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The cholesteric liquid crystal self-assembly of water-suspended cellulose nanocrystal
(CNC) into a helical arrangement was observed already more than 20 years ago, and
the phenomenon was used to produce iridescent solid films by evaporating the solvent
or via sol-gel processing. Yet, it remains challenging to produce optically uniform films
and to control the pitch reproducibly, reflecting the complexity of the three-stage drying
process that is followed in preparing the films. An equilibrium liquid crystal phase for-
mation stage is followed by a non-equilibrium kinetic arrest, which in turn is followed by
structural collapse as the remaining solvent is evaporated. Here, we focus on the first of
these stages, combining a set of systematic rheology and polarizing optics experiments
with computer simulations to establish a detailed phase diagram of aqueous CNC sus-
pensions with two different values of the surface charge, up to the concentration where
kinetic arrest sets in. We also study the effect of varying ionic strength of the solvent.
Within the cholesteric phase regime, we measure the equilibrium helical pitch as a func-
tion of the same parameters. We report a hitherto unnoticed change in character of the
isotropic—cholesteric transition at increasing ionic strength, with a continuous weakening
of the first-order character up to the point where phase coexistence is difficult to detect
macroscopically due to substantial critical fluctuations.

Keywords: cellulose nanocrystals, cholesteric liquid crystal, colloids, electrostatic stabilization, phase
coexistence, kinetic arrest, phase transitions

1. INTRODUCTION

Functional materials produced in a sustainable manner from renewable resources are currently
enjoying, rapidly increasing attention across the world, in recognition of their potential to deliver
solutions to increasingly complex technological demands without exhausting our limited fossile-
based resources. Among the most interesting are single-phase and composite materials based on
the polysaccharides chitin and cellulose (Dufresne, 2010; Habibi et al., 2010; Rey, 2010; Chung et al.,
2011; Eichhorn, 2011; Klemm et al., 2011; Moon et al., 2011; Yao et al., 2013; Lagerwall et al., 2014),
which are abundantly present and continuously reproduced within our planet’s animal and plant
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kingdoms, respectively, and offer many attractive physical and
chemical properties. A particular focus is set on the crystalline
nanorods that can be produced by mechanical processing fol-
lowed by acid hydrolysis of various raw materials rich in these
polysaccharides. Their surface chemistry can be readily tuned to
allow easy suspension in aqueous solvents or for further chemi-
cal functionalization for incorporation in organic or inorganic
matrices (Habibi, 2014), and the rods are mechanically strong,
light-weight, transparent, and birefringent. Importantly, they
have the attractive ability to self-organize into a long-range
ordered, macroscopically anisotropic, liquid crystalline phase of
chiral nematic (abbreviated N* and also called cholesteric) type
when suspended in a liquid host at volume fractions beyond
a threshold value @, (Onsager, 1949; Marchessault et al., 1959;
Revol et al., 1992; Revol and Marchessault, 1993; Lagerwall et al.,
2014). These suspensions are thus prime examples of anisotropic
deformable biomaterials, the theme of this Frontiers Research
Topic. The relatively high aspect ratio rod shape promotes the
long-range orientational ordering along a common orientation
(called the director) that is characteristic of nematic (N) liquid
crystals (Onsager, 1949), and the chirality (*) of cellulose and
chitin leads to a helical modulation of the director (de Gennes
and Prost, 1993), with periods ranging from tens of micrometers
down to some hundred nanometers.

The optical birefringence characteristic of liquid crystals
coupled with the helical director modulation means that the
refractive index varies periodically on the scale of the helix, turn-
ing a polysaccharide N* phase into a self-assembled biomaterial
photonic crystal (Mitov, 2012). If the helix is allowed to reach the
short sub-micron range, this can be seen by the naked eye as vivid
iridescent colors being reflected from the sample. Typically, this
happens when the water of an aqueous suspension of the rods is
allowed to evaporate, leaving a thin paper-like film that displays
striking colors across the whole visible spectrum (Beck et al,,
2011, 2013; Tabor et al., 2012; Gray, 2013; Dumanli et al., 2014;
Kelly et al., 2014; Lagerwall et al., 2014; Mu and Gray, 2014; Park
et al., 2014). Moreover, due to the helical internal structure, the
reflected light is circularly polarized with the same handedness
as the helix (Dumanli et al., 2014; Lagerwall et al., 2014; Park
et al., 2014). These photonic films have immediate application
potential in many photonic materials and devices, e.g., in secu-
rity papers for anti-counterfeiting purposes (Tabor et al., 2012),
sensors (Giese et al., 2013a; Zhang et al., 2013), or in mirrorless
lasing (Lagerwall et al., 2014; Wenzlik et al., 2014). Further
enhancements are possible by letting the liquid crystalline order
organize guest nanoparticles (Campbell et al., 2014; Liu et al.,
2014; Nguyen et al., 2014; Querejeta-Fernandez et al., 2014) or
template an inorganic or other organic phase that is synthesized
within the polysaccharide suspension (Shopsowitz et al., 2010,
2012a,b, 2014; Kelly et al., 2012; Giese et al., 2013b; Khan et al,,
2013). The self-assembled N* order also holds potential for creat-
ing extremely strong, yet light-weight composites, mimicking the
helical internal structure of the most performing biocomposites
found in Nature.

An important distinction from most other lyotropic liquid
crystals is that the structure remains qualitatively intact during
evaporation of the solvent, thanks to the locking-in of the ordered

structure via a transition into a kinetically arrested state when
the rod mass fraction w exceeds a threshold value wi. Although
this non-equilibrium state introduces its own complications,
as discussed below, it makes these systems much more useful
than surfactant-based liquid crystals, which crystallize and thus
develop a totally different structure upon drying (Bouligand,
2008; Dufresne, 2010; Rey, 2010; Moon et al., 2011; Weaver et al.,
2012; Yao et al.,, 2013; Lagerwall et al., 2014).

