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Orientational ordering benefits nanorod sonication
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While ultrasonication is a well established method to disperse nanorods, insufficient attention has been
given to the impact of the particle mass fraction Ws at which sonication takes place. Its importance goes far
beyond viscosity tuning, since a dilute isotropic nanorod suspension transitions to a liquid crystal (LC) phase
if Ws surpasses a threshold, via a wide biphasic window of isotropic–LC equilibrium phase coexistence. By
systematically varying Ws of suspensions of cellulose nanocrystals (CNCs) across and beyond the biphasic
range we show that Ws strongly influences the sonication process. Near the original suspension’s stability limit
of the isotropic phase, W ∗

0 , the sonication shear flow induces a temporarily ordered paranematic state which
assists particle individualization and minimizes damage. Our atomic force microscopy study supports this,
finding increasing aspect ratio nanorods as Ws is increased from the fully isotropic range past the onset of the
equilibrium biphasic window. Ws impacts also the macroscopic properties like the phase diagram and the pitch
of the cholesteric LC helix into which CNCs self-assemble. A further key finding is that CNC suspensions
concentrated beyond the threshold for gelation should be sonicated to remove end-to-end chains formed in
the gel, since otherwise these remain even after dilution. Our conclusions apply also to many other nanorod,
nanotube and nanoplatelet suspensions, where reproducibility problems may be due to the lack of control of Ws

and to agglomerates remaining from high-concentration precursor suspensions.

DOI: 10.1103/9rny-g949

I. INTRODUCTION

Due to their notorious tendency to agglomerate, nanoparti-
cles are typically dispersed as liquid suspensions that undergo
sonication (ultrasound treatment) or other types of processing
that involve strong shear flow to break up bundles [1–5],
sometimes even at the synthesis stage [6]. This is particularly
critical for anisometric nanoparticles with large interfacial
contact area that renders bundle disruption challenging, like
carbon nanotubes, organic or inorganic nanorods, flakes of
nanoclay or graphene or graphene oxide, and bioderived
nanorods such as amylose fibrils [7], chitin nanocrystals
(ChNCs) [8,9] and cellulose nanocrystals (CNCs) [9–12].
The latter earned wide popularity as accessible, low-cost
and sustainably produced nanorods with excellent mechani-
cal and optical properties that are easy to disperse in water,
enabling advanced functional materials with minimum en-
vironmental footprint. They are explored, e.g., as fillers in
composites [13,14], in food packaging [15,16], and they
give rise to spectacular photonic properties when dried as
films [17–19], topographically modulated surfaces [20] or
microparticles [21,22]. Because they are transparent, they also

*Contact author: jan.lagerwall@lcsoftmatter.com
†https://lcsoftmatter.com

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

present an excellent model system to study the behavior of
bulk nanoparticle suspensions by optical methods, which is
often impossible for strongly absorbing nanoparticles like car-
bon nanotubes or graphene. To avoid CNC agglomeration into
bundles, their suspensions are always sonicated, at least dur-
ing the initial production. Many users apply further sonication
of their stock suspensions prior to application.

While sonication is effective in breaking up bundles, it
can also damage anisometric nanoparticles. They are typically
shortened due to scission induced by strong extensional flow
or following frequent collisions between randomly oriented
particles during sonication of isotropic suspensions [23,24].
The impact of sonication on CNCs, their suspensions as well
as on dry CNC films is well documented [2,25], generally
focusing on the impact of sonication power, energy and time.
Among the effects demonstrated are, e.g., variations of the
photonic performance [26], variations in efficiency as lubri-
cants [27], variations in rheological and colloidal properties
[28,29], reduction in kinks along individual CNCs [30], and
variations in gelation threshold [31]. Surprisingly, a parameter
that has been neglected is the particle mass fraction Ws in
the suspension while it is being sonicated. Most researchers
select a single, arbitrarily chosen value of Ws for all exper-
iments, while some do not mention the value of Ws. Here
we demonstrate that this is a glaring omission, because Ws

has strong impact through its role in determining the physical
behavior of suspensions of anisometric nanoparticles before
and during sonication. Variations in Ws affect the appearance
of long-range orientational (nematic) order, the spontaneous
separation into isotropic and liquid crystal (LC) phases coex-
isting in equilibrium [12], with an accompanying fractionation
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of disperse nanoparticles [32–35], and the onset of kinetic
arrest with subsequent departure from equilibrium behavior
[12]. The impact is not limited to CNCs but it should apply
to any nanorods, nanotubes or nanoflakes that can develop
nematic order in suspension, whether spontaneous or shear-
induced.

Although the detailed shapes of individual CNCs vary,
they can be approximated as twisted rectangular cuboids [36],
with length L on the order of 100 nm and lateral dimen-
sions (breadth B and thickness T ) in the range of a few
nanometers. It is this high aspect ratio that leads to the ap-
pearance of nematic order if the CNC volume fraction is
high enough, as explained by the classic Onsager theory
[37]: a low-concentration suspension of identical cylindrical
nanorods with effective diameter De and effective length Le

remains uniformly isotropic only up to a critical particle vol-
ume fraction φ0 = 3.3De/Le. A similar relationship holds for
nanoplatelets. In contrast to Onsager’s rods, CNCs are not
cylindrical at the individual scale. However, the important
aspect is their effective appearance in a colloidal suspension,
where one must take, first, dynamics into account: nanorods
may undergo thermally activated rapid rotations about the
main moment of inertia. Second, the electrostatic repulsion
that prevents nanorods from agglomerating adds approxi-
mately 1 nm to the effective radius and may smoothen out
topographical variations of the CNC itself [38]. As a result, it
is often a reasonable approximation to consider a cylindrical
effective shape of the suspended nanorods, explaining why the
Onsager theory is highly successful in modeling the behavior
of CNC suspensions.

If the particle volume fraction φ increases beyond φ0, a sus-
pension enters a biphasic regime in which the isotropic phase
coexists in equilibrium with nematic LC phase nucleating in
so-called tactoids [39], with a local rod volume fraction φ1 =
4.5De/Le. The biphasic regime extends until the overall sus-
pension has a global particle volume fraction φ = φ1. In the
LC phase, the nanorods spontaneously align along a common
direction n (the director), giving rise to birefringence with n
as optic axis. Because cellulose is chiral, the nematic phase
developed by CNC suspensions is chiral also at macroscopic
scale, and we refer to it as chiral nematic or cholesteric. Its
signature feature is the characteristic cholesteric rotation of
n in a helical manner along an axis m ⊥ n [39], yielding a
sinusoidal modulation of the effective refractive index. This
modulation is at the heart of the photonic performance of
dried CNC suspensions, a second key component being the
transition into a kinetically arrested gel state at a critical local
CNC mass fraction wk on the order of 10 wt.-% [12,40,41].
Evaporation of the remaining water then compresses the pitch
p of the cholesteric helix to the range of visible light wave-
lengths, giving rise to the photonic crystal properties [42].

Throughout the Onsager biphasic regime the local volume
fractions in the isotropic and nematic phases are φ0 and φ1,
respectively, i.e., each phase is always at its stability limit.
Even weak shear flow can then induce long-range orienta-
tional order in the fraction that is isotropic at rest into what is
called a paranematic state [43–45], with the nanorods aligned
along the shear as long as the shear persists [46]. Our find-
ings below suggest that the ideal situation for breaking up
nanorod bundles by sonication is when the paranematic state

prevails throughout the sample volume, because the uniaxial
long-range orientational order renders the ultrasound-induced
shear maximally effective in disassembling agglomerates at
the same time as it minimizes damaging impact between par-
ticles. When sonicating anisometric nanoparticle suspensions,
one should thus consider working at Ws close to the stability
limit of the isotropic phase, Ws ≈ W0. For most CNC suspen-
sions W0 � wk , which is important because sonication-driven
particle individualization works poorly on gelled suspensions
(although sonication of gels can have very interesting global
effects via the incurred vibrations [47]), and we find that
gelation leaves strong impact in the form of end-to-end-
agglomerated CNCs even after dilution.

To give evidence of the effects, we systematically vary
Ws from fully isotropic, throughout the biphasic regime, into
the fully liquid crystalline state, and even up to the point
of complete gelation, and we film the suspensions between
crossed polarizers during the sonication procedure. We then
characterize the sonication-individualized CNCs by atomic
force microscopy (AFM), and we study the LC phase behavior
and equilibrium helix pitch of the corresponding suspensions,
obtaining broad evidence of the impact of Ws on the resulting
CNCs and their suspensions.

II. RESULTS

A. Characterization of the pristine CNC suspension

We work with commercial sulfuric acid-hydrolyzed CNC
from CelluForce, sold as a water-based slurry with global
CNC mass fraction W = 6.4 wt.%. Because sonication often
changes the behavior of a CNC suspension in important ways,
we add an asterisk in the following to parameters that apply
specifically to this pristine CNC suspension. The information
provided by the manufacturer and our macroscopic characteri-
zation results are provided in Appendix A. As described there,
we estimate the biphasic regime to extend from W ∗

0 ≈ 2.2
wt.% to W ∗

1 ≈ 5.1 wt.%. The original slurry has the appear-
ance of a weak gel that is easily broken by slight shear force,
hence, this CNC type has an unusually low wk � 6.4 wt.%.
To establish a range of W in which macroscopic gelation
can certainly be avoided, we dilute the pristine suspension
stepwise and distribute the aliquots in vials that are first left
standing for 3 weeks and then gently turned upside down.
Up to W = 4.5 wt.% all suspensions immediately respond
by flowing to the new bottom side of the vial, while for
W = 6 wt.% the suspension stays at the new top, thus clearly
being gelled at macroscopic scale. At W = 4.75–5.0 wt.% the
suspension first stays at the new top but within a second it
drops as one intact volume to the new bottom.

