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ABSTRACT: The broad utility as an environmentally friendly and colorful coating of cellulose nanocrystal (CNC) was limited
by its instability of coloration, brittleness, and lack of adhesion to a hydrophobic surface. In the present work, a neutral polymer,
poly(ethylene glycol) (PEG) was introduced into CNC coatings through evaporation-induced self-assembly (EISA) on polymer
matrices. The structure-color and mechanical properties of the composite coating or coating film were characterized by UV−vis
spectroscopy, polarized light microscopy (PLM), scanning electron microscopy (SEM), wide-angle X-ray diffraction (WXRD),
and tensile tests. Results showed that the reflective wavelength of the iridescent CNCs could be finely tuned by incorporation of
PEG with varied loadings from 2.5 to 50 wt %, although the high loading content of PEG would produce some side effects
because of the severe microphase separation. Second, PEG played an effective plasticizer to improve the ductility or flexibility of
the CNC coating or coating film. Furthermore, as a compatibilizer, PEG could effectively and tremendously enhance the
adhesion strength between CNCs and neutral polymer matrices without destroying the chiral nematic mesophases of CNCs.
Environmentally friendly CNC/PEG composites with tunable iridescence, good flexibility, and high bonding strength to
hydrophobic polymer matrices are expected to be promising candidates in the modern green paint industry.

KEYWORDS: cellulose nanocrystal, poly(ethylene glycol), polymer substrate, iridescent coatings, cholesteric liquid crystal,
interface adhesion

■ INTRODUCTION
Volatile organic compounds (VOCs) mainly emanating from
solvents in industrial painting or adhesives1−3 pose major
health concerns because of their high toxicity and consistent
concentrations in ambient air.4 In the atmosphere, these
compounds aid in the formation of secondary organic aerosols
and ozone in the troposphere. For decades, regulatory agencies
in most industrialized nations have enacted more and more
stringent measures and regulations on the applications of VOCs
to help control the solvent content in coatings. These VOC
regulations have also spurred the growth of low-VOC
technologies, such as water-borne,5,6 powder,7,8 high solids,9

and energy-curable coatings.10

Several methods have already been used to generate colorful
coatings via chemical reaction between inorganic salts and
sodium stearate or grafting with polyfluorinatedazo dyes,11,12

however, these processes are associated with many serious
pollution problems and high production cost. Recently, chiral
nematic or cholesteric liquid crystal (CLC) with self-organized
helical superstructures have shown great potential in colorful
coating applications due to their specific optical properties, that
is, CLC can present a beautiful, never-faded, reflective visible
coloration under incident light generating from its unique
helical nematic structure. However, most of these cholesteric
liquid crystals are normally synthesized from aromatic polyester
or polyamide resins, which has led to adverse pollution issues
coupled with high cost of production.13,14
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As a new cholesteric liquid crystal, cellulose nanocrystals
(CNCs) prepared by acid hydrolysis of cellulose have shown
anisotropic spindle-like shapes and high surface charge
imparted by the use of strong acids such as H2SO4 during
hydrolysis, and thus can generate mesophases of chiral nematic
liquid crystal at low concentrations.15−17 Interestingly, the
chiral nematic ordering can be preserved in a solidified film
through evaporation-induced self-assembly (EISA) of CNC
colloidal dispersion, thereby leading to structural color
exhibited in solid films.17 The unique optical properties of
solidified films with chiral nematic order have been exploited as
liquid crystal templet, flexible and iridescent composite
films,18−20 optical sensors,21 and filters.22 CNCs are anticipated
to be used as a colorful and environmental-friendly coating to
substitute the conventional hazardous coating containing
VOCs. However, as far as we know very few works on CNC
coatings were reported. Tuning the coloration by modifying the
structure of the chiral-nematic organization and improving the
interface compatibility of CNCs with substrate is essential for
developing optical coating materials. Various processes such as
the addition of salts,23−25 treatment by sonication, or
homogenization24 had been well-established and proven to be
good tuning techniques which cause a red-shift in solid films,26

however, the addition of monovalent salts, such as NaCl, would
lead to a blue-shift.23,25,27 As a matter of fact, regardless of the
variation of shift in reflection wavelength, the chirality and the
equilibrium between hydrogen bonding affinity and surface
charge repulsion among CNCs have vital impacts on the
structure-effects of chiral nematic mesophases in a suspension
or solidified film.28 It is worth mentioning that several
limitations exist for monovalent salt modified CNCs or
mechanically treated CNCs, namely:

