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Cellulose Nanocrystal Liquid Crystal Phases:
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Using Rheology Coupled to Optics, Scattering,
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ABSTRACT: Cellulose nanocrystals (CNCs) self-assemble and can be ow-
assembled to liquid crystalline orders in a water suspension. The orders
range from nano- to macroscale with the contributions of individual crystals,
their micron clusters, and macroscopic assemblies. The resulting hierarchies
are optically active materials that exhibit iridescence, re ectance, and light
transmission. Although these assemblies have the potential for future
renewable materials, details about structures on di erent hierarchical levels
that span from the nano- to the macroscale are still not unraveled.
Rheological characterization is essential for investigating ow properties;
however, bulk material properties make it di cult to capture the various
length-scales during assembly of the suspensions, for example, in simple
shear ow. Rheometry is combined with other characterization methods to allow direct analysis of the structure development
in the individual hierarchical levels. While optical techniques, scattering, and spectroscopy are often used to complement
rheological observations, coupling them in situ to allow simultaneous observation is paramount to fully understand the details
of CNC assembly from liquid to solid. This Review provides an overview of achievements in the coupled analytics, as well as
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our current opinion about opportunities to unravel the structural distinctiveness of cellulose nanomaterials.
KEYWORDS: cellulose, cellulose nanocrystals, alignment, assembly, ow, characterization, rheology, coupled techniques

part of the rodlike family of lyotropic materials. Their
properties di er from the micelle-forming surfactant-
type lyotropic molecules. The interparticle interactions of CNCs
are made complex due to the presence of the twist along the axis,
which is yet to be quanti ed within the community. The
colloidal complexity arises from the highly hydrated and
chemically anisotropic surface. The anisotropy further expands
tothedi erentedges of the crystals that are seen to have more or
less hydrophilic sites stemming from the equatorial and axially
extended O H and C H functionalities. While the examples
presented in this Review are on CNCs, the phenomena and
principles might nd use in other polysaccharide nanoparticles
sharing similar surface characteristics and shape, such as chitin
nanocrystals.
Self-assembly of CNCs in a water suspension into liquid
crystalline or colloidal structures has inspired applications in the
elds of optics and electronics.> The rodlike nanoparticles are
crystalline with a long axis that has a twist,® and they assemble
into liquid crystalline structures in a water suspension above

C ellulose nanocrystals (CNCs) are 1D nanoparticles and

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

critical concentration levels that depend on the dimensions and
surface properties of the crystals. The liquid crystalline orders
include chiral structures, the assembly of which is a function of
the CNCs' properties (e.g, counterion’) and the media
(e.g..electrolyte concentration® and pH value®).

Some details of the CNC materials are not entirely known: for
example, what happens to the various structure levels during
shear or drying of CNC suspensions, and how the isotropic
CNC assemblies develop into liquid crystalline phases. The
complexity of answering these questions in an experimental
manner is evident, as the assembly involves several length-scales.
The dimensions of CNCs depend on the botanical source. The
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Figure 1. Length-scale of observations and the corresponding CNC structures, and suggested methods to be coupled to rheology to probe these

structures.

typical values for wood-derived CNCs are approximately 100
300 nmin lengthand 3 5 nm in diameter.” CNCs are produced
via hydrolysis of dislocations of higher-hierarchy cellulose bers,
which leaves behind periodically appearing regions of higher
crystallinity; hence, the individual particles are in the nanometer
range. However, CNC surfaces are abundant in hydroxyl groups
that lead to interparticle attraction in a water suspension via
hydrogen bonding, and individual CNCs often form larger
clusters in suspensions.

The interparticle attraction of CNCs can be reduced by
introducing like-charged groups onto the particle surfaces.
Sulfuric acid is a common reagent, and in addition to the
hydrolysis at the dislocations, it simultaneously esteri es the
cellulose nanocrystal surface, which leads to sulfate function-
alities in addition to the hydroxyl groups on the surface. The
sulfate half-ester groups have a negative logarithm of acid
dissociation constant (pK,) that is approximately 2.% This means
that at pH values higher than that, the CNCs carry a net negative
charge. Despite the typically low content of sulfate half-esters,
the existence of the charged group makes the suspensions
colloidally stable due to electrostatic repulsion. The complex
interparticle interactions of the attractive hydrogen bonding and
the repulsive electrostatics result in interactions between diverse
length-scales of the particles and their clusters. This furthermore
leads to the observation that length-scales span from the nano-
to the micro- and even to the millimeter-scale, and this creates a
demand for analytical devices and a selection of the length-scale
of interest within those analyses.

