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A B S T R A C T   

In this study, cellulose nanocrystals (CNCs) with PEG grafts of various lengths (1 k, 2 k, 5 k, and 10 kDa) were 
prepared via a polydopamine (PDA) mediated method in the aqueous solution. The prepared CNC-PEGs were 
further used to reinforce the polyvinyl alcohol (PVA) at the loading of 0, 1, 3, 5, and 7 wt% in order to 
demonstrate the effects of the PEG length on the properties of the PVA/CNC nanocomposites. PEG surface 
modification resulted in simultaneous improvements in stiffness and toughness. The graft lengths have noticeable 
impacts on the properties of composites. The shorter graft yields better enhancement in strength and stiffness, 
attributable to the high efficiency in the stress transfer and high interface adhesion. The longer PEG graft length 
yields high graft-matrix entanglement, forming a thicker rubbery coating layer that enhances the toughness of 
PVA/CNC composites.   

1. Introduction 

Cellulose nanocrystals (CNCs) are a family of rod-like nanomaterials 
obtained by acid hydrolysis of plant-derived cellulosic pulps from wood, 
cotton, agricultural waste, etc. CNCs have low densities, high stiffnesses, 
nano-scale dimensions, and large aspect ratios and are, therefore, useful 
reinforcing agents for composite manufacturing. The past two decades 
witnessed tremendous efforts in producing high-performance CNC 
nanocomposites. However, a primary challenge in employing CNCs are 
the high hydrophilicity of CNC surface, resulting in formidable CNC 
aggregation when blending in hydrophobic plastics matrices, limiting 
composite properties (Zheng & Pilla, 2020). Methods were developed to 
shield CNC's original surface by adsorbing or grafting less-hydrophilic 
molecules. These strategies improved CNC dispersion and yielded 
composites of high tensile strength and stiffness, but usually at the price 
of composite toughness (Zheng & Pilla, 2020). The initial target of 
increasing CNC dispersion has now shifted to leveraging strength and 
toughness simultaneously by engineering a well-designed and well- 
defined CNC surface in order to construct robust CNC-matrix 

interfacial interaction. CNC surface engineering could be improved by 
(1) selecting an appropriate type of grafting polymer, (2) creating the 
proper grafting chemistry, and (3) tuning the parameters of grafts. 

Introducing a polymeric rubbery coating is one approach for 
imparting stiff CNC with all-around performance. In brittle matrices, the 
polymer component can serve as a rubbery toughening agent, charac
terized by fine domain size, high interfacial area, low Tg (glass transition 
temperature), and miscibility with the matrix (Muiruri et al., 2019). A 
good example is CNC that is grafted with poly(D-lactide-co-ε-capro
lactone) via ring-opening polymerization (ROP) (Muiruri et al., 2017). 
The graft contents (Muiruri et al., 2018) and types of end moiety 
(Muiruri et al., 2019) could be tuned meticulously to control the size of 
rubber zone and the rubber-matrix interaction. Such an approach has 
been used to successfully toughen poly(L-lactide) (PLA). Unfortunately, 
increases in strength and stiffness were not found in these studies. 

Fine-tuning the graft parameters is a possible way to further unlock 
the potential of CNCs. Among various parameters, graft length is key to 
engineering the interface thickness and filler-matrix adhesion and, 
consequently, composite properties. Earlier studies have shown the 
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critical role of the graft length of poly(ε-caprolactone) (PCL) on the 
interfacial adhesion and toughening, suggesting a length threshold 
beyond which the PCL-PCL chain entanglement at the interface is 
continuously enhanced with an increase in PCL length (Nordgren et al., 
2013). However, in the few studies that characterized graft lengths 
carefully, some seemingly contradictory results were presented. For 
example, when graft and matrix polymers are completely miscible (e.g., 
both were PCL), longer grafts resulted in higher strength and stiffness 
(Lönnberg et al., 2011). While for the less miscible pairs (e.g. poly(n- 
butyl methacrylate) (PBMA) graft and PLA matrix (Mamun et al., 
2015)), better reinforcement was seen in shorter grafts (Boujemaoui 
et al., 2017). In both cases, not surprisingly, no toughening was observed 
due to the lack of a rubber domain. Consequently, the aforementioned 
discrepancies are possibly associated with graft-matrix miscibility as 
well as the range of graft length investigated. Previous studies clearly 
display the impacts of graft length on the composite properties and 
demonstrate the complexity in rational engineering of the CNC surface. 