(i) irreversible inhibiting effect on the self-organization of
CNCs;

(ii) coloration tuning in a limited range of ionic strengths;
(iii) agglomeration of nanocrystals and colloidal gelation

caused by adding excess salt (Cmax > 20 mM); and
(iv) brittleness nature for inappropriate application as surface

coatings.29

To address these issues, we attempted to employ neither
electrolytes nor polyelectrolytes in this study, instead, poly-
ethylene glycol (PEG), a neutral polymer with excellent
compatibility and affinity with CNCs was used to modulate
the coloration of the coatings and also improve the flexibility
and adhesion to polymeric substrates.

■ EXPERIMENTAL SECTION
Materials. Microcrystalline cellulose (MCC, column chromatog-

raphy) and sulfuric acid were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. Regenerated cellulose dialysis
tubing having a molecular weight cutoff of 8000−10 000 was supplied
by Nanjing Wanqing Chemical Glassware Instrument Co., China. PEG
(Mw = 20 000) was purchased from Aldrich Co. and used without
further purification.
Preparation of CNCs. CNCs were prepared according to the

method of sulfuric acid hydrolysis of MCC as described in our
previous work.17 Briefly, 4.0 g MCC was hydrolyzed by using 80 mL
64 wt % sulfuric acid under constant stirring in a water bath at 50 °C
for about 2 h. Immediately following the acid hydrolysis, the
suspension was diluted at least 5-fold with deionized water to quench
the reaction. The diluted suspension was poured into the dialysis
tubing and dialyzed against deionized water for several days to remove
excess acid, low molecular weight saccharides, and other water-soluble

impurities. The final pH was at around 6.0 and the solid content of the
resultant aqueous suspension of CNCs was approximately 0.5 wt %.

Preparation of CNC/PEG Nanocomposite Coatings. A specific
amount of PEG solution (5 wt %) was dropped into CNC suspensions
(0.5 wt %), and then the mixed suspension was gently sonicated for 2
min at 200 W. The suspension was subsequently concentrated into 2
wt % dispersions by slow evaporation at ambient condition, and
degassed for about 6 min to obtain the concentrated CNC/PEG
coating dispersions. Four different smooth resins, including ABS
(polyacrylonitrile-butadiene-styrene), PC (polycarbonate), POM
(polyformaldehyde), and PA (polyamide) were used as comparable
coating substrates. Subsequently, composite dispersions were loaded
onto the substrates and allowed to slowly evaporation-induced self-
assemble into coatings for 48 h at room temperature. The resultant
coatings with content of PEG varied from 2.5, 5, 7.5, 10, 15, 20, 30, 40,
to 50 wt %, were labeled as CNC/PEG2.5, CNC/PEG5, CNC/
PEG7.5, CNC/PEG10, CNC/PEG15, CNC/PEG20, CNC/PEG30,
CNC/PEG40, and CNC/PEG50, respectively. Furthermore, CNCs
and CNC/PEG free-standing coating films were prepared by casting
on PTFE (polytetrafluoroethylene) substrates and then carried out
morphology, optical, and mechanical tests.

Characterization. Reflection spectra were recorded on a UV−vis
Shimadzu 3600 spectrophotometer and measured at normal incidence
and room temperature in the spectral range from 300 to 800 nm. The
texture of the chiral nematic mesophases in the CNCs and CNC/PEG
was observed by polarized light microscope (LV100POL, Nikon,
Japan). The cross section of coating films and the fractured surface of
coatings were sputter-coating with gold for 1 min and then loaded on
an S-4700 scanning electron microscope (SEM, Hitachi, Japan) with
an accelerating voltage of 15 kV for observation and photographs.
Fourier transform infrared spectra (FTIR) were recorded on a Nicolet-
5700 FTIR spectrometer (Thermo Electron, U.S.A.) using KBr disk
method in the range 4000−400 cm−1. Contact angle measurement
using a sessile-drop technique was performed on a CAM200
goniometer (KSV, Finland) equipped with a CCD camera in a
relative humidity of 10−25% at room temperature. Pure CNCs
suspension or CNC/PEG composite suspension as a probe liquid were
syringed dropwise on the surface of 5 different substrates under the
control of a microsyringe pump (Hamilton-Bonaduz). Unless
otherwise specified, each measurement was carried out at different
spots and repeated more than 3 times.

