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New nanocomposites consisting of a castor oil-based polyurethane matrix filled with acetylated cellulose
nanocrystals (ACNs) were developed. The ACN exhibited improved dispersion in tetrahydrofuran as a
blending medium, and reduced polarity as compared with unmodified cellulose nanocrystals, resulting
in a high loading level of 25wt% in the nanocomposite. As the ACN loading-level increased from 0%
to 25%, the tensile strength and Young’s modulus of the nanocomposites increased from 2.79 MPa to
10.41 MPa and from 0.98 MPa to 42.61 MPa, respectively. When the ACN loading-level was 10 wt%, the
breaking elongation of the nanocomposites reached the maximum value of more than twice that of the
polyurethane. The enhanced mechanical performance was primarily attributed to the formation of a
three-dimensional ACN network and strong interfacial interactions between filler and matrix. This work
produced new polyurethane-based nanocomposites containing modified cellulose nanocrystal with a
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high biomass content. Its high performance could contribute to potential applications.

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Over the past two decades, investigation and development of
polymer nanocomposites have attracted great attention (Hussain,
Hojjati, Okamoto, & Gorga, 2006). Most excitingly, a significant
improvement in mechanical properties has been observed when
high aspect ratio nanoscale filler (such as silica, clay and carbon
nanotubes) are incorporated into neat polymer or composite sys-
tems (Tjong, 2006). Recently, cellulose nanocrystals have attracted
interest because they are abundant and renewable, and have out-
standing mechanical properties (Dufresne, 2008; Habibi, Lucia,
& Rojas, 2010). The rod-like nanoparticles can be isolated from
a variety of renewable sources including wood, cotton, straw,
bacteria, and sea animals called tunicates (Lin, Chen, Huang,
Dufresne, & Chang, 2009). Nanoparticles generally display a high
surface area, unique morphology, low density, and good mechan-
ical strength. About 17years ago, Favier, Chanzy, and Cavaillé
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(1995) reported on the use of cellulose nanocrystals as reinforcing
fillers in poly(styrene-co-butyl acrylate) (poly(Sco-BuA))-based
nanocomposites. The powerful mechanical enhancement observed
in these materials was explained by the formation of a perco-
lating particle network in the polymer matrix, in which stress
transfer among the particles was facilitated by hydrogen-bonding.
Since then, there is an extensive list of nanocomposites compris-
ing cellulose nanocrystals and modified cellulose nanocrystals in
matrices such as poly(ethylene oxide) (Azizi Samir, Alloin, Sanchez,
Dufresne, 2004; Azizi Samir, Alloin, Sanchez, El Kissi, Dufresne,
2004), poly(vinyl chloride) (Chazeau, Cavaillé, Canova, Dendievel,
& Boutherin, 1999), poly([3-hydroxyoctanoate) (Dubief, Samain, &
Dufresne, 1999), starch (Anglés & Dufresne, 2000), polypropylene
(Ljungberg et al., 2005), poly(caprolactone) (Morin & Dufresne,
2002), ethylene oxide/epichlorohydrin copolymers (Capadona,
Shanmuganathan, Tyler, Rowan, & Weder, 2008; Schroers, Kokil,
& Weder, 2004), polystyrene (Capadona et al., 2007), polybutadi-
ene (Capadona et al., 2007), poly(vinyl alcohol) (Shanmuganathan,
Capadona, Rowan, & Weder, 2010a, 2010b), poly(butyl methacry-
late) (Shanmuganathan et al., 2010a, 2010b), and polyurethanes
(Cao, Dong, & Li, 2007; Wu, Henriksson, Liu, & Berglund, 2007)
that have been explored. Aside from the previously stated matri-
ces, Capadona et al. (2008) reported a unique nanocomposite
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based on a rubbery host polymer and rigid cellulose nanofibers
that mimic sea cucumbers which have the ability to rapidly and
reversibly alter stiffness. In addition, Shopsowitz, Qi, Hamad, and
MacLachlan (2010) reported recently on cellulose nanocrystals that
self-assembled in the matrix to form a chiral nematic phase with a
structure that was similar to that of iridescent beetle exoskeletons.