Tuning of graft length could be achieved by: (1) directly grafting the 
pre-synthesized polymers to the CNC surface (“grafting-to” method) or 
(2) synthesizing polymer from CNC surface and controlling the degree of 
polymerization by varying the content of monomer (Lönnberg et al., 
2008), reaction period (Carlsson et al., 2015), or the content of sacrifi
cial initiator (Boujemaoui et al., 2017) (“grafting-from” method). 
Though the “grafting-from” method yields higher graft density and 
molecular weight (Mw) due to less steric hindrance, the graft length is 
more difficult to control and has a relatively broader molecular weight 
distribution (Lönnberg et al., 2011). In addition, most reported studies 
adopted a method of ROP (Carlsson et al., 2015; Lönnberg et al., 2008) 
or atom transfer radical polymerization (ATRP) (Boujemaoui et al., 
2017), in which only a few types of graft polymers (e.g., PCL, PLA, or 
PBMA) could be synthesized. On the other hand, the “grafting-to” 
strategy has larger latitude in choosing different types of grafts with 
precisely determined graft length. Among numerous conjugate chemis
tries applicable to CNC surface grafting (Ryu et al., 2018; Zheng & Pilla, 
2020), a bio-inspired polydopamine (PDA)-mediated methodology has 
recently drew attention because of its ease of use in aqueous solutions, 
which is particularly suitable for CNC surface modification. In this 
method, the dopamine auto-polymerizes to form a PDA layer on the CNC 
surface, allowing secondary reactions with thiols and amino groups. 
This methodology has been used to graft thiol-containing castor oil 
(Shang et al., 2018) and diamine (Hu et al., 2019) onto CNC surfaces. 

The present study aims to correlate graft length with the mechanical 
properties of nanocomposites. We select PEG and PVA as graft and 
matrix polymers because of the following considerations: (1) PEG-NH2 
of variable length are commercially available; (2) PEG-NH2 is water- 
soluble, permitting the PEG-CNC grafting to be conducted effortlessly 
in water; (3) PEG and PVA are partially miscible, allowing the genera
tion of robust CNC-matrix interactions (Falqi et al., 2018); (4) solvent 
casting mitigates the possible orientation of rod-like CNCs, avoiding the 
introduction of anisotropicity to complicate the interpretation of the 
mechanical results (Zheng & Pilla, 2020); (5) the unmodified CNC itself 
disperses well in the PVA matrix, thus any improvement in mechanical 
properties is likely due to the interfacial interaction rather than the 
enhanced dispersion caused by the PEG grafting. These considerations 
lead to the current design (using PEG grafts and PVA matrix) to elucidate 
the hypothesis that the variation of properties, if observed, is mainly due 
to the interfacial graft and graft length. On this platform, we purpose
fully designed a series of CNCs with PEG grafts of different lengths. PEG 
(Tg = − 20 ◦C) forms a rubbery region surrounding the CNC rod. Amine- 
terminated PEGs (PEG-NH2) of defined length, i.e., 1 k, 2 k, 5 k, and 10 
kDa, were grafted to CNCs via the PDA-mediated method. Though the 
graft lengths chosen for this study are relatively shorter than other 
studies (Boujemaoui et al., 2017), the molecular diameters (approxi
mate 2.3 to 9.1 nm according to Ref. (Cruje & Chithrani, 2014)) are 
comparable to the width of the CNCs. We expected that such a “thin 
rubbery layer” is beneficial in unlocking the reinforcing potential of 

CNCs. The poly(vinyl alcohol) (PVA)/CNC nanocomposites were pre
pared by solvent casting, with final CNC contents of 0, 1, 3, 5, 7 wt%. 
Simultaneous increases in stiffness and toughness were achieved by fine 
tuning the PEG graft length, which regulated CNC-matrix interfacial 
interactions. 

2. Experimental 

2.1. Materials 

A 12.2 wt% aqueous dispersion of CNC was prepared by sulfuric acid 
hydrolysis at the USDA Forest Service, Forest Products Laboratory using 
previously established protocols (Reiner & Rudie, 2013). Dopamine 
hydrochloride (99%, Alfa Aesar), tris(hydroxymethyl) aminomethane 
(ACS certificated, Alfa Aesar), and polyvinyl alcohol (PVA, Sigma- 
Aldrich, 89–98 kDa, 99+% hydrolyzed) were commercial chemicals. 
Amine-terminated PEG (or PEG-NH2 for accuracy) of different Mw (PS1- 
N-nK, n = 1, 2, 5, 10) were purchased from Ponsurebio Inc., China. Their 
molecular structure is CH3-O-(CH2-CH2-O)n-CH2-CH2-NH2, where “n” is 
estimated to be 19, 40, 102, and 207, respectively. 

2.2. Preparation of CNC-PEG 

First, dopamine was polymerized to polydopamine (PDA) in solution 
and deposited on the CNC surface to form a PDA layer. Briefly, 50 mL 
buffer (0.01 M Tris-HCl, pH = 8.5) containing 0.1 g dopamine hydro
chloride and 0.1 g CNC were magnetically stirred for 5 h at room tem
perature. During this process, the light blue opalescent solution turned 
black. Then, the obtained mixture was centrifuged at 5 k rpm for 5 min 
(Clinical 50, VWR) to precipitate the PDA-coated CNC (CNC-PDA). A 
portion of the supernatant was decanted, leaving approximately 8.5 mL 
of concentrated suspension in the centrifuge tube. Subsequently, 
another ~8.5 mL DI water with 0.1 g PEG-NH2 was mixed with the 
above suspension followed by magnetic stirring overnight. The resultant 
PEG-grafted CNC (CNC-PEG) was collected and subjected to a thorough 
dialysis (cutoff 15,000 Da) against DI water for 10 days to remove the 
unbonded PEG. Finally, the CNC-PEG suspension was adjusted to 20 mL 
to yield a CNC concentration of 5 mg. CNCs grafted with different PEG 
lengths are abbreviated as CNC-PEGα, where α (α = 1 k, 2 k, 5 k, and 10 
k) denotes the Mw (in Da) of the PEG-NH2 used. 