The application of this new class of nanoparticle has been
delayed, largely due to an unsatisfactory understanding of the
complex procedure through which the photonic crystal film is
formed during evaporation of the solvent. Fortunately, the pic-
ture now appears to be clearing up, thanks to an increased aware-
ness of the multi-stage nature of the drying process (Lagerwall
et al,, 2014; Mu and Gray, 2014; Park et al,, 2014). In a recent
review (Lagerwall et al., 2014), we put the focus on the need to
clearly distinguish between the equilibrium process as the pitch
of the N* helix shrinks continuously in response to increasing
mass fraction of the chiral nanorod, and the out-of-equilibrium
process governing the end of the drying process, after the system
has entered the kinetically arrested gel-like state at w > wy. The
situation is complicated by the strong gradient in w that occurs
in a still-standing droplet during water evaporation, which means
that the surface layer, which has the highest nanorod fraction,
gets kinetically arrested, while the bulk is still in the equilibrium
liquid crystal state (Lagerwall et al., 2014). Although the gradi-
ent can be minimized by introducing a shear flow during drying
(Park et al., 2014), this works only during the early stage of the
drying process and the shear flow may be undesirable from other
points of view.

Mu and Gray (2014) recently conducted an experimental
study where this aspect was elegantly highligted, by adding
D-(+)-glucose at varying concentration to drying suspensions of
cellulose nanocrystals (CNC). The glucose has a twofold influence
on the CNC suspension, on the one hand decreasing the pitch of
the equilibrium N* phase, on the other hand reducing wi. The
counterintuitive result is that the pitch in the final film is increased
by glucose, although the equilibrium pitch prior to kinetic arrest
is decreased, an outcome that can only be understood by consid-
ering the two main stages of evaporation individually. Another
beautiful experiment, by Dumanli et al. (2014), gave further
evidence of the two-step process. Here, real-time optical spec-
troscopic monitoring allowed the authors to follow the reduction
in helix pitch throughout the process of evaporating the water, at
controlled humidity values, finding a continuous pitch reduction
followed by a discontinuous jump to the short-pitch value of the
dry film as the final water leaves the sample.

In order to achieve good control of any product derived by
evaporating the solvent from a CNC (or chitin nanocrystal)
suspension, it is thus of crucial importance to develop a
detailed understanding of each process separately. First, we
must understand how the cholesteric phase formation from the
low-concentration isotropic (I) phase, and the N* helix pitch,
is influenced by parameters like nanorod dimensions and mass
fraction, surface charge, and ionic strength of the solvent, then we
must analyze what determines the threshold w; that separates the
two stages, and finally we must model the structural changes that
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take place in the non-equilibrium system as the last remaining
water evaporates.

In this paper, we focus on the first two aspects, launching
a combined experimental and simulation thrust where we use
CNC as our model system. We map out the liquid crystal phase
diagram, in particular in the range of I-N* phase coexistence,
determine the equilibrium helical pitch in the N* phase, and
establish wi. We explore these issues as a function of nanorod
mass fraction w for CNCs of two different values of the surface
charge, and as a function of ionic strength by adding NaCl salt
at selected concentrations c,. The systems are interrogated by
polarizing optical investigations, rheological measurements,
and atomic force microscopy, and these experimental data are
complemented by results from computer simulations of a model
CNC system.

Cholesteric liquid crystals have attracted much less attention
than the other liquid crystalline phases in the computer simula-
tions community, because it is difficult to handle the boundary
conditions of a twisted simulation sample. In the literature,
several models for chiral rods have been proposed, and their
ensembles were shown to form cholesteric phases under certain
conditions. These studies were either based on Onsager/Straley
theory (Wensink and Jackson, 2011; Frezza et al., 2014), density
functional theory (Dussi et al., 2015), or Monte Carlo simulations
(Memmer, 2001; Germano et al., 2002; Varga and Jackson, 2003;
Frezza et al., 2013; Kolli et al., 2014). They provide interesting
information about various aspects of the phase behavior of chiral
rods, yet the parameter space of the problem is vast and no study
so far has focused specifically on the part that is relevant for CNC.

2. MATERIALS AND METHODS

2.1. Cellulose Nanocrystal Production

Our CNC was prepared by sulfuric acid hydrolysis of commercial
cotton (Roth, Germany), using two alternative acid/cotton ratios
to obtain one low- and one high-surface charge batch (L-CNC
and H-CNC, respectively). The former was prepared by dispers-
ing 30 g of cotton in 300 mL of 64 wt.-% sulfuric acid (H.SO,) at
45°C, mixing with a mechanical overhead stirrer for 2 h. For the
H-CNGC, the same hydrolysis procedure was followed, but now
30 g of cotton was dispersed in 1500 mL of 64 wt.-% H,SO.. In
both cases, the reaction was stopped by the addition of deionized
water. The resulting dispersions were centrifuged three times with
a large excess of fresh deionized water and subsequently purified
using dialysis membranes in deionized water for a minimum of
4 days with daily exchange of water.

The suspensions were diluted to w = 1.5 wt.-% and sonicated
for 10 min with an ultrasonic probe (Dr. Hielscher UP200St)
equipped with a 2 mm diameter titanium tip, at an effective
power density of 0.75 W cm™ Thereafter the suspensions were
concentrated to w &~ 10 wt.-% by controlled evaporation of water
at 35°C for ~20 min under reduced pressure (as generated by a
water aspirator) using a rotary evaporator. During the process,
the suspension was kept in a glass flask, the inside of which had
been silanized using trichloro(octadecyl)silane at 1 vol.% in tolu-
ene, to avoid the formation of a CNC film as the concentration
increased.

A series of relevant mass fractions w were obtained by divid-
ing the two batches into aliquots and diluting with appropriate
amounts of deionized water. Furthermore, to study the influence
of ionic strength on the phase diagram and on the helix pitch,
multiple samples with identical H- and L-CNC mass fractions,
respectively, were prepared, with varying amounts of a stock solu-
tion of NaCl being added. This gave samples with NaCl content c;
varying from 0 to 5 mM for each value of w investigated. The vials
were then left standing at room temperature for 6 weeks, allowing
gravity-induced vertical phase separation to occur when w was
in the range of I-N* phase coexistence. All vials were silanized
on the inside in order to minimize the meniscus formation at the
liquid-air interface, as a flat interface greatly simplifies the quan-
titative analysis of the fractions of isotropic and liquid crystalline
phases. To further facilitate the distinction of the phases, the vials
were placed between crossed polarizers during observation.

