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ABSTRACT: The miscibility at the interphase of polymer-grafted nanocellulose/cellulose
triacetate (CTA) composite films was tailored using different casting solvents. The
polymer-grafted cellulose nanofibrils were prepared by modifying surfaces of 2,2,6,6-
tetramethylpiperidine-1-oxyl-oxidized nanocellulose with amine-terminated poly(ethylene
glycol) (PEG). The PEG-grafted nanocelluloses were individually dispersed in dichloro-
methane, 1,4-dioxane, and N,N-dimethylacetamide. The PEG-grafted nanocellulose/CTA
composite films were prepared by mixing the nanocellulose dispersion and CTA solution
and subsequent casting-drying. The miscibility of PEG and CTA at the interphase of the
composite was controlled by controlling the solvent, which was confirmed by dynamic mechanical analysis. All the composite films
showed high optical transparency. However, the mechanical properties of the composites differed because of the difference in the
PEG/CTA interfacial miscibility. The composite films with better PEG/CTA interfacial miscibility showed higher Young’s modulus,
strength, and toughness. This interfacial design technique paves the way to exploiting the reinforcing potential of highly transparent
and hydrophobic surface-grafted nanocellulose/polymer composite materials.

■ INTRODUCTION
Nanosized reinforcements such as nanocellulose, carbon
nanotubes, and clay have been shown to provide superior
reinforcement to conventional materials because of their high
mechanical stiffness, high aspect ratio, and large surface area.1,2

Numerous studies have incorporated nanofillers into polymer
matrices to improve the mechanical and thermal properties.3−6

Reinforcing can be maximized by improving the dispersi-
bility of the nanofiller and compatibility between the nanofiller
and polymer matrix. Many approaches for improving these
properties have been explored.7−11 A common approach is
surface modification of the nanofiller, such as by introducing
functional groups to improve the surface wettability toward the
matrix polymers.12,13 Polymer grafting has also been used to
enhance the interfacial compatibility between nanofillers and
matrices.14−17 It has been reported that grafting an identical
polymer with the matrix can significantly improve the
interfacial compatibility and stress−transfer efficiency between
the nanofiller and polymer matrix.17,18 However, these surface
modifications are likely to change the dispersibility of the
nanofiller in the matrix, which may deteriorate the reinforcing
effect. The dispersibility of the nanofiller is also affected by the
solvent used to prepare the composite.19−22 Therefore, it is
difficult to improve the interfacial compatibility without
changing the dispersibility of the nanofiller, although both
good interfacial compatibility and good dispersibility are
required to exploit the reinforcing effect of the nanofiller.
Few studies have systematically investigated the contribution
of interfacial compatibility to the reinforcing effect of
individually dispersed nanofillers on the properties of
composites.

We previously reported the contributions of interfacial
thickness and grafting density of 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-oxidized cellulose nanofibers (TOCNs) to
the composite properties.23,24 The surfaces of the TOCNs
were modified with amine-terminated polyethylene glycol
(PEG-NH2). The TOCNs were individually dispersed in the
cellulose triacetate (CTA) matrix with and without surface
modification when they were prepared from N,N-dimethyla-
cetamide (DMAc) dispersion.24 The interfacial structures were
thus tailored by controlling the molecular weight and grafting
ratio of PEG-NH2 without changing the dispersibility of the
TOCNs in the polymer matrices. We also prepared the PEG-
grafted TOCN (PEG-TOCN)/CTA composite films as an
optically transparent film from dichloromethane (DCM)
dispersion.25 In this study, the mechanical properties of the
CTA matrix were significantly improved by the addition of
PEG-TOCN. It was found that the reinforcing effect of PEG-
TOCN in the DCM system was superior to that in the DMAc
system, though the PEG-TOCNs were individually dispersed
in both systems.24,25 We anticipated from these results that the
solvent used in preparation of composite films affected the
miscibility of interfacial PEG layers in the CTA matrix. In this
study, therefore, the influence of compatibility of PEG-grafted
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layers with the CTA matrix was investigated for the PEG-
TOCN/CTA three-component system using different solvents
in mixing, casting, and drying to prepare composite films.
In the present study, we investigated the relationship

