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Abstract. Cellulose nanocrystals (CNCs) are widely studied as reinforcing fillers for polymers.
In many cases the mechanical properties of polymer/CNC nanocomposites do not match the theo-
retical predictions, arguably on account of CNC aggregation. This problem can be mitigated
through the addition of a small amount of a judiciously selected polymeric dispersant that also
serves as a binder among the CNCs. We show that the addition of 1-5% w/w poly(vinyl alcohol)
(PVA) has a very significant impact on the mechanical properties of poly(ethylene oxide-co-epi-
chlorohydrin)/CNC nanocomposites. Remarkable improvements of the stiffness and strength
were observed at a PVA content as low as 1% w/w, and the extent of reinforcement increased up
to a PVA content of 5% w/w, where Young’s modulus, storage modulus, and strength increased
by up to 5-fold vis a vis the PVA-free nanocomposites. Similar effects were observed for CNC
nanocomposites made with polyurethane or poly(methyl acrylate) matrices, demonstrating that
the approach is broadly exploitable. Laser scanning microscopy based resonance energy transfer
experiments that involved nanocomposites made with CNCs and PV A that had been labelled with
rhodamine and fluorescein, respectively, confirmed that the enhanced mechanical properties of
the three-component nanocomposites are indeed related to an improved dispersion of the CNCs.

Introduction

Cellulose nanocrystals (CNCs) are rod-shaped, highly crystalline nanoparticles that can be
isolated via acid hydrolysis from many plants and certain animal tissues.!” Their high aspect ratio
(between 10 and 100)° and stiffness (on-axis tensile modulus of 105 to 143 GPa)”"® make them an
excellent reinforcing component for polymers.”!! The mechanism through which CNCs reinforce
a soft polymer matrix is in many cases well described by a percolation model, which defines a
critical filler content, above which the stress-transfer process is enabled by a percolating CNC
network.'>!* The largest variation of properties as a function of filler content is usually observed
around the onset of percolation. CNCs with high aspect ratio 4, such as those isolated from
tunicates (4 ~73),!* form percolating networks at low filler concentrations and the derived
nanocomposites are typically highly homogeneous.!! Low-aspect ratio CNCs, such as common
CNC types isolated from soft wood pulp (4 ~23)° or cotton (4 ~11)!*'® must be added in higher
concentration to reach the percolation threshold. As a result, the achievable reinforcement is often
limited, because the CNCs start to aggregate already at lower concentrations. While the
advantages of using CNCs with high aspect ratio are clear, they are commonly isolated from
sources that are not viable for technological exploitation, for example tunicates,'¢"!” whereas low-
aspect-ratio CNCs extracted from soft-pulp wood are now commercially available.!8!

The chemical modification of CNCs with small molecules or polymeric grafts has been
extensively used to enhance the dispersion of CNCs in a variety of polymers.”’?? This strategy
takes advantage of the reactivity of the hydroxyl groups that are abundant on the surface of these
nanoparticles, and has proved very successful to render CNCs compatible with both polar and
nonpolar polymer matrices.?>-?¢ However, this methodology is generally not easy to scale up and
the approach requires different modifications, depending on the matrix polymer targeted.

ISSN: 1671-7104 | VOLUME 28, ISSUE 3, 2026.



ZHONGGUO YILIAO QIXIE ZAZHI / CHINESE JOURNAL OF MEDICAL INSTRUMENTATION

Furthermore, the reinforcement is often lower than expected, arguably because the strength of the
interactions between the (modified) CNCs and possibly between CNCs and the matrix is
reduced.?” A more practical way to prevent CNC aggregation in nanocomposites involves the
addition of a polymeric additive or “surfactant”, which can act as a competitive binder and
disrupts CNC-CNC interactions.?® This strategy was explored by Oksman and coworkers, who
investigated the effect of adding large amounts of poly(vinyl alcohol) (PVA, 30% w/w) to
poly(lactic acid)/CNC (PLA/CNC) nanocomposites in which strong CNC aggregation was
observed, even though the CNC content was low (3.7% w/w).2°° The analysis of the resulting
materials revealed only a modest improvement of the mechanical properties and macrophase
segregation of the PLA and PV A phases, leading to the conclusion that the CNCs were primarily
located in the PVA phase. Another polymer capable of interacting with CNCs through hydrogen
bonds is poly(ethylene glycol) (PEG). Wolcott and coworkers sought to melt-process poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)/CNC nanocomposites (PHBV/CNC) utilizing a CNC
powder that had been combined with low-molecular-weight PEG; however, CNC agglomeration
was observed during freeze-drying. As a result, the melt-processed PHBV/CNC composites
exhibited decreased mechanical strength. The amphiphilic properties of high molecular
poly(ethylene oxide) (PEO) were later exploited by Dufresne et al. to improve the dispersion of
CNCs in low-density polyethylene (LDPE).*! While neat LDPE/CNC composites were
inhomogeneous and blackened during extrusion as a result of CNC degradation, the adsorption of
PEO on the CNCs’ surfaces prior to melt-processing improved their dispersion in the LDPE
matrix and limited thermal decomposition. The mechanical properties of these materials were,
however, not improved as expected,*? suggesting that the PEO improved the filler dispersion, but
at the same time reduces the filler-filler interactions involved in the stress-transfer. When a
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock copolymer (12.6
kg/mol) was used to modify the surface of CNCs, the rubbery modulus (25 °C) of
nanocomposites made with an LDPE matrix increased from ca. 100 MPa (neat LDPE) to ca. 500
MPa.?? Interestingly, the extent of reinforcement was practically the same for all CNC loadings
investigated (1 to 10% w/w). Magniez and coworkers adsorbed poly(ethylene glycol)-co-
polyethylene (PEG-co-PE) on the surface of cellulose microfibrils to improve their compatibility
with linear low-density polyethylene (LLDPE).>* The nanocomposites thus made were
homogeneous even at the highest CNC content studied (ca. 23% w/w). PEG-co-PE-CNCs were
also found to improve the tensile modulus of LLDPE while mitigating the loss of yield strength,
and to increase the room-temperature modulus from ca. 200 MPa to ca. 700 MPa (for a 10% w/w
CNC content). The PEG-co-PE content on the other hand was found to have little influence on
the mechanical properties.3!% %