The key factor affecting the mechanical enhancement of
cellulose nanocrystals in the composite is their homogeneous
dispersion in the polymeric matrix. However, due to the high
surface area and hydrophilic nature of nanocrystals, intermolec-
ular hydrogen bonding cause self-aggregation of nanocrystals, and
hence give inefficient compounding with most nonpolar ther-
moplastics. Cao et al. incorporated cellulose nanocrystals into
waterborne polyurethane to prepare thermoplastic nanocompos-
ites and induced the formation of a co-continuous phase between
the matrix and filler which significantly enhanced the interfacial
adhesion. Consequently, this contributed to an improvement in the
thermal stability and mechanical strength of the nanocomposites
(Cao, Habibi, & Lucia, 2009). Gao et al. (2012) reported that cellu-
lose nanocrystals with low loading levels showed good dispersion
in a waterborne polyurethane matrix and significantly enhanced
the tensile strength and Young’s modulus. Incorporation of 1 wt%
cellulose nanocrystals led to a 8-fold increase in tensile strength
and 1.3-fold increase in strain-to-failure as reported by Zhou et al.
(Pei, Malho, Ruokolainen, Zhou, & Berglund, 2011). However, all
these improvements were either realized using lower volume frac-
tions of biomass or were limited by the dispersibility of CN in polar
solvents due to the surface hydroxyl groups of CN.

According to our previous work (Lin, Huang, Chang, Feng,
& Yu, 2011), the surface of cellulose nanocrystals was chemi-
cally modified by acetic anhydride to provide acetylated cellulose
nanocrystals (ACNs). With the substitution of hydroxyl groups on
the CN surface by acetyl groups, acetylated cellulose nanocrys-
tals exhibited improved dispersion in organic solvents, such as
THF. In this work, we introduced acetylated cellulose nanocrys-
tals into the castor oil based polyurethane formulation to stiffen
and strengthen the material at very high biomass loading lev-
els. Subsequently, the structure and mechanical properties of CN,
ACN and the resultant nanocomposite materials were investi-
gated by solid state 13C cross polarization-magic angle spinning
nuclear magnetic resonance spectra (13C CP-MAS NMR), Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), dif-
ferential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and tensile tests.

2. Experimental
2.1. Materials

All chemical reagents were of analytical grade and obtained
from commercial sources in China. 2,4-Toluene diisocyanate (TDI)
was redistilled before use. Castor oil was further dehydrated at
100°C under 20 mm Hg for 1 h. The linter was kindly supplied by
Hubei Chemical Fiber Group Co., Ltd. (Xiangfan, Hubei, China).

2.2. Extraction and acetylation of cellulose nanocrystal

Cellulose nanocrystals (CNs) were prepared by acid hydrolysis
of native linter using the following method: The linter (20.0 g) was
dispersed in 175 mL of 30% (v/v) aqueous H,SO4 and stirred con-
stantly at 100 rpm for 6 h at 60°C. The resultant suspension was
washed by continuous centrifugation with distilled water, and then
a small amount of ammonia (0.5wt%) was added to react with
the sulfate groups from the CN surface to achieve approximate

neutrality. The suspension was then dialyzed overnight against
distilled water, and finally a loose powder was obtained by freeze-
drying the CN. Acetylated cellulose nanocrystals were prepared
according to the procedure described in the literature (Lin et al.,
2011),and the detailed process was depicted as follows. Acetylation
reaction was performed with constant stirring under a nitrogen
atmosphere in a three-necked round-bottomed flask equipped
with a condenser. Firstly, a suspension of 1.0 g cellulose nanocrys-
tals and 20 mL anhydrous pyridine was dispersed by 15 min of
ultrasonic treatment and then added to the flask. Subsequently,
acetylation modification started by dropwise adding a solution of
5mL acetic anhydride in a hydrous pyridine into the CN suspen-
sion. The reaction mixture was kept at 80 °C and stirred at 400 rpm
for 5 h. After the reaction stopped, the product was precipitated in
1.0 L of water, and then washed three times with water. At last, the
acetylated CN (ACN) was purified by washing with a solution of
acetone/water to remove unreacted compounds and by-products.

