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ABSTRACT: Improvement of the mechanical and thermal
properties of cellulose triacetate (CTA) films is required
without sacrificing their optical properties. Here, poly(ethylene
glycol) (PEG)-grafted cellulose nanofibril/CTA nanocompo-
site films were fabricated by casting and drying methods. The
cellulose nanofibrils were prepared by 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO)-mediated oxidation, and amine-
terminated PEG chains were grafted onto the surfaces of the
TEMPO-oxidized cellulose nanofibrils (TOCNs) by ionic
bonds. Because of the nanosize effect of TOCNs with a uniform width of ∼3 nm, the PEG−TOCN/CTA nanocomposite films
had high transparency and low birefringence. The grafted PEG chains enhanced the filler−matrix interactions and crystallization
of matrix CTA molecules, resulting in the Young’s modulus and toughness of CTA film being significantly improved by PEG-
grafted TOCN addition. The coefficient of thermal expansion of the original CTA film was mostly preserved even with the
addition of PEG-grafted TOCNs. These results suggest that PEG−TOCNs are applicable to the reinforcement for transparent
optical films.
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■ INTRODUCTION

Cellulose and its derivatives are used as paper and board,
textiles, plastics, thickeners, and additives in various commodity
and high-value material fields. Cellulose triacetate (CTA), a
cellulose derivative, is used as films in optical devices, hollow
fibers in seawater desalination systems, and so on. In particular,
CTA is widely used as protective films for polarizing plates and
supporting films for liquid crystal displays. The CTA film has
high transparency and low birefringence, and is tougher and
lighter than glasses.1,2 For its further applications, improve-
ments in the mechanical and thermal properties of CTA are
required by film thinning, weight saving, and enhancing the
thermal stability of CTA in the assembly process. Either
increasing the crystallinity of the polymer or incorporating rigid
inorganic fillers is often used to improve the properties of
polymeric materials. However, these methods cause a
significant decrease in the optical transparency of the polymer
films and increase the birefringence. Although some studies of
CTA/filler composites have been reported,3−6 the birefringence
of such reinforced CTA composites has not been revealed.
Reinforcement that can preserve both the transparency and
birefringence of CTA is required.

In recent years, cellulose has attracted attention as nanoscale
fibers. In nature, cellulose forms highly crystalline and few
nanometer-wide fibrils, which are called cellulose microfibrils.7

Plant cellulose microfibrils combine high aspect ratio and
excellent mechanical properties.8−10 Because of these proper-
ties, cellulose microfibrils are a promising candidate for polymer
reinforcement materials.12−16 A high aspect ratio of the
microfibrils and sufficient dispersibility in matrices is necessary
for effective reinforcement, although it is generally difficult to
homogeneously disperse high-aspect-ratio cellulose microfibrils
in polymer matrices.
Cellulose microfibrils with high aspect ratio can be isolated

from wood cellulose fibers by 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO)-mediated oxidation and mechanical treatment
of the oxidized celluloses in water.17,18 Isolated microfibrils, or
TEMPO-oxidized cellulose nanofibrils (TOCNs), have a
uniform width of ∼3 nm, high aspect ratios >100, and a high
density of carboxylate groups on the TOCN surfaces. TOCN/
polymer composites have been prepared and show better
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mechanical properties than the original polymers.19−23 TOCNs
can be dispersed in not only water but also a variety of organic
solvents by modifying the counterions of the surface
carboxylate groups,24,25 which may allow sufficient nano-
dispersion of the TOCNs in various hydrophilic and hydro-
phobic polymers. The nanocomposites thus obtained show
improved mechanical properties without sacrificing the optical
properties of the original polymers, because of the nano-
dispersibility and favorable TOCN−polymer interactions
caused by the surface modification of TOCNs.26,27 Therefore,
TOCNs have great potential as nanofillers for effective
reinforcement of transparent polymer films.
In this study, we prepared poly(ethylene glycol) (PEG)-

grafted TOCN (PEG−TOCN)/CTA nanocomposite films to
improve the mechanical and thermal properties of CTA films
while retaining their original optical properties. The TOCN
surfaces were selectively modified by PEG chains to improve
the nanodispersibility in the CTA matrix. The nanocomposite
films were prepared by mixing a PEG−TOCN/organic solvent
dispersion and a CTA/organic solvent solution with various
volume/volume ratios, and then casting and drying. The
mechanical, optical, and thermal properties of the composite
films were then investigated.