between interfacial miscibility of the grafted PEG/CTA matrix
and the reinforcing effect of TOCNs on the CTA matrix. It has
been reported that the dissolving solvent greatly affects the
interfacial miscibility in polymer blends by the casting-drying
method.26−28 Hence, we prepared PEG-TOCN/CTA compo-
site films from different solvents to control the interfacial
miscibility between the grafted PEG chains on the TOCN
surfaces and CTA matrix. The experimental parameters, such
as the aspect ratio of TOCN, PEG grafting density on TOCN
surfaces, drying rate of the solvent, and drying temperature in
film preparation, were systematically controlled to selectively
extract the effect of interfacial PEG layers on composite
properties. The degrees of dispersion of PEG-grafted TOCN
elements in the CTA matrix were assumed to be the same
between the dried composite films prepared using different
solvents based on transmission electron microscopy (TEM)
images of PEG-TOCN/polymer composites reported in
previous papers.24,29 This study shows the significance of
tuning the compatibility of surface layers on the nanofiller with
the polymer matrix and will pave the way for controlling the
material properties of CTA as transparent optical films by this
method.

■ MATERIALS AND METHODS
Materials. A never-dried softwood bleached kraft pulp

(SBKP) was supplied by Nippon Paper Industries Co., Ltd.
(Tokyo, Japan). TEMPO was purchased from Sigma-Aldrich
Japan. CTA (degree of polymerization, 270; degree of
substitution, 2.87) was supplied by Daicel Corp. (Tokyo,
Japan). Amine-terminated PEG (PEG-NH2, SUNBRIGHT
MEPA-20H, Mw = 2182) was purchased from NOF Corp.
(Tokyo, Japan). All other reagents and solvents were
purchased from FUJIFILM Wako Pure Chemical Corp.
(Tokyo, Japan).
TEMPO-Mediated Oxidation. SBKP was oxidized with a

TEMPO/sodium bromide/sodium hypochlorite system. The
amount of sodium hypochlorite was adjusted to a 3.8 mmol/g
pulp. The detailed conditions of the TEMPO-mediated
oxidation have been reported elsewhere.30 A small amount of
C6-aldehyde groups and C2/C3 ketones formed as side
reactions and present in the TEMPO-oxidized pulp31 was
selectively reduced with sodium borohydride, according to a
previous report.26 The amount of carboxy groups in the
TEMPO-oxidized pulp was 1.19 mmol/g.
Preparation of PEG-TOCN/Organic Solvent Disper-

sions. The TEMPO-oxidized pulp was suspended in water at
0.1% w/w and subsequently disintegrated to prepare a
TOCN/water dispersion. The detailed procedures were
reported previously.30,32 The TOCN/water dispersion was
converted to a protonated TOCN (TOCN-COOH) gel,
according to a previous study.33 The TOCN-COOH gel was
washed and suspended in N,N-dimethylacetamide (DMAc),
dioxane (DOX), or dichloromethane (DCM) at 0.1% w/w.
PEG-NH2 was added to the TOCN-COOH/organic solvent
suspension at a carboxy/amine molar ratio of 1:1 to introduce
PEG chains on the TOCN surfaces. The PEG-TOCN/organic
solvent dispersions were obtained by mechanical disintegration
of the PEG-NH2/TOCN-COOH gel/organic solvent suspen-
sion.25

Preparation of PEG-TOCN/CTA Composite Films. At
room temperature, CTA was dissolved in DMAc, DOX, or
DCM at 2% w/v. A PEG-TOCN/CTA composite film was
prepared from the mixture of the PEG-TOCN/organic solvent
dispersion and the CTA/organic solvent solution by casting-
drying on a glass Petri dish. The evaporation rate of each
solvent was controlled by covering the Petri dish with a
polytetrafluoroethylene (PTFE) sheet with holes of 1 mm in
diameter (Table S1 in the Supporting Information). The
TOCN contents of the composite films were calculated
according to eq 1 and adjusted to 2.5% w/w

TOCN content in composite film (%)
TOCN (g)

TOCN (g) PEG NH (g) CTA (g)
100

2
=

+ ‐ +
×

(1)

Analyses. Fourier transform infrared (FT-IR) spectra of
cast-dried PEG-TOCN films were measured. The grafting
ratios of PEG chains on the surface carboxy groups were
calculated from the intensity of the absorption peaks at 1600
and 1720 cm−1. Wide-angle X-ray diffraction (WAXD)
patterns of the composites were obtained using a diffrac-
tometer (RINT2000, Rigaku Corp., Tokyo, Japan) with Cu Kα
radiation (λ = 1.5418 Å) at 40 kV and 40 mA. The optical and
mechanical properties of the composites were measured,
according to our previous studies.23−25 Dynamic mechanical
analysis in torsion was carried out using a stress-controlled
rheometer (MCR 302, Anton Paar GmbH, Graz, Austria). The
dynamic mechanical properties of the composites were
measured from 30 to 220 °C with a heating rate of 5 °C
min−1, a frequency of 1 Hz, and a strain of 0.1%. The
specimens for dynamic mechanical analysis were rectangular-
shaped (40 × 5 mm). Three specimens were tested for each
sample, and reported results are averages with standard
deviations of these three values.