2.2. Determination of CNC Concentration

and Amount of Charged Surface Groups
The mass fraction of CNC was determined by weighing aliquots
of the corresponding sample before and after the evaporation of
water. To ensure complete evaporation, the samples were heated
in an oven at 70°C for minimum 1 h.

The sulfate half-ester content of each CNC batch was deter-
mined by the conductometric titration method reported by Beck
et al. (2015). We diluted each CNC suspension sample, prepared
to contain 150 mg of cellulose (thus equivalent of 150 mg dry
CNC), with deionized water to give a total volume of 200 mL.
After the addition of 2 mL of 0.1 M NaCl solution, the suspension
was titrated with 10 mM NaOH. The NaOH solution was added
in 0.1 mL increments over a period of 30 min. The conductivity
was recorded using a conductivity sensor (Eutech instrument,
CON 450).

2.3. Atomic Force Microscopy (AFM)

Investigation

A 20 pL volume of poly-L-lysine solution (0.01 vol.-%) was
deposited onto a freshly cleaved mica surface (NanoAndMore
GmbH) and was allowed to react for 3 min. Subsequently, the
mica surface was rinsed with deionized water and dried with
compressed air. The CNC dispersion to be investigated was diluted
to 0.002 wt.-%, and 20 pL was placed on the treated surface for
3 min. After rinsing with deionized water, the samples were dried
with compressed air, followed by drying in a vacuum oven at 30°C
overnight in order to remove any excess water. A Multi-mode V
AFM (Digital instruments Nanoscope Veeco) was used in tap-
ping mode to image the samples, using AFM probes from Budget
Sensors (Tap300 Al-G, resonance frequency 300 kHz and force
constant 40 Nm™). The dimensions of the CNC particles were
manually measured using the software WSxM.

2.4. Polarized Optical Microscopy

Images of the liquid crystalline CNC suspensions between crossed
polarizers were taken in transmission mode on an Olympus BX51
microscope equipped with an Olympus DP73 camera. The CNC
suspensions were filled into 5 cm long capillaries with a rectan-
gular cross-section of 0.20 mm X 4.0 mm (CM Scientific Ltd.).
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The capillaries were sealed with Super Mix Metal epoxy glue and
stored at room temperature for 2 weeks before imaging. The pitch
values were determined by measuring the spacing between lines
in the fingerprint texture (the pitch is twice this spacing), using
the software Image J.

2.5. Rheological Investigations

The aqeuous CNC suspensions were investigated rheologically
for w between 2 and 10 wt.-%, using an Anton Paar MCR302
rotational rheometer in plate-plate geometry with diameter of 50
or 25 mm, depending on sample. For each sample, the flow curves
were measured in a shear range between 0.01 and 100 s™'. The
measurements were performed at room temperature and started
immediately after the sample was placed into the rheometer in
order to prevent an uncontrolled transition into a kinetically
arrested state. To avoid the loss of water during investigations,
sponges soaked with water were placed within the measurement
chamber, ensuring saturated humidity. The dry content of the
samples was determined before and after the measurement,
revealing no change in w within measurement error.

To test for reproducibility of the data, an additional reference
set of measurements was obtained for selected CNC suspensions
using a second rotational rheometer (Haake Mars, Thermo
Electron Cooperation) with a parallel plate geometry of 35 mm.
Based on the complete set of data, we concluded that, for high-
viscous samples, data in the range from 0.1 to 100 s are of high
quality and reliable, whereas for low-viscous samples this range is
somewhat reduced to 4-100 s'. All presented diagrams are thus
limited to the respective reliable range, as are discussions and
interpretations of the rheology data.

2.6. Monte Carlo Simulations
We model the chiral interactions between CNC rods by assuming
a helical arrangement of charges on their surface. Specifically, a
set of n* discrete point charges (pc) is placed along a line that
wraps helically around a hard spherocylinder of length L and
diameter D (called rod from here on). Figure 1 sketches this
model for different values of the internal pitch p™ (length of
one full turn of the charge helix). While there are experimental
indications that CNCs should rather be considered as twisted
cuboids of large excentricity (Cherhal et al., 2015; Usov et al.,
2015), the electrostatic interactions between spherocylinders
with a helical charge distribution and a uniformly twisted cuboid
with constant surface charge are in fact close to identical, hence
our model should yield relevant results regardless of the exact
shape and charge distributions on actual CNC.

The interaction potential between two point charges on differ-
ent rods is given by a Yukawa potential:

UY(r)szT( ZSJAB e’ (1)

n’* r

where r is the distance between the point charges, ks Boltzmann’s
constant, T the temperature, Z° the total charge on one rod, n*
the number of point charges on one rod, 15 the Bjerrum length
(the distance where the electrostatic attraction potential between
monovalent ions of opposite signs equals the thermal energy),

A
D
pint L
\/
- >

D

FIGURE 1 | Sketch of the simulation model with length L, diameter D,
and different internal pitches (left p™ = L, middle p™t = 2L, right
p"t = 4L) with the number of point charges per rod n*° = 9.

and « the Debye screening constant (k' is the Debye screening
length, which for practical purposes can be considered the effec-

tive range of electrostatic repulsion). The last two parameters are
defined as:

L, =e/(4mege k,T) Q)

K =447, (Z°p+2c,), (3)

with e the elementary charge, €, and €, the vacuum and relative
permittivities, respectively, p the concentration of rods and ¢, the
added salt concentration, i.e., Z°p + 2¢; is the total concentration
of free ions (not connected to a rod) in the system. The value
of A is set to 0.7 nm, corresponding to water at T = 298 K, and
the internal pitch is set to p™ = 200 nm. The simulated ranges
of w and ¢, are similar to those used in the experiments. The
value of Z° is adjusted to match the experimental data, based
on the surface charge obtained from conductometric titration,
and average length L and diameter D are in the ranges estimated
from AFM measurements. The system contains 1800 rods and
the order parameter is averaged over 10° Monte Carlo steps in
the NVT ensemble (constant particle number, sample volume and
temperature). The simulation code is based on Metropolis Monte
Carlo, and it has been written in house. Simulations were started
in the nematic phase and equilibration was ensured by observing
convergence of two particle positional and orientational correla-
tion functions.