Thus, a growing body of work supports the conclusion that hydrogen bonding and amphiphilic
polymer additives can serve to compatibilize CNCs with a polymer matrix, but the influence on
the mechanical reinforcement is typically moderate, and solutions must often be tailored to a
specific system. We report here the addition of a small amount of a judiciously selected polyme-
ric additive designed to act as a dispersant and to simultaneously contribute to the stress-transfer.
In a systematic study, we employed poly(ethylene oxide-co-epichlorohydrin) (EO-EPI) as
polymeric matrix, low-aspect ratio CNCs isolated from cotton, and a small amount of poly(vinyl
alcohol) (PVA) as additive (Figure 1).3%37 Previous work in our group has shown that EO-EPI
provides an ideal framework to monitor CNC-induced reinforcement on account of its low
modulus and solubility in dimethylformamide, which is also a good dispersing agent for CNCs.*%
4! Interestingly, the reinforcement achieved with high-aspect-ratio CNCs was much higher than
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that realized with low-aspect-ratio CNCs,*** which points to CNC aggregation in the latter

case.** We surmised that the addition of PVA to composites of CNCs and EO-EPI would (i)
improve the CNC dispersion, as both the PVA and the CNCs offer many hydroxyl groups that are
able to establish hydrogen bonds, and (ii) possibly also act as a binder, enhancing CNC-CNC
stress-transfer on account of hydrogen bonding. Indeed, remarkable improvements of the stiffness
and strength were observed at a PVA content of 1-5% w/w. Similar effects were observed for
CNC nanocomposites made with polyurethane or poly(methyl acrylate) matrices, demonstrating
that the approach is broadly exploitable. We employed laser scanning microscopy to analyze
nanocomposites made with components that had been labelled with fluorescent dyes and the
results confirm that the reason for the enhanced mechanical properties of the three-component

nanocomposites are indeed related to an improved dispersion of the CNCs.
EO-EPI/CNC EO-EPI/PVA/CNC

Figure 1. Schematic representation of the proposed mechanism for the enhancement of the
mechanical properties of EO-EPI/CNC nanocomposites upon addition of PVA. Through
hydrogen bonding, PVA leads to better dispersion of CNCs and supports the formation of a
hydrogen-bonded percolating network within the EO-EPI matrix.

Experimental Section

Materials. EO-EPI with a co-monomer ratio of 1 : 1 and a density of 1.39 g/cm® was purchased
under the tradename epichlomer from Daiso Co., Ltd., Japan. TEXIN 285, a thermoplastic poly-
urethane (PU) based on poly(tetramethylene glycol), butanediol, and 4,4’-methylenebis(phenyl
1socyanate) with a Shore A hardness of approximately 85, was supplied from Bayer Material
Science. Poly(methyl acrylate) (PMA) with a molecular weight of 129,000 g/mol was prepared as
previously reported.>” Polyvinyl alcohol (PVA) with a molecular weight of 85,000 — 124,000
g/mol (99% hydrolyzed), fluorescein 5(6)-isothiocyanate (FITC), rhodamine B isothiocyanate
(RBITC), dry dimethylformamide (DMF), dimethyl sulfoxide (DMSO) solvent grade and sulfuric
acid were purchased from Sigma-Aldrich. Solvent grade methanol was purchased from Honey-
well Chemicals. All chemicals were used without further purification. Cotton CNCs, with an
average length of 305 + 80 nm, an average diameter of 27 + 5, and an average aspect ratio of 11 +
2, were extracted from Whatman no.l filter paper by sulfuric acid hydrolysis following our
earlier protocol.** The aqueous CNCs dispersion was dried by lyophilization using a VirTis
BenchTop 2K XL lyophilizer with a condenser temperature of -78 °C.

Miscibility study of PVA in EO-EPI. EO-EPI and PVA (0, 5, 10, 15 or 20% w/w) were
dissolved in DMSO (50 mg of EO-EPI per mL) and the mixture was stirred at 70 °C for 10 min.
The EO-EPI/PVA solutions were then cast into a round Teflon® Petri-dish with a diameter of 10
cm and dried at 70 °C for 72 h. The dried film of EO-EPI and 5% w/w PVA was further
compression-molded in a Carver® press between Teflon® sheets at 70 °C for 5 min with 1500 psi

ISSN: 1671-7104 | VOLUME 28, ISSUE 3, 2026.