2.3. Preparation of PU/ACN nanocomposites

The castor oil-based PU prepolymer (NCO/OH =2) was prepared
according to the method described by Sperling (Sperling & Manson,
1983). PU prepolymer (5g) was mixed with the desired mass of
ACN and 1,4-butanediol as the chain extender (the amount being
adjusted to give total NCO/OH=1) in THF at room temperature.
The solids content of the resulting reactant solution was controlled
at about 30 wt¥%, and then poured into a mold. The casting solu-
tions were cured at room temperature for two days to form dried
films that were about 0.5 mm thick. The PU/ACN films were coded
as PUJACN-5, PU/ACN-10, PU/ACN-15, PU/ACN-20 and PU/ACN/25,
corresponding to the ACN content in the films of 5, 10, 15, 20 and
25 wt%, respectively. A neat PU film was also prepared according to
the aforementioned process without the addition of ACN, and was
coded as PU/ACN-0.

2.4. Characterization

FTIR spectra of the powdered CN and ACN, as well as all
the nanocomposite films, were recorded on a 5700 FTIR spec-
trometer (Thermo Fisher, Madison, WI). The powders were
scanned using a KBr-pellet method in the range of 4000-400 cm™!
and the nanocomposite films were measured in the range of
4000-700cm1.

X-ray diffraction measurements were performed on dry pow-
ders of CN and ACN, as well as on all nanocomposite films, at
ambient temperature on a D/Max-IIIA X-ray diffractometer (Rigaku
Denki, Tokyo, Japan) using Cu Ko radiation (A =0.154 nm) at 40 kV
and 60 mA. The diffraction angle of 26 ranged from 3° to 70°.

Solid state 13C cross polarization-magic angle spinning (CP-
MAS) NMR spectra of CN and ACN were recorded at ambient
temperature on a Varian Infinity-Plus 300 NMR spectrometer, using
a MAS rate of 6kHz, at a frequency of 75.5MHz for 13C NMR.
Samples were packed in 4-mm-diameter zirconia MAS rotors. All
spectra were run for 3 h (3000 scans).

Contact angle measurements were carried out using a DSA10
dynamic drop tensiometer (KRUSS, Germany) at room tempera-
ture. The contact angle and drop volume were monitored as a
function of time using WINDROP software. Three different liquids
with different dispersive and polar surface tensions were used to
determine the surface energy of CN and ACN. The drop volume was
ca. 5 L. The powdered CN and ACN were each compacted under a
pressure of 20 MPa with a KBr press to obtain samples with smooth
surfaces.

The Owens-Wendt approach (Owens & Wendt, 1969) was used
to relate the dispersive and polar contributions of the surface ener-
gies of the cellulose nanocrystal samples to those contributions of
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the surface tension of the liquids that were used. It was also used to
relate the equilibrium contact angle with the cellulose nanocrys-
tal surface (where the work of adhesion is replaced by the Young
equation):

yi(1+cos ) = 24/ yiyd +24/yFVE (1)
The variables y, y¢ and P represent the total, dispersive, and polar
surface energies, respectively. Subscripts “L” and “S” refer to the
liquid drop (L) and the solid surface (S), and 6 denotes the contact
angle between the solid substrate and the liquid drop. The liquid
surface tensions were taken from the literature (Lin et al., 2011; Ly
EhB et al., 2010) and are listed in Table 1.

TEM photographs for the CN and the ultra-thin sections of
PU/ACN-10 nanocomposite film were taken with an H-7000 FA
transmission electron microscope (Hitachi, Japan) at 75kV. TEM
observations of ACN were carried out on a Tecnai transmission
electron microscope (FEI Company, USA) at 200 kV. Small amounts
of CN and ACN powders were dispersed separately in distilled
water and then negatively stained with a 2% (w/v) ethanol solution
of uranyl acetate. The ultra-thin sections of the PU/ACN-10 were
obtained by embedding a piece of the sample in an epoxy resin
block and then microtoming thin sections using a diamond knife.

The tensile strength (oy,), elongation at break (&) and Young’s
modulus (E) were measured on a CMT6503 universal test-
ing machine (SANS, Shenzhen, China) with a crosshead rate of
100 mmmin~! according to Test Method GB13022-91. The test-
ing films were cut into strips 10 mm wide with a distance of
30 mm between testing marks. The testing strips were kept at 30%
humidity for 7 days before measurement. An average value of five
replicates of each sample was taken.