We study the nematic order parameter
§,=1<3cos’B—1>=<P, > (the 3D ensemble average of the
second Legendre polynomial, with f the angle of a rod with
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respect to the director) in dependence on the volume fraction
@, of the physical rods (see below for the distinction between
physical and effective rod volume), the surface charge and the salt
concentration ¢,. The order parameter S, reveals a transition from
the isotropic (S, = 0) to the N* phase (S, > 0) upon increasing
@, beyond a critical concentration ¢, (onset of phase separation)
(Onsager, 1949).

3. RESULTS

3.1. Preparation and Characterization of
Cellulose Nanocrystals
The conductometric titration confirmed that the final CNC sur-
face charge was lower when less acid was used for the hydrolysis.
For the low acid/cellulose ratio (L-CNC), the measured surface
charge was 23 mmol kg™ compared to 37 mmol kg™ for the higher
acid/cellulose ratio (H-CNC). The AFM investigations revealed
that there was also a considerable structural difference between
the two samples. The H-CNC batch is substantially more poly-
disperse with a shorter average rod length than the L-CNC batch,
cf. Figure 2. From a population of 200 rods, the average length
was ~200 nm for H-CNC and ~250 nm for L-CNC. Moreover,
while about 60% of the H-CNC rods were evenly distributed in
the length range 100-250 nm, the L-CNC sample had more than
one-third of its rods in a narrow length span from 200-250 nm,
and more than 50% of the rods had lengths within 200-300 nm.
The obtained higher surface charge for H-CNC supports the
separation of individual crystals from each other during the ultra-
sonication treatment, and counteracts reaggregation afterward,
thanks to electrostatic repulsion between deprotonated sulfonate
groups.

3.2. Equilibrium Phase Diagrams of
Aqueous CNC Suspensions with Two

Different Values of Surface Charge

The macroscopic phase separation in suspensions of L-CNC
and H-CNC in pure water is presented in Figure 3. Beyond a
critical mass fraction of wy between 3 and 4 wt.-%, a certain
macroscopic volume fraction @ of cholesteric liquid crystal phase
can be detected, sinking to the bottom due to its higher density
compared to the isotropic phase (Onsager, 1949). As w increases,
@ should increase monotonically (but not linearly, since we have
electrostatically stabilized rods (Dong et al., 1996; Lagerwall et al.,
2014)) until all of the sample is liquid crystalline at a CNC mass
fraction wi. For our samples, w; was close to the onset of kinetic
arrest wy, beyond which the sample no longer attains equilibrium,
hence it is difficult to give a reliable value of wi. From the phase
separation experiments in Figures 3A,B, it would appear that
wi & 10 wt.-%. However, setting @ = 1 for w = 10 wt.-% in the plot
in Figure 3C would clearly break the trend, hence we believe that
the apparent uniformity at w = 10 wt.-% is an artifact, the reason
for which we will come back to below. We thus plot data only up
to w = 9 wt.-%, and an extrapolation of the data indicates that
w1 & 11 wt.-% for H-CNC, somewhat lower for L-CNC. For each
value of w, ® was slightly lower for H-CNC than for L-CNC for
a particular value of w, although the difference was rather small.

35 M |-CNC WH-CNC
30
25
20

15

Percentage of all rods

10

0-50 101-150

201-250  301-350 401-450 501-550

Length/ nm

FIGURE 2 | Representative AFM images of (A) L-CNC and (B) H-CNC,
together with an overview (C) of the length distribution of both
samples. In both cases, the CNC mass fraction in the starting suspension
was w = 3 wt.-%.

3.2.1. Effect of Added Salt on Phase Diagrams

In addition to studying the phase diagrams of the pure aqueous
CNC suspensions, we also studied the effect of adding NaCl salt
at various concentrations c,, for both batches of CNC. While stud-
ies of the effect of salt addition on CNC suspensions have been
reported (Dong et al., 1996; Dong and Gray, 1997; Cherhal et al.,
2015), there is so far, to the best of our knowledge, no critical
comparison of the effect on CNC with different surface charges.
In Figure 4, the effect of added NaCl at 1 < ¢, < 4 mM on the
phase separation for L-CNC and H-CNC is shown, with the data
for the suspensions without added salt included for comparison.
For both batches, the threshold w, for phase separation was
shifted to higher w values by the NaCl addition.

A very interesting observation in the investigation of the
samples with added salt, which has not been reported previously,
is that the bottom (high-density) and top (low-density) phases
became increasingly similar with added NaCl, cf. Figure 5. While
the upper phase in the absence of NaCl is reasonably transpar-
ent (in particular for lower values of w, as shown in Figure 3),
as expected for an isotropic phase, the scattering continuously
increases with salt addition. This observation will be important
in the Discussion ending the paper.

The added NaCl screens the sulfonate group charges on
the CNC surface, weakening the electrostatic stabilization of
the colloid, hence an increased degree of aggregation may be
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3wt.% 4wt.% S5wt.% 6wt.% wt.% = 8wt.% 9wt.% 10wt.%

10wt.%

3wt.% 4wt.% Swt.% @ 6wt% @ 7wt.% @ 8wt.% @ 9wt.%

1
c OL-CNC  OH-CNC
O
0.8 O O
= o
s O
o
.(Ev 0.6 o
< S
E 04
>
3 B
0.2
O
O
0 2
2 3 4 5 6 7 8 9

Mass fraction of CNC/ wt.-%

FIGURE 3 | Phase separation in suspensions of cellulose nanocrystals
(A) L-CNC; (B) H-CNC in pure water at different CNC mass fractions
w, as indicated on each vial cap. The volume fraction @ of cholesteric
phase (bottom, bright between crossed polarizers) is plotted quantitatively for
both series in the diagram in (C).

expected for samples with added salt. Indeed, this was confirmed
by investigating some of the samples by AFM. Figure 6 shows
AFM images of L-CNC and H-CNC at the high NaCl concentra-
tion of ¢, = 4 mM. As expected, the rods are aggregated to some
extent compared to the salt-free images in Figure 2, the effect
being stronger for H-CNC than for L-CNC. This indicates that
the negative effect of increased screening with increasing ionic
strength dominates over the positive effect of increased surface
charge.