38



ZHONGGUO YILIAO QIXIE ZAZHI / CHINESE JOURNAL OF MEDICAL INSTRUMENTATION

pressure and this sample was used to further probe the miscibility of EO-EPI and PVA by
differential scanning calorimetry.

Preparation of EO-EPI/CNC Nanocomposites. EO-EPI/CNC nanocomposites containing
10% w/w of CNCs and different PVA contents (1-5% w/w) were prepared by solution-casting
from DMSO. The dried CNCs were first dispersed in DMSO (10 mg/mL) by stirring for 1 h at
room temperature and subsequent sonication in a Sonoswiss SW3H ultrasonic bath for 4 h. The
CNC dispersion was then added to a hot (70 °C) solution of EO-EPI in DMSO (50 mg/mL)
which had been stirred at 70 °C for 24 h. Subsequently, a PVA solution in DMSO (50 mg/mL)
was added at 70°C; the volume was controlled to achieve the desired PVA concentration in the
nanocomposite (1, 2, 3, or 5% w/w). For instance, the nanocomposite containing 10% w/w CNCs
and 5% w/w PV A was prepared by adding 10 mL of the CNC stock dispersion and 0.9 mL of the
PVA solution to 17.1 mL of the EO-EPI solution. The mixture was further stirred at 70 °C for 10
min and subsequently sonicated at room temperature for 30 min before casting it into a round
Teflon® Petri-dish with a diameter of 10 cm. The solvent was evaporated in an oven at 70 °C for
72 h and films were subsequently dried under vacuum at 70 °C for 48 h. Finally, the dried films
were compression-molded in a Carver® press between Teflon® sheets at 70 °C for 5 min with
1500 psi pressure using spacers to adjust the film thickness to 105 £ 5 um. Other compositions of
EO-EPI/CNC nanocomposites with varying amounts of CNCs (1%, 2.5%, 5%, 6%, 7%, 9%, 15%
and 20% w/w) were prepared following the same protocol. Once compression-molded, the
samples were stored in a desiccator (containing drierite) at ambient temperature until the
mechanical tests were performed to minimize moisture absorption.

Preparation of PU/CNC and PMA/CNC nanocomposites. Following the same protocol as
EO-EPI/CNC nanocomposite preparation, PU or PMA were first dissolved in DMSO (50 mg
/mL) and stirred overnight. The CNC dispersion in DMSO (10 mg/mL), which was previously
sonicated for 4 h, and the PVA solution in DMSO (50 mg/mL) were then added to the polymer
solution to obtain the nanocomposites of 10% w/w CNC with and without 5% w/w PVA. The
mixture was stirred at 70 °C for 10 min and subsequently sonicated at room temperature for 30
min before casting it into a round Teflon® Petri-dish. Films were dried in an oven at 70 °C for 72
h and subsequently dried under vacuum at 70 °C for 48 h. The dried films were then
compression-molded in a Carver® press between Teflon® sheets at 70 °C for 5 min with 1500 psi
pressure to adjust the film thickness.

Differential Scanning Calorimetry (DSC). DSC analyses were performed using a Mettler-
Toledo STAR under N> atmosphere. Samples of ~10 mg were heated from -60 °C to 250 °C and
cooled back to -60 °C at 10 °C/min. The degree of crystallinity was calculated by integrating all
endothermic peaks observed during the first heating and taking PEO as the 100% crystalline
reference.®

Dynamic Mechanical Analysis (DMA). The mechanical properties of the EO-EPI/CNC and
EO-EPI/PVA/CNC nanocomposite films were studied with a dynamic mechanical analyzer
(DMA, TA instruments Model Q800) in tensile mode. The tests were conducted a frequency of 1
Hz and a strain amplitude of 15 pm in the temperature range of -70 to 100 °C at a heating rate of
3 °C/min. Rectangular nanocomposite films with a length of ca. 10 mm a width of 5.30 mm and a
thickness of ca. 0.10 mm were used. The mechanical data quoted throughout the text and in Table
1 represent average values of 3 — 5 individual measurements (standard deviation is provided).
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The stress strain measurements of these materials were performed in the same DMA instrument
with a strain rate of 5%/min at 25 °C. For these experiments, the nanocomposite films were cut
into dog-bone-shaped samples and the measurements were performed on 3 — 5 individual
samples.

Fluorescent Labelling of PVA and CNCs. PVA and CNCs were functionalized with
fluorescein and rhodamine, respectively, in order to enable their visualization by laser scanning
microscopy (LSM). PVA was labelled with FITC according to a previous published procedure,*®
wherein PVA (1.00 g) and FITC (0.05 g) were dissolved in dry DMSO (8 mL) and stirred at 90
°C for 3 h. Then the reaction mixture was cooled to room temperature, precipitated three times
into methanol (from DMSO) to remove all residual unlinked fluorescein, and dried at 60 °C for
24 h. The functionalization of CNCs was also carried out according to a reported procedure.*’ In
brief, a dispersion of CNCs (1.0 g) in dry DMF (250 mL) was sonicated for 4 h, before RBITC
(10 mg, 0.1 mol equivalent relative to the total number glucose units in the CNCs) and 1 drop of
dibutyltindilaurate were added. The mixture was heated to 100 °C and stirred overnight under No.
The reaction mixture was subsequently allowed to cool to room temperature and centrifuged 10
times; ethanol and water were alternatingly used to remove any remaining rhodamine. The
labelled CNCs were dialyzed against deionized water for 5 days and then dried by lyophilization
using a VirTis BenchTop 2K XL lyophilizer with a condenser temperature of -78 °C.