The crystallinity and the phase structure of CNCs and CNC/PEG
were conducted using a wide-angle X-ray diffractometer (XRD-6100,
Bruker Siemens, Japan) with a Nickel-filtered Cu Kα radiation (λ =
1.524 Å) source at 40 kV and 30 mA. Diffraction data were collected
from 2θ = 4 to 60° in steps of 2°/min at room temperature. The
degree of crystallinity (DC) of the CNCs and CNC/PEG were
evaluated using the following equation:

= ×S
S

DC 100%
0 (1)

where S is the sum of the areas of all the crystallinity peaks and S0 is
the total area under diffractogram.

Tensile testing was carried out on a universal testing machine
equipped with a 500 N load cell at room temperature (SLBL-500,
Shimadzu, Japan). The test specimen dimensions were 60 × 10 ×
∼0.15 mm3 (length × width × thickness). At least 5 specimens were
parallelly tested at a nominal strain rate of 1 mm/min. A Pull-off
adhesion tester (PosiTest; Defelsko Corporation, U.S.A.) was used to
measure the adhesion strength of the coatings on different substrates.
An aluminum dolly with diameter of 20 mm was glued onto the
coating surface with an epoxy resin. After drying for 24 h at room
temperature, the test zone was isolated and the dolly was pulled away
from the polymer substrate perpendicularly. The strength required to
pull away the coatings from substrates was recorded, and the results
were averaged over 5 trials on each substrate.
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■ RESULTS AND DISCUSSION
Structure of CNC/PEG. FTIR spectra of CNCs, PEG, and

CNC/PEG composites are shown in Figure 1. Pure CNCs

exhibited absorption bands of 3200−3600, 2850−3000, and
1050−1150 cm−1 attributed to stretching modes of OH, 
CH2, and O, respectively.30,31 Pure PEG exhibited
distinct peaks at 1280, 947, and 843 cm−1. By the addition of
PEG, the composites exhibited strengthened absorption bands
at 947 and 843 cm−1, corresponding to the out-of-plane
bending vibrations of CH and OH of the crystalline region
in PEG.32 Meanwhile, the maximum peak at around 3300 cm−1

of CNCs with the incorporation of PEG slightly shifted toward
high frequency probably due to the hydrogen-bonding
interactions between hydrophilic hydroxyl groups on the
surface of the CNCs and the hydroxyl groups of the PEG
chains.
XRD patterns of CNCs and CNC/PEG free-standing coating

films are shown in Figure 2. Typical diffraction peaks at 14.8°,

16.3°, and 22.6°, corresponding to the (11 ̅0), (110), and (200)
characteristic crystallographic planes of cellulose I crystal,33

respectively, were exhibited in CNCs and CNC/PEG samples,
suggesting that the crystal structure of CNCs was essentially
preserved in CNC/PEG nanocomposites with the introduction
of PEG. Meanwhile, it was interesting that several new
diffraction peaks arose at 2θ = 19.2° and 23.2°, corresponding

to the (120) and (112)/(032) reflections from the PEG
crystallites when the content of PEG was higher than 30 wt
%.34,35 Moreover, the intensity of the peaks at 2θ = 19.2° and
26.8° increased noticeably with the increasing content of PEG
from 30 to 50 wt %. When the content of PEG in the
composite was increased up to 50%, the diffraction peak at
22.6° of CNCs shifted toward the diffraction peak at 23.2° of
PEG. The degree of crystallinity of CNCs, CNC/PEG10,
CNC/PEG20, CNC/PEG30, CNC/PEG40, CNC/PEG50,
and PEG were 79.49%, 82.68%, 83.89%, 84.06%, 76.02%,
74.99%, and 83.69%, respectively, indicating that crystallinity of
the composites increased with an increment of PEG content
(≤30 wt %). However, the crystallinity of the composites
decreased when doped with an excess of PEG (>30 wt %) into
the nanocrystals. That is to say, the alignment of LC
mesophases was stable at a low loading of PEG with higher
crystallinity, thus imparting positive effects on the crystal-
lization of the composite; nonetheless, high loading PEG would
result in an increment of crystalline domain of PEG and
microphase separation, and furthermore disrupted the uniform
alignment of mesophases of CNCs, thus leading to a slight
decline of crystallinity of the bulk coating film samples of
CNC/PEG40 and CNC/PEG50.36

