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Nanoscale

Patience is a Virtue: Self-Assembly and Physico-Chemical
Properties of Cellulose Nanocrystal Allomorphs

Gwendoline Delepierre,>< Samuel Eyley,? Wim Thielemans,? Christoph Weder,2 Emily D. Cranston,*
and Justin O. Zoppe®*

Cellulose nanocrystals (CNCs) are bio-based rod-like nanoparticles with a quickly expanding market. Despite the fact that a
variety of production routes and starting cellulose sources are employed, all industrially produced CNCs consist of cellulose
I (CNC-1), the native crystalline allomorph of cellulose. Here a comparative study of the physico-chemical properties and
liquid crystalline behavior of CNCs produced from cellulose Il (CNC-II) and typical CNC-I is reported. CNC-I and CNC-II are
isolated by sulfuric acid hydrolysis of cotton and mercerized cotton, respectively. The two allomorphs display similar surface
charge densities and {—potentials and both have a right-handed twist, but CNC-Il have a slightly smaller average length,
aspect ratio and are less hygroscopic. Interestingly, the self-assembly behavior of CNC-I1 and CNC-Il in water is different.
Whilst CNC-I form a chiral nematic phase, CNC-Il initially phase separate into an upper isotropic and a lower nematic liquid
crystalline phase, before a slow reorganization into a large-pitch chiral nematic texture occurs. This is potentially caused by
a combination of factors, including the inferred faster rotational diffusion of CNC-Il and the different crystal structures of

CNC-I and CNC-II, which are responsible for the presence and absence of a giant dipole moment, respectively.

Introduction

Chiral nematic liquid crystals (LCs) have become an integral part
of our daily lives, due to their widespread use in the opto-
electronics industry, especially in liquid crystal displays.?
Recently, the chiral nematic LC forming ability of cellulose
nanocrystals (CNCs) — needle-shaped colloidal cellulose
nanoparticles — has attracted considerable interest.? Cellulose
is a semi-crystalline biopolymer with a native crystal lattice
(known as cellulose 1) that can be transformed into several
allomorphs through various chemical treatments.® On the
macroscale, such transformations induce a remarkable change
of the twist angle of cellulose fibers, but their translation to the
nanoscale structure and LC phases remains largely unexplored.
In the various cellulose allomorphs, the cellulose
macromolecules are arranged with different relative molecular
orientations, leading to changes in inter- and intramolecular
hydrogen bonding that extend either in the same plane or
between different “sheets” of polymeric chains.

The most widely studied allomorphs are cellulose | and II.
Cellulose | is biosynthesized in higher plants, some microbes
and a few animals in the form of semi-crystalline microfibrils, in
which the polymer chains are organized in a parallel manner,
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with their so-called reducing ends pointing all in the same
direction.*> Cellulose Il is obtained by either mercerization or
regeneration of
thermodynamically stable allomorph. It is commonly found in
viscose or regenerated celluloses used in the textile industry.®
The mercerization process consists of treating cellulose with a
concentrated sodium hydroxide solution that swells the
cellulose bundles and disrupts hydrogen bonds, including those
within the crystalline regions, resulting in a rearrangement of
the polymer chains so that the direction of the reducing ends of
neighbouring macromolecules with respect to the microfibril
axis is anti-parallel. Nevertheless, the exact mechanism of this
process is still unclear.”

To obtain highly crystalline CNCs, the less ordered regions in the
cellulose supramolecular structure can be degraded, within a
small window of conditions, using acids or oxidizing agents. The
most commonly employed and well-studied process uses
sulfuric acid hydrolysis with natural cellulose starting materials
(often wood pulp and cotton) to produce nanocrystals in the
cellulose | allomorph (CNC-l) in aqueous suspension.?
Concurrent with the cellulose hydrolysis reaction, an
esterification also occurs that introduces some sulfate half-
ester groups onto the surface of the nanocrystals, which
imparts colloidal stability.® The current interest in developing
advanced materials with CNC-l is a result of their potential to be
used as the basis for lightweight “green” nanomaterials with
superior optical and mechanical properties and their ability to
be produced industrially through relatively inexpensive and
sustainable processes.?

In 1992, Revol et al. discovered that aqueous CNC suspensions
can self-assemble into chiral nematic LC phases.1® To this day,
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this phenomenon is still intensely investigated and numerous
patents have been filed (e.g., for security features in paper,
optical filters and biocompatible pigments), although no
commercial products based on CNC-I’'s unique optical
properties exist to date.'12 Above a critical concentration in
water (c*), CNC-I suspensions phase separate into an upper
isotropic and a lower anisotropic (chiral nematic) phase. The
volume fraction of the anisotropic phase increases linearly with
increasing CNC-l concentration, passing through a biphasic
regime prior to becoming a fully liquid crystalline suspension,
where every pseudo (nematic) layer of nanocrystals is slightly
rotated from one layer to the next, thus forming a helicoidal
structure.3 The pitch is defined as the spacing between pseudo
layers that are rotated by 360° and it dictates the wavelength of
light that is reflected from the lyotropic LC phase.'* In aqueous
suspensions, the pitch for CNC-1 is on the micrometer scale; it is
considerably reduced upon solvent evaporation, which leads to
Bragg reflections in the visible region of the electromagnetic
spectrum. Thus, CNC-I films produced by slowly drying chiral
nematic suspensions act as photonic crystals. They reflect light
at a wavelength whose maximum wavelength is given by the
product of the pitch and the refractive index of the material and
with the same handedness as the helix, which has been
demonstrated to be always left-handed.!® Surprisingly, no
studies have investigated the LC properties of CNCs of other
allomorphs. Filling this void, we here report the first
investigation of the LC properties of cellulose nanocrystals
produced from cellulose Il (CNC-11) and compare their assembly
with that of typical CNC-l suspensions. To facilitate the
comparison, the physico-chemical properties of CNC-1 and CNC-
Il were extensively characterized and were found to be similar
with the major difference being the crystalline allomorph.

The mechanism that causes the helicoidal arrangement of CNC-I
in LC suspensions is still under debate. One speculation is that it
is caused by a right-handed twist in the nanocrystals
themselves, and that this chirality is transferred into a left-
handed helical assembly of the nano-rods.!> Indeed, high-
resolution atomic force microscopy (AFM), transmission
electron microscopy and cryo-scanning electron microscopy
have provided images of individualized microfibrils or long CNC-
| (isolated from tunicates and bacterial cellulose), in which a
twist along the fibril axis can be observed.161° Ikkala and co-
workers showed that the twist in an individual sulfated CNC-I
nanocrystal is right-handed by electrostatically binding cationic
gold nanoparticles to the negatively charged surface of the
nanocrystals and determining their plasmonic response via
circular dichroism (CD).2° Additionally, Conley et al. determined
the handedness of CNC-I via induced circular dichroism (ICD) by
adsorbing the optically inactive dye Congo Red to the surface of
the nanocrystals; a comparison of theoretical and experimental
data also suggests that CNC-I have a right-handed twist.?%22
More recently, Ogawa analyzed the twist in long tunicate-
derived CNC-I frozen in suspension via electron microdiffraction
under cryogenic conditions and observed a continuous right-
handed twist in the nanocrystals.?3 On the other hand, the twist
of cellulose Il has only been shown for macroscopic fibers and
was simulated on the molecular level using chain sheet models,
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suggesting a right-hand twist.3 However, there have been no
studies on twisting or chirality of CNC-II.

