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ARTICLE INFO ABSTRACT

Keywords: The presented work focuses on preparing transparent bendable films from nanocellulose. In comparison to
Nanocellulose cellulose nanofibrils and bacterial cellulose, nanocrystalline cellulose are shorter and have higher crystallinity
Colloids and suspensions (CI<95 %). Sulfated CNC (CNCyy-OSO3H) were prepared, and by changing their counter ions from H' to Na™ and
I;:)I;Iiliation Et4N " (Tetraethyl ammonium) flexible films were prepared with a strength of 70.5 MPa and 2.6 % elongation at

break. The CNC suspensions showed excellent dispersibility in DI water with Zeta-potential (¢) values > -35 mV.
In the preparation of films, pre-sonication was key in improving the tensile strength and improved elongation
(>30 % increase compared to films prepared without sonication) and hydrophobicity. The change of counter ion,
H' toNa" or Et4N*, improved the thermal and mechanical properties of CNC films. The films were investigated
with UV-Vis spectroscopy and optical polarized spectroscopy to explain the arrangement of nanocellulose
crystals in correlation with the mechanical properties. The wettability of CNC samples was also studied and
explained in detail. CNC from CelluForce was also studied as commercial reference samples. The modified CNC
films have adequate properties for application in flexible electronics, energy storage, and biodegradable smart

Physiochemical properties

packaging.

1. Introduction

Cellulose nanocrystals (CNCs) are products of the most abundant
polymer on earth and display remarkable mechanical and optical
properties comparable to Kevlar and steel (Khattab et al., 2017; Moon
et al.,, 2011; Norrrahim et al., 2021). Because of this, a great deal of
effort has been put into transferring these nanoscale properties to
macroscale materials. A key parameter in this is to develop methodol-
ogies for creating interphases that give the global structure flexibility,
strength, and excellent optical properties such as transparency or uni-
form (tunable) structural color. Improvement of mechanical and optical
properties of CNC-based films has generally focused on increasing the
alignment of crystallites or tactoids in suspensions and, more recently,
counteract effects such as capillary flow, which may distort the orien-
tational order during drying. Methods to induce a large-scale linear
(nematic) orientation across the film (ideally a nematic orientational
order) include flow-based methods using a blade (Reising et al., 2012),
confined shear (Jinkins et al., 2021), dip coating (Mendoza-Galvan

et al,, 2019) and spin coating (Cranston & Gray, 2008), as well as
magnetic (Revol et al., 1994; Sugiyama et al., 1992) and electric fields
(Klockars et al., 2018; Tran et al., 2018). As can be expected, this linear
nematic ordering has been shown to significantly improve the thermal,
electrical, and mechanical properties in the longitudinal direction of
CNC films (Reising et al., 2012) and CNC-based composites (He et al.,
2014; Pullawan et al., 2012) at the expense of the same properties in the
axial direction. This global anisotropy opens up applications where, e.g.,
the strength, flexibility, and conductivity in one direction is determinant
for the performance of the device, e.g., in tissue engineering (He et al.,
2014), optics (Wang et al., 2022), electronics (Csoka et al., 2012) and
mechanical reinforcements in composites.

Above a critical volume fraction ¢ * it becomes favorable for cellulose
nanocrystals to self-assemble into cholesteric liquid crystals, beginning
with small helically ordered droplets known as tactoids, which grow into
larger cholesteric liquid crystalline structures as the volume fraction
increases. In practice this concentration is commonly reported in critical
weight fraction, c¢*. Tactoids or cholesteric domains can also be oriented
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in suspensions with concentrations above c* with the help of magnetic
(De France et al., 2016; Frka-Petesic et al., 2017; Kimura et al., 2005)
and electric fields (Frka-Petesic et al., 2017; Kang & Eremin, 2021)
circular shear (Park et al., 2014), vacuum-assisted self-assembly (after
extensive sonication treatment) (Chen et al., 2014) and anchoring the
helical axis orthogonally to the substrate (He et al., 2014; Pullawan
et al., 2012), transforming the final films from a typical multi-domain
structure, with multiple defects at boundaries between helicoidal do-
mains where CNCs are poorly aligned, to a more uniform cholesteric
order. This opens the door for high performance fracture-resistant bio-
mimetic materials imitating the natural Bouligand structure (Natarajan
& Gilman, 2018; Qin et al., 2019). Above c* a high orientational order
can also be achieved with relatively weak magnetic fields of 0.5-1.5 T
(De France et al.,, 2016; Kimura et al.,, 2005; Revol et al., 1994)
compared to the linear alignment of CNCs below c* in um-sized CNCs
from tunicates where fields of 17.5, 20 T or higher have been found
necessary (Frka-Petesic et al., 2019, 2015; Sugiyama et al., 1992). For
some applications of thin films such as food packaging and protective
coatings, the in-plane isotropic properties and fracture resistance that
the cholesteric structure offers is preferable to macroscopic anisotropy,
with the added benefit of uniform structural color, useful for applica-
tions such as sensors and coatings for anticounterfeiting (Eremeeva
et al., 2020; Zhao et al., 2021), gas (Bardet et al., 2015; Dai et al., 2017)
and humidity detection (Song et al., 2018; Zhao et al., 2021, 2019).
However, processes during drying, including capillary flow, anchoring
and other interactions with the substrate interfere with the uniformity of
structure in both linear and cholesteric CNC films while vertical
distortion of the helicoidal axis during drying reduces the uniformity of
pitch in cholesteric CNC films (Frka-Petesic et al., 2019). A potential
solution is to dry the CNC droplet under a layer of an immiscible liquid
such as hexadecane. This was found to reduce capillary flow because
water loss then happens uniformly across the suspension droplet, in
addition to allowing more equilibration time (Zhao et al., 2019).
Nevertheless, the pristine cholesteric structure is known to be brittle and
have a high crack propensity. For example, in CNC/latex nanoparticle
composites a highly uniform cholesteric structure exhibited ~50 %
higher Young’s modulus but ~73 % lower toughness than isotropic
composites with the same composition (Vollick et al., 2017). In addition,
the oil-covered droplets were only up to 1 mm in diameter and applying
the same method to larger films, if possible, would be very
time-consuming, which limits the range of applications. For suspensions
which remain isotropic on the long range when kinetic arrest occurs the
aggregation process during suspension drying is to the best of our
knowledge not clearly understood and has garnered less attention in
recent years. Instead, there has been advancement in controlling
orientational order.

With the challenges above in mind, we looked at how physical
methods, including sonication and drying conditions as well as chemical
treatment, namely the replacement of the sulfate proton with a counter
ion Na® or tetraethylammonium (Et4N"), affect large-angle, high-en-
ergy orientations between crystallites and defects on the micro and
nanoscale in an attempt to improve elongation, tensile strength and
reduce water permeability.

To optimize the preparation conditions, we investigated the influ-
ence of a 5 min ultrasound treatment (“sonication”), as well as three
different drying conditions; ambient (room temperature, 40-70 % RH),
45 °C in a heating cabinet, and inside an evacuated desiccator, resulting
in drying times of ~2-3, ~1 and ~7 days, respectively, on the me-
chanical properties and wettability for CNCs from two different sources
with very different aggregation behavior.