■ RESULTS AND DISCUSSION
Evaporation Rate of Solvents. It has been reported that

the drying temperature and evaporation rate of the casting
solvent affect the crystallinity-dependent mechanical and
thermal properties of cast-dried polymer films.34−38 Therefore,
the drying temperature was fixed at 40 °C in the present study,
and the evaporation rate was controlled at almost the same rate
by covering the Petri dish with a PTFE sheet containing holes
and changing the pressure during drying. The evaporation rate
of the casting solvents was adjusted to match that of DMAc
because DMAc has the highest boiling temperature and the
slowest evaporation rate among the solvents used in the
present study (Figure 1). The weight loss of the PEG-TOCN/
CTA/solvent mixture became more than 95% between 270
and 300 min in all solvent systems. Accordingly, the effect of
drying temperature and evaporation rate on the film properties
could be minimized in the present study.

Crystallinity of CTA Matrix. Figure 2 shows WAXD
patterns of the composite films. The crystallinities of the CTA
matrix were calculated from the WAXD data with the Ruland−
Vonk or amorphous contribution subtraction method (Table
S2).39,40 Peak positions corresponding to crystalline and
amorphous CTA were determined, according to previous
studies.41,42

As shown in Figure 2, all the composite films showed the
typical WAXD pattern of CTA II.43 The diffraction peak of the

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02772
ACS Omega 2020, 5, 23755−23761

23756

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02772/suppl_file/ao0c02772_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02772/suppl_file/ao0c02772_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02772/suppl_file/ao0c02772_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02772?ref=pdf


composite films became sharper in the order of DMAc > DOX
> DCM. The difference can be attributed to the solubility of
CTA in each solvent. However, the films had similar
crystallinities of ∼30%, which is typical for CTA cast
films.44,45 Although the crystallinity of the CTA matrix also
showed a slight change after the addition of PEG-TOCN
(Table S2), the difference in crystallinity between the pristine
CTA and PEG-TOCN/CTA films was negligible. Hence,
PEG-TOCN had no appreciable influence on the crystalline
behavior of the CTA matrix, which is consistent with previous
reports.23,24

Dynamic Mechanical Analysis of PEG-TOCN/CTA
Composite Films. We conducted dynamic mechanical
analysis of the composite films to investigate the miscibility
at the interphase. Figure 3 shows representative tanδ curves for
the composite films prepared from each solvent. The peak at
∼180 °C can be attributed to rearrangement of the CTA main
chains in the amorphous region,46 while the CTA degradation
temperature occurs at ≥220 °C.47 Thus, the peak in the tanδ
curves reflects local molecular motions of cellulose backbones
of the CTA matrix, regardless of casting conditions (Figure 3).
The shoulder peak at 50−100 °C can be attributed to melting
of PEG domains. In the DCM system, the shoulder peak at
50−150 °C was prominent compared to the other solvent
systems. The detail will be discussed later.

The glass transition temperature (Tg) of the CTA matrix was
calculated from the peak position in the tanδ curves, as shown
in Figure 4. The Tg value of the CTA matrix slightly increased

from 181 to 183 °C or from 182 to 183 °C by the addition of
PEG-TOCNs to the DMAc and DOX systems, respectively. In
contrast, the Tg value for the PEG-NH2/CTA composite film
was always lower than that of the pristine CTA film prepared
with any casting solvent (Figure S1). This indicates that free
PEG chains plasticized the CTA matrix.
In the DMAc and DOX systems, the peak heights and

widths in the tanδ curves were similar between the pristine
CTA and PEG-TOCN/CTA composite films, and the peak
position shifted to higher temperatures compared to the
pristine CTA (Figure 3a,b). These results suggest that the
grafted PEG chains and CTA matrix were not completely
miscible at the interface and that the chain mobility of the
CTA matrix in the vicinity of the PEG-TOCN/CTA interface
was suppressed, resulting in the slight increase in Tg (Figure
5a).
In the DCM system, the peak positions of the PEG-TOCN/