Despite strong evidence for the nanocrystals themselves
twisting, Schiitz et al. reported that CNC-I suspensions begin to
self-assemble into chiral nematic phases in water at spacings of
~51 nm,?* and it is unclear if/how the nanocrystal twist could
influence the interparticle interactions over such a long distance
so that the chirality is translated to larger length scales. As such,
electrostatic repulsive forces, which are relatively long range,
may play a more decisive role and not (just) the twisted shape
of the CNCs. This would imply the need fora chiral distribution
of charges on the CNC surfaces, that force each layer to twist as
the nematic layers approach one another.19%525 While
discussed readily in the field, experimental evidence for the
mechanism responsible for “chiral translation” in cellulosic
materials remains elusive.

Recently, some attention has been given to investigating CNCs
with different allomorphs, including cellulose 11,2632 and
cellulose 111.22:33:34 The focus of the work on CNC-Il has been on
the various preparation methods,?6-28:32 with some discussion
of properties?:32:3435 their enhanced enzymatic degradation,3®
and on their potential applications as bio-templates and
dispersing agents.3%34 Three routes have been used to produce
CNC-II, including (1) mercerizing CNC-l to CNC-I1,26:2%37 (2)
mercerizing macroscopic cellulose | to cellulose I, followed by
an acid hydrolysis to produce CNC-II,3> and (3) solubilizing
cellulose  during acid hydrolysis and subsequently
recrystallizing, yielding CNC-11.28:32:3438 Depending on the CNC-II
production method, CNC-Il have a lower aspect ratio and thus a
more spherical particle shape when produced via route (1) and
(2),%6:28:303234 gnd a more rod-like shape (higher aspect ratio)
when produced via route (2).273> The CNC-Il are typically
shorter,?7:2%34 even when less acidic conditions are used,?” and
many of the literature examples yield CNC-Il with low surface
charge that are not colloidally stable due to the removal of
sulfate groups when route (1) is used.?637:3° To the best of our
knowledge, the self-assembly of CNC-Il have not yet been
investigated. LCs with cellulose Il (or cellulose Il derivatives) are
also entirely absent from the literature and the nanoscale
chirality has not been shown experimentally for CNC-II.

In the light of these considerations, we report a detailed
characterization of the morphological and colloidal properties
of CNC-I and CNC-ll, including an investigation of the twist via
ICD. In addition, CNC-water interactions were elucidated using
guartz crystal microbalance with dissipation monitoring (QCM-
D), NMR and rheometry. The liquid crystalline features of CNC
aqueous suspensions were determined by polarized optical
microscopy (POM). Remarkably, the LC behavior of CNC-I and
CNC-Il suspensions is very different and a surprisingly slow
assembly of CNC-ll into chiral nematic phases having an
unexpectedly large pitch was observed.

Results and discussion
Production of CNC-l and CNC-II

This journal is © The Royal Society of Chemistry 20xx
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Cellulose Il was accessed by first mercerizing cotton filter paper
with 17.5% aqueous NaOH for 48 h, which yields complete
allomorph conversion,?%4% and subsequently isolating CNCs by
way of sulfuric acid hydrolysis (Fig. 1A). Wide-angle X-ray
scattering (WAXS) showed the disappearance of the
characteristic cellulose | peaks and the appearance of the
cellulose Il peaks after mercerization (Fig. 1B). This path was
preferred over the mercerization of CNC-I to CNC-Il, which gives
colloidally unstable CNCs, since our objective was to produce
allomorphic CNCs with similar chemical properties, shape and
dimensions, and it is known that predictable CNC LC properties
require non-aggregated nanocrystals.

The acid hydrolysis protocol used to produce CNC-I and CNC-II
was originally established for the isolation of CNC-1,%! using 64
wt% sulfuric acid, however, the hydrolysis time was shortened
for cellulose Il, to 25 min versus 35 min for cellulose 1.27:2° This
was based on work by Gong et al., who reported that CNC-II
hydrolyzed from cellulose Il exhibited smaller dimensions and
our goal was to obtain as similar nanocrystal lengths as possible.
We chose to use the same concentration of acid to target similar
surface charge densities for both allomorphs of CNCs. Our CNC-
Il were rod-shaped, sulfated and colloidally stable, and WAXS
experiments confirmed that no change occurred to the crystal
structure during the acid hydrolysis process (Fig. 1B). More
specifically, X-ray patterns for CNC-1 exhibit a sharp peak at 26
=22.3° corresponding to the (2 0 0) plane with a shoulder at 26
= 20.2° corresponding to the (1 0 2) plane. Two overlapping,
weaker diffraction peaks are observed at 20 = 14.5° and 26 =
16.4°, corresponding to the (1 1 0) and (1 1 0) planes,
respectively. The peak at 20 = 34.0° is assigned to the
contribution of the (0 4 0) plane.*? For CNC-II, peaks at 26 =12.4,
19.9, and 21.8 are assigned to the (1 1 0), (1 1 0), and (0 2 0)
planes. Again, in both the mercerized cotton and CNC-II
samples, the peaks that correspond to cellulose | are absent,
supporting the successful allomorphic transformation and
retention of the cellulose I structure after acid
hydrolysis.

crystal

Characterization of CNC-1 and CNC-II

The chemical, physical and colloidal properties of the two CNC
types were comprehensively characterized (Table 1). The CNC
shape and dimensions were investigated by AFM (Fig. 2). Both
CNC-l1 and CNC-Il appear as rod-like particles, as reported
previously by Yue et al. and Gong et al.?®3> Even though a
shorter hydrolysis time was used to produce CNC-ll, these
nanocrystals were slightly shorter and had a smaller height than
CNC-I (after measuring >150 individual nanoparticles). For CNC-
I, the average dimensions were a length of 140 + 60 nm and a
height of 7 £ 2 nm, yielding an aspect ratio of 20 + 10, while a
length of 80 + 20 nm, a height of 5+ 1 nm, and an aspect ratio
of 17 + 6, were determined for CNC-Il. The CNC-Il had a smaller
particle size distribution than CNC-I, which may be attributed to
partial depolymerization of cellulose chains caused by alkaline
hydrolysis during mercerization (ESI, Fig. S2).435 In attempts to
produce CNC-Il with more similar dimensions to CNC-I, shorter
hydrolysis times of 20 and 10 min were explored, but the effect

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (A) Schematic representation of the mercerization of cellulose | to
cellulose Il and the acid hydrolysis of the two cellulose allomorphs. In the
mercerization process, the cellulose chains are rearranged into an anti-
parallel configuration in which reducing-ends are found on both sides of the
rod-shaped nanoparticles. Sulfuric acid hydrolysis of cellulose | and Il affords
the respective CNC-I (blue) and CNC-Il (orange). Only one reducing end is
shown at the end of a CNC for simplicity. (B) WAXS spectra of the two
different CNC types and their starting materials, showing the successful
conversion of cellulose | to cellulose Il.

of this change on the nanocrystal size was minimal (ESI, Table
S1).