DSC experiments (Diamond DSC, PerkinElmer, MA, USA) were
conducted in a nitrogen atmosphere at a heating or cooling rate of
20°Cmin~!. All nanocomposites were scanned over a range of —60
to 200 °C after a pretreatment of heating from 20 to 100 °C and then
cooling to —60°C to eliminate thermal history.

Dynamic mechanical analysis was performed using a DMA-242C
dynamic mechanical analyzer (Netzsch, Germany) at a frequency
of 1 Hz. Measurements were carried out over the range of —150 to
100°C at a heating rate of 3°Cmin~!. A dual cantilever device was
used and the dimensions of the test specimens (with a thickness of
ca. 0.50 mm) were 15 mmx5 mm.

SEM observations were carried out on a VEGA3 scanning
electron microscope (TESCAN, Brno, Czech Republic) with an accel-
erating voltage of 25kV. All nanocomposite films were frozen in
liquid nitrogen and then immediately snapped. The fracture sur-
faces of the films were sputtered with gold and then observed and
photographed.

3. Results and discussion
3.1. Structure and properties of acetylated cellulose nanocrystals

Using FTIR spectroscopy, successful reaction was character-
ized by the appearance of a new peak in the carbonyl area
around 1745cm~! that was associated with the formed ester
group, shown in Fig. 1A. A new absorption band at 1240 cm™!
was assigned to the carbonyl C—O stretch vibration. Acetylated
cellulose nanocrystals were further characterized by 13C CP-MAS
NMR spectroscopy (Fig. 1B). As in a previous report (Attala, Gast,
Sindorf, Bartuska, & Maciel, 1980), carbons of the original CN were
assigned as C1 (105 ppm), C4 crystalline (89 ppm), C4 amorphous
(84 ppm), C2/C3/C5 (72 and 75 ppm), C6 crystalline (65 ppm), and
C6 amorphous (63 ppm). After acetylation, there were two chem-
ical shifts located at 172 and 20 ppm assigned, respectively, to Ca

(—CO0) and Cb (—CHj3) (shown in Fig. 1B) of the acetyl group on ACN,
which confirmed the successful modification of CN.

The morphological changes associated with surface acetylation
of cellulose nanocrystals were investigated by TEM. The original
CN had a rodlike morphology with a length of 150-300 nm and
a diameter of 10-25nm, as shown in the TEM image in Fig. 1C,
which was retained after acetylation. The impact of chemical mod-
ification on the crystallite structure of the cellulose nanocrystals
was further investigated using XRD analysis. The diffraction pat-
terns for unmodified CN and ACN are presented in Fig. 1D. Both
two showed the typical reflection planes of cellulose I, i.e. 002,
101, and 040 for the diffraction peaks of the 26 angles located at
about 22.6°, 16.4°, and 34.4° (Liu, Liu, Yao, & Wu, 2010), respec-
tively. It indicated that the original inner crystalline structure of the
nanocrystals was maintained. The crystallinity index of unmodified
CN and ACN were evaluated using the Buschle-Diller and Zeronian
equation (Buschle-Diller & Zeronian, 1992):

Ir=1- L (2)

L

where I; is the intensity at the minimum (260=17.84°) and I, is
the intensity associated with the crystalline region of cellulose
(20=22.6°). The results showed that the crystallinity index of CN
and ACN were 88.1% and 74.2%, respectively. This further suggested
the crystalline structure of the cellulose nanocrystals remained
mostly intact.