Ultrasound treatment is widely reported to reduce the viscosity of
CNC suspensions at moderate energy levels, reported at 5-40 kJ/g CNC
(Beuguel et al., 2018; Dong et al., 1998; Gicquel et al., 2019; Shafiei--
Sabet et al., 2012) thus prolonging the time until kinetic arrest is
reached, mainly attributed to break-up of aggregates, which can give
CNC films with lower optical haze and improved mechanical properties
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(Csiszar et al., 2016). It has also been reported to change the rheological
behavior from a single shear-thinning region to the three-region
behavior typical of a lyotropic liquid crystal (Shafiei-Sabet et al.,
2012). Sonication and drying conditions of CNCs suspensions can
drastically affect the onset and process of cholesteric liquid crystal
self-assembly. The brief 5-min sonication and moderate energy level
(222-485 J/mL suspension) here is based on five considerations: (i) long
sonication hinders cholesteric phase formation; (ii) high sonication en-
ergies cause a deformation of crystallites and (iii) reduce the concen-
tration for kinetic arrest, (iv) self-assembly is promoted by moderate
sonication energies and (v) desulfation of sulfate half-ester groups
should be minimized.

Longer evaporation time has been identified as beneficial for the
uniformity of the cholesteric pitch because it results in fewer cholesteric
domains that results in better alignment and consequently, CNC films
with a more uniform Bouligand-like structure giving vivid structural
colors (Klockars et al., 2018; Tran et al., 2018), as well as improved
toughness, mainly due to crack deflection (Natarajan & Gilman, 2018bj;
Song et al., 2019; Yin et al., 2019). This appears to be a consequence of
increased time for tactoids to relax into more energetically favorable
orientations and fuse to form larger cholesteric domains at concentra-
tions between c* and kinetic arrest (“tactoid annealing™) (Tran et al.,
2018). Faster drying is therefore expected to reduce the time allowed for
self-assembly. For long-rang isotropic suspensions faster drying could on
the one hand lead to grain boundary strengthening, where a reduction in
grain size in a certain size range, dependent on the particles, reduces the
severity of defects, thus effectively improving the tensile strength
(Ashby Michael & Jones David, 2012), while on the other hand equili-
bration of the crystalline structure is expected to be promoted by longer
drying time and less thermal motion, at least during a critical stage
before kinetic arrest

2. Materials and methods
2.1. Materials

Commercial samples of CNCs with sulfate half-ester surface groups
(northern bleached softwood kraft pulp) with Na™ as a counterions were
purchased from CelluForce, Inc. (Montreal, Québec, Canada), in spray-
dried form with a sulfur content of 0.89 wt.%, equivalent to 0.0462
0SO3 per anhydroglucose unit reported by the supplier. The CNC from
Celluforce is called SCNCcg or CNCcp-SO3X, where X is H, Na™ or Et4N™,
when the details on the counter ion is discussed. The In-house CNC was
prepared from microcrystalline cellulose (MCC) by sulfuric acid hy-
drolysis (Borjesson et al., 2018; Hasani et al., 2008) and is called SCNCyy
and CNCy-SO3X throughout the text. The expected size of CNC is 200
nm x 5-10 nm as per our previous work (Borjesson et al., 2018) The
other chemicals, including Avicel PH-101 microcrystalline cellulose
(cotton linters) with particle size (50 um), HCl, NaOH and tetraethy-
lammonium hydroxide (20 wt% in aqueous solution), Et,NTOH ", were
all purchased from Sigma Aldrich. Grade II de-ionized (DI) water was
used for all dispersions and dilutions. All chemicals were used as
delivered from the manufacturer without further purification.

The In-House batch of CNCs with sulfate half-ester groups grafted on
the surface was prepared according to the procedure described by
Hasani et al. (2008). Briefly, the aqueous SCNCjy or CNCy-OSOsH
suspension were prepared from MCC by sulfuric acid hydrolysis using
64 wt% sulfuric acid and continuously stirred at 45 °C for 2 h After
hydrolysis, batches on a half kilogram scale where immediately dialyzed
against deionized water until the effluent had a stable conductivity
below 5 uS/cm. The SCNC particles were dispersed by sonication
resulting in a stable colloidal suspension without any visible precipitate.



H. Tideland et al.

2.2. Methods

2.2.1. Preparation of suspensions of CNCs from Celluforce, CNCcr-SO3Na

The spray-dried CNC powder was resuspended in deionized water
(typically 4-7 g CNC in 80-140 mL DI water) in a plastic vial (for >100
mL the amount was divided into two vials) and stirred for ~2 h to ensure
uniform suspensions.

2.2.2. Characterization of suspensions

The concentration of the CNC batches of suspension was determined
gravimetrically after drying three replicates of suspensions in poly-
styrene dishes (55 mm diameter) in hot air oven at 60 °C for 2 days,
giving an average weight corresponding to 2.69 wt% of the total sus-
pension (standard error of the mean 0.06 wt%).

2.2.3. Potentiometric and conductometric titration

Determination of sulfate (S) content was performed by conducto-
metric and potentiometric titration of the extensively dialyzed suspen-
sion (conductivity <5 pS/cm in the surrounding water). 20 mL-samples
of SCNC concentrations of 0.4 wt% were prepared in triplicates by
adding, in the following order: NaCl solution (40 pmol, 0.5 M), de-
ionized water and SCNC suspension. After vigorously shaking the
resulting suspension was probe sonicated with an Ultrasonic Processor
VC505 (20 kHz), during 1 min. The obtained sample was then titrated
against NaOH (0.1 M solution) to determine the sulfate or sulfate half
ester content on CNCy-OSOsH samples with a Titrando 905 Metrohm,
giving both conductometric and potentiometric titration in the same
run. (See supplementary information for titration method, curves and
calculations of sulfate content of sulfate half ester content). The surface
sulfate half-ester concentrations (molality in umol/g) reported here was
calculated with the following formula:

o VNaOH [NaOH]

MceNe

(S surt (€Y

where Vyaop is the volume of added NaOH solution during the titration,
[NaOH] is the concentration of NaOH solution (0.1 M) and mcnc is the
dry weight of SCNC in the titrated suspension.

2.2.4. Zeta-potential ({)

Zeta potential and hydrodynamic diameter measurements were
performed on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
using dynamic light scattering (DLS) (See details in supplementary in-
formation). The Smoluchowski approximation for larger particles with a
relatively thin double layer was used to estimate zeta potential from
electrophoretic mobility. A 50 mW diode-pumped solid-state laser was
used as a light source. The scattering angle in DLS measurements was set
to 173° Samples (10 mL) were prepared with 0.25 wt% SCNC, with and
without additives in the same ratios as for the films, and with either no
added electrolyte, or 20 M or 1 mM NaCl solution (from 0.5 M stock
solution). Complementary measurements adjusted the amount of NaCl
to give a minimum conductivity of 300 pS/cm, meaning ~0.6 mM in the
CNCjy-SOsH and ~1.3 mM in the CNCcp-SO3H sample. Samples were
prepared by mixing 10 and 1 min of probe ultrasonication (sonication
energy ~62 kJ/g SCNC) before transferal to transparent plastic dispos-
able measurement cells from Malvern.

2.2.5. Preparation of films by solution casting method

Films of ~300 mg dry content were cast from CNC suspensions at
room temperature on 55 mm diameter polystyrene dishes in H'-and
Na*-counterion form with and without additives.