■ MATERIALS AND METHODS
Materials. A softwood bleached kraft pulp (SBKP) (Nippon Paper

Industries Co. Ltd., Tokyo, Japan) was used to prepare the TOCNs.
CTA (LT-35; degrees of polymerization and substitution are 270 and
2.87, respectively, from catalog data) was supplied by Daicel Corp.,
Tokyo, Japan. Amine-terminated PEG (PEG−NH2, Sunbright MEPA-
10H,Mw = 1085) was purchased from NOF Corp., Tokyo, Japan. Pure
PEG (Mw = 1000, no amine groups) and other reagents and solvents
of laboratory grade were purchased from Wako Pure Chemical
Industries, Ltd., Osaka, Japan.
TEMPO-Mediated Oxidation. TEMPO-mediated oxidation was

performed according to a previously reported method.17 SBKP (1.0 g)
was suspended in water (100 mL) containing TEMPO (0.016 g; 1
mM) and sodium bromide (0.1 g; 10 mM). Sodium hypochlorite
solution (6.2 mL; 3.8 mmol g−1 pulp) was added to the pulp/water
slurry. The slurry was stirred at room temperature at pH 10. The
TEMPO-oxidized cellulose (TOC) (1.0 g) was further treated with
sodium chlorite (1.3 g) in 0.5 M acetate buffer (100 mL) at pH 4−5
and room temperature for 48 h to oxidize the residual C6-aldehyde
groups to carboxylate groups. The carboxylate content of the oxidized
cellulose was determined to be 1.13 mmol g−1 by conductometric
titration.
Preparation of PEG−TOCN/Chloroform Dispersion. A 0.1 wt

% TOCN−COONa/water dispersion was prepared from the
TEMPO-oxidized SBKP by mechanical disintegration treatment in
water. The TOCN−COONa/water dispersion was converted to
aqueous TOCN−COOH gel particles, and then the gel was converted
to a 0.1 wt % PEG−TOCN/chloroform dispersion by sonication of
the TOCN−COOH gel and PEG−NH2 in CHCl3 for 3 min, where
the molar ratio of PEG−NH2 to the carboxyl groups of TOCNs was
adjusted to 1:1.26 Here, stable dispersion of the TOCNs at the
individual level in CHCl3 was achieved by grafting the PEG chains
densely on the TOCN surfaces via TOCN-carboxylate/PEG-
ammonium ionic bonds.
Preparation of PEG−TOCN/CTA Nanocomposite Films. CTA

was dissolved in dichloromethane at a concentration of 20 mg mL−1.
The CTA/CH2Cl2 solution and the PEG−TOCN/CHCl3 dispersion
were mixed at different ratios and stirred for 30 min. In the present
study, the “TOCN content” is defined as the weight percent of
TOCNs based on the total weight of each nanocomposite film without
taking into account the grafted PEG weight. The mixture was casted in
a glass Petri dish. The mixture of the CTA/CH2Cl2 solution and the

PEG−TOCN/CHCl3 dispersion was dried at room temperature for
24 h.