3.3. Helix Pitch of the Equilibrium
Cholesteric CNC Phases

Some representative cholesteric fingerprint textures, obtained
with 10 wt.-% suspensions of L-CNC and H-CNC, respectively,
filledinto flat glas capillaries, are presented in Figure 7. Comparing
the L- and H-CNC samples, it is clear that the pitch is longer for
the former than for the latter, a difference that can be recognized
for all concentrations studied, cf. Figure 8. The difference may

A
Oomm <¢1mm 2mM X3mM O4mM
O
¥ 0.8 O <
H <
o a]
2 0
E 0.6 X
‘2 o o
E o4 &
2" O
2 © %
0.2 O
O
< X
0 &
2 3 4 5 6 7 8 9
Mass fraction of L-CNC/ wt.-%
B S
OommM ©1mMm 2mM X3mM O4mM
S 0.8 O
S
g
0.6
g - 2
GEJ O
504 o ®
o
S 0
0.2 ¢ &
0 & 3 X
2 3 4 5 6 7 8 9
Mass fraction of H-CNC/ wt.-%
FIGURE 4 | Effect of NaCl addition on the macroscopic volume
fraction @ of N* phase at different CNC concentrations for (A) L-CNC
and (B) H-CNC.

be traced back to the greater degree of surface charge, as well
as to the smaller rod length of the H-CNC sample. As expected,
considering that the source of chirality is the CNC (Lagerwall
etal,, 2014), the pitch always decreases with increasing w.

In order to evaluate the influence of ionic strength on the helix
formation, samples with different ¢, were analyzed. In Figure 8,
the helix pitch of L-CNC and H-CNC is plotted against w, for
0 < ¢ < 4 mM. For L-CNC, the pitch decreases essentially
monotonically with increasing salt content up to ¢; = 2 mM. For
greater c, the pitch data were rather scattered, with large standard
deviations. For H-CNC, the pitch initially also decreased with
increasing NaCl concentration, but beyond ¢, = 2 mM the trend
changed, possibly even reversed, with pitch values that could
increase with further addition of NaCl up to the maximum
¢ = 4 mM investigated. The differences were not large, however,
and the behavior was not entirely monotonic, as seen, e.g., at
w = 7 wt.-%, where 3 mM NaCl gave substantially longer pitch
than at ¢, = 2 mM, but a further increase to c. = 4 mM again
reduced the pitch. As discussed in Section 4.2, these inconsistent
variations may say more about the limitations of the method
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FIGURE 5 | Phase separation of L-CNC suspensions with w = 9 wt.-
%, at different concentrations c; of added NaCl. The fraction of the
bottom phase is reduced by salt addition, but the difference in appearance of

the two phases also gets increasingly weaker.

FIGURE 6 | AFM images of nanocrystals on poly-L-lysine-coated mica
substrates, for L-CNC in (A) and for H-CNC in (B), after addition of
NaCl to the suspension. The samples were prepared from w = 4 wt.-%
CNC suspensions to which cs = 4 mM NaCl had been added diluted to

w’ = 0.002 wt.-% prior to dispensing on the substrate.

of measuring the pitch in glass capillaries than the actual helix
response to salt addition.

3.4. Detection of Kinetic Arrest from
Rheology Data

So far, we have not addressed the important question of the
value of wy, the concentration at which the CNC system enters
a kinetically arrested state. The task to establish this threshold is
actually far from trivial, the best experimental technique being,
in our opinion, rheological studies of the viscous response of the
CNC suspensions. In Figure 9, the shear viscosity measured for
different shear rates is plotted versus w. The onset concentrations
wo for the I-N* phase transition, as estimated from Figure 3, are
indicated as dotted vertical lines.

For all suspensions, the viscosity increases monotonically with
increasing w, at all investigated shear rates. For w < 10 wt.-%, the
viscosity curves are very similar for L- and H-CNC. We can, for
both types of CNC, distinguish two types of behavior, for low and
high shear rates, respectively. In the latter case, here represented

FIGURE 7 | Fingerprint textures of L-CNC (A) and H-CNC (B) in
deionized water at w = 10 wt.-%. From the images, pitch values of about
10 and 8 pm, respectively, can be estimated for the two CNC types.

by the data obtained at 100 s™* shear rate, the increase with w is
logarithmic (the curve in the lin-log diagram appears linear) as
long as w < wy. In the L-CNC data, we can easily distinguish wx
through the sudden superlogarithmic increase of the viscosity at
w = 10 wt.-%. In fact, at all shear rates an increase in viscosity
upon reaching w = 10 wt.-%, that is much greater than the trend
for lower CNC concentrations can be detected, indicating that
9 < wi < 10 wt.-% for L-CNC. At w = 10 wt.-%, the viscosity at
100 s suddenly rises to 0.64 Pa s from <0.3 Pa s at w = 9 wt.-%,
and for a shear rate of 0.1 s™, the corresponding increase is from
just above 10 Pa s to 0.40 kPa s. For H-CNGC, in contrast, no such
change in trend can be seen at any shear rate, indicating that
wi > 10 wt.-% for this CNC type. At a shear rate of 100 s, the
H-CNC viscosity increases logarithmically, with constant slope in
the lin-log diagram, from 6.7 mPa s to 0.47 Pa s by increasing w
from 2 to 10 wt-%. For the low shear rate of 0.1 s™', the viscosity
peaks at 69 Pa s for highly concentrated samples.