The AFM images indicate that both allomorphs of CNCs tend to
form lateral aggregates in clusters of 2-3 CNCs upon sample
preparation, as also evident from the PeakForce™ error and
overlay image shown in the ESI, Fig. S1. While the aggregation
may be partly an artefact due to sample preparation/drying,
this lateral aggregation has been reported previously by
Elazzouzi-Hafraoui et al. for CNC-I in both dry and suspended
samples.’® With respect to CNC-Il, Sébe et al. and Jin et al.
reported lower aspect ratio CNCs, however their images were
taken from CNC-Il produced following path (1) described above,
i.e., the mercerization was carried out on CNCs after
hydrolysis.2628 Dynamic light scattering (DLS) data support that
the CNC-Il prepared here are slightly smaller and there is minor
aggregation in suspension giving an “apparent” size (spherical
hydrodynamic diameter, D;,) of 110 nm and 84 nm for CNC-I and
CNC-II,%6 respectively. Of note is that both allomorphs of CNCs
disperse easily in water and form uniform colloidal suspensions
with a blueish hue.

We used SAXS as a complementary method to determine the
cross-sectional dimensions of CNCs in suspension (ESI, Fig. S2).
The form factor was fitted with an elliptical cylindrical model,
consisting of a major and minor radius and cylinder length. The
model resulted in a good fit to the data when a Schulz
distribution was applied to the minor radius to represent the

J. Name., 2013, 00, 1-3 | 3
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20.0 nm

Fig. 2 AFM height images of (A) CNC-l and (B) CNC-Il recorded in PeakForceTM
mode for CNCs spin-coated on poly-L-lysine treated mica. The images show that all
CNCs are rod-shaped with some lateral aggregation and the CNC-Il are slightly
shorter than CNC-I. (Scale bar = 1 um)

particle size distribution (see Experimental Section and ESI, Fig.
S3). CNC-I exhibited an average minor radius of 2.1 + 0.2 nm,
and an average major radius of 13 £ 2 nm. CNC-Il were found to
have a similar minor radius of 2.1 + 0.1 nm and a major radius
of 13.7 £ 0.9. The length of the CNCs fell outside of the Q-range
of the measurement, and therefore the length was fixed to that
determined by AFM (i.e. 140 nm for CNC-l and 80 nm for CNC-
I1). The discrepancy in height between SAXS and AFM data is
primarily due to tip convolution in AFM as well as drying
artefacts.#” In conclusion, both AFM and SAXS indicate similar
cross-sectional dimensions for both allomorphs. Although the
minor and major radii of CNC-I and CNC-Il were similar, there
was a significant difference in the breadth of their particle size
distribution, with CNC-I presenting a much broader size
distribution than CNC-II, similar to that measured by AFM (ESI,
Fig. S4).

4| J. Name., 2012, 00, 1-3

The average degree of polymerization (DP) of the cellulose
chains comprising the two types of CNCs was determined
following derivatization by carbanilation and subsequent gel
permeation chromatography (GPC) analysis (ESI, Fig. S5).%® The
number- and weight-average molecular weights (M,, M,,) and
dispersity values (P) are summarized in Table 1. While the M,
and M, are of the same order of magnitude for both allomorphs
of CNCs, the polymers making up CNC-I have a slightly higher
dispersity than the chains forming CNC-Il, with a D of 6.77 vs.
5.85 for CNC-I and CNC-II, respectively. The lower cellulose
dispersity may be correlated to the smaller particle size
distribution seen by AFM and SAXS for CNC-Il as well. The DP
values for the two allomorphs of CNCs were calculated as 321
for CNC-I and 212 for CNC-Il. The lower DP for the CNC-II
indicates that some chain cleavage must have occurred during
mercerization. Chain cleavage and imperfect mercerization may
also lead to cellulose with more dislocated regions exhibiting
more accessibility to acid hydrolysis, accounting for the slightly
smaller dimensions measured by AFM (Fig. 2). Furthermore, the
GPC shows a shoulder at low molecular weights for both
allomorphs of CNCs, suggesting that the hydrolysis conditions
employed were conducive to producing oligosaccharides, which
then precipitated onto the CNC surfaces as described
previously.*14° The shoulders at low molecular weights for CNC-
I and CNC-Il are considered equivalent, which is expected given
the similar starting materials and reaction conditions for the
hydrolyses.

In support of the cellulose DP measurements, the concentration
of available reducing end groups on CNC-I and CNC-Il was
determined using a bicinchoninic acid (BCA) colorimetric assay
at pH 10.%9 Each cellulose chain should have one reducing end,
but at pH 10 only a fraction of aldehydes are accessible due to
the equilibrium between the cyclic hemiacetal group and the
aldehyde. CNC-I had fewer reducing ends on a per weight basis
(33 + 2 umol CHO/g CNC) than CNC-II (50 # 2 pmol CHO/g CNC),
which is in agreement with the smaller DP and the lower
nanocrystal length observed for CNC-Il. The anti-parallel
arrangement of cellulose chains in CNC-1l may also change the
equilibrium and/or ability to detect aldehyde groups using the
BCA assay. As there is a growing interest in reducing end
modification of CNCs,>%>3 the CNC-Il allomorph might give
higher yields and more successful end group modifications,
which will be explored in future work.

The surface charge density of CNCs governs their colloidal
stability which is an important factor in their self-assembly
behavior.® The surface charge densities for CNC-I and CNC-II
were similar (Table 1 and ESI). Conductometric titrations>*>°
(ESI, Fig. S6) were used to determine the overall surface charge
per unit area®® assuming cylindrical particles; charges of 0.52
e/nm? was determined for CNC-l and 0.51 e/nm? for CNC-II. This
accounts for both sulfate half-ester groups and carboxylate
groups on the CNC surface and these values are in the typical
range for colloidally stable CNCs produced by sulfuric acid
hydrolysis.*6 More specifically, CNC-1 had 171 + 3 umol —0S03"
/g CNC and 19 + 2 pmol — COO ™ /g CNC. CNC-II had a higher
concentration of sulfate half-ester groups, 272 + 1 pmol
—0S03 /g CNC, and nearly twice the concentration of

This journal is © The Royal Society of Chemistry 20xx
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carboxylic acid groups, 42 + 3 umol — COO ™ /g CNC. The higher
concentration of carboxylate groups in CNC-Il is likely due to
random oxidation during the mercerization.>” The difference in
sulfate content is most likely due to the slightly smaller size of
CNC-Il, meaning they have a higher surface area and more
accessible surfaces for esterification. Normalization by surface
area is thus needed for a fair comparison (0.464 —0SO3" /nm?
for CNC-I and 0.443 for CNC-Il). Colloidal stability was also
supported by {-potential measurements, which showed similar
values for CNC-l and CNC-ll (-35 + 1 mV and -32 £+ 1 mV,
respectively) that correlate well with their surface charge
densities.*®