For SCNCiy11.15 mL, 2.69 wt% CNC suspension were used whereas
for SCNCcr 12 mlL, 2.5 wt%, suspension where used. Na*- and tetrae-
thylammonium (Et4N ™), samples were prepared in a molar ratio of 1:1 to
the amount of surface half-ester (OSOsH) groups by adding NaOH
(0.176 mL 0.468 molal solution) and tetraethylammonium hydroxide
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(60.74 mg of 20 wt% solution) to aliquots of CNC.

From a suspension of SCNCcp-SO3Na from CelluForce, aliquots (12
mL CNC suspension) were used without further modification as well as
with the addition of HCI (0.1 M stock solution) until a stable pH of ~3
had been reached.

In total, three different physical treatments were done before casting
the films: (1) All samples were mixed for 15 min with a magnetic stirrer,
(2) samples denoted Son were additionally treated with tip ultra-
sonication at 40 % power (Ultrasonic Processor VC505, 20 kHz) for 5
min and (3) samples denoted Son..)q were prepared in the same way as
Son, but the sample vessel was also kept in an ice bath during sonication.
The probe sonication instrument was allowed to cool for a minimum of
5 min between each sample and sonication energy varied between 11.1
and 18.3 kJ/(g SCNC) or 222 and 458 J/mL suspension. All modified
films were prepared by applying the additive in the suspension before
any mixing and sonication. The samples were then cast onto the petri
dishes and left to dry either for several days in a fume hood at ambient
conditions or ~24 h in a 45 °C oven, denoted 45 and Son-45 for sus-
pensions that was sonicated), or for a week in an evacuated desiccator
(denoted Vac and Son-Vac for suspensions that was sonicated).

2.2.6. Characterization of films

2.2.6.1. Surface functional groups — attenuated total reflectance-fourier
transform infrared (ATR-FTIR) spectroscopy. FTIR spectra were ob-
tained from a PerkinElmer FTIR Frontier Spectrum (PerkinElmer, Inc.,
Waltham, MA, USA) with a GladiATRM Single Reflection ATR (PIKE
Technologies, Inc., Madison, WI) crystal. The samples were scanned in
the frequency range 4000-400 cm™! and collected at a resolution of 2
cm ! with an average of 32 scans.

2.2.6.2. Mechanical properties of CNC films. Tensile testing was per-
formed with an Instron Tensile Tester. The samples were prepared as per
standard ASTM D882-12 in rectangular strips of dimension (4 cm x 1
cm) with 2 cm as gage length. The thickness of the strips was measured
with a Mitutoyo micrometer by taking the average of three measure-
ments in the region of the gauge length. Six replicates were measured for
each type of film. The samples were stretched with strain rate of 2 mm/
min.

2.2.6.3. X-ray diffraction (XRD) - crystallinity in CNC samples. X-Ray
Diffraction (XRD) measurements were performed on a Bruker D8
Advance instrument in the range of 10-50° using scan rate 0.5 s/step
using CuK-a - 1.54 A The samples were mounted on Silicon single crystal
sample holder. The crystallinity Index of cellulose samples were
measured by equation as described by Daicho et al. (2018)

CrystallinityIndex (CI) = Areayyy /Arear{,m, x 100 2
2.2.6.4. Thermal properties. Thermogravimetric analysis (TGA) was
performed on a TGA/DSC 3 + Star system (Mettler Toledo, Switzerland).
Samples were measured from the 30 to 500 °C temperature range using a
heating rate of 10 °C/min. The first derivative of TGA, Differential
Thermogravimetric analysis (DTGA), was also considered for deter-
mining decomposition stages in samples.

2.2.6.5. Polarized optical microscopy. Films were viewed with polarized
optical microscopy (POM) using a CarlZeiss Axio Scope.Al (Oberko-
chen, Germany) with linear polarizers at in a cross-polarizer setup in
brightfield mode and magnification lenses 20x, 40x and 100x. Most
micrographs were taken at the higher resolution. A droplet of CNCiy-
SOsH-Son was also viewed while drying during ~1 h under crossed
polarizers at 20x magnification. The droplet was applied on a glass slide
cleaned with isopropanol and filmed for ~1 s in 1-min intervals. The
film is in the Supplementary information.
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2.2.6.6. UV-vis- light spectroscopy. UV-vis-light spectroscopy of solid
films was performed on a PerkinElmer Lambda 950 UV-vis spectro-
photometer, using air as a background from 300 to 800 nm wavelength.
The central part of each film was placed in the upper part of the window
in the sample holder at a 90° angle to the incident light. Replicates were
taken of samples with visible variations in translucency and a sample
corresponding to an intermediate value was selected for reporting the
result. Attenuation coefficients were calculated from the Beer-Lambert
law for a reflecting medium, assuming only one reflection at each
interface and neglecting the imaginary part of the refractive index ac-
cording to:

T=(-R?e™ 3)

where T is the transmittance of light, R = (n — 1)/(n + 1)?, n is the real
part of the refractive index, a is the attenuation coefficient s and d is the
thickness of the film. Attenuation coefficients @, were considered to
account for both absorption and scattering. The Cauchy dispersion
equation for refractive index (Jones et al., 2013) using the real part, with
experimental constants reported by Niskanen et al. (2019) Eq. (3) for
CNCs in the visible light range of 400-700 nm (in agreement with lit-
erary data Cranston & Gray, 2008; Landry et al., 2011; Reid et al., 2016)
was applied and extrapolated to the interval 300-800 nm:

0.0063  0.0002
e = 14767+~ 7

4

The refractive indices were mainly intended to compare attenuation
coefficients between films in this study and it is noted that values may
vary slightly depending on the crystallinity of different CNC sources.

2.2.6.7. Wettability. The wettability of CNC films (IH or CF) was
measured on the surface by contact angle measurements and the bulk
through water absorption or swelling study. For surface wettability,
contact angle measurements, optical goniometer was used from Atten-
sion. Bulk wettability was performed by immersing three pieces of CNC
sample (each sample of 2 cm x 2 cm) in DI water in Petridish for 1 h. The
absorbed water or swelling percentage was calculated using following

equation.
Swelling percentage:
(S%) = Ws — Wp/Wp x 100, 5)

where W; and Wp are swollen weight and dry weight of CNC film
samples

3. Results and discussion
3.1. Properties of cellulose nanocrystals (CNC) suspensions

Surface sulfate concentrations for SCNCjy and SCNCcr were 300 +
25 pmol/g (Fig. S1 supplementary information) and 280 pmol/g,
respectively. This is in the higher range typically reported for sulfated
CNCs (Beck et al., 2015; Delepierre et al., 2021; Reid et al., 2017) as
expected with the 2 h hydrolysis of CNCiy-OSOsH and extensive puri-
fication of CNCcp-OSOsNa in agreement with literature values of
250-330 umol/g (Bertsch et al., 2019; Reid et al., 2017; Shafiei-Sabet
et al., 2012).