The conclusion concerning wx from the rheological investiga-
tions is corroborated by a simple, more qualitative observation, by
gently turning sample vials upside down. For all H-CNC suspen-
sions and for all L-CNC suspensions with w < 10 wt.-%, the sus-
pension flows down to the bottom, more or less rapidly depending
on the concentration. This demonstrates that these are all in fluid
states, even though the viscosity can be rather high for the higher
values of w. In contrast, the 10 wt.-% suspension of L-CNC stays
at the top, unchanged in shape, even after several hours or days.
This is a clear indication that this sample is kinetically arrested.

3.5. Results from Monte Carlo Simulation
Figure 10 shows the nematic order parameter S, in dependence
on the physical rod volume fraction ¢, of rods with diameter
D = 10 nm, length L = 20D, and internal pitch p™ = 20D for
two different surface charges and six different concentrations c;
of added monovalent salt. With increasing c, the I-N* transition
shifts to higher ¢, in accordance with the experimental results
shown above. Note that the volume fraction ¢, on the x-axis
in Figure 10 is the volume fraction of the physical rod, thus of
the cellulose without the “padding” from electrostatic repulsion
(discussed further in Section 4.2). This is directly proportional to
the mass fraction w considered in the experimental part.
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FIGURE 8 | Approximate helix pitch in the chiral nematic phase of
aqueous suspensions of (A) L-CNC and (B) H-CNC, as estimated from
fingerprint textures in glass capillaries. Data plotted as diamonds are
without added salt, while the other series represent varying amounts of
added NaCl.

Interestingly, an increase in the surface charge appears to shift
the I-N* transition to slightly lower rod concentration in con-
tradiction to the experimental results, for which, w, was found
to be slightly higher for H-CNC than for L-CNC. We will come
back to this observation, and how it should be compared to the
experimental observations, in the Discussion ending the paper.

A further illustration of the complex influence of the CNC
surface charge can be seen in the diagram in Figure 11. Here S,
is plotted for rods with diameter D = 5 nm, length L = 15D, and
internal pitch p™ = 40D, at constant ¢, (and thus for constant w),
in dependence of the surface charge. It is apparent that S, first
increases from zero to a rather high plateau value, but then again
decreases for very high-surface charge. Thus, at very low- and
very high-surface charge the system is isotropic, while in between
itis chiral nematic. The lower limit is zero surface charge, which is
the hard spherocylinder case, where the system is in the isotropic
phase at the given concentration. And the upper limit is when the
surface charge is so high that x — oo or k™! — 0, which effectively
means that there again is no electrostatic interaction (Uy = 0),
hence we are back to the hard spherocylinder case. A benefit of
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FIGURE 9 | Semi-logarithmic representation of the viscosity versus
mass fraction w of (A) L-CNC and (B) H-CNC for different shear rates.
The transition from isotropic to the biphasic region, as estimated from the
phase separation experiments in Figure 3, is indicated by a dotted vertical
line. In general, there is a logarithmic increase of the viscosity with increasing
mass fraction of CNC, with a slope in this lin-log diagram changing around

5 wt.-% for low shear rates. (Dashed lines are guides for the eyes to highlight
this behavior.) However, in the case of L-CNC a sudden jump in the values
occurs beyond w > 10 wt.-%, indicating that the concentration threshold for
kinetic arrest is between 9 and 10 wt.-%.

computer simulations is that we can much easier probe a greater
parameter space than in experiments, and here the simulations
were partially in a different region concerning the surface charge
dependence.

4. DISCUSSION

4.1. Isotropic-Cholesteric Phase
Separation

Looking at the upper isotropic phase fractions in Figure 3, we
notice that they become increasingly bright as w is increased,
giving rise to the difficulties in detecting phase separation in the
10 wt.-% vials. We will be able to give a tentative explanation for
this behavior below. In both series we also see that a top layer, and
for the generally isotropic 3 wt.-% samples also a bottom layer, is
anomalously bright between crossed polarizers. This is indicative
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FIGURE 11 | Nematic order parameter in dependence on the surface
charge for rods with diameter D = 5 nm, length L = 15D, and internal
pitch p™t = 40D at a rod volume concentration of ¢, = 11.6%.

of long-range anisotropic order. We hypothesize that this is due
to interface-induced ordering, leading to localized liquid crystal
formation even when the adjacent bulk phase is isotropic. This
conjecture is strengthened by our polarizing microscopy observa-
tions of the isotropic phases filled into capillaries (not shown),
where we frequently noticed a weak schlieren texture character-
istic of nematic ordering, overlaid on a black background that
contained cholesteric tactoids if the phase coexistence regime
had been reached. We assume that this texture arose from the
same type of interface-induced liquid crystal ordering close to

each capillary wall, although the bulk sample was predominantly
isotropic.

In the L-CNC sample with w ~ 9 wt.-%, we noticed a curious
separation into three, rather than two, macroscopically distinct
phases. Such three-phase separation in CNC suspensions has been
observed before (Kimura et al., 2005; Schiitz et al., 2015) although
no explanation has been given. Indeed, it is far from obvious why
a highly polydisperse suspension would separate into specifically
three phases. We are currently investigating this issue, following
two alternative hypotheses. On the one hand, we consider the
possibility that only the top and bottom phases are in equilibrium,
whereas the middle phase is in a non-equilibrium state where
kinetic barriers between domains with subtle structural and/or
compositional differences prevent the merging with the bottom,
equilibrium, N* phase. On the other hand, it may be the narrower
length distribution with a strong dominance for rods in the range
200-250 nm that strengthens the tendency of the phase separation
phenomenon to induce a fractionation by rod length (Dong et al.,
1998; Zhang et al., 2006), thus giving rise to two N* phases with
strong difference in average rod length and polydispersity.