To correctly interpret these observations, we must take into
account that the change in flow behavior occurs within the
biphasic regime, which complicates the analysis. Moreover,
we must adapt Onsager’s theoretical and idealized framework
to the practical situation of CNC suspensions. Appendix B
contains a detailed account of the process, which yields the
following key results. First, because the effective volume
fraction per individual CNC decreases with increasing CNC
content as a result of rising ionic strength, we work with
CNC mass fraction W rather than volume fraction φ, defining
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the biphasic regime by the practically accessible boundaries
W0 (corresponding to φ0) and W1 (corresponding to φ1). Sec-
ond, due to the separation within this regime into coexisting
isotropic and nematic phases with different CNC contents, we
must distinguish between local mass fractions w in a uniform
subvolume of the overall suspension and the global mass
fraction W of the entire suspension.

Third, we note that the dispersity in aspect ratio of CNCs
leads to a much broader width �W of the biphasic regime than
that predicted by Onsager for nondisperse nanorods, which
can be understood as a consequence of the spontaneous frac-
tionation induced by the phase separation [32,34,35]. Since it
is the CNCs with the highest Le/De that form the first tactoids
after equilibration at W just above W0, this threshold is rather
low. In contrast, the last remaining isotropic phase at the end
of the biphasic regime has low average Le/De, yielding a high
W1. We find �W ∗ ≈ 1.3W ∗

0 for the pristine CNC suspension.
Such broadening of the biphasic range is expected also for
many other nanorods, e.g., carbon nanotubes, the suspensions
of which also form nematic LC phases [48] and for which the
same type of fractionation has been reported [33].

Another important consequence of the spontaneous frac-
tionation is that the local w0 and w1 continuously increase
with increasing W within the biphasic regime, thus deviating
from the globally determined values W ∗

0 and W ∗
1 of the pris-

tine suspension, which are valid only at the lower and upper
boundary, respectively. To estimate the CNC content in the LC
phase in the intermediate regime, we apply a simple heuristic
interpolation as a function of the global mass fraction W , as
motivated in Appendix B:

w1 ≈ W · 1.36
W1−W
W1−W0 (1)

Here W0 and W1 are the boundaries of the biphasic regime of
a particular CNC suspension as determined on macroscopic
samples. When applying Eq. (1) to the pristine CNC, W0 =
W ∗

0 and W1 = W ∗
1 , but for sonicated CNC the W0 and W1

values may differ strongly.
We are now ready to interpret the observed flow behavior,

noting that at W ≈ 4.75 wt.%, where the suspension is an
easily broken gel, about 85% of the sample volume is liquid
crystalline (see Fig. 7 in Appendix A). Because we are in the
biphasic regime, the local w1 must be greater than 4.75 wt.%
but below the global nematic stability limit W ∗

1 ≈ 5.1 wt.%.
The transition in flow behavior suggests that w1 � wk , such
that the liquid crystalline tactoids are gelled, and that at this
borderline sample, we are at the threshold for percolation of
tactoids. As a rough approximation sufficient for this paper,
we may thus estimate wk ≈ 5 wt.% for the CelluForce CNC,
probably somewhat lower. At W = 6.0 wt.% the entire sample
is gelled, preventing all flow in response to gravity in these
small vials. Larger volumes may still flow when the sample is
inverted, because the greater gravitational force may break the
weak gel.

B. Variations in long-range order, phase separation,
and gelation before, during, and after sonication

Based on this information, we subject a set of aqueous sus-
pensions to sonication under identical conditions, Ws varying
from 1 wt.% to 6 wt.% in steps of 0.25 wt.%. All samples are

prepared by diluting the original slurry with pure water and
then gently homogenizing by manual shaking for about three
minutes. We film the suspensions between crossed polarizers
while they are being sonicated, see Supplemental Video 1 [49]
and Fig. 1. To ensure that isotropic regions remain visible, we
also place a birefringent foil that approximates the function
of a first-order λ phase plate between the polarizers, giving
all isotropic regions a dark violet color. The sonication lasts
about one minute with a 50/50 cycle (0.5 s sonication, 0.5 s
pause; this is a common choice to avoid local overheating),
until a total sonication energy of 700 J has been delivered.
With a sample volume of 40 mL, this corresponds to an en-
ergy density of 17.5 J/mL. The samples investigated by other
methods are sonicated in the same way. We see strong impact
of Ws on the response to sonication, and this response also
varies in different ways during the minute that the procedure
is ongoing.

To illustrate this efficiently, Fig. 1 shows snapshots from
Supplemental Video 1 [49] before, during, and after the first
cycle, after the mid cycle, during relaxation after the final
cycle, and finally after 19 days of sedimentation along gravity.
The video compiles the original videos from all samples next
to each other to facilitate comparison. Several key observa-
tions provide critical information for understanding the impact
of sonication at varying Ws.

(1) Prior to sonication, samples with Ws � 1.75 wt.% are
fully isotropic at rest but light vibrations or gentle movement
of the sonication tip induce birefringence (bright and/or col-
orful appearance) despite the fact that Ws < W ∗

0 . Even weak
shear thus induces paranematic local order in these samples.
For 2.0 � Ws � 2.25 wt.%, the entire vial appears birefrin-
gent prior to sonication, with a static texture. With W ∗

0 ≈ 2.2
wt.%, no birefringence in the absence of shear is expected
below this threshold.

(2) During active sonication, all samples show birefrin-
gence together with strong scattering. In the pause following
active sonication in the first cycle, samples with Ws � 2.25
wt.% show a characteristic schlieren texture with dark lines
and colorful regions. This is typical of a paranematic state
during its relaxation directly after shearing has stopped. For
1.5 � Ws � 3.25 wt.%, the same holds for the first few sec-
onds after the last cycle.

(3) For Ws � 2.5 wt.%, the texture is uniformly yellowish
white prior to sonication due to strong light scattering from
LC tactoids distributed throughout the sample volume. The
cholesteric phase in tactoids exhibits helically modulated n
along m, which is randomly oriented. The lack of macroscopic
alignment of n and m is what causes the dominant scattering
here. After the end of the final sonication, however, there is
no scattering for Ws � 3.25 wt.%, indicating that the process
effectively removes all helicoidally modulated LC phase even
if it was present initially.

(4) Within 5 s after the end, vials with Ws � 2.25 wt.%
are fully isotropic and those with 2.5 � Ws � 3.0 wt.% are
mainly isotropic, even if several of these samples showed
paranematic or even stable birefringence before sonication.
Upon gentle shear flow paranematic order can still be induced
(Supplemental Video 2 [49]). At 19 days after sonication,
the equilibrium cholesteric phase has sedimentated to the
bottom in nongelled samples with Ws � 2.5 wt.%. The static
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FIG. 1. CNC suspensions with Ws increasing from left to right (indicated along the top) at different stages of the sonication process (as
indicated on the left; one frame is 1/25 s) as viewed between crossed polarizers with an inserted birefringent foil approximating the effect of
a first-order λ phase plate. The black rod inserted from the top is the sonotrode tip; the top of each sample is the air interface and the bottom
is the vial bottom. Each row is a still frame from Supplemental Video 1 [49]. The vial with Ws = 0.5 wt.% experienced one sonication cycle
more than all others, hence the post-sonication images for this sample are taken 1 s after the corresponding images for the other samples.

vial-spanning colorful birefringent textures seen at 2.0 �
Ws � 2.25 wt.% prior to sonication are not recovered.

(5) For Ws � 2.5 wt.%, the regions that are not isotropic
5 s after the end of the final sonication retain a static texture
after termination of sonication. These regions are seen close to
the air surface and around the sonotrode, where the sonication

is the weakest, while below the tip no birefringent regions are
seen up to Ws � 2.75 wt.%. From Ws = 3.25 wt.%, the system
looks identical below the tip and around it.

(6) For Ws � 3.5 wt.%, the system appears partially gelled
from beginning to end, the texture being strongly scattering at
all times during sonication and after.
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We will identify the relevance of each of these observa-
tions, correlating with other data, in the Discussion.

We also measure the effective shear viscosities of non-
gelled sonicated suspensions with varying Ws and compare
with those of the pristine suspension at corresponding W , see
Appendix C. At W ≈ W ∗

0 , the pristine and sonicated data are
similar regardless of flow rate, but as W → W ∗

1 , the effec-
tive viscosity decreases after sonication, the difference being
the greatest at low flow rates. Since the viscosity of LCs is
orientation-dependent [50], the lowest value being for flow
along n, this suggests that sonicated samples are more easily
flow-aligned than pristine samples at the same W .

C. The impact of Ws on CNC individualization,
phase diagram, and helix pitch

We now compare the impact of sonication on the geomet-
rical features of individualized CNCs (as established using
Atomic Force Microscopy, AFM), the CNC suspension phase
diagrams, as well as the cholesteric helix pitch, as a func-
tion of Ws. Since we need samples over a wide W -range
to establish the phase diagrams, we first upconcentrate the
sonicated samples to W in the range 4.9–7.9 wt.% (details in
Appendix D) by evaporating water during constant stirring.
The resulting samples are strongly vortex-mixed for several
minutes immediately prior to distribution of aliquots into vials
for dilution to obtain equal volumes with W = 1.0–4.5 wt.%
in steps of 0.5 wt.%. The aliquots for AFM investigation
are taken from subsamples diluted to W = 2.0 wt.%, each
confirmed to be fully isotropic in the absence of shear by
observation between crossed polarizers. This means that there
is no phase separation within the volume, ensuring that each
aliquot investigated by AFM is representative of the entire
sample. Each AFM aliquot is again strongly diluted prior to
the experiment to achieve a suitable density of CNCs on the
chip.