Thermogravimetric analysis of neutralized CNCs was used to
evaluate their thermal stability. Despite some differences in
physical and chemical properties between the two allomorphs,
their thermal degradation was almost identical, with the
maximum weight loss at 299 °C for CNC-I and 306 °C for CNC-II
(ESI, Fig. S7). In the case of sulfated CNCs, neutralization to the
sodium salt form increases the thermal stability compared to
the acid form CNCs),*® and one of the authors of this work has
recently shown that the surface charge density and cellulose DP
are directly correlated to thermal stability.*® Interestingly,
despite the lower DP in CNC-II, they exhibit a slightly higher
thermal stability, which is attributed to the higher
thermodynamic stability of cellulose I11.58

CNC-I showed a higher shear viscosity than CNC-Il in rheological
measurements of 2 wt% aqueous suspensions, carried out with
a cone and plate geometry (ESI, Fig. S10). The trends in viscosity
with increasing shear rate were identical for both allomorphs of
CNCs, but the viscosity was consistently lower for CNC-Il. The
measurements indicate a Newtonian plateau at low shear rates,
a shear thinning region at intermediate shear rates, and another
plateau at high shear rates, which is typical for isotropic CNC-I
suspensions.>® The lower viscosity of the CNC-II suspensions is
likely a compound effect of the slightly smaller aspect ratio and
a slightly higher surface charge density.>>¢0

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Characterization of CNC-I and CNC-II.
Characterization CNC-I CNC-Il
Length by AFM [nm] 140 + 60 80+ 20
Height by AFM [nm] 7+2 5+1
Aspect ratio from AFM 20+ 10 17+6
Equivalent spherical hydrod i
fquwa ent spherical hydrodynamic 110 84
diameter [D, nm]
Form factor (SAXS) minor radius [nm]? 2.1%0.2 2.1+0.1
Form factor (SAXS) major radius [nm] 2 13+2 13.7+0.9
Number- lecul ight, M
umber-average molecular weig| n 2.46 x 104 1.88 x 10°
[g/mol]
Weight-average molecular weight, Mw
1.67 x 10° 1.10x 10°
[g/mol]
Chain length dispersity (D) 6.77 5.85
Degree of polymerization 321 212
Reduci d
ucing end groups 3342 5042
[umol CHO/g CNC]
Surface charge density [e/nm?]? 0.52 0.51
Ifate half-
Sulfate half-ester groups 171 +1 97251
[umol -SO5%/g CNC]
Carboxylic acids
19+2 42+3
[umol -COO-/g CNC]
{-potential [mV] -35+1 -32+1
Maximum degradation temperature [°C] 299 306
Normalized ['20 [mg m2nm?] © 1.6+0.2 1.40+0.03
Handedness of the nanocrystal twist Right Right
Excluded volume [m3] 9 2.0x 10 1.2x10"

2 Form factor determined by fitting an ellipsoidal cylinder model to SAXS curves
with AFM length.

b Based on cylinder model with ellipsoidal section using the length from AFM and
form factor from SAXS.5¢

9 The amount of water bound is normalized by the CNC film thickness.

d) Calculated as described by Schiitz et al.14

One apparent difference between CNC-l and CNC-Il was that the
neutralized, freeze-dried powders, showed a different re-
dispersion behavior in water. Interestingly, the redispersion of
CNC-Il was effortless, in comparison to CNC-I, and at the same
concentration, the CNC-Il suspensions appeared less viscous.
For CNC-I, probe sonication was required to reach the D,
measured for the never-dried material via DLS, whereas in the
case of CNC-II simply shaking the vial by hand sufficed. This can
be attributed to the formation of fewer inter-particle hydrogen
bonds upon drying (due to the different crystal structure) and
potentially from changes in the surface morphology of the
CNCs.

J. Name., 2013, 00, 1-3 | 5
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To investigate water binding abilities of the two allomorphs,
QCM-D measurements were performed on CNC films with a
H,0/D,0 solvent exchange procedure (ESI, Fig. S8).°1 The
amount of bound water ([x20, in units of mg m2), normalized
by the CNC film thickness (in nm) was 1.6 + 0.2 and 1.40 + 0.03
mg m2 nm for CNC-I and CNC-Il, respectively.5? While the
difference is not statistically significant, the data suggest that
CNC-II may have slightly less bound water on their surface. This
is further supported by 'H MAS NMR spectroscopic
measurements, which show that in a controlled atmosphere
with a relative humidity of 40 + 2%, a CNC-l film had an
equilibrium moisture content of 13.5 + 0.2% while this value
was slightly lower for CNC-Il (11.7 + 0.1%), ESI, Fig. S$9).62-66
Overall, this implies that CNC-Il is slightly less hygroscopic than
CNC-l, which is in agreement with experimental and
computational studies on the wetting behavior of cellulose
11,5867 and CNC-I1.56

Twist in CNC-I and CNC-II

Direct imaging, e.g., via AFM or electron microscopy, of the axial
twist of CNCs is challenging due to their small dimensions,
especially for nanocrystals from higher plant sources, like the
cotton starting material used here.®17.68 One technique that
has been used to infer the twist in CNCs is induced circular
dichroism.®® CD spectra of a CNC-l suspension spiked with
Congo Red show a positive peak at the lowest energy transition
(536 nm) and a smaller negative peak at 430 nm (Fig. 3),
confirming a right-handed twist for our CNC-I. Since the CD
response at lower wavelengths is strongly affected by the
scattering of the reference CNC suspension (without dye), the
wavelength range of 450-600 nm was considered for the
determination of handedness (see ESI, Fig. S10). The CD
spectrum of a Congo Red containing CNC-Il suspension also
shows a positive peak at 529 nm, i.e., at a similar position to
CNC-I. Further, the higher energy states at 440 nm and 390 nm
are more clearly resolved than for the CNC-I, as the signal is less
obscured by scattering effects. The CD spectra thus suggest a
right-handed twist for both CNC-l1 and CNC-Il and the larger peak
for CNC-ll may indicate a higher twist frequency.?? This is in
agreement with the simulations of Uto et al., who used density
functional theory optimization to show that cellulose Il has a
more twisted structure than cellulose 1.7°

Self-assembly of CNC-I versus CNC-II

The self-assembly of CNC-I and CNC-II was studied in aqueous
suspensions of increasing concentration (1 — 9 wt%) by
observing their lyotropic LC behavior. The samples were made
by diluting a 10 wt% stock suspension and experiments were
carried out in 1 mM aqueous NaCl solution, where the salt was
added to achieve a discrete double layer thickness of
approximately 9.7 nm (i.e., relatively small but not fully
screened surface charge).?> The phase separation behavior was
monitored in flat capillaries between crossed linear polarizers,
initially over the course of six weeks (Fig. 4, top row). For CNC-
I, the 1 wt% suspension remained isotropic, whereas at all other
concentrations, phase separation into an upper isotropic and a
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Fig. 3 ICD spectra of CNC-I (gray), CNC-ll (orange) and Congo Red (red) showin,
a’\rluc)sitive Cotton effect, implying a right-handed twist, for both allomorphs o
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lower birefringent phase occurred. The volume fraction of the
chiral nematic phase increased with the CNC concentration as
expected, but did not change significantly over time and
equilibrated within 2 weeks.* POM images show the fingerprint
texture of a chiral nematic phase that is typical for CNC-I (Fig.
5A).19 The pitch was measured from POM images after 6 weeks,
and decreased from 8.0 um to 4.9 um upon increasing the
concentration from 4 to 9 wt%, which is comparable to
literature values.*?