Laser Scanning Microscopy (LSM). Samples of the EO-EPI nanocomposite containing 10%
w/w rhodamine-labelled CNCs with and without 5% w/w fluorescein-labelled PVA were
prepared by solution-casting from DMSO. The rhodamine-labelled CNCs were first dispersed in
DMSO (10 mg/mL) by stirring for 1 h and subsequent sonication in a Sonoswiss SW3H
ultrasonic bath for 4 h. The CNC dispersion was added to a hot (70 °C) solution of EO-EPI in
DMSO (50 mg/mL) which had been stirred at 70 °C for 24 h. Then, a fluorescein-labelled PVA
solution in DMSO (50 mg/mL) was added at 70°C; the volume was controlled to achieve 5%
w/w PVA in the nanocomposite. The mixture was further stirred at 70 °C for 10 min and
subsequently sonicated at room temperature for 30 min before casting it into a glass slide. The
solvent was evaporated in an oven at 70 °C for 2 h. The dried films were used without further
treatment. The region of interest was selected using a systematic random sampling procedure: the
sample was positioned randomly under the light path of the microscope and each image was
recorded exactly 300 um apart. An acceptor photobleaching method*® was used to monitor the
Forster resonance energy transfer (FRET) between the two fluorophores, i.e. fluorescein-labelled
PVA and rhodamine-labelled CNCs. The analyses were performed using a laser scanning
microscope (Zeiss LSM 710, Carl Zeiss, AG, Germany) under excitation with lasers operating at
488 nm (Ar gas laser) and 561 nm (diode pumped solid state laser). Each FRET recording
consisted of 25 cycles, of which the first five cycles were limited to imaging both fluorescence
channels. The last 20 cycles started with a 15 s photobleaching (laser attenuation = 50%) step of
the rhodamine-labelled CNCs using the 561 nm laser. After each cycle, the fluorescein-labelled
PVA was excited at 488 nm (laser attenuation = 2%) and the emission was recorded using the
spectrometer allowing metafilter (a dedicated spectrometer allowing bandpass filter design) to
collect light between 493 nm and 452 nm. The rhodamine-labelled CNCs were excited at 561 nm
(laser attenuation = 2%) and the emission was recorded using the metafilter to collect light
between 566 nm and 703 nm. The fluorescence intensities of the fluorescein labelled donors
(PVA) before and after the bleaching of the rhodamine-labelled acceptors (CNCs) were used to
calculate the FRET efficiency and the separation distance between two fluorophores. To evaluate
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the dispersion of CNCs in the EO-EPI polymer matrix in the presence and absence of PVA, EO-
EPI nanocomposite films containing 10% w/w rhodamine-labelled CNC with and without 5%
w/w PVA were prepared in DMSO using the procedure mentioned above and analyzed by
recording the fluorescence of rhodamine-labelled CNCs when excited at 561 nm.

Laser Scanning Micrograph Image Processing. ISOData* was used to perform
unsupervised automated cluster analysis of the micrographs. The procedure divides the image
into two groups (object and background) by taking an initial threshold, and the averages of the
pixels at or below the threshold and the pixels above the threshold are computed. The averages of
those two values are computed, the threshold is incremented and the process is repeated until the
threshold is larger than the composite average. That is, threshold = (average background +
average objects)/2. The procedure separates pixels with high intensities (above the threshold
dynamically found by the algorithm) and clusters with pixels which had intensities below that
threshold. The quantification was done in ImagelJ.*

Results and Discussion

We first explored the miscibility of PVA and EO-EPI by preparing a series of CNC-free EO-
EPI/PVA blends containing 1 to 20% w/w PVA. Films were prepared via solution-casting from
DMSO and vacuum drying. While the addition of up to 5% w/w of PVA resulted in samples of
homogeneous appearance, macro-phase separation was observed for PVA contents over 10%
w/w (Supporting Figure S1a). Thus, only PVA loads between 1% and 5% w/w were used in sub-
sequent experiments to test the effect of PVA on the mechanical properties of cellulose-based
nanocomposites. A comparison of the differential scanning calorimetry traces of neat EO-EP],
neat PVA, and a blend of EO-EPI and 5% w/w PVA (Supporting Figure Slab) shows no
evidence for phase separation in the blend. Furthermore, the addition of PVA or CNCs to EO-EPI
did not induce a change the host polymer’s degree of crystallinity (Supporting Table S2).