Analysis. Light transmittance spectra of the films were measured
from 350 to 850 nm with a spectrophotometer (V-670, JASCO Corp.,
Tokyo, Japan). The haze values of films with a thickness of about 80
μm were measured using an HZ-V3 haze meter (Suga Test
Instruments Co., Ltd., Tokyo, Japan). Retardation of the nano-
composite films in the thickness direction was measured using a
KOBRA-21ADH optical birefringence analyzer (Oji Scientific Instru-
ments Co., Ltd., Hyogo, Japan) in low-phase-difference mode at 589.3
nm. The birefringence was measured at a light incidence angle of 40°.
Tensile tests were carried out using a Shimadzu EZ-TEST tensile
tester (Kyoto, Japan) equipped with a 500 N load cell. Specimens with
a dimension of 40 × 3 mm2 were measured at 20 mm min−1 with a 10
mm span length, and at least five specimens were measured for each
sample. Wide-angle X-ray diffraction (WAXD) patterns of the PEG−
TOCN/CTA nanocomposite films were obtained using a Rigaku
RINT2000 diffractometer with Cu Kα radiation (λ = 1.5418 Å) at 40
kV and 40 mA. Thermomechanical analysis was carried out at a 0.03 N
load in a nitrogen atmosphere from 30 to 150 °C at 5 °C min−1 using
a Shimadzu thermomechanical analyzer (TMA-60, Shimadzu Corp.,
Kyoto, Japan), and the coefficients of thermal expansion (CTE) of the
films were calculated.

■ RESULTS AND DISCUSSION
Fundamental Properties of PEG−TOCN/CTA Nano-

composite Films. In this study, CHCl3 was used to prepare
the PEG−TOCN dispersion, and CH2Cl2 was used as the
solvent for CTA, because CH2Cl2 is a better solvent than
CHCl3 for CTA. No phase separation of the two components
was observed during drying the mixtures to prepare the
composite films, even though two different organic solvents
were used in the film preparation. The film densities and water
contents of the nanocomposite films are shown in Figure S1 in
the Supporting Information. The film densities were almost
constant at ∼1 g cm−3 at 23 °C and 50% relative humidity
irrespective of the TOCN content, and the water content
slightly decreased from 2% to 1.6% with increasing TOCN
content from 0 to 2.5 wt %. This slight decrease in water
content of the PEG−TOCN/CTA composite films will be
discussed later. The content of the PEG moiety in the
composite films linearly increased to 2.75 wt % with increasing
TOCN content from 0 to 2.5 wt % (Figure S1 in the
Supporting Information).

Optical Properties of PEG−TOCN/CTA Nanocompo-
site Films. The PEG−TOCN/CTA nanocomposite films were
flexible and transparent (Figure 1b). The light transmittance of
the nanocomposite film containing 2.5 wt % TOCNs was 90%
at 600 nm, while that of the neat CTA film was 91% (Figure
1a). This result shows that the 3 nm-wide TOCNs can be
homogeneously dispersed in the CTA matrix by PEG
grafting.26 As previously observed,28−30 light scattering was
effectively suppressed in the nanocomposite films.
The haze value is an indicator of the cloudiness of

transparent materials, and is expressed as

=
T
T

haze (%) 100d

t (1)

where Td is the deflected light transmittance and Tt is the total
light transmittance. The haze value is defined as the percentage
of light that is deflected more than 2.5° from the direction of
the incident light. The haze values of films are explained in
terms of two light scattering mechanisms: (1) light scattering
caused by fillers present inside the film, and (2) that caused by
roughness of the film surface morphology. Thus, the smoother
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the film surface, the lower the haze value. Figure 2 shows the
haze values of the PEG−TOCN/CTA nanocomposite films.