Color-Tuning Effects of PEG. Figure 3 shows PLM
micrographs of CNCs (a), CNC/PEG5 (b), CNC/PEG10 (c),

Figure 1. FTIR spectra of CNCs and CNC/PEG coating films.

Figure 2. XRD patterns of PEG and CNCs, CNC/PEG10, CNC/
PEG20, CNC/PEG30, CNC/PEG40, and CNC/PEG50 coating films.

Figure 3. PLM micrographs of CNCs (a), CNC/PEG5 (b), CNC/
PEG10 (c), CNC/PEG30 (d), CNC/PEG40 (e), and CNC/PEG50
(f) coating films.
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CNC/PEG30 (d), CNC/PEG40 (e), and CNC/PEG50 (f),
respectively. The chiral nematic phase in pure CNCs and
CNC/PEG coating films was revealed by the presence of
fingerprint texture.37 The half cholesteric pitch, defined as the
distance required for the CNCs rods to make a 180° rotation,
namely the distance between two neighboring planar textures,
dramatically increased from 0.612 (±0.008) μm to 0.680
(±0.004), 0.781 (±0.006), 0.858 (±0.003), 0.793 (±0.054),
and 0.879 (±0.105) μm, with the increase of PEG from 0 to 5,
10, 30, 40, and 50 wt %, respectively. Correspondingly, the
reflective color gradually shifted from bluish violet (Figure 3a)
to bluish green (Figure 3b), yellowish green (Figure 3c), and
yellowish brown (Figure 3d), specifying a red-shift in the visible
reflective wavelength with the increase of PEG content. The
PLM micrographs of CNC/PEG40 (Figure 3e) and CNC/
PEG50 (Figure 3f) exhibited a multipitch texture and
heterogeneous distribution of coloration since the long-range
ordered mesophases became separated and disrupted by doping
an excess of PEG into CNCs as indicated by XRD results.28

Figure 4 shows UV−vis spectra of CNCs and CNC/PEG
free-standing coating films (a) and wavelength of maximum
reflectivity (λmax) measured as a function of PEG content (b).
All coating films showed a high reflectivity (∼70%) measured
by UV−visible spectroscopy at a normal incidence. With

increasing amounts of PEG from 0 to 2.5, 5, 7.5, 10, 15, 20, 30
wt %, the λmax of coating films displayed a gradual redshift from
425 nm to 435, 442, 443, 460, 475, 481, and 545 nm,
accordingly. As shown in the inset of Figure 4, CNCs and
CNC/PEG30 films exhibited reflected bright iridescence in
naked view under diffuse incident light, and displayed a blue,
and orange coloration, respectively. That is to say, the λmax of
the iridescent CNCs film could be finely tuned from blue to red
by dramatically adjusting the content of incorporated PEG.
However, while the content of PEG exceeded 30 wt %, the
coloration of the free-standing coating films did not appear as
uniform as that of the films containing less PEG (≤30 wt %).
Meanwhile, the λmax of the CNC/PEG40 and CNC/PEG50
films were 494 and 516 nm, respectively, which was slightly
reduced in comparison with that of CNC/PEG30. The
reflection spectra of CNC/PEG50 exhibited a broad bandwidth
and low reflectivity, which corresponds to polydomain
mesophases of CNCs with widely distributed chiral pitches as
observed from PLM (Figure 3f).
Suppose that the observed pitch was uniformly distributed in

a birefringent film, the reflection of light unto the chiral nematic
mesophases of CNCs and CNC/PEG would follow the Bragg
reflection:

λ θ= n
P
2

sinavg (2)

where navg is the average refractive index; P/2 is one-half of the
helical pitch; and θ is the angle of incidence. Once navg and θ
are constant, the relationship between λ and P/2 is linear.
Theoretically, navg of the different composite films should be
essentially constant with low content of PEG because the two
components, PEG and CNCs, have similar refractive indices of
1.47 and 1.54, respectively. Hence, the increase in λmax for
samples with low PEG content could therefore be attributed to
an increase in pitch.28 Namely, due to the similar multihydroxyl
pendant groups, PEG had good compatibility and affinity with
CNCs and thereby PEG easily penetrated into nematic layers of
mesogenic phases and acted as a homogeneously dispersant of
CNCs. As a result, the spacing between neighboring nematic
layers (P) was enlarged, and ultimately leading to the increase
of reflective wavelength (red-shift). This is why a linear
relationship between λ and P is revealed when the content of
PEG is less than 30 wt % (Figure 4b). However, CNC
nanocrystals interacted with each other and attempted to
maintain a balance between the electronic repulsion generated
from negative surface charges and hydrogen bonding attraction
caused by multihydroxyls. The interaction is vital for the
formation of long-range orientation and short-range positional
order of helical chiral nematic hierarchy of CNCs.28 Meanwhile,
an excess amount of PEG chains penetrated into nematic layers
and would weaken the repulsion and/or affinity interaction,
thereby cutting-off or breaking the long-range orientation of
mesophases of CNCs and forming independent crystalline
phases of PEG. That is why nonlinear relationship between λ
and P is revealed when the content of PEG is higher than 30 wt
% (Figure 4b).
Morphological change as shown in Figure 5 provided further

confirmation of the preservation and transition of chiral
nematic organization in the CNC/PEG coating films. The
thickness of coating films under SEM observation was around
96 μm. Pure CNCs and CNC/PEG coating films appeared very
smooth on its top surface, but perpendicular to the top surface
of nanocrystal layers with defects arose from changes in

Figure 4. UV−vis spectra of CNCs and CNC/PEG coating films (a)
and the λmax measured by UV−vis spectroscopy as a function of PEG
content (b).
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direction of the helical axis of the chiral nematic phase. Under
high magnification, the repeating distance (P/2) was of the
order of several hundred nanometers, and enlarged with the
increment of PEG. Once the content of PEG was beyond 30 wt
%, the repeating layers became ambiguous, indicating the partial
loss of long-range orientation of nematic mesophases. Hence,
the results from SEM are in agreement with the above-
discussed mechanism as identified by PLM and reflective
spectra.
Effects of PEG on the mechanical properties of CNC/

PEG. Tensile strength, tensile modulus and elongation at break
of CNC/PEG coating films are shown in Figure 6. It is worth to
mention that the mechanical properties of pure CNC film
could not be obtained since the film was too brittle to be
measured. The elongation at break of CNC/PEG10, CNC/
PEG20, CNC/PEG30, CNC/PEG40, and CNC/PEG50 were
0.67%, 2.37%, 2.63%, 4.10%, and 4.58%, respectively, indicating
a continuous increase of strain at fracture with the
incorporation of flexible PEG. Specifically, the elongation at
break of CNC/PEG40 was 6.1 times higher than that of CNC/
PEG10, indicating a high improvement of flexibility. However,
the tensile strength and Young’s modulus of CNC/PEG
coating films decreased upon the increase of the PEG content
from 10 to 50 wt %. The reductions in tensile strength and
Young’s Modulus of the CNC/PEG40 were 45% and 7.5%,
respectively, as compared with those of the CNC/PEG10. That

is to say, the ductility was improved with a slight loss of tensile
strength. On the basis of the results of the tensile tests, PEG
was definitely served as an effective plasticizer for CNCs.
Meanwhile, the mechanical properties of CNC/PEG coating
films could also be reflected by morphology of their cross
sections observed by SEM as shown in Figure 5. CNCs (Figure
5a), CNC/PEG10 (Figure 5b), and CNC/PEG20 (Figure 5c)

Figure 5. SEM micrographs of the cross sections of CNCs (a), CNC/PEG10 (b), CNC/PEG20 (c), CNC/PEG30 (d), CNC/PEG40 (e), and
CNC/PEG50 (f) coating films.