When assessing the AFM data, we first analyze the phase
images to exclude all CNCs that remain in bundles, since we
are interested in the features of individualized CNCs and the
damage on them imposed by the sonication. We have explored
several tools in two different image analysis software to try
to automate this distinction but so far did not get satisfactory
results. The distinction is therefore done manually by studying
both the height and phase images from the AFM data (see
Appendix E), which introduces a subjective component, hence
the data must be interpreted with caution. Because AFM gives
highly accurate data for height (�z) over the substrate but
has difficulties measuring small in-plane widths �x or �y
accurately (explanation in Appendix E), we use �z as an
estimate for the CNC lateral dimension. Given that the CNC is
likely to rest on the substrate with maximum cross-section in
contact, the height signal should correspond mainly to the
CNC thickness T . One should note, however, that the �z
value provided by the software corresponds to the maximum
height along a measuring line, hence it is an upper limit of T .
In many cases, it may overestimate the actual CNC thickness,
because a local twist in the rod will bring B into the height
direction, and a kink may lift a local section of the CNC from
the substrate. For this reason, very large T values may not be
representative.

FIG. 2. Impact of Ws on individualized CNC average length L
(a), average thickness T (b) and average aspect ratio L/T (c). Four
regimes with qualitatively different behavior are highlighted with
different background colors. Each sample has a volume of 40 mL
during sonication at an amplitude of 40% to a total sonication energy
of 700 J. Error bars represent the standard error of the sample mean,
i.e., they represent the confidence in establishing each mean value,
not the dispersity of the suspension. An estimate of the latter is given
by the standard deviations, which are obtained by fitting a log-normal
distribution to binned L and T distributions from around n ≈ 200
individual measurements (see Appendix E). Note that all CNCs that
are deemed to be part of a bundle, following manual assessment, are
excluded.

The results are presented in Fig. 2, where we have indi-
cated the boundaries W ∗

0 = 2.2 wt.% and W ∗
1 ≈ 5.1 wt.% of

the biphasic regime of the pristine CNC. We may roughly
distinguish four regimes of qualitatively different behavior as
Ws increases, indicated with different background colors in
Fig. 2. First, for 1.4 < Ws < 2.6 wt.% (green background), the
average aspect ratio L/T shows a trend of consistent increase
by about 50% from ∼20 to ∼30, except for the outlier at
Ws = 2.0 wt.%. The reason for the low apparent aspect ratio is
a T value that is much greater than the surrounding data points
and which also has a particularly large error. As mentioned
above, large T values may be due to unrepresentative kinks or
twists in the CNCs, hence the outlier is likely an artifact.

In the second regime (blue), 2.6 < Ws < 3.5 wt.%, we
instead see a consistent decrease of L/T to below 20. This
is mimicked by an equally consistent decrease in L and an
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increase in T . In the third regime (pink), 3.5 < Ws � 5.0
wt.%, L/T ≈ 30 but the values are quite scattered, mainly due
to strong scattering in L while the T values are consistently
low. The fourth regime (red), finally, is represented by the
single sample at Ws = 6.0%, which is fully gelled from the
start. Here L/T drops to about 20 while both T and L have
exceptionally high values.

Because the sonication amplitude is known to have a
strong impact on the results, we carry out our investigations
at three different amplitudes, at 40% in Fig. 2, identical to
the sonication in Fig. 1, but also at 30% and 50% ampli-
tude, respectively, see Fig. 15 in Appendix E. In general, we
recognize the trends from the 40% series within the green,
blue, and pink regimes, with L/T increasing as Ws passes
from isotropic to W ∗

0 and slightly above (green), and then
decreasing as Ws approaches the middle of the biphasic regime
(blue). As expected, the amplitude influences L which gener-
ally decreases with increasing amplitude. The T values are
often much greater for 30% amplitude than the corresponding
values for 40–50% amplitude, suggesting that 30% amplitude
is too weak for efficient debundling. In contrast, from 40%
to 50%, no clear decrease can be seen in T . Given that L is
reduced when using 50%, this amplitude appears unnecessar-
ily high. Such high-power sonication may be of interest as
an initial treatment in case practical circumstances require the
sonication to be applied to a gelled suspension, since vibrating
a colloidal gel via high-power sonication can assist to fluidize
it [47]; once it starts flowing the sonication amplitude can be
reduced to minimize particle damage.

To assess the impact of Ws on the phase diagram, we let the
vials with different W prepared from each sonicated sample
stand for six weeks of equilibration. We then photograph
all vials between crossed polarizers to measure the volume
fraction �LC of cholesteric phase as a function of W , once
more also after one year (Appendix D). Across the biphasic
window, �LC increases monotonically with W , slightly sub-
linearly as a result of the particle dispersity. For simplicity,
we model the behavior with the linear approximation:

�LC ≈ W − W0

W1 − W0
. (2)

This works quite well for our CNC suspensions, with the
caveat that data points falling on a superlinear curve should
not be included when fitting Eq. (2) to experimental data,
since such points are artifacts due to gelation (see further
discussion below).

In Fig. 3(a), we plot the obtained phase diagrams on the
form �LC versus W for three selected series, sonicated with
40% amplitude at Ws = 1.5, 2.25, and 4.0 wt.%, respectively,
as well as for the pristine CNC. Figure 3(b) shows the bulk
isotropic and cholesteric stability limits W0 and W1 for the
sonicated series as a function of Ws. The data are obtained
by fitting Eq. (2) to the experimentally observed �LC(W ). For
reference, Fig. 3(d) reproduces the L/T data from Fig. 2, and
we use the same color coding as in that figure to highlight
the three regimes without macroscopic gelation. We remind
that the latter data were obtained following a rejection of
bundles based on manual assessment, hence they may not
be fully representative of the macroscopic behavior of the
CNC suspensions. We find that W0 and W1 after sonication,

(wt.%)

µ

FIG. 3. Impact of Ws on phase behavior, helix pitch, and indi-
vidualized CNC aspect ratio. (a) Volume fraction �LC of LC phase
as a function of global CNC mass fraction W for three samples
sonicated at different Ws (indicated in the legend) as well as for
the unsonicated pristine suspension. Filled symbols show data points
used when fitting Eq. (2) to the data, whereas unfilled symbols show
data points excluded during fitting. (b) Stability limits W0 and W1 of
the sonicated CNC suspensions as a function of Ws. The stability
limits of the pristine suspension, W ∗

0 and W ∗
1 , are indicated with

horizontal dotted lines. (c) Helix pitch p at W = 3 wt.% as a function
of Ws. Next to each data point is given the estimated value of w1

since this is the local CNC mass fraction in the cholesteric phase
where the helix pitch is measured. The dotted horizontal line shows
p of the pristine suspension at W = 3 wt.%, its estimated w1 value
written below the line on the left. (d) Average CNC aspect ratio L/T ,
reproduced from Fig. 2, as a function of Ws. The horizontal dotted
line shows L/T of the pristine CNC suspension, as established from
the data in Fig. 12.

both decrease as Ws → W ∗
0 from Ws = 1.5 wt.%: for both

stability limits, a distinct minimum is seen at Ws = 2.0 wt.%.
For Ws = 2.25 % and higher, W0 is nearly constant around
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2 wt.%, thus close to but somewhat lower than W ∗
0 of the

pristine suspension. As for W1, its vicinity to wk renders it
difficult to establish with accuracy, and the data fluctuate
strongly. As explained below, the W1 data must be interpreted
with care.

Concerning the helix pitch p (Appendix F contains texture
images from which the values were measured), we first note
that, since p depends on the local CNC mass fraction w1

of the cholesteric phase as well as on the effective helical
twisting power (HTP) of the CNCs in that phase [39], which
has been proposed to scale with the CNC length [35] or with
the fraction of CNC bundles [51,52], it is not obvious under
what conditions to measure the pitch for each suspension. For
consistency, we choose a constant value of W = 3 wt.%, in the
biphasic region and close enough to W0 to avoid gelation of the
LC domains. We use Eq. (1) with the W0 and W1 data plotted
in Fig. 3(b) to estimate w1 at W = 3 wt.% for each value of
Ws, as indicated next to each data point in Fig. 3(c). While
these values are only estimates, they are more representative
of the actual CNC content for which p is measured than W .

In Fig. 3(c), we distinguish two regimes for the p versus Ws

behavior. Similar to the stability limits, we first see a strong
monotonic pitch decrease from p ≈ 9.5 to ≈6 µm as Ws →
W ∗

0 from Ws = 1.5 wt.%. We note that, due to the decreasing
W0 and W1 in the same sequence, the local CNC content
consistently decreases from w1 ≈ 3.9 wt.% to w1 ≈ 3.2 wt.%.
In other words, both p and w1 decrease, a situation that can
only be explained by an increasing HTP of the CNCs present
in the cholesteric phase as Ws increases from 1.5 to 2.0 wt.%.