Transformation of the surface characteristics of CN and ACN
were further confirmed by the results of the contact angle mea-
surements. Table 1 summarizes the equilibrium contact angles
for water, diiodomethane and glycol on CN and ACN. The —OH
covered CN surface was more capable of attaching to water and
consequently had a lower initial contact angle value, which was
consistent with reported literature (Fabbri, Champon, Castellano,
Belgacem, & Gandini, 2004; Lin et al., 2011). The ACN had a sharp
increase in Owater from 36.3° to 60.7°, and a decrease in Ogiiodomethane
from 32° to 30.0°, which indicated that chemical modification
had induced dramatic changes in surface polarity of the cellulose
nanocrystals. These observations were determined according to
the Owens-Wendt approach by the values of the polar and dis-
persive contributions to the surface energy, as given in Table 1.
With the introduction of nonpolar groups onto the surface of CN,
the polar component decreased considerably, whereas the disper-
sive one evidently did not change. The polar component (y) of the
cellulose nanocrystals decreased from 29.5 to 12.7 mJm—2 while
the total surface energy (ys) decreased from 63.1 to 50.6 mJ m—2.
This can be attributed to the substitution of hydrophilic —OH by
acetyl groups. It should be pointed out that acetylated cellulose
nanocrystals showed improved dispersion in organic solvent, such
as the tetrahydrofuran (THF) blending media. Fig. 1E shows the
dispersion photographs of CN and ACN in THF, and most CN in THF
obviously precipitated pointed out by the arrow while almost no
precipitate was observed for the ACN in THF. It indicated that acety-
lated cellulose nanocrystals existed in an organic matrix, such as PU,
more homogeneously and with more stability than the unacety-
lated nanocrystals.

3.2. Mechanical properties of PU/ACN nanocomposites

Acetylated cellulose nanocrystals were incorporated into a PU
matrix. Fig. 2 shows the effects of ACN content on the mechanical
parameters of PU/ACN nanocomposites including tensile strength
(op), elongation at break (&), and Young’s modulus (E). The E and
oy, of the nanocomposites increased gradually with an increase in
the ACN content. PU/ACN-25 had the highest loading level and the
maximum E and o}, values, 42.61 MPa and 10.41 MPa, respectively,
which were about 44-fold and 3.7-fold greater than that of the neat
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z(a)?lltzclt angle (6), nonpolar component (y¢), polar component ()) and surface energy (ys) values of unmodified (CN) and acetylated cellulose nanocrystals (ACNs).
Sample Contact angle 6 (°) y& (mJ/m?) ! (mJ/m?) ¥s (m]/m?)
Water Diiodomethane Ethylene glycol
CN 36.3 32 16.8 33.6 29.5 63.1
ACN 60.7 30 27.7 37.9 12.7 50.6

The surface tensions of three standard liquids were taken from the literature (Lin et al., 2011; Ly EhB et al., 2010) and are as follows: the y/, yl_d and y{ values of water are
72.8,21.8 and 51.0 mJ/m?, respectively; the y, yf and y,‘_’ values of dilodomethane are 50.8, 49.5 and 1.3 mJ/m?, respectively; and the y, yLd and pr values of ethylene glycol

are 48.0, 29.0 and 19.0 m]/m?, respectively.

PU/ACN-O film (0.98 MPa). Meanwhile, the &}, of the nanocompos-
ites increased with the ACN content up to 10 wt%, and decreased
after that. In this case, the &, of the PU/ACN-10 film reached a
maximum value of 444%, compared with a value of 208% for the
neat PU film. The incorporation of ACN resulted in the separation
between hard-segments and soft-segments in the PU matrix. The
uniform dispersion of the ACN nanophase and the physical inter-
action between the ACN nanofiller and the PU matrix led to the
enhancement of mechanical properties of the nanocomposite. This
mechanical reinforcement was attributed to the formation of a rigid
network by the cellulose nanocrystals in the host polymer matrix,
which was governed by a percolation mechanism. In this mech-
anism the network is expected to form above the critical volume
fraction at the percolation threshold, Vg., which depends on the
aspect ratio (L/d) of the filler. In our case, the aspect ratio of ACN
from cotton was about 13, leading to a Vg value of ca. 5.4vol%,
i.e., 8.5 wt%. When excess nanofiller was added, such as in PU/ACN-
10,PU/ACN-15, PU/ACN-20 and PU/ACN-25, arigid network formed
among the nanocrystals in the composites, which greatly facilitated
the enhancement of strength and modulus; at the same time, the
appearance of the rigid network and self-aggregation may have
slightly damaged the original PU polymer structure (as seen by

SEM) and blocked the movement of molecular chains. It is very
unusual to improve the modulus while at the same time signif-
icantly improving the strength. These results indicate that ACN
preferentially reinforced the hard microdomains rather than the
soft segments of PU, avoiding the undesired stiffening of the soft
domain, and thus maintained the large elongation at break of the
polyurethane composites.