All CNC samples show excellent dispersibility in DI water with ¢
values>—30 mV and no significant difference was seen in zeta potential
between suspensions of different counterions or sonicated versus non-
sonicated suspensions (Table S1, Supplementary Information). Howev-
er, dynamic light scattering (DLS) measurements indicate that SCNCiy
suspensions had very large average hydrodynamic diameters of 6910 +
983 and 8000 + 1000 nm with H' and Na™ counterions, respectively,
which were reduced to 77 + 2.31 nm and 89 + 3.8 nm after sonication
(De Souza Lima et al., 2003; Foster et al., 2018; Fraschini et al., 2014). A
relatively high ionic strength (De Souza Lima et al., 2003; Foster et al.,
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2018; Fraschini et al., 2014) (1296 uS/cm for CNCiy-OSO3H) from the
extensive hydrolysis and preparation conditions likely (De Souza Lima
et al., 2003; Foster et al., 2018; Fraschini et al., 2014) promoted for-
mation of larger clusters which was nevertheless broken up by the
sonication treatment. While the large hydrodynamic diameter of sus-
pensions without sonication is notable, all suspensions were stable
without any visible sedimentation during storage over months (in line
with the low { values), indicating the formation of lower-density clusters
rather than dense aggregates. Lastly, (De Souza Lima et al., 2003; Foster
et al., 2018; Fraschini et al., 2014) it should be noted that DLS is not
strictly applicable to anisotropic particles (De Souza Lima et al., 2003),
but still widely used in the literature for CNC suspensions as a
semi-quantitative measure of particle size (Foster et al., 2018; Fraschini
et al., 2014) and in this case as a proxy for aggregate/cluster size rather
than individual SCNCs (Foster et al., 2018; Fraschini et al., 2014).

3.2. Surface functional groups on CNC — FTIR spectroscopy

Microcrystalline Cellulose (MCC) has its characteristic FTIR spectra
(Aggarwal et al., 2023; Forsgren et al., 2019; Sonker et al., 2018; Sonker
et al., 2016) with peaks at 3300-3400 cm-! (for ~OH hydroxyl groups),
2900 cm™! (alkyl C—H stretching), 901 em ! (C-O-C bond between each
glucose unit), 1640 cm™! corresponds to absorbed water on the cellu-
lose. It is observed that MCC and CNC samples have similar FTIR spectra
full FTIR spectra, Fig. S2 in supplementary information) except for the
formation of a new peak at 814 cm™! corresponding to the C-O-S is
observed on CNC surfaces due to the presence of sulfate half ester
(Aggarwal et al., 2023) (Fig. 1). No change was observed in the peaks of
CNCcp-OSO3H/Na and CNCiy-OSO3H/Na samples for region 814 em™ b
whereas for CNCiy-OSO3Et4N, there is a peak shift to 808 cm L.

3.3. Optical properties (Polarized optical microscopy and UV-Vis
spectroscopy)

Polarized optical microscopy (POM), using cross-polarized light, as
well as scanning electron microscopy (SEM) were used to gain under-
standing of the ordering on the microscale in the bulk of films parallel to
the film surface as well as cross-sectionally, including the presence/
absence of cholesteric structure, relative birefringence of and between
films of similar thickness and the packing of grains/domains. This was
complemented with UV/Vis-spectroscopy to identify cholesteric
ordering through absorption peaks and overall light attenuation,
indicative of scattering by voids or aggregates in films lacking chole-
steric order and structural color.

Interference color ranges in each film were assessed in the software
ImageJ by visual inspection of all POM micrographs (Figs. S5-S17).
From the ubiquitous presence of interference colors, all SCNC films,
regardless of source are seen to be birefringent except for a few small
dark spots in otherwise uniformly colored SCNCcp films. A multi-domain
structure is evident for SCNCjy and SCNCcg-Son films from the signifi-
cant variability in interference colors within and between samples of
similar thickness. This is typical of CNC films produced by evaporation-
assisted self-assembly where there is insufficient time for the structure to
reach equilibrium before kinetic arrest as well as capillary flow and
variability between interfacial and bulk drying conditions (Schiitz et al.,
2015, 2020). Rough estimates of birefringence and retardation wave-
length were also made from an updated Michel-Lévy interference color
chart (Sgrensen, 2012) to get a comparison of the relative order between
samples of different thickness (Tables S2 and S3). Since the chart only
extends to samples of 50 um thickness, while films were 58-115 ym
thick, these values should not be taken as absolute. We do note that the
chart has been used as an initial estimate of birefringence for signifi-
cantly thicker CNC-based films of 600 um on which more quantitative
estimates can be made, e.g., with the help of UV-Vis reflectance (Kose
et al., 2019). Upper estimates for thinner (average <70 pm) SCNCyy and
SCNCcr films of 0.023 and 0.027 were also comparable to values
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Fig. 1. (a) FTIR, full range (4000 — 400 cm ™) (b) 850-770 cm ! region of the
FTIR spectra (Fig. S2 in supplementary information) indicates formation of
sulfate half ester at 814 cm™! after acid hydrolysis in CNCc-OSO3H/Na and
CNCy-OSO3H/Na samples. A small shift of the characteristic sulfate ester group
can be observed for the CNCjy-OSO3Et4N sample from 814 to 808 cm L

reported for very thin, linearly birefringent dip-coated CNC films, 0.021
and 0.026 for 2.8 and 6.0 um thick films, respectively (Mendoza-Galvan
et al., 2019), as well as 0.0226 for linearly birefringent bacterial cellu-
lose waveplates (De La Cruz et al., 2018), which is plausible for more
highly ordered regions.

Based on suspension and film properties, including turbidity,
apparent hydrodynamic diameter as well as transparency and micro-
structure seen in POM and SEM micrographs and UV/Vis spectroscopy
we divide the films into three broad categories associated with different
aggregation behavior during drying: (1) SCNCiy films (Fig. 2) from
faster aggregating turbid suspensions, (2) slower aggregating SCNCy-
Son (Fig. 3) and CNCcp-OSOsH films (Fig. 4a-d) from transparent sus-
pensions forming near-transparent films without long-range order and
(3) slower aggregating films displaying a multi-domain helicoidal long-
range order from sonicated pristine CNCcp-OSO3Na suspensions
(Fig. 4e-f).

SCNCyy films prepared without sonication (Fig. 2) all display a
mosaic of grains with very small needle-shaped ~0.1-2 um? cross-
sections indicating that light is scattered and reflected in multiple di-
rections. There are also multiple dark areas, especially in CNCyy-OSO3H,
which, when zooming in and increasing the brightness, appear
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birefringent (Figs. S19 and S20), indicative of a void in the material
rather than light extinction due to isotropy or the crystallites being
oriented parallel to the viewing direction, which would result in light
extinction regardless of brightness and magnification. This phenomenon
is much less apparent after sonication and in SCNCcf films overall
(Fig. 4). Sonicated SCNCyy films generally have much larger grains of
similar interference colors with cross-sections of ~0.5-10 pm?. This
observation of difference in microstructure and hence scattering is
supported by UV/Vis spectroscopy (Fig. 5) where light attenuation
correlated strongly with the number and size of voids in the POM mi-
crographs, with sonicated SCNCjy and SCNC¢p-OSO3H films appearing
nearly transparent and attenuating less than half the amount of light of
films prepared without sonication at wavelengths above 325 nm (Fig. 5a
and b). Films lacking fingerprint textures in the POM micrographs had a
broad light attenuation, likely due to scattering, increasing towards the
UV region, in agreement with the literature (Ling et al., 2020; Parit et al.,
2018; Sirvio et al., 2016).

A porous structure along with higher turbidity of suspensions pre-
pared without sonication suggests attractive driven cluster aggregation
as the mechanism of liquid to solid transition (Cherhal et al., 2015),
effectively resulting in kinetic arrest due to percolation, although con-
firming this requires nonlinear rheology tests and/or a small angle
scattering technique such as SAXS. Nevertheless, large particles (indi-
cated by the large hydrodynamic radii) would be expected to reach
percolation at a lower concentration, allowing less time for relaxation
into lower energy confirmations and providing a highly plausible
explanation for the appearance of voids in the POM and SEM micro-
graphs and lower transparency of films.