In the case of CNC-II suspensions, birefringence was observed
after 2 weeks only for concentrations above 5 wt% (Fig. 4,
bottom row). Rather unexpectedly, the volume fraction of the
birefringent phase decreased over time, until, for
concentrations below 8 wt%, this phase disappeared. On the
other hand, suspensions containing 8 and 9 wt% CNC-II still
showed an anisotropic phase after 6 weeks. This result indicates
that CNC-Il have an increased critical concentration (c*) for the
onset of phase separation compared to CNC-I, which is
consistent with their slightly lower aspect ratio,”%7? their
doubled percolation threshold,® and also highlights that the LC
properties and textures formed in CNC-Il suspensions are
markedly distinct.

This journal is © The Royal Society of Chemistry 20xx
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To confirm that CNC-Il suspensions were indeed phase
separating and not sedimenting, a large capillary was filled with
a suspension with the highest CNC-Il concentration tested (11.5
wt%, no added salt) in order to obtain a measurable amount of
anisotropic phase that could be extracted using a micropipette
(ESI, Fig. S12). The concentration of both phases was
established gravimetrically after 6 weeks. The concentration of
the upper phase was 10.957 + 0.002 wt% while that of the lower
phase was 12.169 + 0.002 wt%, supporting that the CNC-II
suspension phase separated. Note that a higher concentration
in the anisotropic phase is also a feature of CNC-lI phase
separation, as Gray and co-workers reported values of ca. 1.5
wt% difference between upper and phases.”74

Week 4

lower

Week 6

3‘-'."—.'”
12456789

Week 2

Increasing CNC concentration

_ >

Fig. 4 Photos of aqueous CNC suspensions ﬁwith 1 mM Nacl) containing 1 — 9

wt% CNC-I or CNC-|l taken between crossed linear polarizers. The pictures were

taken at different time points (week 2, week 4, week 6) and illustrate the

development of the LC phase separation over time (dark = isotropic phase,

galéf;t = birefringent/anisotropic phase; all capillaries are filled to a height of ca.
0).

Furthermore, the lack of salt did not have a significant effect on
the phase separation. Again, the surface charge density and -
potential of CNC-Il imply good colloidal stability and
sedimentation was not observed under any conditions.

Even at the highest CNC-1l concentration shown in Figure 4, no
chiral nematic structure was observed after 6 weeks (Figure 5B).
Instead, a randomly oriented nematic phase formed, which is
often referred to as a marble texture.”> A nematic LC behavior
was previously reported by Araki et al., who observed nematic
phases for high-aspect-ratio CNC-lI derived from bacterial
cellulose (in the absence of salt).?s Although the CNC-II
nanoparticles were found to be twisted according to the ICD
experiment, not all twisted rod-shaped particles do exhibit
chiral nematic phases. For example, some chiral filamentous
bacteriophages have been reported to form nematic LCs, while
others form chiral nematic LCs with little difference in building
block chirality.”® This was also observed previously by Dogic et
al.; even though Pf1 and fd viruses have very similar structures,
only the latter forms a chiral nematic phase.””

Surprisingly, the formation of chiral nematic phases in CNC-II
suspensions was “only” a matter of time, as became evident
when the investigation was extended to 40 weeks. POM images
of a 9 wt% CNC-Il suspension taken after one and two weeks
show that at first, a nematic phase forms, and at these time
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Fig. 5 POM images of aqueous CNC suspensions between crossed linear
polarizers. (A) CNC-I suspension (5 wt% CNC-I, 1 mM NacCl, timepoint = 6
weeks), showing the characteristic fingerprint texture of the anisotropic phase.
(B) CNC-Il suspension (8 wt% CNC-1I, 1 mM NacCl, timepoint = 6 weeks), showing
a nematic marble texture.

points, nematic tactoids can be observed (Fig. 6A, B and ESI, Fig.
S13). A retardation plate was added to show the orientation of
the birefringence (blue — crystals oriented perpendicular to the
slow light axis, or yellow — crystals oriented parallel to the slow
light axis).” After 15 weeks, further thread-like textures were
observed under POM, indicating that the liquid crystalline
arrangement was still nematic, albeit with more orientation of
the nematic axis normal to the plane of the flat capillary walls.
Also, schlieren textures were observed in these samples, again
characteristic of a nematic LC (Fig. 6C). The birefringent patches
became more symmetric over time, with thinner thread-like
structures, a more network-like pattern was formed, indicative
of a long pitch chiral nematic phase (Fig. 6D).”® Nevertheless,
the line spacing (pitch) was not as well-defined in CNC-II
suspensions, in comparison with the fingerprints formed in
CNC-I suspensions. A much clearer chiral nematic texture for
CNC-Il suspensions was seen after 40 weeks (Fig. 7B), for which
a pitch of 54 um was measured. This dimension is about six
times larger than the pitch observed for the same concentration
CNC-I suspension after 40 weeks (i.e., 8.7 um).

Gray et al. reported a very similar nematic structure as observed
here for CNC-Il (Fig. 6) by subjecting a CNC-I suspension to
shear.”> The authors then followed the re-orientation of CNC-I
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Fig. 6 POM images of an aqueous suspension containing 9 wt% CNC-Il (with 1
mM NaCIZ, taken between crossed linear polarizers at different timepoints. (A)
1 week, (B) 2 weeks, (C) 3 weeks, and (D) 4 weeks. Images A and B were
acquired with a retardation plate of 530 nm. (Scale bar = 800 um)

over 24 h into a long pitch chiral nematic texture and attributed
the transition to a twist-bend orientation.” It is possible that at
longer times, the CNCs would have equilibrated into their
typical chiral nematic phase. This twist-bend nematic
reorientation has also been observed in CNC-I suspensions by
Van Rie et al. using diffusion measurements,’”® and SAXS
measurements further showed that CNC-I orient into nematic
domains already within the macroscopically isotropic phase
prior to phase separation occurring.8% Our observations suggest
that this reorientation is what happens for CNC-II, but on a
much slower timescale.