A first series of EO-EPI/PVA/CNC nanocomposites was prepared in which the CNCs content
was kept constant at 10% w/w and the PVA content was varied (0, 1, 3 and 5% w/w). Nanocom-
posite films were prepared by solution casting and subsequent compression molding. DMSO was
used instead of the customary DMF>8-3% 435152 for the casting step, because of the low solubility
of PVA in DMF. The films thus made were transparent (Supporting Figure S2), providing a first
indication that the CNCs were well dispersed in the EO-EPI matrix at all compositions. The me-
chanical properties of the neat EO-EPI and the nanocomposites were studied using dynamic me-
chanical analysis (DMA) and tensile testing. The DMA data (Figure 2a, Table 1) show that the
room temperature storage modulus £’ is increased from ~3 MPa (neat EO-EPI) to 50 MPa upon
introduction of 10% w/w CNCs. Remarkably £’ increased to 106 MPa if in addition to the CNCs
1% w/w PVA was incorporated. Upon further raising the PVA content to 5% w/w, E’ increased
to 206 = 16 MPa. By contrast, blending the neat EO-EPI with 1-5% w/w of PVA did not cause
any significant change of £’, which rules out any reinforcing effect caused by the PV A alone.
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Figure 2. Representative DMA traces of (a) neat EO-EPI, EO-EPI/PVA blends with 1, 3, and 5%
w/w PVA (filled symbols) and EO-EPI/PVA/CNC nanocomposites containing 10% w/w CNCs
(empty symbols) and 8-5%1, 3, and 5% w/w PVA; and (b) EO-EPI/PVA/CNC nanocomposites
containing 5% w/w PVA and 1, 5, 10, 15, and 20% w/w CNCs.

Given that for EO-EPI with 10% w/w CNCs E’ increased with the PVA content and that phase
separation was observed above a PVA content of 5% w/w (vide supra), a second series of
nanocomposites was prepared, in which the PVA content was fixed at 5% w/w and the CNC
content was varied between 1 and 20% w/w. The DMA traces (Figure 2b) show that below and
above the glass transition temperature £’ increases in a nonlinear manner with the CNC content
to reach 6.8 GPA (-60 °) and 251 MPa (room temperature) at a CNC content of 20% w/w. A
steep increase of £’ is observed between 5 and 10% w/w CNCs, due to the onset of percolation in
this regime (vide infra), whereas much less pronounced change of £’ occurred when the CNC
content was further increased.

Table 1. Storage moduli of EO-EPI/PVA blends and EO-EPI/PVA/CNC nanocomposites.”
Storage Modulus, £’ (MPa)

Composition

At-60 °C At 25°C
Neat EO-EPI 2896 =311 29+04
EO-EPI/1%PVA 3227110 26+0.3
EO-EPI/3%PVA 3210 £331 23+0.3
EO-EPI/5%PVA 3098 £ 156 2.7+0.2
EO-EPI/10%CNC 5314 £ 353 50+4
EO-EPI/1%PVA/10%CNC 6807 + 337 106 £9
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EO-EPI/3%PVA/10%CNC 6663 + 186 136 + 18
EO-EPI/5%PVA/10%CNC 5800 + 231 206 £ 16
EO-EPI/5%PVA/1%CNC 3509 £ 194 22+0.3
EO-EPI/5%PVA/5%CNC 4592 + 53 53+0.6
EO-EPI/5%PVA/15%CNC 7691 £ 10 230+ 13
EO-EPI/5%PVA/20%CNC 6806 + 378 251 +£24

“Data were acquired from DMA analyses and represent averages
measurement, + standard deviation.
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Figure 3. Representative stress-strain curves of EO-EPI/PVA/CNC nanocomposites containing

10 or 15% w/w CNCs and 0-5% w/w PVA. Data were acquired at 25 °C.

Table 2. Tensile properties of EO-EPI/PVA/CNC nanocomposites.”

Young’s modulus

Tensile strength Elongation at break

Composition

(MPa) (MPa) (%)
EO-EPI/10%CNC 13+4 0.50 +0.07 39.9+0.9
EO-EPI/1%PVA/10%CNC 24+1 0.89 +0.07 39.2+2.3
EO-EPI/3%PVA/10%CNC 35+6 0.96 +£0.03 14.7+£1.3
EO-EPI/5%PVA/10%CNC 43+£9 1.53 £0.09 13.7+1.6
EO-EPI/5%PVA/15%CNC 64+9 1.98 £0.08 171+ 14
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“Data were acquired from tensile tests at 25°C and represent averages of N = 3-5 individual
measurement, + standard deviation.

The influence of introducing PVA on the mechanical properties of EO-EPI/CNC nano-
composites was further investigated by tensile tests that were carried out at 25 °C. The stress
strain curves confirm the reinforcement of EO-EPI/CNC nanocomposites with PVA and highlight
the effect of PVA content on their mechanical properties (Figure 3). The Young’s moduli mirror
the changes observed in E’; the composites with a CNC content of 10% w/w display an increase
from 13 MPa for the PVA-free EO-EPI/CNC nanocomposite to 24 and 43 MPa for the nano-
composites containing 1 and 5% w/w PV A, respectively (Table 2). A further increase to 64 MPa
was observed for the composition with 5% PVA and 15% w/w CNCs. A similar trend was
observed for the tensile strength, while the elongation at break was reduced from 40% to 14%
when the neat EO-EPI/CNC nanocomposite was loaded with 5% w/w PVA. Thus, both the
strength and stiffness of the EO-EPI/CNC nanocomposites could be approximately quadrupled
upon introduction of a minimal amount (5% w/w) of PVA. This reinforcement is much higher
than that observed when PEO was introduced into LDPE/CNC nanocomposites,*? where the
tensile strength increased from ca. 8.5 MPa to ca. 9.0 MPa. Thus, the experimental data support
our initial hypothesis that the addition of a small amount of PVA nanocomposites can enhance
the mechanical properties of CNC-based nanocomposites considerably.