CTA composite films shifted to a lower temperature compared
to the pristine CTA films. A new shoulder peak appeared at
∼150 °C (Figure 3c), and this shoulder peak can be attributed
to the plasticizing effect of the grafted PEG chains. It is likely
that the grafted PEG chains formed a miscible interphase with
the CTA matrix (Figure 5b), resulting in the decrease in Tg.
The plasticized CTA should have a different relaxation
behavior compared with the bulk CTA matrix, which accounts
for the peak broadening in the tanδ curves.
The differences in Tg can be also interpreted using the

solubility parameters of the components. The properties of the
components are shown in Table 1.48−54 Using Hansen’s three

Figure 1. Weight loss of CTA solutions in each solvent during drying.
DMAc: N,N-dimethylacetamide, DOX: dioxane, and DCM: dichloro-
methane.

Figure 2. WAXD patterns of the composite films. DMAc: N,N-
dimethylacetamide, DOX: dioxane, and DCM: dichloromethane. The
TOCN content of the composite films was adjusted to 2.5% w/w.

Figure 3. Representative tanδ curves of the composite films prepared
from (a) N,N-dimethylacetamide (DMAc), (b) dioxane (DOX), and
(c) dichloromethane (DCM). The TOCN content of the composite
films was adjusted to 2.5% w/w.

Figure 4. Glass transition temperatures of the composite films. The
TOCN content of the composite films was adjusted to 2.5% w/w.
DMAc: N,N-dimethylacetamide, DOX: dioxane, and DCM: dichloro-
methane.
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components (δD, δP, and δH), a three-dimensional solubility
diagram can be constructed in which a solvent or polymer is
represented as a point.47 The solubility is characterized by the
distance between points of the solvent and polymer. Each
polymer is defined as the center of the solubility sphere. The
interaction radius R between the center of the sphere and the
point of the solvent is given in eq 2

R 4( ) ( ) ( )i j i j i jD D
2

P P
2

H H
2 1/2δ δ δ δ δ δ= { − + − + − }

(2)

where the subscripts i and j represent each component. In this
study, RCTA and RPEG were calculated to estimate the solubility
of CTA and PEG, respectively, for each organic solvent and
polymer.
RCTA and RPEG in the DCM system showed similar small

values of 8.1 and 7.2, respectively. This suggests that both CTA
molecules and PEG chains behave as polymers dissolved in
DCM and that these components can be intercalated to each
other to form miscible and thick interphases (Figure 5b).55 In
contrast, DMAc or DOX has a lower RCTA or RPEG value but
has a higher RCTA or RPEG value. Hence, DMAc or DOX may
not behave as a good solvent for both CTA molecules and
PEG chains but only for either CTA or PEG. The difference in

solubility between the CTA molecules and PEG chains may
have induced the partially intercalated interphase (Figure 5a).

Optical Properties of PEG-TOCN/CTA Composite
Films. The light transmittances of the composite films are
shown in Figure 6. The PEG-TOCN/CTA films had high

optical transparency, showing a light transmittance of ∼90% at
400−800 nm, irrespective of the casting solvent. This suggests
that the PEG-TOCNs were individually dispersed in the CTA
matrix prepared by the solvent casting method used in this
study. The transparency of the CTA films was not significantly
affected by the CTA crystallinity.44 However, we have to
determine accurate degrees of TOCN dispersion in the
composite films prepared using three different solvents in a
future study.

Mechanical Properties of PEG-TOCN/CTA Composite
Films. Representative stress−strain curves and corresponding
mechanical properties of the composite films are shown in
Figures 7 and 8, respectively. The toughness was calculated

from the area under the stress−strain curves in the present
study. Welch’s unequal variances t test was performed to
confirm the statistical significance of differences in mechanical
properties of the pristine CTA and PEG-TOCN/CTA
composite films (Table S3). The densities and water contents
of the nanocomposite films were ∼1.2 g/cm3 and ∼1.5%,
respectively, in all the solvent systems (Table S3). Therefore,

Figure 5. Schematic illustration of the interfacial layer structure of the
composite films: (a) N,N-dimethylacetamide and dioxane systems and
(b) dichloromethane system.