The haze value of the nanocomposite film containing 2.5 wt %
TOCNs was 1.5%, whereas that of the neat CTA film was 0.2%.
It has been reported that fillers can function as diffusion centers
for visible light.31 In this study, the PEG−TOCNs functioned
as diffusion centers and the haze value slightly increased.
However, the haze values of the nanocomposite films were still
as small as those of conventional transparent films such as
poly(methyl methacrylate) and poly(carbonate).32 Moreover,
the haze value can be further improved by tailoring the
roughness of the film surfaces.33

Figure 2 also shows the retardation in the thickness direction
(Rth) of the nanocomposite films. The retardation is defined as
birefringence × film thickness. Rth values of 40−50 nm are
typical for CTA films with a thickness of about 80 μm.1 The Rth
value of the neat CTA film was preserved even with the
addition of 2.5 wt % TOCNs, although the cellulose crystal
itself has optical anisotropy. In this study, the TOCN content
in the nanocomposite films was very low. Therefore, it seems
that the effect of anisotropic cellulose crystals on the
retardation value of the nanocomposite films is negligible.
Mechanical Properties of PEG−TOCN/CTA Nano-

composite Films. The Young’s modulus, tensile strength,
and elongation at break of the CTA films greatly improved with
the addition of PEG−TOCNs (Figure 3a and b). As a result,

the work of fracture of the CTA films increased from 11.2 to
46.0 MJ m−3, or by about 400%, as the PEG−TOCN content
increased from 0 to 2.5 wt % (Figure 3c). This behavior is
different from conventional cellulose nanofibril/polymer
composite films.18−21,27 Cellulose nanofibril/polymer compo-
sites generally becomes brittle with nanofibril addition. It has
been reported that surface modification of carbon nanotubes
increases the Young’s modulus, breaking stress, ultimate tensile
strength, and toughness of the resultant carbon nanotube/
polymer composites. These improvements in the mechanical
properties can be explained by enhancement in the interfacial
shear strength between the polymer matrix and nanotubes by
surface modification.34 In the present study, it is likely that the
grafted PEG chains also improved the TOCN/CTA interfacial
shear strength, and as a result, the toughness of the
nanocomposite films effectively increased.

Model Approach. A model was applied to evaluate the
validity of the PEG−TOCN reinforcement. Assuming that the
PEG−TOCNs were randomly dispersed in the CTA matrix,
the Halpin−Tsai model,35 as expressed in the following eq 2,
was used to calculate the theoretical Young’s moduli of the
nanocomposites:

η
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where EHT and Em are the moduli of the composite and matrix,
respectively, and lf and df are the length and width of the filler,
respectively. Vf is the volume fraction of fillers in the composite
system. The Vf value of the TOCNs was calculated using the
densities of TOCNs (1.6 g cm−3) and CTA (1.28 g
cm−3).2,36,37 ηL and ηT have the following expressions:

Figure 1. (a) Light transmittance of PEG−TOCN/CTA nano-
composite films with various TOCN contents. (b) Photograph of the
nanocomposite film containing 2.5 wt % TOCNs.

Figure 2. Haze value and retardation in the thickness direction (Rth) of
PEG−TOCN/CTA nanocomposite films.

Figure 3. Mechanical properties of the PEG−TOCN/CTA nano-
composite films: (a) stress−strain curves, (b) Young’s moduli, and (c)
work of fracture.
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where EfL and EfT are the longitudinal and transverse moduli,
respectively, of the filler. In this study, Em of 1.33 GPa was used,
which was determined from the tensile test data of the neat
CTA film. For TOCNs, EfL = 134 GPa,8 EfT = 24.8 GPa,38 df =
3 nm,26 and lf = 1087 nm39 were used. The Young’s modulus of
the nanocomposites is plotted against the volume fraction of
TOCNs in Figure 4.

The experimentally obtained Young’s moduli were slightly
higher than the theoretical moduli calculated using the model.
When Em is assumed to be 1.7 GPa, the Young’s moduli of the
PEG−TOCN/CTA nanocomposite films were almost con-
sistent with those calculated using the model. This result
indicates (1) the Young’s modulus of the CTA matrix of the
nanocomposites increased with PEG−TOCN addition, (2) the
PEG−TOCNs were individually dispersed in the CTA matrix
without agglomeration, and (3) the PEG−TOCNs interacted
with CTA molecules. It is likely that the increase in Em was
caused by a slight increase in the crystallinity of the CTA
matrix. This hypothesis is supported by the results of WAXD
measurement (Figure 5). The neat CTA film had a typical
WAXD pattern with low crystallinity, and had broad diffraction
peaks around 2θ = 8.5, 16, and 21°.40,41 In particular, the
diffraction intensity and sharpness of the peak at 8.5° owing to
CTA clearly increased with PEG−TOCN addition. This
increase in the crystallinity of CTA with the PEG−TOCN
addition may have resulted in a slight decrease in the water
content of the PEG−TOCN/CTA nanocomposite films
(Figure S1 in the Supporting Information).
Next, a model that quantitatively evaluates the interfacial