The time-scale of self-assembly for the manufacturing of
materials from CNC suspensions through drying is long, and
faster processing is needed before commercial products can be
feasibly manufactured. Most processing conditions require ow
for transport, homogenization, and forming. In turn, ow can
have a decisive in uence on the structuring of the material (e.g.,
whether or not the CNCs are aligned in the ow direction) and
will therefore have a signi cant impact on the performance of the
formed materials. For suspensions, the ow would be shear-
dominated; however, extensional properties can also play a role
in successful manufacturing (e.g., roll application, blade coating,
3D printing, atomization, etc.). Applying shear to assemble dilute
CNC suspensions into coatings and Ims®*° leads to alignment
in cases where the shear force is dominant over capillary forces
and electrostatic interactions.'® Shearing CNC suspensions was
also shown to improve alignment at su ciently high shear
rates.*>'? Compared to extensional properties, shear rheological
properties are easier to determine for dispersions, and most of
the scienti ¢ work on CNC dispersions  whether with the goal
of understanding structuring or to determine optimal
manufacturing conditions has therefore focused on shear
rheological froyerties and several modeling e orts have been
published.”®> *> The rheological properties of CNCs are

especially important for many of the key proposed applications;
among these, CNCs can serve as a viscosity modi er and
stabilizer in emulsions,*® ?* oil drilling uids,>* ** inks,”® and
food.?® In the case of a complex organization of CNCs, however,
simultaneous characterization of the nano micro macro
structures and the organization thereof are vital to understand
the details of assembly.

SCOPE AND LIMITATIONS OF THE PRESENT REVIEW

This Review focuses on rheological characterization of nano-
cellulose suspensions in which rheology is coupled to other
analytical techniques: namely, optical, scattering, and spectro-
scopic. The aim is to provide current opinions on the state of the
art, in addition to our solutions for what is needed to answer
those pending questions and lead the way to the manufacturing
of CNC materials. We include hyphenated polarized light
imaging (PLI), small-angle X-ray (SAXS), wide-angle X-ray
(WAXS), small-angle neutron (SANS) and small-angle light
scattering (SALS), nuclear magnetic resonance (NMR), Fourier
transform infrared (FTIR), and Raman spectroscopy (Raman).
We have summarized the reachable length-scales of the analytics
and the observable phenomena in Figure 1. It should also be
noted that scattering techniques (i.e, SAXS and SANS) are
limited to structures that are less than 120 nm in size while
WAXS can be used to determine nanoscale order. Upon
choosing the suitable method for addressing a research question,
in our opinion, the dominating criteria are to match the length-
scale of the phenomenon and the capability of the hyphenated
technique.

This Review focuses on combined techniques based on
rheometric instruments capable of high-precision measure-
ments, i.e., commercial rotational rheometers. Therefore, this
Review excludes custom-made standalone shear cells compris-
ing numerous parallel-plate,” *° cone plate,*® concentric
cylinders,®* ** and sliding plate® *" variants for combining
shear motion to other analytic techniques. Due to their compact
design, shear cells allow superior versatility in combining with
di erent optic, scattering, and spectroscopic techniques. As an
example, for optical techniques, the compact design of shear
cells means that they could be combined with advanced
microscopic systems that could provide insight into morpho-
logical changes. However, shear cells generally lack the testing
versatility and accuracy of commercial rotational rheometers.
For both rheometer-based and shear-cell-based combined
optical systems, custom variants are being developed to mitigate
their drawbacks, with an increased modularity of commercial
rheometers allowing for more advanced optical systems*® and
with new measurement possibilities available on shear cells.*
For examples of CNC suspension structuring investigated via a
shear ow cell couApIed with polarized light imaging, see
Haywood and Davis*® and Haywood et al.** while shear cells
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Figure 2. Self-assembly of CNCs in a suspension at rest with increasing concentration (upper row) and corresponding assembly in shear

(bottom row).

used in SAXS and SANS experiments have been reported by
Eberling et al.** and Orts et al.*?

For a comprehensive understanding of rheological character-
izations, we guide the reader to the following reviews on
rheology of nanocellulose suspensions® “*° and of compo-
sites.*® A recent review by Fernandes et al.*” also serves as an
excellent guide to the principles behind manipulating circularly
polarized light with CNCs.