2.3. Solvent cast composite films 

PVA containing 1%, 3%, 5%, and 7% of the unmodified and PEG- 
grafted CNCs were prepared by solvent casting. It is noted that, when 
denoting the concentration of CNC-PEG in the composites, it only 
considered the weight of CNC core, excluding the mass of PEG coating. 
Such method makes the measurement easy, especially suitable for the 
“never-dried” process from CNC to CNC-PEG, and to CNC-PEG/PVA 
solution. Briefly, a 4% PVA solution was prepared by dissolving PVA 
powder in the DI water followed by refluxing at 90◦C for 4 h. After 
cooling to room temperature, the PVA solution was mixed with the 
unmodified CNC or CNC-PEG suspension by magnetic stirring, cast into 
a glass mold, and then dried under ambient conditions (25 ◦C) for 7 
days. The films were then removed from the mold and conditioned in a 
fume hood for another 10 days. The process schematic can be found in 
Fig. 1. 

2.4. Characterization 

The morphology of the CNCs was determined by Transmission 
Electron Microscope (TEM, Hitachi H7600) operated at an 80-kV 
accelerating voltage. The specimens were prepared by applying a drop 
of dilute CNC suspension (~0.025 mg/mL) on a silicon oxide coated grid 
followed by the uranyl acetate staining. The chemical compositions of 
CNCs and composites were characterized by Attenuated Total 
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Reflectance Fourier Transform Infrared (ATR-FTIR, Thermo-Nicolet 
Magna 550) spectroscopy. Absorption spectra were recorded for wave
lengths from 4000 to 500 cm− 1 with a resolution of 2 cm− 1. The surface 
compositions of CNC-PEGs were characterized by X-ray photoelectron 
spectroscopy (XPS, Physical Electronics, USA). A VersaProbe III spec
trometer was used with a monochromatic Al X-ray source operating at 
15 kV and 25 W, with a beam spot diameter of ~100 μm. Deconvolution 
of C 1s and N 1s were conducted. N 1s curves were subjected to 
smoothing by adjacent averaging before the deconvolution. The ζ po
tential and particle size (hydrodynamic diameter) were measured by a 
Zetasizer Nano ZS90 analyzer (Malvern instrument, Worcestershire, 
UK). The dialyzed CNCs were diluted to 0.025 mg/mL with DI water and 
measured at 25 ◦C. Values were averaged over three tests. The thermal 
behaviors of the composite films were analyzed using a differential 
scanning calorimeter (DSC, Q200, TA Instrument). Samples were sub
jected to sequential heating-cooling-heating scans between 40 ◦C and 
240 ◦C at a rate of 5 ◦C/min. The thermogravimetric assays (TGA, 
Q5000, TA instrument) were analyzed from 25 to 900 ◦C at 10 ◦C/min in 
N2. Both temperature ramps and isothermal strain sweeps were per
formed in tensile mode on a TA Q800 dynamic thermomechanical 
analyzer (DMA). Films (0.096–0.152 mm in thickness) were trimmed to 
strips of ~5 mm in width and grip distance was set at 12− 15 mm. After 
mounting, the temperature was first increased to 130 ◦C and then cooled 
to 0 ◦C to remove any residual moisture. Temperature ramps were 
conducted at a frequency of 5 Hz and a strain amplitude of 5 μm from 
0 to 200 ◦C at 3 ◦C/min. Isothermal strain sweeps (4 replicates) were 
conducted at a fixed frequency of 1 Hz at both 25 ◦C and 80 ◦C until the 
maximum drive force (35 N) was reached. Tensile properties including 
elastic modulus, yield strength, ultimate strength (US), strain at break 
(ε), and toughness (as determined by the area under the strain-stress 

curve), were measured using an Instron Universal testing machine 
(Model 1125) at cross-head speed of 10 mm/min with a 31 mm grip 
separation as per ASTM D882-12. Rectangular tensile specimens were 
10 mm wide and the thickness was measured by a film thickness gauge. 
Prior to testing, specimens were conditioned at 23 ◦C and RH = 55% for 
10 days. 

3. Results and discussions 

3.1. Polydopamine-mediated PEG grafting 

The PEG grafting is based on a bioinspired catechol chemistry. 
Although there is no consensus on the mechanism of PDA coating, it is 
believed that oxidation of dopamine by dissolved oxygen triggers the 
formation of a series of oxidation products, e.g., the dopamine-quinone 
and 5,6-dihydroxyindole (DHI), and further form other higher molecule 
species through covalent interaction or self-assembly (Ryu et al., 2018). 
These molecules are of low solubility and deposit on the substrate sur
face to form a PDA conformal coating through covalent interaction, 
hydrogen bonding, π-π interaction, and other interactions. Such PDA- 
modified surfaces are reactive toward primary amine groups through 
the Schiff-base reaction or Michael addition (Ryu et al., 2018), which is 
the basis of the PEG grafting, as illustrated in Fig. 2a. 