4.2. Influence of Solvent lonic Strength

As for any electrostatically stabilized colloidal suspension, ions
dissolved in the water affect the phase diagram of the CNC sus-
pensions, a phenomenon that can most simply be traced back to
the resulting change in effective particle size and anisotropy. As is
clear from equation (3), salt addition reduces the Debye screening
length «'. While this has a negligible relative influence on the
length, which is orders of magnitude greater than k', the relative
reduction in effective diameter can be significant when the physi-
cal rod diameter is comparable to k. This has two simultaneous
consequences with antagonistic influences on the phase diagram.
First, the effective aspect ratio increases, which according to basic
Onsager theory (Onsager, 1949) reduces the volume fraction
threshold ¢, for liquid crystal formation. Considering only this
respect, adding salt at constant w would promote liquid crystal
phase formation. In reality, however, the effect of salt addition is
the opposite, as confirmed in both experiments and simulations.
This is because salt addition also reduces the effective volume
of each rod. The total effective rod volume fraction ¢ thus goes
down with increasing salt concentration at constant w. This effect
dominates over the change in effective aspect ratio, which scales
linearly with « via L/(D + 2x"), while the reduction in volume
fraction scales with the square of «, v,y = La(D/2 + k')~ We thus
always see a decrease in the fraction of anisotropic phase upon
salt addition.

The relative effect of salt addition is strong at low c;, for both
CNC series, but the response is saturated rather rapidly, with no
significant difference being seen between the 3 and 4 mM NaCl
series. One might expect a larger difference in the saturation value
between the two series, since H,SO4-treated CNC itself is ionic,
and thus contributes to the ionic strength. In other words, if ionic
strength was the only important parameter, less NaCl ought to
be needed to reach saturation for H-CNC. However, the greater
surface charge present on the H-CNC nanorods affects the
close-range interactions considerably, whereas the NaCl addition
affects only the Debye screening length x'.
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Comparing with the literature, we find that Hirai et al. (2009)
reported for suspensions of high aspect ratio bacterial CNC,
a complex non-monotonic response to NaCl salt addition at a
fix value of w. For ¢; up to 1 mM, @ decreased, but for higher
concentrations (the study went up to ¢, = 5 mM) the N* fraction
again began increasing, apparently reaching ® = 1 already for
¢ & 2 mM for w = 3 wt.-%. In contrast, Dong et al. (1996) only
observed a linear drop in @ for their filter paper-derived CNC as
NaCl was added at constant w = 8.1 wt.-%. However, their study
did not extend beyond ¢, = 2.4 mM.

Our results differ from both these trends. Salt addition never
entirely removes the N* phase, as seen by Dong et al. (1996), but
we also do not see the trend reversal that Hirai et al. observed,
for either of our CNC batches. The fact that three distinctly
different responses to salt addition can be observed highlights
one of the great challenges in CNC research, namely the extreme
variation in behavior depending on CNC source and treatment.
Comparing the three studies, we note that the Hirai et al. study
used exceptionally long and slender bacterial CNC nanorods,
with rather low surface charge (about half of that of our L-CNC),
whereas the CNC studied by Dong et al. had about three times
higher surface charge, thus somewhat higher than our H-CNC,
and their average rod length was rather small, about 115 nm.

The increase in scattering observed as salt is added to the
samples in the phase coexistence regime, leading to the gradu-
ally increasing similarity between lower and upper phases, is a
behavior typically connected to a second-order (continuous)
phase transition, where critical fluctuations are very important
(Landau and Lifschitz, 1980; Giesselmann, 1997). A strongly
first-order (discontinuous) transition is rather characterized by
clean phase separation without significant scattering, as seen in
our experiments with low ionic strength. It may thus be that a part
of the reason for decreasing @ with added salt is a continuously
weakened barrier between the energy minima corresponding to
isotropic and cholesteric phase, respectively, as well as a decreased
discontinuity in the nematic order parameter. As a consequence,
the compositional difference between the isotropic and liquid
crystal phases is reduced as ¢, increases. With the isotropic and
liquid crystal phases approaching each other in character, and the
barrier between them decreasing, it becomes increasingly likely
that a fluctuation leads to temporary and localized anisotropic
phase development, tiny cholesteric droplets constantly form-
ing and dissolving, already for w < wo. This would explain the
scattering seen in the upper phase when NaCl is added. Indeed,
our simulation results also indicate that the first-order charac-
ter of the I-N* transition is weakened as the ionic strength is
increased. We may now also understand why the upper isotropic
phase in the experiment in Figure 3 becomes increasingly bright
and scattering upon increasing w, with indistinguishable phase
separation at w = 10 wt.-%: also the CNC itself contributes to
the ionic strength, since it is electrostatically stabilized through
its non-zero surface charge, hence the first-order I-N* transition
character weakens as the CNC concentration increases, leading to
critical fluctuations and consequent scattering once w approaches
wi. It should be noted, however, that the gradually increasing
scattering of the upper isotropic phase is not always observed,
hence with other types of CNC, e.g., that used in the study by

Schiitz et al. (2015), this dependence on solvent ionic strength of
the transition character may be much weaker.

The erratic variations in pitch as the concentration of added
NaCl was varied indicate that analysis of fingerprint textures of
samples filled into capillaries is not the best method to determine
the helix pitch, most likely due to surface-induced deviations
from the equilibrium value as well as the lack of control of the
helix orientation within the capillary. A better method may be
laser scattering from bulk samples, as used in a recent study by
Schiitz et al. (Schiitz et al., 2015).

The general trend of decreasing pitch upon salt addition is
nevertheless rather clear, and this can be understood as an effect
of the reduced effective rod diameter. This brings the centers of
mass of adjacent CNC rods closer to each other and thus increases
the intensity of chiral interactions (Dong et al., 1996; Lagerwall
et al,, 2014). An increasing pitch with increasing ionic strength,
as suggested by a few experiments in our study, and much clearer
by Hirai et al. (2009), remains to be explained.

4.3. Kinetic Arrest

There may be several explanations to the lower value of wy for
L-CNC compared to H-CNC. First, the lower surface charge
means that the electrostatic stabilization fundamentally is weaker,
rendering contacts between rods more likely, and thereby increas-
ing the chance of long-term aggregation. Second, the greater
average physical rod size in the L-CNC sample, due to reduced
screening from counter ions in the solvent, increases the total
rod volume fraction ¢ at a certain w. This promotes long-range
network formation and thus reduces the apparent percolation
threshold. Together with the increased risk of rod-rod contact,
this makes a rigidity percolation event, corresponding to kinetic
arrest, more likely.