In order to probe the generality of the approach, we also introduced PVA into CNC nano-
composites made with a thermoplastic polyurethane (PU) and a poly(methyl acrylate) (PMA)
matrix. As in the case of the EO-EPI/CNC composites, thin films were made by casting from
DMSO followed by compression molding. Figure 4 shows the DMA traces of the neat PU, PVA-
free nanocomposites containing 10% w/w CNCs, and the corresponding nanocomposites made
with 5% w/w PVA. Neat PMA could not be analyzed by DMA as it has a 7, of 10 °C and
therefore cannot be processed and handled at room temperature. A comparison of the data clearly
shows that in both systems £’ increases substantially upon introduction of PVA, both below and
above T,. For example at room temperature, £’ of the PU increased from 70 + 7 MPa to 425 + 20
MPa upon introduction of CNCs, and rose further to 1025 + 40 MPa, when the PVA was
included. The E’ values of the PMA-based nanocomposites without (1425 + 15 MPa) and with
(1745 £ 25 MPa) PVA show a similarly large difference. Thus, all data collected support the
conclusion that the effect is general and broadly exploitable. The fact that PVA addition has a
similar effect in different types of matrix polymers is a first indication that the PVA primarily
interacts with the CNCs and that the observed increase of the reinforcement is related to
improved dispersion of the nanofillers (vide infra).
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Figure 4. Representative DMA traces of (a) neat PU and PU/CNC nanocomposites containing
10% w/w of CNCs and optionally 5% w/w PVA; and (b) PMA/CNC nanocomposite containing
10% w/w of CNCs with and optionally 5% w/w PVA.
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Figure 5. Experimental data (symbols) and values predicted by a percolation model (lines, see
text for details) of the tensile storage modulus (£’) of EO-EPI/CNC nanocomposites made with
CNCs isolated from cotton. Shown are values for PVA-free nanocomposites that were casted
from DMF (red line, squares, taken from Ref. [44]) or DMSO (black line, circles), and 5% w/w
PVA containing nanocomposites casted from DMSO (pink line, triangles). In addition to these
data/fits a corresponding fit of the £’ values of nanocomposites made with CNCs isolated from
tunicates is shown for reference purposes (green line, fit from Ref. [44]).

To better understand the mechanism through which PVA reinforces the CNC nanocomposites
investigated here, we analyzed the experimental £’ values of PVA-free EO-EPI/CNC nano-
composites and the 5% w/w PVA containing EO-EPI/PVA/CNC nanocomposites cast from
DMSO (which were all made with CNCs isolated from cotton) in the framework of a percolation
model that is commonly used to describe the stiffness of nanocomposites with high-aspect ratio
nanofillers (Figure 5, Supporting Table S1).4*** 3 The parameters used to fit the experimental
data against the model include the experimentally determined CNC aspect ratio 4 of 11, the
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measured matrix tensile storage modulus of 2.9 MPa, and a percolation exponent of 0.4, whereas
the stiffness of the reinforcing CNC phase was used as a fit parameter (SI Supplementary
discussion). As benchmarks, we also show data and fit acquired for the PVA-free EO-EPI/CNC
nanocomposites made with CNCs cast from DMF (the most commonly used solvent to process
CNCs, the data points and fit were taken from Ref. [44]) and the percolation model’s fit of the £’
values of PVA-free EO-EPI/CNC nanocomposites made with high-aspect ratio (4 = 76) CNCs
isolated from tunicates (for experimental data and fit parameters see Ref. [44], SI
Supplementary discussion). The data paint an interesting picture. Up to the onset of percolation
at a volume fraction of ca. 6% v/v, the experimentally determined £’ values of the three series of
EO-EPI/CNC nanocomposites follow the same trace (note that the model used neglects any
reinforcement in this regime). At this point, a steep, step-wise increase in £ is seen for the PVA-
free and PV A-containing composites processed from DMSO. By contrast, £’ of the material cast
from DMF increases more gradually and the curve asymptotes towards a much lower level of
reinforcement than observed for the other series. Interestingly the £’ values of the two series cast
from DMSO also diverge as the CNC content is increased beyond 8% v/v, and a much higher
reinforcement level is observed for the PVA-containing materials. This extent of reinforcement
seems to be unprecedented for CNCs isolated from cotton, and approaches that observed for
high-aspect ratio CNCs isolated from tunicates. We speculate that the data reflect the
extent/quality of CNC dispersion in the respective compositions. At low filler content (< 6% v/v),
the CNCs appear to be well dispersed in all three series, and similar reinforcement levels are
reached. In the series processed from DMF, one of the most widely used solvents for the
processing of CNC composites, aggregation of CNCs appears to take overhand before a
percolating network is formed, suggesting that processing conditions may not be as good as
previously assumed, at least in the matrices investigated here. When processed from DMSO, the
CNCs appear to be well-dispersed up to the onset of percolation, but at higher CNC content the
aggregation of CNCs appears to limit full network formation. The best dispersion seems to be
possible by employing PVA, and consequently £’ continues to increase well past the onset of
percolation, although also in this case, E’ levels off at a CNC content of 10% v/v, suggesting
aggregation at higher filler volumes. Overall, the experimental data adjust reasonably well to the
values predicted by the percolation model. The differences observed are the expected between
idealized and experimental data, which arise from the CNC particle size distribution, the
processing method or the presence of particle aggregates.