interaction was used42,43

σ σ
φ

φ
σ φ=

+
−

= + Bln ln
1 2.5

1
ln( )r c

f

f
m f

(5)

where σr is the reduced yield strength, σc and σm are the yield
strength of the composite and neat polymer, respectively, φf is
the volume fraction of the filler, and B is a parameter related to
interfacial interactions.42,44,45 The yield strength was deter-

mined from the obtained stress−strain curves. In Figure 6,
ln(σr) is plotted against the volume fraction of TOCNs. The B

value was calculated from the slope of the straight line in Figure
6. In this study, B = 19.1 (R2 = 0.928), which is higher than the
B values of previous studies for surface-treated CaCO3/
poly(propylene) (PP) composites, such as linear low-density
poly(ethylene)/clay nanocomposites with compatibilizer, and
surface-modified cellulose fiber/PP composite.42−44,46−48 The
large B value indicates some favorable interfacial interactions
and good load transfer efficiency at the interface. The B value is
influenced by many factors, such as the shape and aspect ratio
of filler, filler dispersion, and interfacial interactions. In the
present study, the large B value can be attributed to the high
aspect ratio and nanodispersibility of TOCNs in the CTA
matrix, and the increase in interactions between TOCN
elements and CTA molecules by PEG grafting on the TOCNs.

Thermal Expansion Behavior of PEG−TOCN/CTA
Nanocomposite Films. The CTE values of the PEG−
TOCN/CTA nanocomposite films are shown in Figure 7. The
CTE of the nanocomposite films was almost constant with
TOCN addition of 0−2.5 wt %. In general, the addition of a
rigid filler causes a significant reduction in the CTE, because
the network of fillers restrains the thermal expansion of the
polymer matrix.27,49,50 In the case of the nanocomposites
fabricated in this study, the rigid TOCNs likely suppressed the
thermal expansion of the matrix, while the flexible PEG chains

Figure 4. Experimentally obtained and calculated Young’s modulus of
the PEG−TOCN/CTA nanocomposite films versus the volume
fraction of TOCNs.

Figure 5. WAXD patterns of the PEG−TOCN/CTA nanocomposite
films.

Figure 6. Reduced yield strength of the PEG−TOCN/CTA
nanocomposite films versus the volume fraction of TOCNs.
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caused an increase in the CTE of the nanocomposite films
(Figure S3 in the Supporting Information). As a result, the
effects of TOCNs and PEG canceled out, and the thermal
dimensional stability of the neat CTA film did not change with
addition of PEG−TOCNs.

■ CONCLUSIONS

PEG−TOCN/CTA nanocomposite films containing 0−2.5 wt
% TOCNs were successfully prepared. Because of the nanosize
effect of TOCNs, the high transparency and low birefringence
of the original CTA films were mostly preserved in the
nanocomposite films. In addition, the Young’s modulus and
toughness of the nanocomposites greatly improved with the
addition of PEG−TOCNs. The reinforcing effect can be
regarded as a result of the addition of surface-grafted PEG
chains to CTA, which improve the filler−matrix interactions
and crystallization of matrix CTA molecules. These results
show that PEG−TOCNs are a promising nanofiller for the
reinforcement of transparent optical materials.
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ence of Tensile Yield Stress in Filled Polymers. J. Mater. Sci. Lett. 1988,
7, 160−162.
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