The low shear rate behavior is a little different from the behav-
ior at high shear rates, for both CNC series. Up to w = 5 wt.-%,
the viscosity increase with CNC concentration is logarithmic,
with a constant slope in the lin-log diagram, as for the high shear
rate studies. However, from w = 6 wt.-%, the slope increases for
lower shear rates. As we are in the I-N* coexistence regime, this
indicates that the low shear rate is insufficient to fully unwind
the cholesteric helix and align the director uniformly in aniso-
tropic domains, leading to a slightly higher viscosity than what
an extrapolation of the low-concentration trend would yield. If
the instrument would have been able to measure also the low-
concentration samples at low shear rates, we expect that we would
have seen this change of slope already at lower values of w, down
to wy for sufficiently low shear rates. But at a shear rate of 4 s
and higher, the N* domains at the low-concentration end of the
biphasic regime are apparently uniformly aligned.

It is interesting to compare the above observations with
earlier reports from rheological studies on CNC suspensions.
A direct comparison of the data is, however, challenging, as the
behavior strongly depends on the source of the CNC and the
preparation process (Bercea and Navard, 2000; de Souza Lima
and Borsali, 2004; Urena-Benavides et al., 2011), the sonication
time (Shafiei-Sabet et al., 2012), and the ion content (Chau et al.,
2015). There has been some work on the influence of the surface
charges on the viscosity of CNC. In 2013, Shafeiei-Sabet et al.
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(2013) investigated the rheological properties of two different
CNC samples with different degrees of sulfation and found that
CNC with lower surface charge gets kinetically arrested at lower
mass fractions than CNC with high-surface charge, similar
to our observations. Unfortunately, they did not provide any
information on the physical rod lengths in their samples, mak-
ing an in-depth comparison difficult. Araki et al. (1998, 1999)
investigated CNC produced by acidic hydrolysis with HCI or
H,SO,, resulting in CNC with similar particle dimensions but
low- or high-surface charge, respectively. Their experiments
revealed that the viscosity of their CNCs was strongly affected
by the surface charge, in absolute values as well as in the time
dependence, the highly charged CNC produced by H.SO,
hydrolysis exhibiting lower viscosities. However, they did not
give information on the impact of the surface charges on the
phase behavior. CNC prepared by treatment with H,SO, but
with different hydrolysis times were investigated by Li et al.
(2015). These authors also found that the viscosity decreased
with stronger sulfation of the surfaces, achieved by increased
hydrolysis time. Furthermore, they showed that w, was shifted
to higher values for longer hydrolysis times. The authors did
not, however, relate that behavioral change to a different surface
charge, but rather to a lower aspect ratio of the CNC resulting
from longer duration of the acidic hydrolysis.

4.4. Comparison between Experimental

and Simulation Results

Since it is difficult to exactly match the model parameters to
the actual CNC samples, which are highly polydisperse in rod
length and thickness, it is not straightforward to quantitatively
compare simulation and experimental results. However, we can
use the monotonic behavior of S, to compare the trends for ¢,
versus surface charge and ¢, obtained from simulation, with the
corresponding experimental trends. If salt addition according
to simulations leads to a decrease in S, at fixed w, the critical
concentration ¢, increases.

A striking, and very important, result of changing the ionic
strength by increasing the added salt concentration in Figure 10,
seen clearly between the ¢, = 1.7 and ¢, > 1.7D~ data for low
surface charge, is the change in the magnitude of order parameter
discontinuity at the [-N* phase transition. It is notably smaller
for high ¢, than for samples where the ionic strength is low. In
other words, increasing the ionic strength reduces the strength
of the first-order character of the I-N* transition, in accordance
with our experimental observations. Considering this change in
the transition character, quantitative comparisons of thresholds
between samples with different ionic strength obviously become
difficult.

5. CONCLUSION

In suspensions of cellulose nanocrystals (CNC), the equilib-
rium phase sequence and structural parameters, as well as the
concentration where kinetic arrest into a non-equilibrium state
sets in, are highly sensitive to the ionic strength of the solution.
This applies whether the ionic strength is tuned by salt addition,
through variations of the surface charge of the rods, or through

variations in their concentration. Increased ionic strength shifts
the phase sequence toward the isotropic phase, raising the onset
mass fraction threshold wo of liquid crystalline order. It also
reduces the equilibrium helix pitch in the cholesteric phase. Both
phenomena can be understood as a result of weakened elec-
trostatic repulsion between rods, reducing the effective volume
fraction (explaining the shift in phase sequence) and allowing
closer approach of adjacent rods (explaining the shorter pitch as
aresult of stronger chiral interactions). High CNC surface charge
appears to increase the mass fraction at which the suspension
gets kinetically arrested, as detected by rheological experiments.
We cannot rule out, however, that also the variation in average
rod length and polydispersity between our batches with low- and
high-surface charge may have had an impact.

Our experiments and computer simulations also indicate
that the ionic strength of the solvent influences the character of
the isotropic—chiral nematic transition. With increasing ionic
strength, this transition appears to gradually loose its normally,
strongly first-order character, eventually reaching a state where
critical fluctuations give rise to strong light scattering. Since the
CNC itself introduces counterions into solution, even an increase
of the CNC mass fraction can trigger this change, such that it
can be difficult to distinguish the isotropic from the nematic
phase toward the high mass fraction end of the biphasic regime
of the phase diagram. This is of practical importance in terms
of establishing the phase diagram, as it can be very challenging
to accurately determine the fraction w; where the entire sample
is in the chiral nematic state. As there are experimental studies
where no strong scattering in the isotropic phase was observed,
it appears that this change in character of the phase transition
also depends on the characteristics of the CNC. It is a stimulating
challenge for further studies to better understand when and why
this phenomenon arises.
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