In order to support this explanation and gain a better insight in the role of PVA in the disper-
sion of CNCs, we prepared EO-EPI/CNC and EO-EPI/PVA/CNC nanocomposites containing
10% w/w of rhodamine-labelled CNCs and 5% w/w of PVA for the observation of the distribu-
tion of CNCs within the polymer matrix analysis by laser scanning microscopy (LSM). The rho-
damine-labelled CNCs were prepared according to a reported procedure*’” and UV-vis absorption
spectra revealed a degree of functionalization of 3.0 mmol/kg (Supporting Figure S3). EO-
EPI/CNC nanocomposite films containing 10% w/w of the rhodamine-labelled CNCs and optio-
nally 5% w/w PVA were produced by solution-casting from DMSO. The LSM micrographs of
the PVA-free nanocomposite clearly show the formation of large clusters or aggregates of CNCs
with characteristic dimensions in the range of tens of micrometers (Figure 6a). Smaller CNC
aggregates were observed when the nanocomposite contained PVA (Figure 6b), with aggregate
sizes between 1 um and 10 um. Pixel classifications by ISOData (Supporting Figure S4) allowed
to assign pixels with intensities above the threshold (PIAT) set by the algorithm, coinciding with
the large aggregates, and pixels belonging to pixels with intensities below the threshold (PIBT),
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coinciding with the apparently diffuse background. Average intensities for both groups were
retrieved and compared for the different samples.*’ Although the overall fluorescence signal
originating from rhodamine-labelled CNCs did not decrease upon the addition of 5% w/w PVA
(Supporting Figure S5), a significant decrease of the contribution of PIAT from 70% to 42% was
observed, whereas the PIBT contribution rose accordingly (Figure 6c¢): These results
unequivocally confirm the role of PVA in reducing the formation of large CNC aggregates and
thus the anticipated connection between CNCs dispersion and mechanical reinforcement.

60

40 -

System signal (%)

20

without PVA with 5% w/w PVA
EO-EPI/CNC nanocomposite

Figure 6. Representative laser scanning microscopy (LSM) images of EO-EPI/CNC
nanocomposite films containing 10% w/w of the rhodamine-labelled CNCs. The samples were
solution-cast from DMSO and were either PVA free (a) or contained 5% w/w PVA (b). The bar
graph (c) displays the fraction of high intensity pixels (PIAT), typically associated with large
CNC aggregates and low intensity pixels (PIBT), associated with dispersed CNCs (see text for
details). Data is based on n=14 randomly chosen datasets.

In order to act as a dispersant for the CNCs, the PVA must be localized on the CNCs’ surface,
where it can mitigate CNC-CNC and perhaps also CNC-matrix interactions. In order to verify
this, we studied the interactions between the CNCs and PV A in the nanocomposites, by recording
the Forster resonance energy transfer (FRET) signal between two fluorophores.** Unlike the
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FRET molecules used in a previous study of the interface between nanofibrillated cellulose and a
matrix polymer>>, both chromophore types were covalently attached to the components thought to
form the interface, i.e., the CNCs and the PVA. With the rhodamine-labelled CNCs in hand (vide
supra) and with reference to many studies that have used the fluorescein / rhodamine FRET pair
to probe molecular interactions in biomolecules,’*>® we functionalized PVA with fluorescein,
using a recently reported procedure (degree of functionalization = 6.8 mmol/kg, Supporting
Figure S6).* EO-EPI/PVA/CNC nanocomposite films containing 10% w/w rhodamine-labelled
CNCs and 5% w/w fluorescein-labelled PVA were prepared by casting from DMSO. The specific
FRET technique employed relied on abolishing the acceptor fluorescence (rhodamine) by a series
of photobleaching cycles (bleaching wavelength = 561 nm). If FRET was at play, the bleaching
of the acceptor must be accompanied by an increase of the donor fluorescence (fluorescein-
labelled PVA) since its energy can no longer be funneled to the acceptor. This method permits
the quantification of the extent of energy transfer efficiency or relative efficiency (Erl) and the
average distance between the two types of chromophores involved. Immediately after each
photobleaching cycle of the acceptor (thodamine-labelled CNC), the fluorescence signal of the
nanocomposite, both rhodamine-labelled CNC and fluorescein-labelled PVA, was recorded.
False color LSM images recorded immediately before and after the photobleaching cycles of the
acceptor (rhodamine-labelled CNC) show the emission intensity of the donor (fluorescein-
labelled PVA, green in Figure 7a,c) and the acceptor (rhodamine-labelled CNCs, red in Figure
7b,d). The images show similar morphological features as seen in Figure 6, i.e., a few aggregates
with a diameter between 1 pm and 10 pm that are scattered within a diffuse background in which
the CNCs are presumably well dispersed. Before the photobleaching cycles (Figure 7a,b), the
signals of the donor and acceptor mirror each other, suggesting co-localization of CNCs and PVA
both in in regions with high fluorescence intensity and low fluorescence intensity. After the
photobleaching cycles (Figure 7 c¢,d) the acceptor signal (rhodamine-labelled CNCs, red) is
abolished while the intensity of the donor signal (fluorescein-labelled PVA, green) is strongly
increased. This observation reveals unequivocally that in the pristine samples FRET occurs.
Figure 8a shows the change of fluorescence intensities after each photobleaching step, revealing
the dynamics of the procedure. The first five cycles were programmed to perform no
photobleaching and the emission intensity of both donor and emitter remains stable. The region
of interest was subseqently exposed to 20 cycles of bleaching using the acceptor exciting laser
(561 nm laser, attenuation = 50%) for 15 seconds per cycle. After each cycle, an image of both
acceptor (rhodamine-labelled CNCs, excited at 561 nm excitation) and donor (fluorescein-
labelled PVA, excited 488 nm excitation) was recorded at a much lower laser attenuation (2%),
the same intensity that was used to image the nanocomposite in Figure 6. On account of the
photobleaching, the fluorescence intensity of the rhodamine acceptor drops with each additional
cycle, and a corresponding increase of the fluorescein donor intensity is seen. This behaviour
clearly confirms a functional FRET pair, confirming that CNCs and PVA are within FRET dis-
tance (< 10 nm) in the polymer matrix. By applying the ISOData again, the image can be classi-
fied in groups of PIAT found by algorithm and clusters with PIBT. A functional FRET was found
in both groups (Figure 8a). The relative FRET efficiency Erl can be calculated using Eq. (1):