For the purpose of surface activation, a thin and uniform PDA layer is 
imperative. The extent of PDA treatment can be easily adjusted by 
varying the dopamine treatment time (Ryu et al., 2018). Short PDA 
treatment times (e.g., <4.5 h) retain CNC's exceptional electrostatic 
stability, creating difficulties in separating CNC by centrifuging, 
whereas long PDA treatment times (e.g., >10 h) lead to flocculent 
agglomeration and poorly defined CNC surfaces (Fig. 2b). CNC-PDAs 

Fig. 1. PVA/CNC-PEG preparation.  
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treated for 5 h resulted in a thin PDA layer (4–6 nm), a clear CNC con
tour, good CNC dispersity, and easy separation by centrifuging. 

Though TEM imaging reveals the evolution of the morphology upon 
the PDA treatment, suggesting amine-terminated PEG was bonded to the 
PDA-activated CNC surface (Fig. 2c), characterizing the PEG grafts (e.g., 
the grafting density) is challenging. The absolute PEG graft content is 
difficult to measure gravimetrically, due to the possible CNC loss during 
multiple centrifuging. Also, the similar elemental composition of CNC 
and PEG (C, H, N, and O) doesn't allow methods, such as elemental 
analysis (Ohno et al., 2005) or selective etching (Zhou & Huck, 2006), to 
distinguish PEG from CNC. Eventhough, the addition of PEG is consid
ered to be in excess. The molecular diameter of the PEG is estimated to 
be 2.3, 3.5, 6.0, and 9.1 nm (for 1, 2, 5, 10 kDa) in water (Cruje & 
Chithrani, 2014). The amount of PEG is hundreds-folded higher than 
necessary to create a PEG monolayer (see Supporting Information) and 
high grafting would result in the brush conformation. 

In addition, confirming the PDA coverage is essential. The PEG 
molecule itself has inherent affinity toward CNC's unmodified surface 
(Pereda et al., 2014). If much of the original CNC surface remains 
exposed, it will weaken the hypothesis regarding the PDA-induced PEG 
grafting. The level of PDA coating was evaluated by FTIR and XPS. The 
FTIR spectra of CNC-PDA exhibits features inherent to the CNC core and 
the PDA coating, while the CNC-PEG spectrum is a trio of CNC, PDA, and 
PEG. Given that the penetration depth of IR (typically 0.5–5 μm 
(Schuttlefield & Grassian, 2008) exceeds the dimensions of the PDA- 
CNC, IR merely reflects the overall composition of the PDA-CNC (see 
Table S1 and Fig. 3a for FTIR bands assignment). On the other hand, 
with a penetration depth of only 8–10 nm, XPS is more of a surface 
analysis technique. The angle-resolved XPS (45◦) used in this study 
further enhances the contribution from the surface. The surface atomic 
elemental percentages of S (S%) and N (N%) determined by XPS are 
shown in Fig. 3b. S% is an indicator of the original CNC surface, because 
sulfur was introduced during the sulfuric acid hydrolysis for the CNCs 
preparation, while N% is relevant to the PDA and PEG coatings. S% of 
the pristine CNC decreased from 0.62% to 0.51% after PDA coating (5 
h), and then varied slightly from 0.44%, 0.49%, 0.53% after grafting 
PEG of 1 k, 2 k, and 5 k, respectively (Fig. 3b). A notable S% reduction 
was observed after the PEG10k grafting (S% = 0.22%), because the 
signals exponentially attenuated with increase in coating thickness (DPA 
layer plus PEG layer). N%, on the other hand, displayed a more 
complicated trend; thus 3 spots were measured to confirm the results. 
The monotonic increase of N% from 0 h, 5 h to 24 h of PDA coating 
confirms the PDA thickening over the incubation time, while the 
monotonic decrease of N%, from CNC-PEG2k, − 5 k, to − 10 k, can be 
attributed to the reduced proportion of nitrogen endcap along with the 

increase in PEG's molecular weight. The N% of CNC-PEG (average of 
1.8%, 1.3% and 1.1% for 2 k, 5 k and 10 k PEG ligands) are ~1% higher 
than the theoretical N% of their corresponding PEG-NH2 (0.8%, 0.3%, 
and 0.2%) probably because of the N contribution of the PDA layer 
underneath. Fig. S1 shows the deconvolution spectra of N s1 corre
sponding to 3 components, i.e., R–NH2 (N1, 401.8 eV), R1–NH–R2 
(N2, 399.9 eV) and C––N–R (N3, 398.6 eV) (Feng et al., 2016). The N1: 
N2:N3 ratio is summarized in Table S2. N1 (R–NH2) is mainly from the 
dopamine monomer and PEG-NH2, while N2 (R1–NH–R2) and N3 
(C––N–R) are from the 5-6-dihydroxyindole (DHI)-related features and 
the PEG-PDA linkage (Feng et al., 2016). Interestingly, the proportion of 
N1 seems decreased over the increase of PEG length, probably implying 
that the consumption of R–NH2 (N1) accompanied the formation of 
R1–NH–R2 (N2) in the reaction between PDA and PEG-NH2 (Table S2). 