Table 1. Solubility Parameters of Organic Solvents and
Polymers48−54

DMAc DOX DCM CTA PEG

Hildebrand solubility
parameter (MPa−1/2)

22.5 20.5 19.8 18.8−19.4 20.2

Hansen solubility
parameter (MPa−1/2)

δD 16.8 19 18.2 18.6 19.4
δP 11.5 1.8 6.3 12.7 1.6
δH 10.2 7.4 6.1 11 1.2
RCTA 3.9 11.5 8.1 14.9
RPEG 14.4 6.3 7.2 14.9

Figure 6. Light transmittance spectra of (a) pristine CTA and (b)
PEG-TOCN/CTA composite films. The TOCN content of the
composite films was adjusted to 2.5% w/w. DMAc: N,N-
dimethylacetamide, DOX: dioxane, and DCM: dichloromethane.

Figure 7. Representative stress−strain curves of the composite films.
The TOCN content of the composite films was adjusted to 2.5% w/
w. DMAc: N,N-dimethylacetamide, DOX: dioxane, and DCM:
dichloromethane.
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the mechanical properties of the composite films were not
affected by the density or water content of the film.
As shown in Figure 7, the mechanical properties of both the

pristine CTA and PEG-TOCN/CTA composite films showed
different behaviors depending on the casting solvent. In the
DMAc and DCM systems, Young’s modulus and the tensile
strength of the pristine CTA were improved by the addition of
PEG-TOCN (p value <0.025; see Table S3). This result is
similar to those reported previously.23−25 The yielding strength
of the CTA matrix was significantly improved in the DCM
system by the addition of PEG-TOCN, while the other solvent
systems showed no significant improvement (p value >0.025).
This result suggests that the interaction between the TOCNs
and CTA matrix was favorable56 because of the formation of
the miscible interphase and that an effective stress transfer
occurred in the composite films prepared with the DCM
system.
In the DOX system, an increase in Young’s modulus or

tensile strength was not observed. This indicates that the
interaction between the PEG-TOCNs and CTA matrix was so
weak that the stress transfer between the TOCNs and CTA
matrix was inefficient, and thus, the reinforcing effect of the
PEG-TOCNs was not exploited. This can be explained by the
difference in the solubility parameter between the solvents, as
discussed in the previous section; a soft PEG layer was partially
intercalated with CTA matrices and hampered the stress
transfer between TOCNs and CTA matrices. Specifically, a
thick PEG-dominant layer was formed in the DOX system
because PEG was seemed to be sufficiently swollen in DOX.
The toughness of CTA was improved by the addition of

PEG-TOCNs in all the solvent systems. A ductile or tough
pattern was not observed for the PEG-NH2/CTA composites
(see Figure S2 in the Supporting Information). Therefore, the
PEG-TOCN components supported the plastic deformation of
the CTA matrix and enhanced the energy dissipation during
deformation. The composite films prepared from DCM

showed a large plastic deformation after yielding and stress
hardening. This behavior resulted in the highest toughness
among the tested solvent systems. We investigated the effects
of miscibility of surface PEG layers on TOCN in the CTA
matrix on properties of the PEG-TOCN/CTA composite films
using three different solvents. However, further studies are
needed to determine accurate degrees of TOCN dispersion in
the composite films prepared using three different solvents.
The results obtained in this study have to be discussed also in
terms of the degree of TOCN dispersion in the composite
films and solubility of CTA in the three solvents at high CTA
concentrations during the evaporation process.

■ CONCLUSIONS
We investigated the effects of miscibility of surface PEG layers
on TOCN in the CTA matrix on properties of the PEG-
TOCN/CTA composite films using three different solvents.
The PEG-TOCN/CTA composite films showed high trans-
parency irrespective of the miscibility. However, the mechan-
ical properties of composite films differed between the different
casting solvents, depending on the miscibility between the
CTA molecules and PEG chains. These results indicate that
the casting solvent affects not only the nature of the polymer
matrix but also the interfacial structure between the nanofiller
and polymer matrix. These results show that the material
properties of nanocellulose/polymer composites can be
improved by tuning the miscibility of surface-grafted layers
on nanocellulose in the polymer matrix. Furthermore, the
miscibility of the grafted layers in the polymer matrix is
controllable by selecting the solvent used in mixing, casting,
and drying processes in preparation of composite films.
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