Also for sonication in the biphasic regime, we see an over-
all trend of decreasing p on increasing Ws, but the data are
rather scattered. At Ws = 2.25 wt.% p gets much longer than
at Ws = 2.0 wt.%, fluctuating around a value of about 9.5 µm
as Ws increases to 3.25 wt.%. With Ws approaching W ∗

1 the
pitch shortens, but it never reaches the low value seen with
Ws = 2.0 wt.%. The local CNC mass fraction is fairly constant
across the biphasic regime, most series having w1 around 3.6–
3.8 wt.%, somewhat lower for Ws = 4.5 and 5.0 wt.%. In other
words, also in this regime we find the unexpected correlation
of large pitch with high CNC mass fraction, and vice versa,
suggesting that HTP of the CNCs in the cholesteric phase
changes across the biphasic regime as well, again increasing
on increasing Ws.

III. DISCUSSION

A. How Ws affects the efficiency of debundling

What is the reason for the strong impact of Ws on the soni-
cation process and which conditions are the most beneficial in
terms of maximizing CNC individualization while minimiz-
ing damage? To answer these questions, we need to consider
what happens in a nanorod suspension during sonication. In
the pristine sample, we may roughly distinguish between three
kinds of bundle: primarily side-to-side [Fig. 4(a)], primar-
ily end-to-end [Fig. 4(b)], and crossed nanorods [Fig. 4(c)]
[27,53]. The second category was found by Honorato-Rios
et al. to be particularly prevalent if w → wk [34], most likely
a result of the different surface chemistry at CNC sides and
ends [54], which may give lower surface charge and thus local

FIG. 4. Highly idealized drawings of the impact of sonication-
induced shear flow on different types of bundles. The bundles are
oriented with their longest axis perpendicular [(a)–(c)] and along
(d) the shear gradient, horizontal in the drawing. The flow profile
is indicated at the bottom, acting on the original bundles sketched
above the flow profile. The top drawings illustrate the result of the
shear flow on each type of bundle, promoting separation when the
shear gradient is perpendicular to the average bundle axis.

minima in colloidal stability at the CNC ends [39]. Theoretical
analysis also showed that the combination of nematic order
and high connectivity, as expected when w → wk , promotes
linear chain formation along n [55].

The purpose of sonication is to break up all bundles as
efficiently and easily as possible, with a minimum negative
impact in the form of damaged nanorods. Sonication-induced
debundling happens because of the very strong local shear
and extensional flows arising as a result of the acoustic field
oscillating gas bubbles, which eventually collapse (cavitation)
[1,2]. If the gas is present from the start, e.g., as air bubbles,
we speak of extrinsic cavitation, while intrinsic cavitation
can happen at sonication intensities strong enough to locally
evaporate the solvent into its vapor phase. In the direct vicinity
of an oscillating bubble, the liquid flow velocity is oriented
radially and scales with the square of the distance from the
bubble center [24]. A bundle or CNC that is perfectly aligned
radially and that is so slender that it does not experience any
local variation of flow direction experiences only the exten-
sional flow caused by the radial flow velocity scaling. This is
very efficient in separating end-to-end-connected CNCs, and
it can even lead to scission of individual CNCs, albeit only
down to a limiting length. Following the model of Huang
et al. [24], we estimate the limiting length of CNCs to be on
the order of 100 nm, which is similar to the typical length of
our individual CNCs, i.e., we do not expect strong scission of
CNCs due to extensional flow in our study. Such scission must
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have happened during sonication in the production process,
explaining why the CNCs are already close to their limiting
length.

Here we focus mainly on the shear flow that results from
the radial variation of flow direction, considering the flow
along the central radius as the vertical direction. Also further
away from any specific bubble, where the flow pattern can be
quite complex, the particles will experience strong shear flow.
Figure 4 shows highly simplified schematics of the impact of
shear flow on the three types of bundles, considering that they
are oriented perpendicular [(a)–(c)] or along the shear gradient
(d). The former situation applied to a bundle of side-to-
side-agglomerated nanorods [Fig. 4(a)] should be efficient in
tearing the individual nanorods away from each other without
further damage, since each rod experiences a different flow
rate and since the bundle is kept together mainly by nonco-
valent bonds (hydrogen bonds and van der Waals interactions
for CNCs). As a result, the individualized nanorods translate
along the flow. Also end-to-end-agglomerated rods may be
separated in this favorable way if they are originally aligned
perpendicular to the shear gradient on average [Fig. 4(b)],
since a slight misorientation from one rod to the next will
make one translate faster than the other, tearing them apart
at their attachment location and then translating the individual
rods along the flow.

If either type of bundle is oriented along the shear gradient,
however, the entire bundle will rather be rotated by the shear,
which here is not favorable for breaking up agglomerates. The
nanorods will instead experience internal stress. An end-to-
end-agglomerated bundle is likely to be broken up also in
this orientation, given the small contact area between the rods
making up the bundle (Fig. 4(d), middle). When sonication
is done at Ws so low that the suspension is isotropic most
of the time, any orientation with respect to the shear flow is
equally likely, hence there are as many side-to-side bundles
that mainly rotate as bundles that are separated into individual
rods. A crossed-rod bundle is always rotated since it cannot be
oriented perpendicular to the shear gradient, but also here the
contact area between rods is small, hence break-up is likely
regardless of orientation [Figs. 4(c) and 4(d), right].

The rapid and repeated translative motion during sonica-
tion of individualized nanorods and bundles means that the
process also raises the likelihood and frequency of violent
particle-particle impact during sonication, which is known
to be strong enough to break covalent bonds, in particular
when internal stresses already exist. Such collisions provide
another mechanism for scission of anisometric nanoparticles,
effectively reducing the aspect ratio. An isotropic suspension
maximizes the likelihood of such scission-inducing particle-
to-particle or bundle-to-bundle impact, since the lack of
long-range orientational order gives a short mean free trans-
lation path. These considerations may explain why L is low,
reaching values well below the saturation length from ex-
tensional flow [24], after sonication at Ws below W ∗

0 , see
Fig. 2.

When the suspension has Ws ≈ W ∗
0 , however, we are at the

limit of long-range orientational order developing, and even
slight shear pushes the system over the boundary to where
the rods align in the paranematic state. This means that the
sonication-induced shear flow does not only act on individual

bundles, but it acts on the entire phase, aligning all bundles
along the shear flow, as is optimum for efficient individual-
ization with minimum particle damage. Moreover, when all
individual rods and bundles translate along the same direction,
which is along their long axis orientation, the average mean
free path is maximized and the likelihood of particle-particle
impact is minimized. In fact, this gain in translational entropy
at the cost of rotational entropy is the very reason why an
LC phase forms in suspensions of rod-shaped particles [37].
To summarize, Ws ≈ W ∗

0 should ensure maximally efficient
debundling while minimizing the risk of collisions or unfa-
vorable internal stress.

Such improved individualization without breaking, thus
increasing the effective particle aspect ratio, also correlates
well with the reduction in W0 and W1 as well as in p (cor-
responding to increasing HTP of the CNCs present in the
cholesteric phase) as Ws approaches W ∗

0 from lower values.
For the stability limits, this follows directly from the Onsager
theory, while the HTP increase is consistent with a previous
observation that higher aspect ratio CNCs yield greater HTP
[35]. As mentioned above, the very low outlier value for L/T
at Ws = 2.0 wt.% is likely an artifact due to our T values being
upper estimates; if this value were correct, Onsager theory
would predict a particularly high W ∗

0 value for this sample,
in contrast to what is seen in Fig. 3(b).

As Ws increases beyond W ∗
0 , sonication starts while the

tactoid fraction of the sample is spontaneously long-range or-
dered, now with the helical modulation of a cholesteric phase
imposed. As shown previously [35], the highest aspect ratio
CNCs (individual and/or agglomerated) predominantly local-
ize within the tactoids, leaving the isotropic regions depleted
from such particles. Emersic et al. recently demonstrated that
a cholesteric phase responds to shear by orienting the helix
axis m along the shear gradient [56]. In this way, the direc-
tor n is never perpendicular to the shear gradient, and we
should thus have quite efficient CNC individualization also
within the tactoids. However, n is along the shear direction
only twice per helix pitch, and the mean free path is low due
to the small size of tactoids. Compared to the paranematic
state, we may thus expect less debundling and an increasing
degree of rupture of individualized CNCs as �LC increases
during sonication, at least until the shear flow has been active
long enough to unwind the helix, thereby allowing fusion of
tactoids and their paranematic surrounding. The time required
to reach this state should increase with increasing Ws, and this
is indeed what we can see by studying the textures during the
rest phase of sonication in Supplemental Video 1 [49]. This
would explain the decreasing aspect ratio in the second (blue)
regime in Figs. 2 and 3. For nonchiral nanorods that develop
a nematic phase without helical modulation, sonication at Ws

slightly greater than W ∗
0 may be even better, as the sponta-

neous long-range orientational order should be beneficial, in
contrast to the cholesteric case.

A complication for Ws > 3 wt.% is that the local CNC
mass fraction in the tactoids, w1, approaches the kinetic arrest
threshold wk . The scenario just mentioned, when equilibrium
tactoids are eventually dissolved after shear-induced helix un-
winding and replaced by a uniform paranematic state during
sonication, is much less likely to happen when the viscosity in
tactoids diverges as their contained phase approaches gelation.
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Rather than dissolving such tactoids, sonication may break
them up into smaller gelled ‘particles’ which retain their local
high mass fraction of predominantly high-aspect-ratio CNCs
and CNC bundles, with their helically modulated long-range
order intact. This explains why the suspensions at high Ws

remain scattering throughout the entire sonication procedure
in Fig. 1 and Supplemental Video 1 [49].