Figure 6. Tensile strength (●), tensile modulus (■), and elongation at
break (○) of CNC/PEG coating films.
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demonstrated rather straight and smooth fractured cross
sections with self-assembled structure of layer-by-layer.
However, the fractured interface of CNC/PEG30, CNC/
PEG40, and CNC/PEG50 (Figure 5d−f) became rough and
undulating, indicating a highly improved ductility or flexibility
in comparison with CNCs.
Interface Adhesion of CNC/PEG Coatings. Figure 7

shows the contact angle of coating dispersions of CNCs, CNC/

PEG20, and CNC/PEG40 on 5 substrates of PTFE, PC, POM,
PA, and ABS. Both CNCs and CNC/PEG have no attraction to
PTFE substrate as evidenced by its high contact angle value
(>90°), therefore, in this work, CNCs or CNC/PEG free-
standing coating films could autopeel-off from PTFE matrices
for the above-mentioned characterizations. However, CNC/
PEG dispersions showed a good affinity to some other
hydrophobic polymer matrices. For instance, with the

increasing PEG, CNC/PEG coating dispersions exhibited a
decreasing trend in the contact angle value, owing to an
improved affinity or compatibility between CNCs and
hydrophobic substrates. Particularly on the PA substrate, the
coating dispersions displayed the lowest contact angle among
all substrates. That is to say, CNC/PEG showed a stronger
affinity to PA than PTFE, PC, POM, or ABS, due to
multihydrophilic amide, carboxyl, and amine groups of charged
PA. Meanwhile, CNC dispersion on POM and ABS showed a
similar contact angle, but CNC/PEG displayed a more
significant drop for the contact angle value on ABS than that
on POM with the increment of PEG. It is believed that
amphiphilic PEG has hydrophobic main molecular chains and
hydrophilic OH groups which make it not only compatible
with CNCs but also attractive to hydrophobic polymeric
substrates. Interestingly, as shown in Figure 8A, no reflective
iridescence could be visualized for dried CNCs and CNC/PEG
coatings on PA substrates. When the coating was pulled off
from the PA matrix, it was surprising that no fingerprint texture
or birefringence could be visualized under PLM (Figure 8a)
probably because the template induction effects of charged PA
compelled CNCs to lose their original self-assembling drive
generated from chirality and interaction among nanocrystals,
thereby making it impossible to form layered chiral nematic
mesophases in a very thin coating. As a result, neutral polymer
(POM, ABS, and PC) other than charged polymer (PA) is
selected as a preferred matrix for iridescent CNCs coating
because the chiral nematic organization of CNCs could be
preserved in the coatings. Moreover, the coloration of the
coating could be tuned by incorporation of PEG. Photographs
of CNC/PEG5, CNC/PEG15, CNC/PEG30, and CNC/
PEG50 coatings on ABS substrates are shown in Figure 8B−
B3. The color of the CNC/PEG coating gradually turned from
blue to red with the increase in PEG content, corroborating to
the red-shift trend of the coating films cast on the PTFE.
Unfortunately, in the case of the CNC/PEG50 coating, both
the iridescence and the brightness faded away.

Figure 7. Contact angle for CNCs, CNC/PEG20, and CNC/PEG40
coating dispersions on substrates of PTFE, PC, POM, ABS, and PA,
respectively.

Figure 8. Photographs of CNC/PEG5 coating on PA (A), and CNC/PEG5 (B), CNC/PEG15 (B1), CNC/PEG30 (B2), and CNC/PEG50 (B3)
coatings on ABS; PLM micrographs of CNC/PEG5 coatings pulled off from PA (a) and ABS (b), respectively.
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According to ASTM D4541 standard, the pull-off adhesion
strengths between ABS substrates and CNC/PEG coatings are
shown in Figure 9. The adhesion strength of CNC, CNC/