Fig. 2. (a) Suggested chemistry of PDA surface modification (top) and PEG grafting (bottom). (b) TEM images of pristine CNC and PDA treated CNC for 5 h and 16 h. 
(c) TEM image of CNC-PEG10kk. 

Fig. 3. (a) FTIR and (b) atomic percentage of CNC particles.  
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This result further supports the occurrence of a grafting reaction rather 
than the PEG physical adsorption. 

Fig. 4 shows the effects of the PEG grafting on the electrical charge 
environment and the hydrodynamic diameter of the CNC particles. The 
pristine CNC exhibited a negative zeta potential (ξd = − 41.8 mV) in DI 
water (pH = 6.5) because of the surface sulfate esters introduced during 
the H2SO4 hydrolysis. Such a negatively charged surface contributes to 
the electrostatic stability of the CNC suspension. Surprisingly, PDA 
shielding increased the charge density slightly (ξd = − 46.1 mV), which 
is consistent with some reports (Han et al., 2016), but conflicts with 
others (e.g., ξd = − 15 mV (Fu et al., 2015). Such discrepancies might be 
associated with the variation in coating thicknesses in different studies. 
PEG grafting slightly decreased the overall charge, from − 48 mV for 
CNC-PDA to − 35 mV for CNC-PEG10K. The monotonic increase of 
ξd over the PEG length implies a better shielding efficiency of the long 
grafts. The long PEG grafts formed a thicker PEG layer, resulting in the 
surface of the hydrodynamic sphere being farther from the negatively 
charged CNC core. Though the charge density was reduced, CNC-PEG 
couldn't be precipitated by centrifuge after PEG grafting due to the 
steric repulsion of the PEG layer. The interpretation of the parameter of 
Z-average size is slightly tricky for the rod-shaped CNCs since DLS 
measures the hydrodynamic diameter (Dh), which is more definable for a 
spherical geometry. DLS gave a Z-average size of 75 nm for the pristine 
CNCs (Fig. 4), which is comparable to other reports (Azzam et al., 2010). 
The Dh increased monotonically with the graft length, supporting the 
dimensional increase with PEG graft length. 

3.2. Properties of composite films 

To study the PEG graft length effects on the properties of composites, 
PVA/CNC films were prepared by solvent casting. Since the mechanical 
properties of PVA films are susceptible to moisture (Konidari et al., 
2011), specimen were conditioned at 23 ◦C and RH = 55% for 10 days 
prior tensile testing. 

It is possible that PEG grafting has effects on the mechanical prop
erties of the composites and that all are closely related to matrix-filler 
interaction and interface morphology. The thermal behavior, degree of 
crystallization, and moisture contents are presented in Table 1. The 
crystallization temperature (Tc) reveals how the PEG graft influences the 
PVA crystallization at the interface. The addition of CNC (e.g., 5%) 
promoted crystallization through nucleation, resulting in higher crys
tallinity (χc%, from 30.9% to 43.4%) and an increased Tc (from 205.0 ◦C 
to 209.6 ◦C). The surface PEG grafting, however, inhibited this process 
somewhat and lowered the Tc slightly at high graft length (Fig. 5a). 
Admittedly, without knowing the graft density among the CNC-PEGs, 
correlating property change to PEG length is challenging. However, 
the change in the Tc provides a direct indication of the filler-matrix 
interaction via molecular entanglement (assuming the area of the in
terfaces are comparable), which is closely related to the graft length. 

Impacts of PEG length on the thermal stability of films were also 
evident (Fig. 5b). Adding CNCs to PVA significantly delayed decompo
sition perhaps due to the increased crystallinity induced by the CNCs 
(Table 1). The grafting of PEG onto the CNC surface further increased 
thermal stability, especially with shorter PEG grafts. The derivative TGA 
curves (Fig. 5b) suggest a two-stage-degradation of PVA: 1) the dehy
dration of hydroxyl groups at low temperature (250–350 ◦C) followed 
by 2) the chain-scission at high temperature (above 350 ◦C) (Peng & 
Kong, 2007). Minor discrepancies in the temperature ranges appearing 
in the literature is perhaps due to the different hydrolysis degrees of 
PVA. Zheng et al. hypothesized that reagents that prevent the formation 
of protonated hydroxyl groups of PVA could suppress its dehydration 
(the first stage) (Peng & Kong, 2007). In our case, the primary and 
secondary amine-rich PDA layer is more nucleophilic than the hydroxyls 
on the pristine CNC surfaces, competing with the protonation of CNC 
hydroxyls to create the leaving group, –OH+, for the dehydration. If this 
is the case, short PEG grafts may expose more accessible amines (PDA 
layer) that suppress PVA dehydration, while long PEG graft may have 
larger coverage, isolating the PDA layer from the PVA. It is worth noting 
that data of CNC-PDA filled film is not presented in the above discussion, 
which could serve as a useful control in elucidating the hypothesis of 
amine-suppressed dehydration. This is because CNC-PDA particles 
showed agglomerates in the process of water evaporation to form 
composite films, resulting in poor repeatability in results of TGA, tensile, 
and dynamic thermal-mechanical analysis. 