The Ws = 3.5 wt.% deserves special attention, as it is at
two borders: it separates the second and third regimes in
Figs. 2 and 3, and in Fig. 1, it is between the low-Ws regime
where the vial after completed sonication shows schlieren
rather than scattering, indicating a dissolution of tactoids and
unwinding of the helix by sonication, and the high-Ws gelled
regime where the sample hardly changes during sonication.
The Ws = 3.5 wt.% sample apparently has the lowest W that
yields w1 � wk , i.e., its tactoids are fully gelled, whereas
those in biphasic samples with Ws < 3.5 wt.% may get more
viscous with increasing Ws, but they still respond to the shear
flow. At the same time, the Ws = 3.5 wt.% sample contains a
large volume fraction of isotropic phase, which is not gelled
and which thus develops paranematic order with many indi-
vidualized CNCs translating along the shear flow. However,
they will frequently collide with the ubiquitous gelled tactoids
present in this sample. The low L in this sample would thus
result from the longest CNCs being trapped in gelled tactoids,
where they remain in bundles and are thus excluded in Fig. 2,
and by the remaining CNCs being shorter from the start, and
in addition, suffering more damaging collisions with gelled
tactoids.

The sudden increase in W0 and W1 and in p immediately as
Ws enters the biphasic regime is interesting and unexpected.
The fact that W0 is now back to almost what it was in the
pristine suspension suggests that already a small amount of
spontaneously formed tactoids leads to reduced efficiency
in debundling compared to when the entire volume is in a
paranematic state. Indeed, the fact that all vials in this regime
scatter light even at the end of the pause phase of the first
sonication cycle shows that sonication does not immediately
dissolve the spontaneously formed helicoidal order; this hap-
pens only towards the end of the entire sonication process.

For Ws > 3.5 wt.%, we see little variation in CNC geom-
etry as well as in W0 and W1. This is understandable as we
saw in Fig. 1 that these samples are largely gelled throughout
the volume during the entire sonication process, without any
sign of uniform order even at the end. The debundling is
thus relatively inefficient but there is also little translation,
with reduced collisions as result, yielding nonoptimum in-
dividualization but also moderate particle damage. What is
less obvious to explain is why the helix appears to become
shorter, and HTP greater, with increasing Ws in this regime.
We conjecture that it is due to the phase separation-induced
spontaneous fractionation of high-aspect-ratio bundles into
the original tactoids, which are never broken up due to the
locally gelled state. Thus these suspensions contain a high
fraction of long CNC bundles, acting as ‘chiral dopants’ as
suggested by Parton et al. [51], but they also have excep-
tionally high aspect ratios as a result of the spontaneous LC
fractionation. This might be a way of unifying the reports of
Parton et al. and Honorato-Rios and Lagerwall [35] into one
framework.

B. Kinetic arrest has consequences that
remain even after dilution

A striking observation from the sonication analysis is that,
prior to sonication, some suspensions show birefringence in
the absence of flow, despite having Ws < W ∗

0 , yet all sus-
pensions with Ws � 3.0 wt.% end up predominantly isotropic
within 5 s after sonication is terminated. These suspensions
are also less prone to developing shear-induced paranematic
order than they were before sonication, as shown in Supple-
mental Video 2 [49]. At first sight, sonication would thus
appear to counteract LC formation in this regime, a highly
counterintuitive conclusion considering that we clearly see
how the shear flow of sonication promotes paranematic or-
dering and that the AFM analysis suggests that long-range
orientational order promotes debundling into high aspect ratio
individual CNCs.

To give a better explanation, we hypothesize that the sus-
pensions contain end-to-end-agglomerated CNC chains [as
in Fig. 4(b)] prior to sonication as a result of nematic order
coupled with localized loss of colloidal stability [39] in the
original slurry, which has W > wk ≈ W ∗

1 . Note that the di-
luted suspensions were only gently homogenized by manual
shaking prior to sonication, hence there was little mechanical
action to disrupt chains. These chains can have a very high ef-
fective aspect ratio, inducing nematic order at W < W ∗

0 , since
W ∗

0 is determined for suspensions without chains (when estab-
lishing the pristine phase diagram, all samples were vortexed
strongly after dilution, which we show below gives enough
shear flow to break up the chains if W ≈ W ∗

0 ).
The increase in effective aspect ratio resulting from the

connection of CNCs into long chains also greatly reduces
the percolation threshold [57] and thus promotes gelation
via rigidity percolation, i.e., the chains form a volume span-
ning network that triggers gelation at unusually low CNC
content. This effect is enhanced by the peculiar physics of
percolation in combination with nematic order, which is dom-
inated by connectivity and promotes chain formation along
n [55], hence reduced colloidal stability and long-range ori-
entational ordering act synergistically to promote percolation
and even reinforce the chain formation. A further contribution
is provided by the high length dispersity of CNCs, since the
presence of short rods promote percolation within a nematic
phase [58]. The static nature of the initial birefringent tex-
tures, hardly responding even to induced flow, may thus be
explained as a consequence of rigidity percolation triggered
by CNC chain formation. This effect is the most striking in
the Ws = 2.0 wt.% sample in Fig. 1, which also happens to
show the strong outlier in T in Fig. 2. Its excessively high
value may thus be related to the presence of CNCs connected
into macrochains in this nonequilibrium gelled component
of the sample, since the chains are remnants of the original
macroscopic gel at Ws > wk .

To test this hypothesis, we conduct one additional exper-
iment as follows: suspensions sonicated at Ws = 1.75 wt.%,
2.0 wt.% and 2.25 wt.%, respectively, which are all fully
isotropic after sonication (see Fig. 1), are upconcentrated to
W = 4.9 wt.%—thus W ≈ wk—and W = 5.6 wt.%—clearly
above wk—respectively. We then dilute all suspensions back
to their original concentration, homogenizing first by manual
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FIG. 5. Three CNC suspensions sonicated at Ws = 1.75, 2.0 and
2.25 wt.%, respectively, are split into two series which are upcon-
centrated to W = 4.9 and 5.6 wt.%, respectively, and then rediluted
back to the original concentrations and imaged between crossed
polarizers with a birefringent foil yielding a violet background. The
samples are distributed into smaller vials, shaken manually and left
standing (top row). After three hours, they are vortex-mixed (bottom
row). While samples in the W = 4.9 wt.% series are fully isotropic
after shaking and standing, the W = 2.25 wt.% sample diluted from
W = 5.6 wt.% retains birefringence even after vortex mixing.

shaking and, three hours later, additionally by vortexing. We
investigate them for presence or absence of birefringence af-
ter the shaking, after the subsequent standing, and after the
vortexing, as shown in Supplemental Video 3 [49] and Fig. 5.
We see a striking difference between the two series: while all
suspensions that were upconcentrated to W = 4.9 wt.% are
almost fully isotropic immediately after the homogenization
by shaking, with only weak signs of birefringence and tactoids
being detectable primarily in the W = 2.25 wt.% sample, the
suspensions with W = 2.0 wt.% and W = 2.25 wt.% that
were diluted from the suspension upconcentrated to W = 5.6
wt.% show striking schlieren patterns through the entire vial
volume, just like the corresponding samples in the sonication
experiment prior to sonication (Fig. 1).

In Supplemental Video 3 [49], we show the dynamic re-
sponse of all six diluted suspensions at this stage when a metal
rod is slowly inserted into the suspension and then gently
retracted. All suspensions that are primarily isotropic at rest
are highly dynamic, showing strong paranematic ordering dur-
ing shear, which disappears quickly afterwards. In contrast,
although the two vials with static birefringence also respond
during motion, the texture is arrested almost immediately
after. Interestingly, the arrest happens faster at Ws = 2.0 %
(static after less than 1 s) than at Ws = 2.25 % (slow relaxation
over a few seconds), which may be because the latter is above
the threshold for liquid crystal formation. This sample is phase
separated, with the highest aspect ratio CNCs withdrawn into
equilibrium liquid crystal tactoids, which flow while being
birefringent.

After standing for three hours, the samples prepared by
diluting the suspensions upconcentrated to W = 4.9 wt.%
have lost all signs of birefringence and the tactoids have

been fully dissolved, see the upper left photo in Fig. 5. For
the samples prepared from W = 5.6 wt.%, this holds only
for the W = 1.75 wt.% sample, whereas the W = 2.0 and
2.25 wt.% samples remain largely unchanged, with large-scale
birefringent textures, see the upper right photo. If the vials
are now vortex-mixed, nothing changes for the four vials
that had turned fully isotropic by standing, but the W = 2.0
wt.% sample prepared from W = 5.6 wt.% now also loses its
birefringence. However, the W = 2.25 wt.% sample from this
series remains birefringent, showing that even vortex mixing
will not disrupt all end-to-end-connected CNCs if the concen-
tration is high enough.

The important lesson from this experiment, which corrob-
orates very recent observations by Ballu et al. [59], is that
one should avoid concentrating CNC suspensions to W > wk ,
if possible, to avoid unexpected effects. Clearly, once the
sample is fully gelled, CNCs are strongly linked into chains
that may persist even after dilution, yielding suspensions with
unpredictable behavior that are not representative of suspen-
sions with individualized nanorods. Sonication is effective at
breaking up the chains, explaining why no sonicated samples
that are kept at W = Ws show birefringence at unexpectedly
low W values. Also, the W = 4.9 wt.% sample should be
gelled within the tactoids prior to dilution, given that w1 > W
in the biphasic regime, which is why we still see some weak
birefringence and even some very small tactoids after dilution
in Supplemental Video 3 [49]. In contrast to the samples con-
centrated to W = 5.6 wt.%, however, dilution is apparently
sufficient here to dissolve CNC chains and nonequilibrium
tactoids if given enough time, as we see fully uniform textures
with no trace of remaining birefringence after three hours of
standing after dilution, as shown at the top left of Fig. 5.