PEG5, CNC/PEG15, CNC/PEG20, CNC/PEG30, CNC/
PEG40, and CNC/PEG50 coatings on ABS substrates were
0, 0.43, 0.56, 0.69, 0.86, 0.76, and 0.71 MPa, respectively. It is
known that hydrophilic CNCs have no affinity to hydrophobic
ABS, and that is why the pull-off strength of CNCs is zero.
However, the adhesion strength of CNC/PEG on ABS
substrate was effectively improved due to the incorporation
of PEG, specifically, the adhesion strength of CNC/PEG30
coating was 2 times higher than that of CNC/PEG5 on ABS.
Meanwhile, a slight decrease in the adhesion strength for both
CNC/PEG40 and CNC/PEG50 was probably due to the phase
separation between PEG crystalline phase and CNCs nematic

mesophases. The morphology of the fracture surface always
provides some meaningful evidence to address the change of
mechanical properties. Figure 10 shows micrographs of the
fractural cross sections of CNCs, CNC/PEG15, CNC/PEG30,
and CNC/PEG50 coatings resulting from the pull-off tests.
CNCs peeled off from ABS and left nothing on the smooth
substrate surfaces. The fracture surface of CNC/PEG coatings
was rough (Figure 10b−d) as compared with that of pure
CNCs (Figure 10a). With the increase of PEG, the interface
adhesion between coating and substrates was strengthened and
more coating residuals were detained on the interface (Figure
10b). Once the interface adhesion was stronger than the inner
strength of the coating, the fracture occurred in the inner of
coatings, e.g., the fracture surface of CNC/PEG30 and CNC/
PEG50 coating showed a layered texture morph, indicating that
the fracture took place in the inner of coating instead of the
interface (Figure 10a,b). On the basis of the inner strength of
all coating films as indicated in Figure 6, CNC/PEG30 shows
the highest pull-off strength because it has a relative stronger
interface adhesion than that of CNC/PEG with the content of
PEG < 30 wt %, as well as a higher inner strength than that of
CNC/PEG with the content of PEG > 30 wt %.

■ CONCLUSIONS

In this work, a neutral polymer, PEG, was employed to
modulate the coloration as well as improve the flexibility of
iridescent CNC coatings or coating films because PEG showed
a good compatibility with CNCs due to the hydrogen-bonding
interactions caused by their similar mesogenic moieties of
multihydroxyl groups. Consequently, a great enhancement of
coating adhesion and flexibility of coatings was achieved by
incorporation of PEG, e.g., CNC/PEG10, CNC/PEG20,
CNC/PEG30, CNC/PEG40, and CNC/PEG50 coating films
cast on PTFE displayed an elongation at break of 0.67%, 2.37%,
2.63%, 4.10%, and 4.58%, respectively, suggesting an improved
flexibility as compared with pure CNCs. The proper content of

Figure 9. Pull-off Adhesion strength of CNCs, CNC/PEG5, CNC/
PEG15, CNC/PEG20, CNC/PEG30, CNC/PEG40, and CNC/
PEG50 coatings varnished on ABS substrates.

Figure 10. SEM micrographs of the fracture surfaces of CNCs (a), CNC/PEG15 (b), CNC/PEG30 (c), and CNC/PEG50 (d) coatings pulled off
from ABS substrates, respectively.
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PEG incorporated into CNCs also greatly improved the
interface adhesion on the polymer matrix, e.g., the adhesion
strength of the CNC/PEG30 coating on the ABS substrate was
2 times higher than that of CNC/PEG5. However, PEG acted
as an efficient color tuner of CNC coatings while preserving the
well-pronounced chiral nematic texture of pure CNCs, e.g. the
addition of PEG at 30 wt % resulted in a red-shift of λmax from
425 to 545 nm. As a consequence, CNC/PEG composite
dispersions were successfully applied as iridescent coatings on
neutral polymer matrices (POM, ABS, and PC) other than the
charged PA matrix. However, an excess doping of PEG into
CNCs would cause severe microphase separation between
crystalline phases of PEG and chiral nematic mesophases of
CNCs. On the basis of the testing results of mechanical
properties and coloration distribution, CNC/PEG composites
with loadings no more than 30 wt % PEG are excellent
candidates of novel decorative, iridescence-controllable, gluti-
nous, and environmentally-friendly coatings or paints.
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