3.3. Fracture morphologies of PU/ACN nanocomposites

Fig. 3 shows the SEM images of the fracture morphologies
of PU/ACN nanocomposites. The neat PU/ACN-O film presented a
smooth and striated fracture surface. When the ACN loading level
was lower, such as 10wt% (Fig. 3C), the modified nanocrystals
dispersed homogeneously in the PU matrix, which was in good
agreement with the results from the TEM image of PU/ACN-10
(Fig. 3G). This was an indication of a reasonable level of miscibil-
ity between PU and ACN. However, when the ACN loading level
reached the Vg. or higher, nanoparticles began to self-aggregate
and rigidity increased gradually, so the composites were relatively
brittle and ¢}, decreased. When the ACN loading level continued to
increase, nanoparticle self-aggregation and the density of the rigid

(A)

4000 3600 3200 2800 2400 2000 1600 1200 800 400 HE o pn 1 Tou
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(D)

10 20 30

20 [degree]

Fig. 1. FTIR spectra (A), *C CP-MAS NMR spectra (B), TEM images (C), XRD patterns (D) and dispersibility observation in tetrahydrofuran (E) of unmodified CN and ACN (the
scale is 200 nm in the TEM images, and the dispersibility observation was depicted for the CN in the left photograph and the CAN in the right photograph).
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Fig. 2. Effect of ACN content on the oy, €}, and E of PU/ACN nanocomposites as well
as the PU/ACN-0.

parts increased simultaneously, damaging the inner structure of
the matrix. The ¢y, then dropped further and the cross sections of
the nanocomposites were more uneven (Fig. 3E and F).

3.4. Crystalline character of PU/ACN nanocomposites

The X-ray diffraction (XRD) spectra of pure PU and the PU/ACN
nanocomposites are presented in Fig. 4. The 26 angles at 22.6°
and 34.4° correspond to the typical reflection planes of cellulose
I, 002 and 040 (Liu et al., 2010), respectively. Because of the low
ACN content, the obvious peaks assigned to cellulose I were invis-
ible in PU/ACN-1 and PU/ACN-5. With an increase in loading level
the crystalline property of ACN exhibited two distinct diffraction

20um . f
e

SMAG 1ok MK |,
W 1541 mm Dese  zopm

View fnd: 127

ACN

PU/ACN-25

PU/ACN-20

Intensity

PU/ACN-5

PU/ACN-0

1 1 1
10 20 30 40 50 60 70
20 [degree]

Fig. 4. XRD patterns of the PU/ACN nanocomposites as well as the polyurethane
reference (PU/ACN-0) and the freeze-dried ACN powder.

peaks located at about 22.6° and 34.4°. These peaks indicate that
the original crystal structure of cellulose I was well preserved in
the nanocomposites. In particular, when more ACN was introduced
(PU/ACN-20 and PU/ACN-25), the presence of ACN and even self-
aggregated ACN, made the crystalline character assigned to the
cellulose nanocrystals in the nanocomposite system more clear and
definite.

3.5. Hydrogen bonding in PU/ACN nanocomposites

Fourier transform infrared (FTIR) spectra of pure PU and the
PU/ACN nanocomposites are shown in Fig. 5A. As is well known, the
hydrogen bond is an essential physical interaction in polyurethane
affecting the microphase separation structure and mechanical
properties of materials (Chen et al., 2008). In this case, the —NH

Fig. 3. SEM images of the fracture surfaces of the nanocomposites PU/ACN-5 (B), PU/ACN-10 (C), PU/ACN-15 (D), PU/ACN-20 (E), PU/ACN-25 (F) as well as PU/ACN-0 (A) for
reference (the scale in each image is 20 um), and the TEM image of ultrathin sections of polyurethane nanocomposite containing 10 wt% ACN (PU/ACN-10) (G).
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Fig. 5. FTIR spectra of PU/ACN nanocomposites with various ACN contents and the neat polyurethane (PC/ACN-0) (A), and FTIR spectra of PU/ACN nanocomposites and the

neat polyurethane (PC/ACN-0) in the range of 1650-1800cm~" (B).