These observations have an impact on our own studies of
the phase diagrams: since the establishment of the full phase
diagram requires concentration to W1, and since for the CNC
provided by CelluForce wk < W1 (in most cases even after
sonication), we cannot avoid upconcentrating to W ≈ wk if
we wish to establish the phase diagrams. We cannot sonicate
each sample a second time as this could have a further impact
on the CNCs, hence our phase diagrams may be affected by
CNC chains, especially at higher values of W . For this reason,
we include in Fig. 3(a) only the three post-sonication phase
diagrams where the upconcentration was limited to W = 4.9
wt.%, and we should consider the W1 values in Fig. 3(b) as
rather unreliable. We do not see evidence of the chain for-
mation in our AFM images, which is to be expected since all
vials selected for AFM investigation were strongly vortexed
and confirmed to be fully isotropic. Moreover, the strong final
dilution with subsequent vortexing done prior to AFM inves-
tigation should disrupt any minute presence of CNC chains
that might not have been detected in the crossed polarizer test.

IV. CONCLUSIONS AND OUTLOOK

We have demonstrated that the particle mass fraction Ws

at which nanoparticle suspensions are sonicated has a strong
impact if the suspensions undergo a phase transition from
isotropic to (chiral) nematic upon increasing Ws. An ideal
situation for efficient individualization with minimum particle
damage is achieved around the stability limit of the isotropic
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phase of the pristine suspension, Ws ≈ W ∗
0 . The sonication-

driven shear flow then induces a transition to a macroscop-
ically aligned paranematic state throughout the suspension
volume, in which particle bundles are optimally aligned for
individualization while the mean free path without damaging
collision is maximized. Also the macroscopic physical param-
eters such as cholesteric helix pitch and stability limits of the
isotropic and liquid crystalline phases are affected by Ws.

For Ws within the biphasic window, the situation in highly
disperse nanorod suspensions such as CNCs is complicated by
the spontaneous fractionation of the longest CNC bundles into
liquid crystalline domains with a higher particle mass fraction
than in the isotropic surroundings, as well as by the tendency
for the suspension to gel when the local particle fraction gets
high enough. This leads to the coexistence of phases which
are different in physical state, particle concentration as well as
particle dimensions. If the threshold for kinetic arrest is lower
than the nematic stability limit, wk < W1, as for the CNCs
used for this study, we additionally must consider effects of
nonequilibrium gelation at least within parts of the suspen-
sion. This renders accurate analysis of macroscopic behavior
difficult, especially since the effects of gelation may persist
even after dilution from W � wk , most likely in the form of
chains of end-to-end-agglomerated CNCs. We are planning a
follow-up study with a different CNC type with greater wk ,
such that the impact of gelation and LC formation during
sonication can be separately studied. It may also be beneficial
to initially fractionate the unsonicated CNC suspension and
study the impact on sonication only on the fraction with the
highest aspect ratio CNCs and CNC bundles, since then the
stability limit of the nematic phase can be kept well below the
threshold for gelation, W ∗

1 � wk [34].
Because both nanoscopic features and macroscopic be-

havior of our CNC suspensions benefit from Ws ≈ W0, and
because this observation should apply to any anisometric
nanoparticle type capable of developing long-range orienta-
tional order in suspensions—possibly with subtle variations
for chiral and nonchiral particles—any work involving son-
ication of such nanoparticles should be based on a strategic
choice of Ws. Moreover, the finding that temporary gelation
of a CNC suspension can strongly affect its macroscopic be-
havior even after it has been diluted may apply also to other
anisometric nanoparticles if they are crystalline in nature,
since they can then be expected to also have different surface
chemistries at their smallest and largest surfaces. Taking these
conclusions into account will benefit academic research, giv-
ing more reproducible behavior, as well as applications, since
nanoparticles like CNCs, carbon nanotubes, graphene flakes,
and many others can then be processed with a high degree of
control to develop their optimum performance.

V. MATERIALS AND METHODS

A. Cellulose nanocrystals and establishment of phase diagrams

We purchased commercial sulfuric acid-hydrolyzed CNC
from CelluForce, Montreal, Canada, delivered as aqueous sus-
pension with W = 6.4 wt.%. Information on key parameters
provided by the supplier is presented in Fig. 7 in Appendix A.
To establish the phase diagrams of pristine and sonicated
CNC, specifically the limits W0 and W1, we must start with

a CNC suspension that has W > W1 and then dilute this to
various lower target concentrations. The pristine suspension
can be diluted directly, while the sonicated suspensions must
first be concentrated (full details in Appendix D) by trans-
ferring to evaporation dishes without spout and monitoring
reduction of the volume during stirring. Each concentrated
starting suspension was diluted with pure water (Millipore
Elix III - Synergy), followed by vigorous shaking and strong
vortex mixing for several minutes for homogenization. The
final W was established gravimetrically on a four-digit lab-
oratory balance (Sartorius). We filled a fix amount (1 g) of
each sample into identical vials (2 mL silanized glass) that
were left standing for at least six weeks, sometimes more than
one year, to promote macroscopic phase separation in samples
within the biphasic regime. Photos of the pristine CNC series
are shown in Fig. 7, together with the phase diagram obtained
by analyzing the volume fraction of cholesteric to isotropic
phase (see Appendix A). In order to increase the precision
of the results we established three phase diagrams from each
CNC type and averaged.

B. Ultrasonication treatment

Each sample is treated identically using a Hielscher
UP200St ultrasonication system model coupled with a 7 mm
diameter (at the tip) titanium oscillation immersible horn
(sonotrode) S26d7, operating at 26 kHz and a standard ampli-
tude setting of 40% (data from reference experiments at 30%
and 50% are in Appendix E). The sonication is done for about
one minute to deliver a total energy of 700 J (17.5 J/ml). All
sonication parameters were monitored by the device to ensure
that the delivered energy is equal for all samples. To prevent
overheating, the sonication was done with a 50% time-cycle,
and the samples were kept in an ice-water bath throughout the
sonication process. For all experiments, vial type and sample
amount (40 g) were kept identical, and the sonication tip was
always centered within the vial perimeter and immersed to
half depth of the liquid. Samples to be sonicated were shaken
vigorously but not vortexed prior to sonication. We measured
the temperature and conductivity of each sample before and
after sonication and found no apparent changes.

C. Characterization

To quantify the fraction of cholesteric phase coexisting
with isotropic within the biphasic regime we took pictures
of the series of vials prepared with varying W , as described
in Appendix A. For estimation of the equilibrium cholesteric
helix pitch p we use rectangular capillaries with 4 mm width
and 0.4 mm thickness, filled by each suspension using capil-
lary forces. The ends were sealed with two-component epoxy
metal glue. The capillaries were left vertical for 1-2 days, and
then the bottom liquid crystalline region was imaged using
an Olympus BX-51 polarizing microscope in transmission
between crossed polarizers. Regions where the helix is in
the plane of the capillary exhibit a fingerprint texture with a
distance between adjacent lines that is p/2. To achieve good
statistics, 3–5 images from different locations in the capillary
were used and the distance covered by 10 adjacent lines was
measured at five regions in every image, the pitch thus ex-
tracted as 1/5 of the measured distance. The reported data are
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the statistical mean with error bars representing standard error
of the mean.

Samples for AFM investigation (Multimode Nanoscope
V, Veeco / Bruker) were extracted from vials with W = 2
wt.% that had been standing for at least one week and
then confirmed between crossed polarizers to be uniformly
isotropic. Each source vial was vortexed for 2 min and
then a 2 µL aliquot was extracted and diluted with 1 mL of
filtered ultrapure water. The diluted suspension was shaken
vigorously, followed by the addition of another 1.5 mL of
filtered ultrapure water, and the further diluted suspension
was vortexed for 2 min. From this mixture 1 mL was
transferred in a new vial and diluted with an additional 2
mL of extra-pure water, yielding a final CNC content of
0.00021 wt.%, followed by another 2 min vortex mixing for
homogenization and breaking of any CNC chains remaining
from higher-concentration suspensions. We then deposited 5
µL of the final diluted suspension onto freshly cleaved mica
treated with poly-L-lysine. The liquid droplet was left for
1 min on the substrate, which was then spray-washed with
filtered ultrapure water to remove excess suspension and dried
with an air gun. The sample was fixed on a metal stub and kept
protected from contamination. The amplitude modulation
mode was used with a monolithic silicon tip (Tap300Al-G,
Nano and More) with radius less than 10 nm and a reflective
aluminum coating on the back side. All measurements were
performed at ambient temperature. For each Ws, 3–5 AFM
scans were performed in different locations.