The more uniform microstructure, larger monochromatic birefrin-
gent areas, narrower birefringence range (Fig. S2), higher transparency,
and fewer and smaller voids apparent in the SCNCyy Son films, Fig. 3,
suggests that the break-up of aggregates with sonication leads to closer
packing and improves the alignment of particles, likely because of
slower aggregation (see discussion below). This effect was slightly less
pronounced in the CNCyy-OSO3H-Son film with the lower 275 umol/g
CNC (Fig. 3a) but not 325 umol/g CNC sulfur content (Fig. S7). This film
which also had higher light attenuation than other -Son films (attenua-
tion coefficient of 62.4 + 11.9 cm ™! at 550 nm, Fig. 5, red), albeit with a
significant reduction in apparent voids compared to films prepared
without sonication, could be a consequence of accelerated acid-driven
autocatalysis during sonication because of heat development (Beck &
Bouchard, 2014; Jiang et al., 2010), resulting in an increase in the
number of aggregates with sizes in the range of visible light. For neutral
CNCjy-0SO3H (and the slightly basic CNCp;-OSO3EtyN™T suspensions)
the desulfation at 5 min of sonication with a temperature of ~ 70 °C
appears to be negligible (Beck & Bouchard, 2014). The effect was also, as
expected, reduced when the suspension was cooled in ice bath during
sonication, giving the overall lowest light attenuation (33.3 + 0.6 cm ™!
at 550 nm, Fig. 5) of SCNCy films.

Interestingly, sonicated vacuum dried (Fig. 3h) and, to a lesser
extent, 45 °C oven dried films from the same source and with the same
counterion (Fig. 3d) also had larger monochromatic birefringent areas
and almost as high transparency, despite no cooling (attenuation co-
efficients of 35.9 & 2.8 cm™! and 55.6 + 2.5 cm ™! at 550 nm Fig. 5,
magenta and blue). This may be a consequence of closer packing due to
greater water loss, facilitating alignments between particles locally.
However, the effect of 45 °C drying on light attenuation was generally
small and a negative correlation was only observed in Change CNCy.
u-OSO3H-Son-45 films. It is also notable that some fingerprint textures
were visible in a drying CNCi-OSO3sH-Son sessile droplet on a glass slide
(Supplementary Movie). Although the ordering is partly disrupted by
radial capillary flow depositing and aligning particles along the edge,
there is evidence that favorable substrate interactions facilitate self-
assembly. Hydrophilic substrates have been found to give blue-colored
self-assembled CNC films in contrast to hydrophobic substrates
(including polystyrene), giving opaque films due to the tendency for
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Fig. 2. POM micrographs of SCNCyy films prepared without sonication with counterions and conditions (a) H", (b)H " 45, (c) H" Vac, (d) Na™, (e) Na™ 45. The scale

bars are 5 pm.

Fig. 3. POM micrographs of SCNCyy-Son films with counterions and conditions (a) H" Son (b) Na*-Son, (c) EtyN*-Son, (d) H"-Son-45, (e) Na*t-Son-45, (f) Et4N"-Son-
45 (g) H"-Son,yq (cooling in ice bath during sonication) and (h) H"-Son-Vac. The scale bars are 5 um.

suspensions to minimize contact with the substrate. In the same cate-
gory, the non-iridescent SCNCcr films without fingerprint patterns, ab-
sorption peaks or a visible helical structure in SEM were overall the most
transparent, particularly the CNCcp-OSO3sH-Son samples (5, red line,8.5
+ 0.3 em ™! at 550 nm). The higher transparency is likely a consequence
of lower ionic strength in theses samples (vide infra) resulting in net
attractive interactions at higher concentrations than in the SCNCiy

suspensions.

Sonication of CNCcp-OSO3Na suspensions also resulted in a drastic
change in film microstructure from birefringent with relatively uniform
interference color across the film to having multiple helical domains
from the dried and compressed cholesteric liquid crystal domains, as can
be seen from the fingerprint lines of varying width and orientation in
Fig. 4e-g and Figs. S16-S18 and a greater variation of birefringence
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Fig. 4. POM micrographs of CNCcp-OSOs films with (a) H', (b) Na*, (¢) Na™ 45, (d) H™-Son, (e) Na*-Son, (f) Na*-Son-45 and (g) Na™-Son-Vac. Note the fingerprint
patterns in the sonicated Na* counterion films in e-f, indicative of cholesteric structure. The scale bars are 5 um.

(Table S2). Fingerprint lines are visible where the axis of helical domains
are oriented parallel or slightly tilted against the film surface with dark
lines (Fig. 4e and g) corresponding to nematic planes where CNCs are
oriented with the long axis perpendicular to the film plane (Roman &
Gray, 2005), the increased drying time (~7 days instead of 2-3 days) of
CNCcp-OSO3Na-Son-Vac suspensions resulted in larger helicoidal do-
mains (see Fig. 4g), visibly lower pitch as indicated by the decreased
width of fingerprint textures and peak absorption wavelength (Fig. 5d,
magenta), in agreement with current literature (Chen et al., 2014;
Klockars et al., 2018; Tran et al., 2018; Zhao et al., 2019). As expected,
multi-domain structured films resulted from all drying conditions with
1Y to 7 days of drying time (it is reported to take from several days up to
six months for the liquid crystalline structure to reach equilibrium
(Schiitz et al., 2015) and the uniformity of the dried structure is still
counteracted by processes such as capillary flow and substrate in-
teractions). The ambient, 45 °C dried, and vacuum-dried films had red,
orange, and yellow structural colors in the center, respectively, corre-
sponding to peak absorption wavelengths of 770, 620 and 574 nm
(Fig. 5) and a red shift towards the edges. The absorption band of
vacuum-dried films was narrower, indicative of a more uniform pitch
and interestingly, also in 45 °C oven dried films (Fig. 5, blue and
magenta). This is notable since the drying time was shorter, in contrast
with what has been found to promote pitch uniformity (Klockars et al.,
2018; Tran et al., 2018) and indicates that the loss of rotational and
translational freedom of the CNCs with less bound water dominates over
thermal motion at this temperature during evaporation.

The different microstructure between suspensions from CF and IH
both with and without sonication can be attributed to differences in self-
assembly and aggregation behavior mainly due to a significantly higher
ionic strength of IH suspensions. This is indicated by a more than 6 times
higher conductivity of 1296 uS/cm for CNCyy-OSO3H compared to 218
uS/cm for the CNCcp-OSO3Na suspension without sonication, which

likely resulted from different hydrolysis and purification steps. How-
ever, the higher specific conductivity of H+ may slightly exacerbate the
effect on conductivity compared to Na™ ions (Conway, 1969). CNC.
u-OSOsH was hydrolyzed for two hours while producing SCNCs by
CelluForce only involves 25 min of hydrolysis (Hamad & Hu, 2010;
Wang et al., 2016), as well as additional purification steps required to
produce redispersable freeze-dried CNCs. We note that electrical con-
ductivity generally increases with ionic strength, but the relationship is
not straightforward for polyelectrolyte solutions at these concentrations
unless the surface charge is effectively screened. In this case, a linear
relationship has been observed for aqueous solutions of carboxymeth-
ylcellulose (Bordi & Cametti, 1986) and carboxymethyl dextran (Sagou
etal., 2015). A higher ionic strength results in a shorter Debye screening
length, k71, which in this range likely gave a higher c* (Abitbol et al.,
2018; Dong et al., 1996; Honorato-Rios et al., 2016) and earlier onset of
kinetic arrest for SCNCiy because attractive interactions would have
started to dominate earlier as the ionic strength increased with evapo-
ration (Honorato-Rios et al., 2018).