We will initially describe the characteristics of the structuresin
CNC suspensions in the Structures in CNC Suspensions and
Films section, and then, we will introduce the general status of
the CNC analysis in the Analysis of CNCs section. That section
will also present the core of our Review, which comprises the
status of rheology coupled to optical, scattering, and spectros-
copy analyses. Finally, we will present our conclusions on the
opportunities and challenges of a coupled analysis with CNCs in
the Conclusion section.

STRUCTURES IN CNC SUSPENSIONS AND FILMS

Liquid Crystal Ordering. CNCs in a dilute water
suspension are reported to assemble isotropically (Figure 2).
Upon an increase in concentration, the suspension shifts to
semidilute and concentrated isotropic assembly. Above a critical
concentration, the CNCs begin to assemble in tactoids, which
are primitive phases of liquid crystalline order that later develop.
The biphasic phase consists of isotropic and liquid crystalline
order domains, each of which forms in equilibrium with the
other. A further increase in concentration leads to a complete
liquid crystalline order, and the transition from the liquid
crystalline state to the gel state is an interplay between the
concentration and interparticle attraction. The electrical double
layer can be compressed by electrolytes and reduces the
repulsion of charged particles; this reportedly triggers a
transition between liquid and solid phases.*® The transitional
structure further depends on the anisotropic isotropic order in
the CNC phase.

Honorato-Rios et al.***° showed that an increase in the
counterion (Na) concentration in a suspension of CNCs
containing sulfate half-ester groups leads to loss in colloidal
stability, aggregation, and percolation. The e ect of the
counterion, being either H* or Na*, has been considered
nondetermining since the same valence leads to equal
contribution to ionic strength.* In studies extending to a series
of counterions, the onset of liquid crystal formation was reported
to increase with the size of the counterion,” and the critical
aggregation concentration decreased with increasing counterion

valence.®” The liquid crystalline order in a suspension consists of
achiral nematic phase. The nematic phase refers to orientational
order for long distances, compared to the dimensions of the
nanorods, and a chiral phase refers to a nematic order with a
uniform twist around an axis (see also Figure 2). It has been
suggested that this twist originated from the chirality of particle
units;>> however, a comprehensive understanding of these
origins is still under discussion. The total rotation of CNCs in
the chiral structure is referred to as the pitch. This distance can
be a ected by various parameters, such as ionic strength,
temperature, and suspension concentration.>>* Shear-assembly
of the chiral nematic phases, or even of non-nematic aggregates,
leads to alignment of the CNCs toward a nematic order in which
the CNCs align with the shear direction (Figure 2). This is
because, at rest, the assemblies are nematic and/or chiral
nematic, and the application of a shear ow leads to nematic
order that is oriented to the ow direction. We note that the
nematic order does not necessarily span the entire ow domain
but that there are nematic domains that are separated by sizable
distances, which are oriented to the ow direction (Figure 2).
The formation of the chiral liquid crystalline state occurs
above a critical concentration, which depends on the CNC
properties, and has been proven by polarized light microscopy
and circular dichroism.>® The chiral phase of cellulose exhibits
typically left-handed chirality. Handedness a ects the optical
properties of the materials: the iridescent cellulosic Ims
prepared from CNCs re ected left-circular polarized light and
transmitted right-circular polarized light when illuminated with
white light,*” which leads to, for example, extinction of
observable color when analyzed with a right-circular polarizer.
Electrostatic interactions have been found to play a critical role
in controlling the strength of the chirality; for example, a loss in
chirality has been observed to correspond to a reduced Debye
length and a mitigated Coulombic repulsion.® The nematic and
chiral phases in polarized light microscopy exhibit a Schlieren
and ngerprint texture, respectively; in the ngerprint pattern,
lines are taken as an indication of the pitch of the chiral order.
Birefringence can arise from any repeating pattern in a
structure, nematic being one of them.” A review by Davis>®
described that the birefringent region of a CNC suspension
decreases with decreasing concentration. Dong et al.” found that
at weight fractions below 4.6 wt % the sample was completely
isotropic, and it was completely liquid crystalline above 13.1 wt
%. Urena-Benavides et al.°’ found the concentration region
between 3.1 and 10.4 vol % to separate into liquid crystalline and
isotropic domains, and the isotropic phase disappeared at 12.1
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