The AFM data were visualized and analyzed with Gwid-
dion software (Czech Metrology Institute) v.2.57, giving the
possibility of determining the length and thickness of each
individual rod. We considered only rods that could be well
distinguished as individualized, and always compared images
from amplitude and phase scans to avoid rods that are partially
or fully overlapped (see details in Appendix E). This process
identified about 100-300 individualized CNCs which were
measured in each sample to establish the length and thickness
distributions.
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APPENDIX A: QUANTIFYING PHASE SEPARATION
AND ESTABLISHMENT OF THE PRISTINE

CNC PHASE DIAGRAM

1. Methodology for quantifying phase separation

For samples in the biphasic window of coexistence of
cholesteric LC and isotropic phases, the fact that the LC phase

wt.%

FIG. 6. The volume fraction of liquid crystal phase within the
biphasic regime is determined by measuring its height compared to
the overall sample height within each vial, after they have been stand-
ing sufficiently long for gravity-driven sedimentation to saturate. The
process is exemplified here for the W = 3 wt.% sample within a
series that was sonicated at Ws = 3 wt.%

has a higher local CNC mass fraction w1 than the isotropic
phase, with local mass fraction w0, gives the LC phase higher
density than that of the isotropic phase. A vial filled with a
biphasic suspension that is left standing vertically will thus
experience macroscopic phase separation, with the LC phase
gradually sinking down to the bottom of the vial by gravity,
unless the CNC content is so high that gelation prevents
gravity-driven flow. We utilize this phenomenon to quantify
the volume fractions of LC and isotropic phases throughout
the biphasic window, and thus establish the phase diagram of
a certain series, leaving a set of at least eight vials containing
suspensions with increasing global CNC mass fraction W ,
typically between 1 and 6 wt.%, standing vertically for at least
one month.

For the analysis, we slide all vials of a series into a 3D-
printed holder from which the vials are hanging from their
caps rather than standing on a surface. This prevents the risk

wt.%

wt.%

(wt.%)

FIG. 7. Characterization of the pristine CNC. (a) Data as pro-
vided by the manufacturer CelluForce. (b) Photos of a series of 1
mL vials of the pristine CNC suspension with increasing value of W
from left to right, as viewed between crossed polarizers (blueish in
character) after one month (top) and one year (bottom), respectively,
of standing vertically, to allow any LC phase (appears bright) to sed-
iment to the bottom. (c) The phase diagram established by analyzing
the 1-month photo. Filled symbols were used in fitting Eq. (2) while
empty ones were not.
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that vials fall over during manipulation. The sample holder
with all vials is placed between large crossed polarizers in
front of a white light source directed horizontally. To pho-
tograph all vials simultaneously with high quality, a digital
SLR camera (Canon EOS 200D) is placed on the opposite
side of the polarizers, oriented along the normal to the planes
of the light source, polarizers, and vial series—all of which
are oriented parallel to each other—to avoid visible parallax
deformations. Since the isotropic phase is not birefringent,
it appears dark between crossed polarizers. In contrast, the
LC phase appears bright due to its birefringence. In order
that we are still able to distinguish the liquid–air surface and
thus establish the overall liquid height in a vial, we either use
polarizers with a blueish dark state or we insert a birefringent
foil that gives a violet dark state (the latter option was used
when filming the videos). An example photo is shown in
Fig. 6.

We analyze the photos with the software Fiji (Image J,
Source Forge project), setting the correspondence between
image pixel and horizontal dimension of a vial (all vials are
identical) to 10 units. Then a rectangle is drawn approximately
about the whole liquid volume, shown in yellow in Fig. 6.
The width is not important as only the height is analyzed. A
smaller rectangle is drawn around the bright LC fraction, as
shown in green. By dividing the height of the green rectangle
by that of the yellow, we obtain the LC volume fraction φLC

for a sample, after which both rectangles are moved to the
next vial in the image, and the process is repeated. The main
systematic uncertainty is due to the adjustment of the rect-
angle bottoms, complicated by the deviation from a perfect
flat bottom of the vials, and tops, complicated by the slight
meniscus curvature at the liquid–air interface. The meniscus
curvature is minimized by the use of silanized glass for the
vials. By ensuring sufficient filling of each vial, the impacts
of both uncertainties are kept low. For samples where w1 is
approaching or even surpassing wk , e.g., the W = 4 wt.%
sample in Fig. 6, a further problem is the impact of gelation,
which renders a truly reliable measurement of φLC impossible.
Such data must thus be interpreted with care, as we discuss in
more detail below.

2. The pristine CNC suspension phase diagram

Relevant data on the commercially obtained CNC provided
by the manufacturer (CelluForce) are summarized in Fig. 7(a)
as well as in the benchmarking paper [61] by the Cranston
group. When dealing with experimentally determined param-
eter values, we must distinguish between values of the pristine
and of sonicated suspensions, which are often not the same.
For this reason, we add an asterisk to parameters that apply
specifically to the pristine CNC suspension. To establish the
stability limits of the isotropic and cholesteric phases for the
pristine suspension, W ∗

0 and W ∗
1 , respectively, we prepare

sixteen vials with identical volumes of CNC suspension, each
one diluted from the original slurry to different selected CNC
mass fractions in the range W = 1.0 − 5.0 wt.% (see Sec-
tion V for experimental details).

Since W ∗
1 > wk we cannot establish W ∗

1 directly in the ex-
periment. To circumvent this problem, while also establishing
W ∗

0 with greater accuracy, we measure the apparent volume

fraction �LC of cholesteric phase after one month of sedimen-
tation in all samples of the pristine suspension, plot the data
versus W , and fit Eq. (2) to those data points in the biphasic
regime that follow a linear or sublinear trend, see Fig. 7(c). We
exclude high-W data points that follow a superlinear trend,
because the CNC dispersity and LC formation-driven frac-
tionation should give a sublinear behavior since the isotropic
phase has monotonically decreasing average Le/De as W →
W ∗

1 within the biphasic regime. Superlinear points reflect a
state where the apparent LC phase is actually a percolated net-
work of gelled LC subvolumes (w1 � wk), trapping isotropic
droplets that cannot rise to the top along gravity and thus
producing apparent �LC values that are too high. We extract
as fitting parameters the values W ∗

0 = 2.2 wt.% and W ∗
1 ≈ 5.1

wt.%. Both W ∗
1 and wk must be interpreted as rather rough

estimates since neither parameter is directly experimentally
accessible when W ∗

1 > wk .

APPENDIX B: CONSIDERATION OF HOW
TO APPLY ONSAGER THEORY RESULTS

TO CNC SUSPENSIONS IN PRACTICE

In the Onsager approximation of nondisperse rods, the
width of the biphasic regime is �φ = φ1 − φ0 = 1.2De/Le ≈
0.36φ0. For electrostatically stabilized nanoparticles like
CNCs, the effective diameter De can be approximated as the
sum of an average of the breadth B and thickness T of the core
particle and the electrostatic screening from the surface, which
is quantified by the Debye length lD: De = (B + T )/2 + 2lD.
Analogously, the effective length Le is Le = L + 2lD. Since
lD depends on the ionic strength, which in turn depends on
the surface charge and number of CNCs in suspension, the
ratio between the effective CNC volume fraction φ and the
mass fraction W changes with varying W , which is the exper-
imentally accessible parameter [39]. It is thus impractical to
work with φ in experiments, and instead we define the stability
limits of the isotropic and nematic (or cholesteric) phases as
critical mass fractions W0 and W1 corresponding to φ0 and φ1,
respectively. We use lower case w for the local mass fraction
in a uniform subvolume within a phase-separated sample,
while upper case W is used for denoting the global CNC mass
fraction of the overall suspension, uniform or phase-separated.
We must make this distinction because at equilibrium within
the biphasic regime (but not at its borders W0 and W1), we have
w �= W at every location in the sample due to the spontaneous
phase separation into coexisting isotropic and nematic phases
with nonequal w.

Contrary to the idealized case of nondisperse straight
nanocylinders that Onsager considered, most nanoparticles,
including CNCs, are highly disperse and they are not perfect
cylinders. The phase separation in the biphasic regime then
leads to a localized fractionation [32,34,35] where the CNCs
with highest Le/De form the first tactoids after equilibration
at W just above W ∗

0 . While the value W ∗
0 is thus dominated

by the highest aspect-ratio CNCs, the last remaining isotropic
phase at the end of the biphasic regime has a low average
Le/De, yielding a W ∗

1 of the global disperse suspension with
a rather high value, much greater than the W1 = 1.36W ∗

0
that would be expected from Onsager theory for nondisperse
particles (ignoring the dependence of lD on ionic strength).
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As a first striking consequence, the actual observed biphasic
regime width �W ∗ of a pristine CNC suspension is thus
much wider than 0.36W ∗

0 . Indeed, with W ∗
0 ≈ 2.2 wt.% and

W ∗
1 ≈ 5.1 wt.%, our pristine CNC suspension has a large

�W ∗ ≈ 1.3W ∗
0 .

A second important consequence of the dispersity and the
spontaneous fractionation of the highest aspect ratio CNCs
into tactoids is that the local w0 and w1 continuously increase
with increasing W within the biphasic regime, thus deviat-
ing from the globally determined values W0 and W1. These
are valid only at the lower and upper boundary, respectively.
Based on Onsager theory, we may estimate the limiting local
value pairs at the boundaries of the biphasic regime as w0 =
W0 and w1 ≈ 1.36w0 at the lower boundary, and w1 = W1

and w0 ≈ w1/1.36 at the upper boundary. For the quantitative
analysis of any observations taken in the LC phase fraction of
samples in the biphasic regime, such as the cholesteric helix
pitch p, we need to estimate the nematic phase CNC mass
fraction w1 also in the intermediate regime. To this end we use
a simple heuristic interpolation as a function of global CNC
mass fraction W :

w1 ≈ W 1.36
W1−W
W1−W0 . (B1)

Here W0 and W1 are the boundaries of the biphasic regime of
a particular CNC suspension as determined on macroscopic
samples. By inserting W = W0 and W = W1, respectively, it is
clear that the interpolation correctly produces the borderline
values of w1. When applying Eq. (B1) to the pristine CNC,
W0 = W ∗

0 and W1 = W ∗
1 , but for sonicated CNC the W0 and

W1 values can differ strongly, as shown in the main paper.