The fact that CNC-1l suspensions only exhibited detectable chiral
nematic phases after such long periods, begs the question
whether the morphology or surface chemistry of the
nanocrystals had changed over time. In order to probe this, DLS,
{-potential, and WAXS measurements were carried out after 12
months. The DLS data reveal that the size remained the same
and no change was observed in {-potential (-(31+1mVvs.-32 +
1 mV), indicating that desulfation of CNC-Il at room
temperature was minimal.8! Furthermore, the WAXS spectrum
of CNC-II still showed the characteristic peaks of cellulose I,
confirming the stability of the crystalline structure (ESI, Fig.
S14).
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Fig. 7 POM images of CNC suspensions at 8 wt% (with 1 mM NacCl, 40 weeks
taken between crossed linear polarizers with a 530 nm retardation plate. %
CNC-I suspension with a pitch of 8.7 um and a zoomed in image showing the
fingerprint texture in more detail and (B) CNC-II suspension showing a long
chiral nematic pitch of 54 um.

Based on these observations, we propose a few hypotheses to
explain the CNC-Il LC behavior. First, the CD measurements
suggest a larger twist frequency in the individual CNC-II rods,
which would result in a smaller displacement angle in between
the nanocrystals when stacking, requiring more “layers” to
make a full 360° turn and leading to a larger pitch; however, this
does not explain the slow assembly.82 Alternatively, the
different CNC-II self-assembly behavior could be the result of a
different distribution of the sulfate half-ester groups on the
surface of the nanocrystals (which appears to be exceedingly
difficult to assess experimentally),®® the different internal
crystal structure, or the difference in the particle size.

The crystal structure may be another important factor
responsible for the slow self-assembly of CNC-Il due to the
expected difference in permanent dipole moments for CNC-|
and CNC-II. Frka-Petesic et al. quantified a giant dipole moment
of 4400 + 400 Debye along the CNC-I long axis.8* This dipole is
the result of the parallel orientation of the cellulose chains, and
the high crystallinity in CNC-I. Strong dipole-dipole interactions
between nanocrystals should induce alignment of CNC-I and
this coupled with the cooperative effects that have been seen
to kinetically enhance LC ordering® would dictate relatively fast
self-assembly. In other LC systems, dipole moments have been

This journal is © The Royal Society of Chemistry 20xx
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demonstrated to enhance the self-assembly behavior.8¢87 On
the other hand, CNC-Il consist of cellulose chains in an anti-
parallel structure, which would reduce or even nullify the
permanent dipole moment of an individual nanocrystal,
significantly reducing particle-particle interactions and,
therefore, slowing their self-assembly.

Another potential explanation for the slower assembly of CNC-
Il lies in the slightly smaller particle length of CNC-Il. The
formation of the chiral nematic phase by CNC-I is entropically
driven i.e., the loss in rotational degrees of freedom is
outweighed by the increase in translational entropy upon CNC
alignment.”288 As a result of their shorter length, CNC-Il have a
smaller excluded volume (1.2 x 1014 m3 for CNC-II versus 2.0 x
101* m3 for CNC-I, Table 1), increasing their rotational entropy
at the same concentration as CNC-I and shifting the rotation-
translational diffusion thermodynamic interplay that leads to
particle alignment to higher concentrations than for CNC-1.79:88
This increased rotational freedom for CNC-Il could also be
related to the longer time to reach the phase-separated
equilibrium state. If the movement degrees of freedom and
hence the diffusion coefficients (rotational and translational) of
CNC-Il are larger than for CNC-I, as we hypothesize based on
their relative size, then the CNC-II require significantly higher
concentrations to restrict rotational diffusion (i.e., higher c*),
potentially requiring more time to orient into a chiral nematic
texture once adequately “confined” by the higher particle
density.

While it would be ideal to compare CNCs with identical
dimensions and size distributions, and which only differed in
their crystalline allomorphs, it is very challenging to produce
CNC-Il with longer lengths or to produce smaller CNC-I by
hydrolysis, as we reached the level-off degree of polymerization
(LODP).8° Therefore, we cannot draw conclusions as to which
parameter has the greatest impact on the different self-
assembly behavior of CNC-1l compared to CNC-I. We encourage
future work involving the self-assembly of CNC-Il with larger
aspect ratios, such as bacteria or tunicate-derived CNCs.

Conclusions

In conclusion, CNC-Il were made from mercerized cotton and
hydrolyzed with sulfuric acid to give nanocrystals with a slightly
smaller aspect ratio, but similar surface charge density, as CNC-
I. ICD indicated that both types of CNCs have a right-handed
twist and QCM-D and 'H MAS NMR spectroscopy suggest that
CNC-Il interact slightly less with water. Interestingly, the two
allomorphs of CNCs show a very different LC behavior.

Concentrated CNC-Il suspensions phase separated first into an
isotropic and nematic phase, which eventually equilibrated into
long pitch chiral nematic phases after an extended period of
time, e.g. 40 weeks. In contrast, the equilibration of CNC-I into
chiral nematic phases with a much smaller pitch took place in
under two weeks. Because entropic phase transitions are a
function of nanocrystal aspect ratio, and linked to their diffusion
coefficients, the different assembly characteristics are partially
attributed to the smaller average length of CNC-Il. The twist
frequency and dipole moment (or lack thereof in CNC-II) may
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contribute to the slow onset of the chiral nematic phase in CNC-
Il suspensions but the magnitude of this contribution is unclear.
Overall, our results show that changing the crystalline
allomorph of CNCs can be used as a way to tune the chiral
nematic pitch in both liquid crystal suspensions and dried CNC
films, with potential as optical components/filters which now
span a larger range of useful wavelengths (from visible into the
far infrared). While the current commercial production of CNCs
uses cellulose | as a starting source material, the same
production process could be applied to cellulose Il starting
materials and furthermore, some current processes produce
CNCs with a mixture of cellulose | and Il allomorphs.®° However,
we are not proposing CNC-Il production should replace CNC-I,
merely that it is feasible if the differing properties were
desirable in a particular application.

Future work exploring the acceleration of the self-assembly
process would be beneficial, for example by exposing the CNC-
Il suspensions to external electromagnetic fields. Further
experiments coupled with modelling, to understand the slow
onset of chiral nematic textures for CNC-Il suspensions, are
needed. In any case, patience is a virtue when it comes to the
self-assembly of CNC-Il suspensions.

Experimental

Sulfuric acid (98%), Whatman n°1 cotton filter paper, sodium
chloride, sodium hydroxide pellets, Congo Red, Dowex®
Marathon™ C hydrogen form (SAC exchange resin) and dialysis
tubing cellulose membrane (MWCO 14 kDa) were all purchased
from Sigma-Aldrich. Congo Red was purified by Soxhlet
extraction with 87.5% 2-propanol/12.5 % distilled water (DI) for
6 h. All other chemicals were used without further purification.
Millipore-processed deionized water (milli-Q) was used with a
resistivity of 18.2 mQ cm.

Mercerization of cotton filter paper

Whatman n°1 cotton filter paper (30 g) was cut into pieces of
ca. 2 x 2 cm that were mercerized in 17.5 wt% NaOH solution (1
kg) at room temperature. The mixture was stirred for 24 h on
an IKAKS 260 basic magnetic stirrer. The mercerized cotton filter
paper was filtered off with a Biichner funnel (without filter), to
remove the NaOH solution, and was further washed with water
until the pH of the wash water was neutral. The mercerized
paper was then dried at 40 °C in a vacuum oven overnight.