Depending on the balance of attractive and repulsive interactions,
liquid-to-solid transitions (partly) disordered charged colloidal suspen-
sions are commonly described in terms of gelation or an attractive or
repulsive glass transition (Tanaka et al., 2004). Attractive Van der Waals
interactions drive gelation. Repulsive glass is dominated by electrostatic
repulsion, while in attractive glasses, the system is in attractive energy
well on the order of the thermal energy, kgT, where the particle con-
centration is high enough for electrostatic “jamming” to occur (Tanaka
et al.,, 2004). The arrested dynamics also occur quite abruptly in glass
transition at a specific volume fraction, while fractal gelation happens
more gradually, starting at lower concentrations, with a power-law
dependence on volume fraction (Solomon & Spicer, 2010). Longer and
thinner rod particles tend to form both liquid crystalline and glassy
states more readily (Solomon & Spicer, 2010). Despite the similar sulfate
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Fig. 5. Attenuation coefficients for films prepared under the following conditions: reference, no additional physical treatment (R, black), 45 °C drying in heating
cabinet (45, green), sonication (Son, red), sonication and 45 °C drying (Son-45, blue), sonication and vacuum drying (Son-Vac, magenta) and sonication in ice bath
(Sonce, cyan). Counterion, source and additive are indicated by the titles and legend. Attenuation coefficients were calculated assuming a refractive index varying

according to (3). Error bars represent standard deviation.

contents, different aggregation behaviors are clearly apparent from the
conductivity and turbidity of the suspensions before sonication and
differing microstructure and light attenuation of films. This evidence
points to significant contributions to ionic strength aside from the CNCs
themselves in SCNCjy suspensions, most likely including harder bound
ions and oligosaccharides remaining from the hydrolysis. The high
opacity and conductivity of these suspensions without sonication in-
dicates an attractive-driven (gel) liquid-to-solid transition (Oguzlu et al.,
2017; Phan-Xuan et al., 2016; Xu et al., 2020, 2018). It should also be
noted that CNCcr are produced from softwood and the CNCyy is prepared
from MCC, cotton linters. This may give the crystallites variations, such
as different shapes of cross-section or rotation of the C6 or other disor-
ders that are neglected, or unknown.

An estimate of the mode of liquid to solid transition for the pristine
CNCcp-OSO3Na suspension can be made based on phase diagrams by Xu
et al.,, of added NaCl against CNC concentration (determined from
nonlinear rheology tests of CNCs from the University of Maine Process
Development Center (Xu et al., 2018) as well as multiple literary data
(Xu et al., 2020)). The boundary point between viscoelastic fluid and
attractive gel, attractive glass, and repulsive glass states is reported at
~15 mM added NaCl and a dimensionless concentration of ~0.874,

corresponding to the product of volume fraction and aspect ratio. The
sulfate content, aspect ratios, and added salt reported by the authors (Xu
et al., 2018) correspond to an ionic strength of 24-51 mM (40 mM on
average). With aspect ratios of 13-30.5 (Reid et al., 2017, Shafiei-Sabet
etal., 2012), and a surface sulfate concentration of 300 umol/g CNC, the
same reasoning puts the ionic strength of CNCcp-OSO3Na at 13-30 mM.
Without accounting for the possible effects of sonication on the onset of
kinetic arrest, the SCNCs from CelluForce without added salt are likely
to have undergone a repulsive glass transition. This is consistent with
observations by Fazilati et al. (2021) of unexpected oscillations between
shear stresses dominated by restructuring and destructuring in SCNCcp,
similar to observations of other soft glassy materials (Coussot et al.,
2006; Fazilati et al., 2017; Tabuteau et al., 2007).

The cholesteric ordering of CNCcg-OSO3Na films after sonication can
most likely be attributed to (i) a reduction in the number of irregularly
shaped, larger aggregates, (ii) an increase in fully dispersed crystallites
and smaller aggregates or “bundles” with high rectangularity (similar to
individual crystallites), which have been suggested to act as chiral
dopants (Parton et al., 2022) as well as a reduction in width poly-
dispersity (Beck et al., 2015; Parton et al., 2022), and (iii) a reduction in
viscosity widely reported with sonication (Coussot et al., 2006; Fazilati
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et al., 2017; Tabuteau et al., 2007). These effects are consistent with a
longer equilibration time of the cholesteric structure and supported by a
study by Gicquel et al. (2019), finding a drastic reduction of the time of
phase separation between isotropic and anisotropic (cholesteric) phases
from 5 to 7 days to 20 h with sonication. Furthermore, non-sonicated
SCNCs from CF have been reported to display elastically dominated
(G’>G"’) behavior at lower concentrations (>4 wt% Browne et al., 2022;
Ranjbar & Hatzikiriakos, 2020) than the concentration at which the
suspension is considered fully anisotropic (6.5 and 6 wt% Grey, 2021;
Wojno et al., 2022) for non-sonicated and lower energy (bath) sonicated
suspensions). However, we note that accounts on the effect of sonication
on c* and kinetic arrest of specifically SCNCs from CF vary somewhat in
the published literature and may reflect variations in storage and
redispersion conditions as well as the CNC preparation by the manu-
facturer (see Supplementary information).

According to the measure of thermally dissipated energy per sus-
pension volume (J/mL) advised (Parton et al., 2022) based on the
consistency of hydrodynamic diameter measurements, our input energy
of 222-458 J/(mL suspension), was between values found to break up
most irregular shaped aggregates into individual CNCs and bundles
(Parton et al., 2022). However, the sulfate content here was twice as
high (300 + 25 umol/g compared to 150-155 pmol/g), which may have
altered the distribution of particle sizes and shapes somewhat.

Sonication releases some of the bound ions and possibly small resi-
dues of oligosaccharides between previously aggregated crystallites and
the electrical double layer, presumably contributing to the formation of
large aggregates in the SCNCyy suspension in the first place. However,
the liquid-to-solid transition during subsequent drying in the sonicated
suspensions differs and seems especially beneficial for mechanical and
optical properties of CNC films from high ionic strength suspensions
such as SCNCyy. A change in the distribution of counterions in CNC
suspensions after sonication has been suggested (Beuguel et al., 2018),
resulting in a thinner double layer and thus, a reduction in viscosity but
with the more homogenous distribution of ions slowing the aggregation
that occurs in the non-sonicated suspension. The drastic reduction in the
number and size of voids, increase in the size of birefringent grains, and
narrower birefringence range observed in POM micrographs across the
SCNCy-Son films also point to a greater alignment and closer packing
between crystallites and grains consistent with a delayed aggregation.
Some fracture of crystallites may have also contributed to a reduction in
aspect ratio and higher ionic strength in the CNCjz—OSO3H suspensions
due to accelerated acid-catalyzed desulfation with higher temperature
during sonication (Beck & Bouchard, 2014).