3.3. Effects of graft length on the mechanical properties of composite films 

The tensile strengths of the PVA films are shown in Fig. 6a. The ex
pected CNC reinforcement was not clearly seen with unmodified CNC 
(red dash frame) and the tensile strength even decreased upon low CNC 
addition (1% and 3%), although it slightly increased at high CNC 
loading (5% and 7%). A possible reason for this is the increase in 
moisture content with the addition of CNC, leading to increased ductility 
as a result of plasticization by the water. The moisture content deter
mined by the weight reduction below 130 ◦C from the TGA curves (green 
frame in Fig. 5b, Table 1) confirmed the higher moisture content in the 
PVA/CNC (7.4–8.9%) relative to the pure PVA (6.8%). Interestingly, 
regardless of PEG length, films filled with PEG-grafted CNC showed less 
variation in moisture content (from 6.9% to 7.2%, for 5% filler loading, 
see Table 1). Thus, moisture content should not be considered a primary 
influence when comparing the mechanical properties of composites 
containing CNCs of different graft length. 

For composites filled with CNC-PEGs, a typical increasing trend in 
ultimate strength (US) with reinforcing filler loading was observed for 
films with CNC-PEG2k (blue frame in Fig. 6a, Fig. S2) but not for those 
with CNCs with 1 k, 5 k and 10 k grafts. Such inconsistencies make 
drawing conclusions regarding the effect of graft length on US difficult. 
However, the CNC-PEGs did generally demonstrate greater reinforce
ment than the unmodified CNCs, increasing US by 9%–47% at optimal 
graft lengths for each CNC loading. 

Unlike US, the length-effects on the other tensile properties are 
somewhat clearer. For the unmodified CNCs (black frame in Fig. 6b), the 
stiffness of composites changed little until the CNC loading exceeded 
5%. This increase could be a sign of the formation of a percolated 
network of stiff CNCs (Zheng & Pilla, 2020). Interestingly, such a 
threshold was not evident for PEG-grafted fillers. Instead, the stiffness 
increased more consistently with filler loading (green frame in Fig. 6b). 
This could suggest that the PEG grafting decreases the percolation 
threshold due to the PEG-PEG interaction and facilitates the formation 
of percolation networks. In addition, shorter grafts generally yielded 
higher moduli, regardless of the filler loading. While somewhat variable, 
the elongation at break (ε) increased considerably with PEG grafting, 
leading to higher toughness as well (Fig. 6c–d). The highest ε and 
toughness appeared more frequently at a moderate PEG length (i.e., 5 k), 
while the lower CNC-PEG content, e.g., 1%, was favorable for high ε and Fig. 4. Hydrodynamic diameter and zeta potential of CNC particles.  
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toughness. The higher ε and toughness are not likely caused by the 
plasticizing effects of free PEG because of (1) a dialysis process used to 
eliminate the unbonded PEG; (2) the lack of evidence supporting the 
existence of free PEG in composites (e.g., lowering of the Tg or increased 
XPS intensity at 401.8 eV in Fig. S1 associated with a large quantity of 
free –NH2); and (3) the fact that higher filler loading, and concomitant 
higher free PEG content, did not result in higher ductility (Fig. 6c–d). 
This suggests that it is the PEG graft length affecting the mechanical 
properties. 

Though Tc and TGA reveal some length effects on composites prop
erties, they probe the interfacial conditions in indirect ways. The PEG 
grafts play their roles when force is applied, thus the dynamic me
chanical behavior of the interface is more pertinent to understanding the 
effects of graft length on mechanical properties. Therefore, DMA 

analysis was performed on the films and an adhesion factor (A*) was 
derived to analyze the filler-matrix interface. If the loss factor (tan δc) for 
a particle-filled composite is assumed to be the sum of the contributions 
of the filler (subscript f), interface (i), and matrix (m), then: 

tanδc = vf tanδf + vitanδi + vmtanδm, (1)  

where v is the volume fraction of each component. Assuming tanδf ≅

0 and vi is small, Eq. (1) simplifies to: 

tanδc
/

tanδm ≅
(
1 − vf

)
∙(1+A*), (2)  

where, 

A* =
[
vi
/(

1 − vf
) ]
∙(tanδi/tanδm) (3) 

Rearranging Eq. (2) yields: 

A* =
[
1
/(

1 − vf
) ]
∙(tanδc/tanδm) − 1. (4) 

A* is clearly proportional to the interfacial contribution (i.e., vi × tan 
δi) (Eq. (3)) and can be expressed by the measurable parameters: tanδc, 
tanδm and vf (Eq. (4)). The higher the interfacial adhesion, the lower the 
contribution of the interface to damping and the lower the value of A*. 
More details of A* can be found in Kubat et al. (1990). Table 2 and 
Fig. S3 present the values for tan δc and A* for our composite films. Films 
with CNC-PEGs have lower values of A* than those with untreated CNCs, 
suggesting that PEG grafting enhanced interfacial adhesion and reduced 
its contribution to the overall damping. Notably, long PEG grafts do not 
necessarily lead to better interfacial adhesion (i.e. lowest A*) than short 
ones, despite increased PVA-PEG entanglement (Fig. 6a). A possible 
reason is interface slippage associated with the interface thickness, as 
detailed below. 