E ;= 100 - Ipre - Ipost
el = _—
¢ Ivost (1)

in which 7 relates to the intensity of the donor and I, is the average fluorescence intensity before

photobleaching (during the first 5 cycles) and /s is the average fluorescence intensity after
photobleaching (during the last 5 cycles). The slight decrease in average donor intensities after 20
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or so cycles can most probably be attributed to imaging-induced bleaching effects. The distance
(r) between donor and acceptor was then calculated using Eq. (2):

R6<1) 1
T Erel

(2)
where Ry is the Forster distance of the fluorescein/thodamine FRET pair (55A%), i.e. the distance
at which the energy transfer efficiency is 50%. Figure 8b shows the average distance between
rhodamine-labelled CNC and fluorescein-labelled PVA, which was found to in the same range
for both groups: 46.9 A in the group of PIAT and 48.1 A in the group of PIBT. These data imply
that PVA and CNCs are located all over the nanocomposite network, at a distance that supports
their interaction via hydrogen bonding.

Figure 7. Laser scanning microscopy images visualizing the emission of EO-EPI/PVA/CNC
nanocomposites containing 10% w/w rhodamine-labelled CNCs (acceptor, red) and 5% w/w
fluorescein-labelled PVA (donor, green) before (a,b) and after photobleaching the acceptor in the
area marked by yellow squares (c,d). Shown are false colour images reflecting the emission
intensity from (a,c) the donor-labelled PVA (excited at 488 nm and recorded through a 493 - 542
nm metafilter) and (b,d) the acceptor-labelled CNCs (excited at 561 nm and recorded through a
566 - 703 nm metafilter).
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Figure 8. (a) Graph displaying the fluorescence intensities of 10% w/w rhodamine-labelled
CNCs (acceptor, red line) and 5% w/w fluorescein-labelled PVA (donor, green line) in EO-
EPI/PVA/CNC nanocomposite. Data were acquired by analyzing laser scanning microscopy
images of the nanocomposite after acceptor photobleaching. Photobleaching was started after five
cycles and the acceptor was increasingly bleached. (b) Bar graph showing the FRET efficiency
calculated from the fluorescence intensities in different regions of the composite. For the
analysis, laser scanning microscopy images were partitioned into high intensity pixels (pixel
intensity above threshold; PIAT), typically associated with large CNC aggregates and low
intensity pixels (pixel intensity below threshold; PIBT), associated with dispersed CNCs (see text
for details).

Conclusions

In summary, we have shown that the incorporation of small amounts of PVA (1-5% w/w) into
EO-EPI/CNC nanocomposites leads to a significant enhancement of the mechanical properties.
Above the percolation threshold, both the stiffness and tensile strength were quadrupled upon
introduction of only 5% w/w PVA and, most importantly, a similar effect was observed when
PVA was incorporated to polyurethane/CNC and poly(methyl acrylate)/CNC nanocomposites,
which suggests that this approach may be applied to reinforce a wide range of polymeric
matrices. Light scanning microscopy was used to gain unprecedented insight in the in matrix
morphology of and interactions between CNCs and hydrogen bonding polymeric additives. The
analyses showed that CNCs are more evenly distributed within the polymer matrix in the
presence of PVA, and that PVA and CNCs are co-localized within hydrogen bonding distance,
which supports the hypothesis that PVA enhances stress transfer by improving CNCs dispersion.
This visual proof of the effect of PVA on CNC aggregation suggests that traditional CNC-based
nanocomposites, and by extrapolation other high aspect ratio nanofiller-based nanocomposites,
may contain an overlooked and relatively high fraction of filler aggregates even if the desired
mechanical reinforcement is achieved.
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A Simple and Versatile Strategy to Improve the Mechanical Properties of Polymer
Nanocomposites with Cellulose Nanocrystals
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