As with the microstructure of grains seen in POM, the most signifi-
cant parameters affecting light attenuation were whether the films had
been sonicated, and whether they displayed evidence of a dried chole-
steric structure (including iridescence and fingerprint patterns discussed
above). This can largely be attributed to differences in ionic strength and
ion distribution affecting the liquid to solid transition kinetics, which
determines the size and orientation of grains and voids in the final film.
The added ionic strength from HCl disrupted cholesteric ordering, most
likely because of faster liquid-to-solid transition in the more attractive-
driven system but was sufficiently low to hinder the formation of larger
voids and aggregates. In SCNCcr films, a weak negative correlation be-
tween attenuation coefficients and vacuum radii (but not hydrated radii)
of counterions was also observed, with absorption coefficients of 62.4 +
11.9, 43.7 + 0.6 and 38.0 + 0.5 cm ™! for H” Na® and Et;N* S films
respectively.

3.4. Wettability

Contact angle measurements (surface wettability) and swelling tests
(bulk wettability or water absorption) (Table 1) in water show a
decreased wettability of films from sonicated suspensions. For example,
in report by Alimohammadzadeh et al. (Alimohammadzadeh et al.,
2023), the pure CNC films prepared by dilution and dispersion show
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Table 1

Swelling percentage, with maximum stability time in water in brackets, and
contact angle for CNC films. (For contact angle images see Fig. S2 in supple-
mentary information).

SCNC suspension Swelling% Contact angle
CNCcp-OSO3H Unstable 60.5°
CNCcp-0OSO3H-Son 200 % (1 h) 86.1°
CNCcp-0OSO3Na Unstable 42.3°
CNCcr-OSO3Na-Son 190 % (5 min) 63.2°
CNCy-0SO3H Unstable 62°
CNCy-OSO3H-Son 190 % (5 min) 72°
CNC-OSO3Na Unstable 48°
CNCjy-0SO3Na-Son 175 % (5 min) 70°
CNCyy-OSO3Et4N-Son Unstable 72°
CNCy-OSO3Na-Son-45 200 % (5 min) 69°
CNCy-OSO3Na-Son-Vac 180 % (5 min) 75°

contact angle of 39° and it is comparable to CNC film used in our study
prepared by mixing and dispersion. Further, higher wettability is ob-
tained from the same suspension by sonication (Table 1). Also, the effect
of counter-ion was also observed on wettability. CNC Films with H'
counterions were more water resistant than those with Na™. This could
result from a greater inter-crystallite distance because of the larger hy-
drated radius of Na™ ions (358 A vs 280 A (Nightingale, 1959; Volkov
et al., 1997)) and H" counterions tending to give stronger and shorter
inter-crystallite hydrogen bonds. While the hydrated radius is clearly
diminished in a dried film, it is known that a significant amount of
bound water remains at the interface between crystallites in dried CNC
materials (Beck et al., 2011; Garg et al., 2020; Jiang et al., 2016;
Natarajan et al., 2017) and the amount is likely to correlate with the
fully hydrated size of the counterion.

Swelling and contact angles were similar for CNC films from both
sources with the same counterion and with or without sonication. All
films prepared without sonication were unstable in water and could not
be recovered after a brief immersion. For SCNCyy films, this is likely
related to the appearance of voids with cross-sections of hundreds of
nanometers to micrometers seen in POM (Fig. 2). Larger voids likely
formed as a result of the faster aggregation, compared to the greater
orientation and closer packing in sonicated suspensions, but while voids
provide space where water can diffuse, we expect that H"-form of SCNC
films have stronger interparticle hydrogen bonding than for other
monovalent counterions, based on additional hydrogen bond donors
from the OSOsH groups being available. This is in line with previous
findings for suspensions (Dong & Gray, 1997), freeze-dried CNCs (Beck
et al., 2012), and spin-coated films (Liu et al., 2018) and might explain
the lower apparent capacity of H' counterion films to swell in water
before breaking apart beyond recovery. While the microstructure of
SCNCcp films appears to be more uniform, the inability to recover them
after water immersion indicates a greater disorder on the microscale in
the polycrystalline film (but not on the scale of individual crystallites; all
films had crystallinity indices above 95 % and no difference was seen
with sonication, see Table 2), making hydrophilic crystallite faces more
susceptible to uncontrollable absorption of water.

The CNCjy. OSO3Et4N-Son film was also unstable in water, despite the
sonication treatment, indicating that the larger counterion made the
bulk structure more susceptible to the diffusion of water by increasing
the inter-crystallite distance to the extent that water could quickly
destabilize inter-CNC hydrogen bonds and Van-der-Waals interactions.
On the other hand, the film has a slightly higher contact angle than the
other -Son films of 75°, which is likely a consequence of a slightly more
hydrophobic surface imparted by the ethyl groups.

All SCNC films with H" and Na™ counterions swelled 175-200 % in
water, with a maximum stability time of 5 min, except for CNCcg-
0SO3H-Son, which was stable in the water much longer, up to 1 h. This
film also had a significantly higher water contact angle, close to 90°,
indicating a high hydrophobicity of the film surface and bulk despite no
surface modification with hydrophobic groups. Instead, the
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Table 2
Mechanical properties including tensile strength, o, elongation at break, ¢ and
crystallinity index, CI, for SCNC films.

SCNC film o (MPa) e (%) CI (%)
CNCc-0SOsH 39.7 (3.1) 1.9 (0.6) 95.6
CNCcp-OSOsH Son 54.6 (2.8) 2.4(0.2) 96.2
CNCc-0SO3Na 41.6 (3.3) 2.7 (0.5) 96
CNCcp-OSO3Na Son 65.4 (4.1) 2.1 (0.5) 96.5
CNCy.0SOsH 28.2 (2.8) 1(0.1) 96.2
CNCy.0OSO3H Son 65 (3.5) 2.8 (0.2) 97
CNCi11.0SO3na 39.6 (3.8) 1.6 (0.1) 96.7
CNC3.0SO3 Son 59.8 (3) 2.2 (0.5) 97
CNCiy.OSO3Et4N Son 70.5 (3.7) 2.5 (0.6) 96.8
CNCcr-0SO3Na Son-45 63.25 (4) 1.5(0.9) 95
CNCcp-0SO3Na Son-Vac 77.6 (3.8) 1.7 (0.4) 97
CNC»-OSO3Na Son-45 61.4 (3) 2.2(0.5) 97.5
CNCy-OSO3Na Son-Vac 70 (4.1) 2.3(0.8) 97.9

hydrophobicity is likely imparted by a very efficient packing, allowing
many strong hydrogen bonds to form between crystallites and effec-
tively excluding large amounts of water from diffusing between crys-
tallites and out-competing the inter-crystallite hydrogen bonds. The
swelling process is depicted in Fig. 6. When immersed in water, the film
absorbed water quickly for the first 5 min, then gradually absorbed less
until reaching saturation around the 60-min mark. After that, the film
became unstable and gradually broke into smaller pieces, losing absor-
bed water.

3.5. Mechanical properties

The impact of counterion change on SCNC samples and processing
parameters was also studied regarding the mechanical properties of
films prepared from CNC suspensions (Fig. 7). Tensile strength (MPa)
and elongation at break (%), along with crystallinity index, CI, are
summarized in Table 2. The elastic modulus values for CNCjg and CNCcp
samples are mentioned in the supplementary information (Table S5).
The reliability of the modulus value is expected to be lower than ideal as
the gage length of the sample used is only 2 cm, compared to the
required gauge length of 10 cm in the standard used for tensile testing
(ASTM-D88-12). Therefore, for CNC samples, values for elastic modulus
are only considered to compare the difference between the type of
samples and the effect of processing conditions like sonication and
drying used to prepare the films. Sonication drastically improved the
tensile strength, o, in agreement with previous results for dry films from
isotropic suspensions prepared with sonication treatment with similar
energy (Csiszar et al., 2016). We find tensile strengths for all SCNC films
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produced from sonicated suspensions (47-77 MPa) regardless of source,
additives, counterions or whether cholesteric self-assembly occurred
comparable to values reported for aligned free-standing CNC-based
films discussed in the literature (Reising et al., 2012). This can be
identified as a result of reduced defects and increased packing fraction.