Isolation of CNC-I: Cellulose nanocrystals were made by the
hydrolysis of Whatman n°1 cotton filter paper (30 g) with
sulfuric acid (64 %, 420 mL) at 55 °C using a previously published
protocol.** The filter paper was cut into small piecesof ca. 1 x 1
cm, and added to the stirred acid over the course of 5 min. After
the addition was complete, the mixture was stirred with a
mechanical stirring rod for 30 more min. The reaction was
quenched by two-fold dilution with ice-cold DI water (840 mL),
followed by three subsequent centrifugation and redispersion
steps of the obtained pellet in DI water (20,000 g, 30 min) until
the CNC-I no longer sedimented. The CNC-I were transferred to
pre-washed dialysis tubes (MWCO = 14 kDa) and dialyzed
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against milli-Q water until the pH of the suspension and the
conductivity of the dialysis water were constant. The final
suspension was tip-sonicated using a Branson Sonifier SFX550
for 5 min at 10% amplitude before it was filtered through a
fritted glass filter with porosity 4. A vyield of 55% was
determined gravimetrically and the CNC-1 suspension was
stored at 2 wt% in acid-form in a refrigerator. A small portion of
the CNC-I were freeze-dried on a Telstar LyoQuest lyophilizer in
sodium form (a dilute NaOH solution was added until neutral pH
was obtained) for further analysis.

Isolation of CNC-II

The same procedure as for CNC-I was followed for CNC-II, but
mercerized cotton filter paper was used and the hydrolysis time
was decreased to a total of 25, 20 or 10 min including the
addition time of cellulose Il to the acid. A yield of 26% was
obtained for CNC-Il and the suspension was stored at 2 wt% in
acid-form in a refrigerator. A portion of the CNC-1l were freeze-
dried in their sodium form, following the same procedure as for
CNC-I.

Wide angle X-ray scattering

CNC-I and a CNC-Il suspensions (1 mL, 2 wt%) were added into
a small glass vial with a diameter of 0.5 cm, the suspensions
were left to dry in ambient conditions in order to form a film.
The film was removed from the vial and attached to a holder.
The WAXS spectra was recorded with NanoMax-IQ camera
(Rigaku Innovative Technologies, Auburn Hills, MI, USA). The
camera was equipped with a Cu target sealed tube source
(MicroMax 003 microfocus Rigaku) and the scattering data were
recorded by a Pilatus100 K detector (Dectris). The CNC film was
kept under vacuum at room temperature during the
measurement. Raw data were processed with Mathematica.

Atomic force microscopy (AFM)

Freshly cleaved mica was functionalized with an aqueous poly-
L-lysine solution (0.1 %) by drop-casting 40 pL onto mica,
waiting for 30 s, washing the substrate with milli-Q water, and
drying under a nitrogen flow. CNC suspensions (0.001 wt%, 30
uL) were spin-coated, with a Laurell WS-650-23 B spin coater,
onto the functionalized mica at 2000 rpm and subsequently
washed with milli-Q water and dried under a nitrogen flow.
AFM images were acquired on a Multimode AFM Nanoscope-
VIl from Bruker (Santa Barbara, CA, U.S.A.) using PeakForce™
ScanAssyst mode, at room temperature, with NCHR-20 probes
from NanoWorld with a nominal spring constant of 42 N/m. The
length and height of the CNCs was measured with Gwyddion on
approximately 150 non-touching rod-shaped particles and the
data was processed using Origin software. The AFM images
shown were adapted using Gwyddion, the images were levelled
by applying a mean plane subtraction and the horizontal pixel
jumps were removed.

Small angle X-ray scattering (SAXS)
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Small angle X-ray scattering measurements were performed on
a Xenocs Xeuss 2.0C laboratory beamline equipped with an
ultra-low dispersion copper Ka X-ray source and DECTRIS Eiger
1M detector. The X-ray beam was collimated to 0.5 mm
diameter at the sample, with samples (CNC-I and CNC-II
suspensions of 1 to 10 wt%, containing 1 mM added NacCl)
loaded into 0.9 mm diameter borosilicate glass capillaries. The
entire beam path was evacuated to <10 mbar prior to
measurements to reduce parasitic scattering contributions.
Sample to detector distance was calibrated by measurement of
silver(l) behenate prior to sample data acquisition.

2D to 1D data reduction was performed using Foxtrot
(Xenocs/Synchrotron du Soleil) with absolute intensity scaling
according to the transmitted beam intensity measured prior to
an post data collection. Subtraction of a 1 mM sodium chloride
blank was performed prior to further data analysis.

1D data fitting was performed using Sasview (version 4.2.0)
using the inbuilt elliptical cylinder model. The length of the
cylinder was fixed to the length provided by AFM to prevent
interference of the length parameter in the data fitting as it was
outside the Q range of the data. Minor radius and an axis ratio
(minor:major radius), along with particle size distribution of the
minor radius (Schulz distribution) were fitted to the data. The
scattering length density of cellulose was fixed to 14.7 A2,

Determination of CNC degree of polymerization (DP)

The DP was measured following a modified derivatization
procedure of Vanderfleet et al.*® Freeze-dried CNCs in sodium
form were placed in an oven at 80 °C for 1 h to remove residual
moisture. Then, 25 mg of CNC-I or CNC-Il were placed in a glass
vial, 10 mL DMSO and 1 mL phenyl isocyanate were added. The
reaction was performed at 70 °C for 40 h in closed vials whilst
stirring. The reaction was quenched by adding 2 mL of methanol
to the vial. Gel permeation chromatography (GPC)
measurements of the carbanilated CNCs was performed on an
Agilent 1100 with DMSO that contained 0.5% LiBr as eluting
solvent. Carbanilated CNCs were injected at a concentration of
0.25 g/mL at an eluting rate of 0.5 mL/min. Polystyrene
sulfonate with molecular weights of 891, 2000, 4290, 10000,
29500 and 140000 Da were used as calibration standards. The
quantification of cellulose tricarbanilates was performed with a
Waters 486 UV spectrophotometer at 254 nm. The DP of
cellulose was calculated by dividing the weight-average
molecular weight by the molecular weight of tricarbanilated
anhydroglucose unit (519 g/mol).

Reducing end-group quantification

Bicinchoninic acid assay (BCA) was used to quantify the number
of reducing end-groups on the CNCs as previously reported by
Risteen et al.>% Step 1: two solutions were prepared: Solution A
(pH 9.7), contained Na,CO;5(5.428 g), NaHCO;(2.42 g), and BCA
disodium salt hydrate (0.1942 g) in milli-Q water (100 mL).
Solution B contained CuSO45 H,0 (0.1248 g) and L-serine
(0.1262 g) in milli-Q water (100 mL). Step 2: a calibration curve
was prepared with a 0 — 80 x 10°® m glucose solution. For each
concentration in the calibration curve, 2 mL of glucose solution,
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1 mL of solution A and 1 mL of solution B were added to a glass
vial with a cap and stirring bar. Step 3: to glass vials, CNC-I or
CNC-I1 (5.0 x 103 g) were added together with 1 mL of solution
A and B. All the vials (CNC suspensions and glucose solutions)
were heated to 75 °C for 30 min in a water bath. The vials were
then cooled to room temperature, the CNC samples were
centrifuged at 5000 rpm to remove the CNCs, and the
absorbance of the glucose solutions and the supernatants of the
CNC samples were measured at 560 nm. The experiments were
done in triplicate.

