chains of the
same nature as the matrix used to elaborate the nanocomposites
is expected to significantly improve the nanofiller–matrix
adhesion and consequently enhance the mechanical properties of
the resulting nanocomposition. The PCL-grafted cellulose
nanocrystals prepared above have been used to process nanocomposites with PCL as the biodegradable matrix.
The thermal properties of the processed nanocomposites were
investigated with DSC. The heating curves, not shown here, were
conventional, very similar and showed thee same characteristics
as those for unfilled PCL. The derived thermal data are reported
in Table 3.
The glass transition of the nanocomposite matrix seems to be
slightly affected by the presence of nanofillers, whether they are
surface-modified or not. This thermal transition occurred in all
samples at 60  C. The fact that Tg did not change with filler
type and relative content suggests that the nanofillers do not
affect the onset of translational and rotational backbone motions
in the composite matrix. The melting temperature remained
constant with increasing filler content from unmodified cellulose
nanocrystals and decreased slightly when their PCL-modified
counterparts were added. The matrix crystallinity increases with
5008 | J. Mater. Chem., 2008, 18, 5002–5010

Nanocrystal
content (%)

Tg/ C

Tm/ C

DHm/J g1

cc

0
10
20
30
10
20
30
40

61.86
60.26
60.55
60.17
61.70
60.82
59.23
59.21

65.55
65.42
65.30
64.60
62.43
63.07
61.81
60.93

88.22
83.38
84.83
63.89
70.44
67.78
56.10
46.02

0.56
0.60
0.61
0.58
0.62
0.60
0.61
0.66

a

a
cc ¼ DHm/wDHm where DHm ¼ 157 J g1, the heat of fusion for 100%
crystalline PCL,39 and w is the weight fraction of polymeric matrix
material in the composite.

increasing the PCL-grafted cellulose nanocrystal content, which
suggests better filler–matrix compatibility.
Cast films of the PCL-based nanocomposites reinforced with
either unmodified or PCL-grafted cellulose nanocrystals have
been analyzed by DMA and compared to the unfilled PCL
matrix. Fig. 10 gives the normalized curves of the storage
modulus (E0 ) evolution as a function of temperature for different
nanocompositions. The unfilled matrix displayed the typical
behavior of a semi-crystalline polymer. For temperatures below
Tg the polymer was in the glassy state and the modulus decreased
slightly with temperature, but remained roughly constant,
around 2.6 GPa. The onset of a significant drop of the tensile
modulus, corresponding to the glass rubber transition, was then
observed. The crystalline regions of the PCL enabled the material
to maintain a significant modulus after the amorphous relaxation. As the temperature was increased the modulus decreased
only slowly, and above 40  C, the modulus dropped irremediably
due to the melting of the crystalline zones of PCL.
With adding unmodified cellulose nanocrystals (Fig. 10A), the
storage rubbery modulus E0 shifted up compared to the neat
matrix for 10% filler content, showing the superior reinforcement
for the native nanocrystals at this content, which might be due to
filler–filler interactions through hydrogen bonding. For nanocrystal content higher than 10 wt% of the unmodified cellulose
nanowhiskers, the modulus decreased and the melting was
observed at lower temperatures as a consequence of the poor
dispersability and the formation of aggregates in the matrix.
For nanocomposites based on PCL-grafted cellulose nanocrystals (Fig. 10B), the storage modulus increased with the filler
content as a result of a good nanofiller–matrix interfacial interaction and load transfer. These results showed that the surface
area of the incorporated nanocrystals governed the improvement
of the storage modulus of PCL in the rubbery region.
Mechanical tensile properties at large deformation were
evaluated for PCL films reinforced by cellulose nanocrystals for
different compositions (Table 4). It emerges that the unfilled
PCL, as well known, is quite a ductile polymer at room
temperature, able to undergo large deformations. Unfortunately,
it possesses a relatively low elastic modulus making it useless for
any applications where a high rigidity is required. The addition of
This journal is ª The Royal Society of Chemistry 2008
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there is a lack of compatibility between the unmodified cellulose
nanocrystals and the matrix; therefore these results indicated there
are very little or no stress-transfer properties.
The addition of PCL-grafted cellulose nanocrystals into PCL
again proved to improve considerably the Young’s modulus,
which increases from 230.7 MPa for unfilled PCL to 582.0 MPa
for nanocomposites containing 40% of PCL-grafted cellulose
nanocrystals. Elongation at break decreases drastically but
the values remain mostly better than compositions filled with
unmodified cellulose nanocrystals.
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Conclusions
In conclusion, biodegradable PCL has been covalently grafted
onto the surface of cellulose nanocrystals by a ‘grafting from’
approach based on in situ catalyzed ring-opening polymerization. The obtained PCL-grafted cellulose nanocrystals have been
characterized and demonstrated significant improvements in
terms of mechanical performances when dispersed in PCL via the
solvent casting approach. These advantages clearly pave the way
to potential applications for PCL-grafted cellulose nanocrystals
in the field of nanobiomaterials.
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Fig. 10 Logarithm of the storage tensile modulus E0 versus temperature
at 1 Hz for PCL nanocomposites reinforced by (A) unmodified and (B)
PCL-grafted cellulose nanocrystals at different relative contents (C:
0 wt%, B: 10 wt%, P: 20 wt%, >:30 wt%, ,: 40 wt%).

Table 4 Mechanical properties of PCL films reinforced by either
unmodified cellulose nanocrystals (CNW) or PCL-grafted cellulose
nanocrystals (CNW-g-PCL) as determined by tensile testing: Young’s
modulus (E), and stress (sb) and strain (3b) at break
Sample
PCL
PCL/CNW
PCL/CNW-g-PCL

Nanocrystal
content (%)

E/MPa

sb/MPa

3b (%)

0
10
20
30
10
20
30
40

230  25
300  27
338  30
253  15
273  16
485  20
532  22
582  25

21.0  2.0
16.7  1.5
14.0  1.2
7.6  1.1
16.4  1.3
18.0  1.7
19.4  1.6
19.1  2.0

640.0 
394.0 
8.0 
4.0 
516.0 
30.0 
17.3 
6.3 

40
27
2.3
2.0
24
3.7
2.5
1.1

unmodified cellulose nanofillers, up to 20 wt%, into PCL contributes to improve its Young’s modulus. All the other mechanical
properties, especially the ultimate elongation, were reduced drastically as a consequence of filler aggregation. Zones with accentuated fragility were created, which led to brittleness of these
compositions. These tensile testing results led to the conclusion that
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