Composite damping is caused by filler-matrix interfacial friction. The 
strain-dependence of damping has been observed and interpreted by the 
“stick-slip” mechanism (Suhr & Koratkar, 2008). At small strains, stress 
is transferred across the filler-matrix interface to the more rigid filler, 
contributing to the overall composite modulus. At a critical stress, the 
interface debonds and slips, while the stress that the filler bears remains 
at its maximum. Such relative displacement at the interface causes the 
friction and energy dissipation (Suhr & Koratkar, 2008). The stick-slip 
transition results in a slight reduction in the storage modulus (right 
side of the dashed line in Fig. 7a) and an increase of the loss modulus 
(energy dissipation). The plateau of the loss modulus suggests that the 
majority of the slippage has been activated (Fig. 7b) (Suhr & Koratkar, 
2008). To confirm this stick-slip mechanism, Suhr et al. prevented 
interfacial slippage by introducing a rigid chain covalently bridging 
single-walled carbon nanotubes (SWCNT) and a polycarbonate matrix 
(Suhr & Koratkar, 2006). Higher storage modulus and lower loss 
modulus were observed over the strain from 0.2–1.2% compared to its 
unmodified SWCNT counterpart. These results were interpreted as the 

Table 1 
Thermal properties and moisture content of films.  

Filler type Filler content (CNC basis) Tg (◦C)a Tm (◦C)b ΔHm (J/g)b χc%c Tc (◦C) Moisture contentd 

None (neat PVA)  0  75.4  227.4  48.16  30.9%  205.0  6.8% 
CNC  1%  76.4  229.5  70.44  45.6%  211.0  7.4% 
CNC  3%  77.8  225.9  70.57  46.6%  211.2  7.6% 
CNC  5%  78.3  226.3  64.34  43.4%  209.6  7.5% 
CNC  7%  80.1  227.0  63.62  44.1%  209.2  8.9% 
CNC-PEG1k  5%  79.8  225.8  67.61  45.6%  209.2  7.0% 
CNC-PEG2k  5%  79.5  225.4  63.57  42.9%  209.4  7.2% 
CNC-PEG5k  5%  79.6  225.7  64.21  43.3%  209.2  7.2% 
CNC-PEG10k  5%  79.6  225.8  63.49  42.8%  208.9  6.9%  

a Glass transition temperature (Tg) was obtained from the 2nd heating cycle. 
b Melting temperature (Tm) and melting enthalpy (ΔHm) was obtained from the 1st heating cycle. 
c χc = ΔHm/∆Hm

0 
× 100/a where ∆Hm

0 
= 156 J/g the ΔHm of 100% crystalline and a is the weight fraction of the plastic. Here a is approximated to be 1- CNC% 

(neglecting the portion of PDA and PEG), for simplicity. 
d Measured by TGA. 

Fig. 5. (a) Tc of films and TGA curves (b) of PVA films at 5% filler loading.  
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covalent interfacial bonding facilitating stress transfer and increasing 
stiffness, while preventing the slippage that would lead to energy 
dissipation. 

Our study adds further perspective on the stick-slip mechanism by 
investigating the effects of an interface of variable thickness (as 
controlled by graft chain length) and comprised of a soft polymer with 
one free end. Films containing CNC-PEG with longer surface grafts 
required larger strains than shorter grafts to maximize stress transfer and 
to transition to a slip mechanism (Fig. 7a–b). However, films with long 
grafts exhibited low storage modulus in the plateau region (Fig. 7a), 
suggesting low stress transfer efficiency. This helps explain the lower 
stiffnesses in tensile tests of films with higher graft lengths (e.g., orange 
columns in Fig. 6b). We hypothesize that the PEG interfacial layer 
contains three domains, the bonding domain, the PEG domain, and the 
anchor domain, as illustrated in Fig. 7e. The anchor domain governs the 
matrix-filler stress transfer, while the PEG domain contributes to the 
damping behavior. Shorter grafts are expected to lead to higher graft 
density than long grafts and thus more interaction sites (i.e., anchors) 

are available to interact with matrix polymer chains, resulting in the 
higher stress transfer efficiency and higher stiffness. On the contrary, 
though long grafts have large CNC surface coverage and better entan
glement with the matrix polymer (as evidenced by the TGA and DSC 
results), the graft density is likely lower due to steric hindrance. Thus, 
fewer anchor sites exist and less stress transfer pathways are available. 
As a result, lower stiffness is observed (Fig. 7). To further understand the 
role of the anchor region, the DMA measurements were conducted at 
elevated temperature (80 ◦C) aiming to deactivate the non-covalent 
PVA-PEG interaction above the melting point of PEG. The ungrafted 
CNC-filled film at the same filler loading (3%) was also measured, 
providing a control with a different type of interfacial interaction. As 
shown in Fig. 7c–d, E′ and E′′ decreased at high temperature. Though the 
main reason for the loss of stiffness is the softening of the PVA matrix, 
both E′ and E′′ of the CNC-PEG-filled films decreased more rapidly than 
their ungrafted CNC-filled counterpart (red hollow circle), implying that 
the factors that mediated the stress transfer at low temperature are 
diminished. In this study, we attributed this factor to the PVA− PEG 
interaction in the anchor region, which is absent in the PVA− CNC 
interface. In addition, the length-dependency of stick-slip transition in 
the curves for E′ and E′′ are less discernible at high temperature (dash 
line in Fig. 7c–d), further supporting that the anchoring was deactivated. 