Conductometric titrations

Conductometric  titration were performed with a
SevenCompact Duo pH/conductivity probe (Mettler Toledo)
following the procedure by Beck et al.>* Prior to conductometric
titration, the suspensions were passed through a strong acid
cation exchange resin column (12 g SAC/1 g CNCs). A 10 mM
NaOH suspension was prepared, its concentration was
standardized with the primary standard potassium hydrogen
phthalate (KHP) by using phenolphthalein as an indicator. Then,
20 mL of a 0.796 wt% CNC suspension containing 1 mM NaCl
was titrated against 10 mM NaOH solution. The first
equivalence point indicates the number of sulfate half ester
groups, the difference between the first and the second
equivalence point indicates the number of carboxylic acid

groups.

{-potential and dynamic light scattering (DLS)

A suspension of 0.25 wt% CNCs containing 5 mM NaCl was
prepared to measure the {-potential. Prior to measurement, the
suspension was bath sonicated for 10 min in ice-cold water. The
measurements were recorded on a Malvern Panalytical
Zetasizer Nano-ZS. An average of 10 measures were taken. The
{-potential suspension was diluted 10 times for the DLS
“apparent size” measurements, re-sonicated and measured on
the same instrument.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed on a Pyris 6
thermogravimetric analyzer (PerkinElmer), with a sensitivity of
0.2 pg, at a heating rate of 10 °C/min, between 50 °C and 500
°C. The TGA was purged with a sample purge flow rate of 20
mL/min and a balance flow rate of 20 mL/min. Freeze-dried
CNCs in sodium form (5 to 10 mg) were pressed into a pellet
prior to measurement by compressing the freeze-dried powder
in a 1 mL syringe with a rubber plunging head forming a pellet
with a height of ca. 1 mm. The curves were smoothed in Origin
using the Savitzky-Golay method.

Quartz crystal microbalance with dissipation (QCM-D)

CNC films were prepared by spin-coating a 1 wt% CNC
suspension onto QCM-D silica-coated Au sensors at 3000 rpm
for 60 s. The CNCs were annealed to the sensor surface by
placing the samples in an oven at 80 °C for 15 min. Film
thickness was determined using a UV-Vis (350 nm — 1800 nm)
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spectroscopic ellipsometer from J.A. Woollam, M2000, with an
incident angle of 72°. Thicknesses were modelled using a classic
Cauchy model of two separate layers consisting of an SiO, layer
(coating on the QCM sensor) and the CNC film. The sensors
were placed in the QCM-D flow cell and equilibrated overnight
at a rate of 0.2 mL/min, at RT in order to obtain a stable
baseline. The changes in resonance frequency (Af) and
dissipation energy (AD) upon exchanging water for D,0O were
measured using a Biolin Scientific QCM-D. After 30 min, D,0 was
exchanged back to water. The amount of bound surface water
(Th20) was calculated according to the Sauerbrey equation:

Af
Tho = — C(—
Hz0 (n)film H,0 (1)

Where Af=f—fo is the resonance frequency, n the

measurement overtone number, and C is the sensitivity
constant of the sensor.619192 The I'y2o was normalized to the
thickness of the CNC films.

Circular dichroism (CD) measurements

CNC-I and CNC-Il were neutralized by adding NaOH. 3 mL vials
containing 1.85 wt% suspensions of CNCs were prepared by
diluting a more concentrated neutralized CNC suspension with
milli-Q water. Either a stock solution of Congo Red (18.5 x 10
M, 0.03 mL) or an equal volume of milli-Q water was added to
the suspension in order to reach a final concentration of CNCs
(3 mL) of 1.85 wt% and a final concentration of 18.5 uM of
Congo Red. Congo Red was left to adsorb overnight and the
suspensions were shaken before measurements. The spectra
were recorded on a Jasco Spectropolarimeter at 25 °Cina lcm
pathlength cuvette with a scanning speed of 50 nm/min, and a
bandwidth of 2 nm. The curves shown are the results from three
subsequent measurements that were averaged and further
smoothed with the Savitzky-Golay method in Origin.

Magic-angle spinning nuclear magnetic resonance (*H MAS NMR)
spectroscopy

The NMR experiments were performed on a Varian Unity Inova
400 spectrometer, using a Varian/Chemagnetics 3-channel 4
mm T-3 MAS probe. Radio frequency field strength was 80 kHz
for 'H decoupling. All experiments used a spinning rate of 5 kHz.
Water was used as references for 'TH NMR experiments. The
spectra were deconvoluted using a voigt-profile in Matlab.
Rheology: Aqueous suspensions of CNC-I and CNC-Il at 2 wt%
were analyzed using a Kinexus Ultra+ rotational rheometer. The
rheometry was performed under controlled shear rate mode,
using a 4°/40 mm cone and plate measuring system. Steady
state viscometry was performed in the shear rate range of 0.01-
100 s

LC phase separation experiments

The CNC suspensions (100 mL, 2 wt%) were concentrated to 10
wt% by blowing N, over the suspensions whilst stirring. The
concentration was determined gravimetrically. The 10 wt%
stock suspension was then diluted from 1 to 9 wt% in small vials
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and 10 pL of a 30 mM NaCl solution was added in order to make
suspensions containing 1 mM of NaCl, so that the vials
contained 0.3 mL CNC suspension. Prior to filling the capillaries,
the suspensions were bath sonicated for 30 min with cooling.
Capillaries (0.3 mm x 6 mm x 45 mm) were filled with the
suspensions and put in a holder, the capillaries were sealed by
either black nail polish or with an epoxy resin. The capillaries
were photographed in between crossed linear polarizers, with
white light shining from the back. Their percentage of
anisotropic phase was measured using the Fiji software, Fiji is
an image processing package for Imagel) software (National
Institutes of Health),® by dividing the measured anisotropic
phase by the total amount of suspension in the capillary.

Polarized optical microscopy

Images were acquired in reflection mode on an Olympus BX41
microscope equipped with a digital camera and for some
images a 530 nm retardation plate was added. Polarized optical
microscopy images were collected with crossed linear
polarizers, which were oriented horizontally and vertically
relative to the analyzer and, if used, the 530 nm wave plate was
aligned from the bottom right direction to top left of the
images. The pitch was measured using the Fiji software,®3 the
measurement was taken over more than 20 half-pitches on 3
different locations.
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The self-assembly behavior of CNCs from cellulose Il is different than cellulose I, despite having similar shape, surface
charge density and a right-handed twist. Longer pitch chiral nematic liquid crystals formed but over much longer

time periods.