in the hard-segment was hydrogen bonded with the —C=0 of
the hard-segment, the —C=0 and —O— of the castor oil soft-
segment, and the —C=0 on the ACN surface after introducing
ACN. In addition, —OH on the ACN surface that was not acety-
lated participated in hydrogen bonding with the —C=0 in the
soft- and hard-segments and —O— in the soft-segment. The car-
bonyl absorption band splits into two peaks, at 1707-1709 cm™!
and 1736-1737 cm™1, corresponding to hydrogen-bonded and free
carbonyl groups, respectively, as shown in Fig. 5B. The carbonyl
hydrogen-bonding index (Tien & Wei, 2001), i.e., the intensity ratio
of the free carbonyl peak to the hydrogen-bonded carbonyl peak,
increased with an increase in the ACN loading level. It suggested
that hydrogen bonding associated with carbonyl groups in hard-
and soft-segments in PU was partially inhibited due to the introduc-
tion of ACN, in spite that the rigid rod-like cellulose nanocrystals
were hydrogen bonded with the polyurethane molecular chains.
Moreover, this gave the molecular chains in amorphous region
more freedom of motion, and led to a lower glass transition tem-
perature (Tg), which was in good agreement with the DSC and DMA
results.

3.6. Thermal properties of PU/ACN nanocomposites

In the PU/ACN nanocomposites, the glass transition tempera-
ture (Tg) of the castor oil soft-segment can be affected by ACN
in two opposite ways. First, the motion of the soft-segment may
be suppressed by the steric hindrance of the rigid ACN nanophase
and by hydrogen bonding onto the active ACN surface. This could
result in a shift of Tg to a higher temperature. In the opposite way,
incorporating ACN may cleave the original interaction between
the hard- and soft-segments. This influence of ACN on the phase
separation structure at domain scale would lead to a decrease in
the glass transition temperature (Tg) of polyurethane. Especially at
molecular level, the soft-segment could escape the binding of the
hard-segment, leading to decreased Tg. DSC data for the glass transi-
tion temperature at midpoint (Tg piq) and heat-capacity increment
(ACp) of the nanocomposites as well as the normalized heat-
capacity increment of the PU matrix (ACp py) are summarized in

Table 2. All PU/ACN nanocomposites showed lower Ty iq values
than that of neat PU. It suggested that the inevitable cleavage of
the original interaction between the hard- and soft-segments and
the effect of the resulted organization structure of all components
in the nanocomposite were dominant, in spite of ACN restricting
the mobility of soft-segments and relative to the formation of new
hydrogen bonds. Thus, the hydrogen bonding associated with car-
bonyl groups in hard- and soft-segments was destroyed in the PU
matrix, which was in agreement with the increasing fraction of free
carbonyl compared to the hydrogen-bonded carbonyl shown by
the FTIR analysis. Usually, the AC, decreases with a decrease of
Tg mid- However, in this case, the ACp py values of most PU/ACN
nanocomposites were equivalent to and even slightly higher than
that of neat PU except for the slightly low ACp py of the PU/ACN-
5 containing the lowest loading-level of ACN. It indicated that the
intensity of interaction at molecular level between soft-segment
and other components in the nanocomposite system of PU/ACN
was analogical to that between soft-segment and hard-segment in
neat PU.

Dynamic mechanical analysis (DMA) allows determination of
the mechanical behavior of materials over a broad temperature
range and is strongly sensitive to the morphology and structure of
the composite. A spectacular improvement in the storage modulus
was achieved by introducing ACN into the PU matrix, as shown in
Fig. 6A. Below Tg, the moduli of the nanocomposites were slightly
higher than that of the neat PU matrix; however, there was a signif-
icant reinforcement effect in the low modulus region above Tg. The
modulus of the nanocomposites containing 25 wt% ACN was more
than 14 times that of the pure PU at 70 °C. This reinforcement is due
to both cellulose nanocrystal reinforcement and increased effective
cross-link density of the rubber network from the PU-ACN interac-
tion. For the neat PU and lower concentration nanocomposites the
modulus (Fig. 6A) showed a sharp decrease during the glass-rubber
transition and kept decreasing with temperature in the rubbery
region due to the thermoplastic nature of the material. For higher
concentration nanocomposites, the drop in storage modulus was
dramatically reduced as the PU combined and covalently linked
with ACN.
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Table 2