A slightly higher elongation at break is also observed for films from
both sources lacking long-range helical order dried in ambient condi-
tions. Pristine helically structured CNCcp-OSOsNa-Son films had a
higher stiffness (5.5-7.6 GPa compared to 4.0-5.5 GPa) but slightly
lower elongation, in agreement with results for CNC-latex nano-
composites, which showed helically structured films to be more brittle,
while isotropic films were more flexible (Vollick et al., 2017).

Films with Na® counterions were generally more flexible than with
H' (except for CNCcp-OSO3NaSon films, likely due to the helical order).
This may be an effect of a larger partly hydrated ionic radius in the dried
films (see the discussion on wettability above). Furthermore, we found
that the addition of a mole equivalent of the small, flexible, hydrophilic
salt tetraethylammonium hydroxide (Et4N"OH), where Et4N'replaces
H' as a counterion coordinating to the surface sulfate ester groups
(-0S03), results in even higher elongation, because of stronger and more
flexible intermolecular hydrogen bonding. Given the difficulty of using
brittle materials, this suggests that for non-photonic applications and
when flexibility is favored over stiffness, high-performance materials
with local but not long-range order may be produced by relatively
simple means.

Together with UV/Vis-light transmittance and POM results, tensile
tests indicate that sonication leads to more efficient packing as water
evaporates and the film assembles into a polycrystal solid, while lower
humidity conditions during evaporation, including vacuum drying and
drying in a heating cabinet at 45 °C, increases Young’s modulus and
reduces the elongation at break, ¢. Note that the relatively flat micro-
structure with only few dark spots indicative of smaller voids and non-
birefringent impurities for CNCcp-OSO3Na films (Fig. 4b and c¢) did
not correlate with a higher tensile strength compared to CNCjy-OSO3Na
S, indicating that grain boundary strengthening may be at least partly
responsible for reduction of defects in long-range isotropic CNC films.
Overall, 6 and ¢ appear to improve up to a point where films and sus-
pensions are transparent and display a uniform POM microstructure,
particularly lacking any visible voids or mosaic structure indicative of
larger disordered aggregates scattering in multiple directions. However,
the mechanical performance does not scale directly with the optical
properties. Further investigations of the structure-property relation from
nano-to micro- and macroscale are warranted for long-range isotropic
films, e.g., with SEM imaging of film cross-sections. Drying at 45 °C and
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under vacuum resulted in a significantly lower elongation at break (but
higher Young’s modulus, see Supplementary information, Table S5).
Since results were within standard error for both drying methods, the
most likely explanation is the lower humidity conditions, leading to loss
of bound water at crystallite interfaces. While the dependence on rela-
tive humidity makes water a problematic plasticizer for some applica-
tions, most bound water is generally stable in environments with slight
humidity variation, e.g., electronic or optical applications, making the
loss of plasticity from 45 °C unnecessary and unfavorable in many cases.

There are recent available reports in the literature, where CNC were
reinforced with additives like Epoxy (Xu et al., 2022), Zinc oxide (Liz-
undia et al., 2016), Sodium alginate (Cai et al., 2020), proteins (Bast
et al., 2021) to improve mechanical properties of CNC. In comparison to
the published reports, tensile strength and elongation percentage break
values are higher and comparable to the published reports. However, the
comparison is not fair, as specimen size, standard of tensile test and
testing conditions are different and that is possible reason for the

Carbohydrate Polymer Technologies and Applications 6 (2023) 100367

variation observed in the mechanical properties of presented work and
the published report.

3.6. Thermal properties

In addition to mechanical properties, the thermal properties of
SCNCcr and SCNCyy films were studied to see the effect of counterion
type on thermal stability. To highlight the difference in decomposition
temperatures between the samples, the first derivative of the TGA plot
was used as a differential thermal analysis (DTGA) (Fig. 8). The
decomposition temperature is reduced from 338 °C in MCC to 174 °C in
CNCjy-OSOsH films. The thermal stability is reduced because of the
introduction of sulfate ester groups (C-O-SOsH) that promote auto-
catalyzed desulfation, which is faster at higher temperatures (Beck &
Bouchard, 2014), followed by loss of water and de-polymerization
(Kaur et al., 1987; Scheirs et al., 2001). The neutral and slightly basic
SCNCs with Na' and Et4N" counterions degrade more slowly, with
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Fig. 8. TGA and DTGA spectra of MCC and different CNC films.
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255-278 °C decomposition temperatures. This is expected since the first
step of auto-desulfation is inhibited, in agreement with the literature
(D’Acierno et al., 2020; Vanderfleet et al., 2019).

On comparing, the thermal stabilities of both the CNC from Cellu-
Force and In-house, it is observed that CNC from CelluForce has higher
thermal stability than the In-house CNC. It can be explained as the dif-
ference in sulfate content between them and source of cellulose from
these are derived. With Cellulforce, the sulfate content is 250 pmol/g
and for Inhouse CNC it is 300 pmol/g. Depending on the degree of sul-
fation, thermal stability of CNC samples also changes, and it is well
described in the report by Lin et al. (Lin & Dufresne, 2014) In addition to
sulfate content, thermal stability depends on kind of crystallinity of the
source, dissociation constant of the reactant used, reactant concentra-
tion, reaction temperature, reaction time, evaporation rate, and
post-treatment presence. For example, Cellulforce CNC is prepared from
birch and Inhouse CNC are prepared from cotton linters and they show
difference in the thermal stability (D’Acierno et al., 2023).

4. Conclusions

Films from sonicated suspensions from both in-house-made SCNCs
and commercially produced SCNCs from CelluForce had significantly
higher elongation at break, tensile strength, transparency, and greater
water resistance on the surface and in bulk. Through polarized optical
microscopy, this was identified due to the breaking up of larger aggre-
gates that had contributed to scattering and inefficient packing. The
dispersion of aggregates with sonication appears to be stable despite a
high ionic strength of in-house SCNCs favoring attractive interactions
and affecting the liquid-to-solid transition in favor of more efficient
packing, typical of slower aggregating systems.

By varying parameters that can be efficiently and cost-effectively
controlled, also on a large scale, namely drying conditions, sonication
treatment, and counterions, we developed a facile procedure that gives
comparable 2D-isotropic mechanical, thermal, and water-permeability
properties to highly oriented films regardless of whether the films
show a cholesteric structure or not. Therefore, we avoid the need for
careful control of delicate factors such as polydispersity and crystallite
length. Strong, tough, humidity and thermally resistant sulfated CNC
(SCNCQ) films may serve as a starting point for various applications from
composites to flexible electronics and smart food packaging.

Supplementary information

Characterization of different CNC samples by titration, FTIR, XRD,
Crystallinity calculations, Zeta-potential, wettability (contact angle im-
ages), and polarized optical microscopy, tensile testing are explained in
detail in the supplementary information.
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