Another aspect of the hypothesis relates to the role of the PEG layer 
on damping. PEG molecules have low interchain entanglement and low 
intermolecular forces, exhibiting mainly Newtonian behavior in its melt 
state. This was demonstrated by rheological measurement (Fig. S4) 
using PEG 10,000 as a model polymer, in which the viscosity of PEG 
melt was found to be independent of shear rate. Therefore, the PEG layer 
in our composite films could serve as an interfacial “lubricant”, reducing 
friction under sinusoidal stress. Thick PEG layers led to the lower fric
tion, reduced damping, and lower loss moduli (Fig. 7a and b). This also 
explains the lower adhesion factor (A*) of the films with CNC-PEGs of 
long graft length (Table 2). 

Fig. 6. Mechanical properties of nanocomposite films: (a) ultimate strength, (b) Young's modulus, (c) strain at break, and (d) toughness.  

Table 2 
Loss factors (tan) and adhesion factors (A*) values for PVA/CNC composites.  

Filler type tan δc, 

30◦C 

A*
30◦C  tan δc, 

50◦C 

A*
50◦C  tan δc, 

80◦C 

A*
80◦C  

Pure PVA  0.038 –  0.044 –  0.105 – 
CNC  0.037 0.016  0.045 0.052  0.094 − 0.052 
CNC- 

PEG1k  
0.028 − 0.226  0.035 − 0.180  0.082 − 0.173 

CNC- 
PEG2k  

0.037 0.003  0.044 0.027  0.088 − 0.117 

CNC- 
PEG5k  

0.028 − 0.238  0.034 − 0.194  0.083 − 0.169 

CNC- 
PEG10k  

0.034 − 0.078  0.041 − 0.058  0.090 − 0.098  
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The proposed model in Fig. 7e also helps explain the PEG-induced 
toughening observed in Fig. 6d. PEG is in its rubbery state at ambient 
temperature and may function like the rubber particles in many rubber- 
toughened plastics (Nagarajan et al., 2016). The long graft length (e.g., 
PEG5k) is associated with thick coating and high entanglement (Figs. 6b 
and 7e), all of which facilitates ductile behavior and results in tough
ening. Tensile toughening measures the ability to absorb energy during 
stretching, which are affected by toughening mechanisms such as shear 
yielding, crazing, and cavitation (Nagarajan et al., 2016). PEG length 
had little effect on yielding (Fig. S2), but significantly influenced elon
gation at break (Fig. 6c). The crazing-prone PVA specimens turned 
cloudy during the stretching, suggesting the formation of microvoids 
and fibrils that span the new surfaces prior to fracture. In this energy- 
absorbing process, the highly stretchable PEG grafts could serve as 
fibril bridges and carry the applied stress even at high strain. Cavitation 
may also contribute to toughening. The coating region of long PEG grafts 
is occupied by coiled PEG molecules with less PEG-PEG intermolecular 
interaction than that of the short PEG grafts. This region may deform 
first and induce internal cavitation which absorbs energy due to nega
tive dilatational effects (Muiruri et al., 2019), and reduces constraints 
that limit yielding at crack tips. 

Although many insights into the relationship between PEG graft 
length and mechanical performance were found, greater understanding 
was limited by the inability to quantify graft density. Methods including 
the 1H NMR (Lönnberg et al., 2011) and solid-state NMR (King et al., 
2018; Yoo & Youngblood, 2016) were attempted but were unsuccessful 
in the present study. More works are expected to provide further insight. 

4. Conclusions 

In summary, we have engineered the CNC with the PEG grafts of 
various lengths through a bioinspired catechol chemistry. These fillers 
were used to prepare PVA composite films by the solvent casting. The 
tensile strength, stiffness, and the toughness of the composite films were 
improved simultaneously (comparing to unmodified CNC-filled PVA). 
CNC with shorter grafts, e.g., CNC-PEG1k, exhibited improved stiffness 

and strength. Adding 1% CNC-PEG1k as a reinforcing filler, increased 
the ultimate strength and the stiffness of the composite 40.4% and 
34.2% over its ungrafted counterpart. Pronounced enhancement in the 
toughness was observed when utilizing the CNC-PEG. For example, 
adding 1% CNC-PEG1k and 1% CNC-5 k improved the toughness of PVA 
by 150% and 220%, respectively. The enhanced mechanical properties 
were attributed to the filler-matrix interface, which depended on the 
PEG graft length. Long PEG grafts had higher PEG coverage, more 
intensive chain entanglement, and thicker PEG layers than short grafts. 
This resulted in lower interfacial adhesion and lower stress-transfer ef
ficiency. On the other hand, the short PEG length strengthened PVA/ 
CNC composites due to the high stress-transfer efficiency likely due to 
the high interfacial interaction. 
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