DSC and DMA data for PU/ACN nanocomposites as well as the neat polyurethane (PU/ACN-0).
Sample DSC data DMA data

Tg mia (°C) AG, (J/gK) AGy,pu (J/gK) T, onset (°C) E' (x10% MPa) To max (°C) tang

PU/ACN-0 14.5 0.60 0.60 0.8 1.42 28.0 1.34
PU/ACN-5 7.2 0.49 0.52 -0.1 1.94 229 1.15
PU/ACN-10 7.7 0.57 0.63 -72 2.06 20.3 0.90
PU/ACN-15 7.1 0.49 0.58 -7.8 2.12 20.0 0.77
PU/ACN-20 7.1 0.61 0.76 -94 235 19.6 0.81
PU/ACN-25 4.9 0.47 0.63 -92 2.06 20.8 0.61

The significant mechanical reinforcement observed in the
PU/ACN nanocomposites above Tg suggests the formation of rigid
particle networks by the cellulose nanocrystals in the host polymer
matrix, where stress transfer is facilitated by hydrogen-bonding
between the nanocrystals, governed by the percolation mechanism
which has been discussed above. Notably, the PU/ACN nanocom-
posite with the highest elongation at break was obtained with
10wt% ACN, while Young’s modulus and tensile strength contin-
ued to increase. Thus, we can conclude that with the formation of a
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cellulose network, the modulus and strength of the nanocompos-
itesincreased as the ACN content increased. On the other hand, rigid
particle networks resulted in a decrease in elongation at break, as
characterized by mechanical tests.

Thermodynamic incompatibility resulting from phase separa-
tion between the soft- and hard-segments of PU plays a key role
in the physical properties. The influence of ACN on the phase
separation structure was demonstrated by the decrease in the glass
transition temperature (Tg) of polyurethane. The dependence of tan
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Fig. 6. DMA thermograms of the E’ vs. temperature curves (A and C) and tan § vs. temperature curves (B and D) for PU/ACN nanocomposites with various ACN contents and

the neat polyurethane reference (PU/ACN-0).
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& on temperature for PU and PU/ACN nanocomposites is shown in
Fig. 6B. The a-relaxation temperatures of the amorphous soft seg-
ment domains, i.e. the Ty max of PU soft segments were 28.0, 22.9,
20.3, 20.0, 19.6 and 20.8°C, for neat PU, PU/ACN-5, PU/ACN-10,
PU/ACN-15, PU/ACN-20 and PU/ACN-25, respectively. The decrease
in Ty max for the nanocomposites was due to the fact that ACN asso-
ciated strongly with the hard segment of PU, resulting in a lower
fraction of hydrogen bonded carbonyl groups in the hard segment
and an increase in the degree of freedom for the PU soft segment.
These results were consistent with FTIR results. The sharpness and
height of the damping peaks give information about the degree
of order and the freedom of motion of the molecules in the soft
domains (Tsagaropoulos & Eisenberg, 1995; Son, Lee, & Lim, 1999).
This may be attributed to the greatly restricted motion of PU chains
resulting from hydrogen bonding and cross-linking between PU
molecules and nanoscale ACN, as indicated by FTIR.

4. Conclusions

We have demonstrated the synthesis of polyurethane nanocom-
posites with high tensile strength and elongation at break and
greatly improved modulus using very high amounts of acetylated
cellulose nanocrystals (a biobased material) as the reinforcing filler
and castor oil as the soft-segment. The cellulose nanocrystal was
modified by the substitution of hydroxyl groups on the CN sur-
face with acetyl groups, while its crystalline structure remained
intact. Acetylated cellulose nanocrystals exhibited improved dis-
persion in polar solvents and a decrease in surface polarity. The
tensile strength and Young’s modulus of the nanocomposites
were enhanced from 2.79 MPa to 10.41 MPa and from 0.98 MPa to
42.61 MPa, respectively, when the ACN content was increased to a
surprising 25 wt%. These materials display a significant mechanical
reinforcement, especially above Tg. This effect is well-described by
the microphase separation and percolation model, and is indicative
of the formation of a percolating particle network in which stress
transfer is facilitated by hydrogen-bonding between the particles.
The results of this study will have a great impact on broadening
the practical use and applications of high biomass-based polymer
nanocomposite materials.
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