APPENDIX C: VISCOSITY OF PRISTINE
AND SONICATED CNC SUSPENSIONS

Figure 8 shows the results of microfluidic viscosity mea-
surements on the pristine CNC sample at four representative
mass fractions W , as well as on the resulting suspensions after
sonicating at mass fractions Ws with the same four values.
The long-range order in LCs means that a nematic phase has
no less than five different viscosities [50]. However, when no
particular precautions are made to align the LC, as in our case,
the effective shear viscosity that is typically experienced in a
flow-aligned sample is the lowest viscosity, η2, corresponding
to flow along n.

The effective viscosity increases monotonically for all
samples with increasing W , but for W � W ∗

0 , this tendency
is much more pronounced at low flow rates; as W → W ∗

1 ,
low flow rates yield very high effective viscosity, while rates
greater than about 50 µL/min bring it down to a low value
range in which the dependence on W is rather small. This
reflects the increasing fraction of equilibrium liquid crystal
phase as W → W ∗

1 as well as the fact that this fraction exhibits
a high apparent viscosity if n is not along the direction of
flow; this is the case at low flow rate, where n rotates within
the cholesteric helix, which initially has random orientation.
Beyond ∼50 µL/min flow rate, however, the helix axis m
is expected to align along the shear gradient [56] and the
helix also starts unwinding, with n predominantly along the
flow. We therefore measure a low effective viscosity that ap-
proaches η2 as the helix is increasingly unwound.

FIG. 8. (a) Viscosity evolution with increasing flow rate for sus-
pensions sonicated at four different Ws (filled symbols, dashed lines)
compared to the pristine nonsonicated suspensions at the correspond-
ing W (empty symbols, continuous lines). (b) Impact of Ws on
viscosity at different flow rates, when each sample has been tuned
after sonication to W = 3.0 wt.%. As a reference, the viscosities of
the pristine nonsonicated suspension are indicated with horizontal
dashed lines.

At the highest studied values of W , the vicinity to wk may
add further to the apparent viscosity. For W < W ∗

0 , in contrast,
the sample is isotropic at rest but the flow can produce a
paranematic state where n is born aligned along the flow,
yielding η2 as the effective viscosity almost irrespective of
flow rate. At W ≈ W ∗

0 , the pristine and sonicated data are
rather similar regardless of flow rate, but as W → W ∗

1 , we find
a decrease of effective viscosity after sonication, the differ-
ence being the greatest at low flow rates. Sonicated samples
are thus more easily flow-aligned than the pristine samples at
the same W , an observation that corroborates the observation
that all samples sonicated in the range Ws � 3.0 wt.% appear
isotropic at rest after sonication while a paranematic state is
easily flow-induced.

APPENDIX D: PHASE DIAGRAMS OF SONICATED
CNC SUSPENSIONS

In order to establish the phase diagrams of sonicated CNC,
we have to upconcentrate each sample where Ws < W1 such
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TABLE I. CNC mass fraction after upconcentration (right col-
umn) as a function of CNC mass fraction during sonication, Ws (left
column), in order to establish phase diagrams.

Ws (wt.%) W after upconcentration (wt.%)

1.0 6.3
1.5 5.2
1.75 5.9
2.0 4.9
2.25 4.9
2.5 7.4
2.75 7.4
3.0 7.3
3.25 7.9
3.5 6.3
3.75 6.9
4.0 4.9
4.25 6.9
4.5 6.0
4.75 5.3
5.0 5.3
6.0 7.4

that we can prepare subsamples over a range of W -values. The
process of upconcentration is difficult to control accurately, as
it takes place by evaporation over many days, but we measure
the final CNC mass fraction in each sample, as summarized
in Table I. Concentrated suspensions were transferred to a
closed flask and stored in a fridge (4◦C) until use. Prior to
use (mainly to establish phase diagrams), we let the sample
adopt room temperature, we homogenize it, and measure its
total mass concentration W .

For each value of Ws, we prepare vials at different W to es-
tablish the phase diagram, following the procedure described
in Appendix A. The photos of suspension series between
crossed polarizers as well as the extracted phase diagrams
are summarized in Fig. 9. The data for the series sonicated
at Ws = 1.0 wt.% were not included in Figs. 3(b) and 3(c)
in the main paper, because the established phase diagram is
clearly false. This is because W0 is quite high, between 2.5
and 3.0 wt.%, and W1 must be so high as to induce complete
sample gelation even at modest �LC. The increase in �LC

from W = 3.0 to W = 3.5 wt.% is very small for this series,
yet at W = 4.0 wt.% the vial is fully gelled. We can thus
conclude that W0 and W1 are even greater after sonication at
Ws = 1.0 wt.% than the maximum respective values plotted in
Fig. 3(c) even though we cannot give values reliable enough
to include in the diagram. As discussed in the main paper,
many of the other phase diagrams are also not trustworthy,
as a result of the upconcentration required to establish the
phase diagrams, and therefore, we selected only three phase
diagrams for sonicated CNCs that were deemed reliable in
Fig. 3(a) in the main paper.

APPENDIX E: ANALYSIS OF AFM DATA

1. Distinguishing individual from agglomerated CNCs

The samples prepared for AFM investigation (see Sec. V
for procedure) were measured over a square area with side

length 3 µm (512x512 resolution) using a Veeco/Bruker
Multimode Nanoscope V AFM. To increase precision, mea-
surements (scans) were performed in 5 or more places for
each sample (pristine CNC and CNC suspensions sonicated
at varying Ws). The AFM measurements were performed in
tapping mode, where the amplitude and frequency signals
from tip oscillation depend on the tip interaction with the
sample surface. It is well known that the resolution of AFM
is poorer in the lateral than in the vertical direction due to
an effect called tip convolution: when the tip passes over the
edge of an object in the nanometer range, such as CNCs, the
non-zero size of the tip affects the data which are smeared
out. For this reason, we use the height data (z direction) for
quantifying the lateral dimension of CNCs.

An example of a sample area with the three main kinds of
CNC bundles (see Fig. 4) is shown in Fig. 10. A quantitative
analysis was performed using the software Gwyddion, which
allows different modes of visualizing the data. The amplitude
signal constructs the height image (Fig. 10, left and top right)
which shows protrusions from the substrate as a function of
location by varying brightness according to the color scale. In
many cases objects with large z extension (high brightness)
consist of partially or fully overlapped CNCs, hence their
height does not reflect the breadth B or thickness T of an
individual CNC. The phase image (Fig. 10, bottom right) is
obtained from the frequency signal’s shift. While dimensions
cannot be measured from this image, it is more effective in
distinguishing agglomerated from individual CNCs, for in-
stance, via “shadows” along individual CNCs within a bundle.

The crossed CNC bundles are easily distinguished in
either image type due to their unambiguous geometrical fea-
tures. Bundles of side-to-side-agglomerated CNCs can be
subdivided into two categories, depending on whether the ag-
glomeration is within (xy plane) or perpendicular (z direction)
to the substrate plane. The first ones can be recognized par-
ticularly well in the phase image by the shadow between the
individual CNCs. As an example, the bundle labelled 1 in the
height image, where it appears to be a single object, actually
consists of the side-to-side agglomerated CNCs labeled 1a
and 1b in the phase image, distinguished by the dark shadow
between them. The same holds for bundle 4 in the height
image.

The bundles of vertically stacked CNCs are best recog-
nized by their z obtained from the height image. Since it is
very unlikely that the individual CNCs in the bundle have
the exact same length, there will be regions near the ends
of the bundle where the height suddenly appears to double;
this is too large and too sudden a change in thickness to be
attributed to a single CNC, and thus we interpret this as a
sign of a vertical bundle. Sometimes the vertical stacking is
visible directly, as for particle 6. End-to-end-connected CNCs
form a long chain that can often be weakly distinguished
already in the height image (particles 2 and 3 in Fig. 10
appear weakly connected), and in the phase image, it is clear
that the substrate is not visible at any point between them.
In many cases, there is a combination of different kinds of
agglomeration.

After identifying the individual CNCs, their length L and
thickness T were obtained from the height image of each
sample. A line was drawn manually along the length of

035603-15



ZORNITZA P. TOSHEVA AND JAN P. F. LAGERWALL PHYSICAL REVIEW MATERIALS 10, 035603 (2026)

FIG. 9. Phase diagrams after sonication. Left and middle column: photos of equilibrated vials with varying W , for the pristine CNC as well
as for all values of Ws studied, after six weeks (left) and after one year (middle). Right column: phase diagrams as established by fitting Eq. (2)
to the experimental data extracted from the photos after six weeks.
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FIG. 10. Examples of AFM height and phase images from the
same sample, illustrating how one can distinguish between individu-
alized and agglomerated CNCs.

each selected CNC, and L was estimated by applying the
Pythagorean theorem to the projections on the x and y axes,
see Fig. 11. To estimate T , the drawn line was moved along
the length of the rod until it touches the background (mica),
and the program gives the difference between the minimum
and maximum z-values along this line as �z. We use this value
for T , cautioning that an artifact-free data point represents
the maximum thickness along the CNC, but artifacts with
exaggerated T values may arise in case a CNC is kinked or
twisted. The former may raise local sections of the CNC from
the substrate, while the latter could bring the breadth B instead
of the thickness T locally into the z direction.

2. Fitting the correct distribution function
to statistical data from the AFM analysis

For the pristine CNC we estimate the size of 248 rods
analyzed following the above procedure, and for the sonicated
CNCs, the number of rods varied over the range 100–300 for

FIG. 11. The CNC length L is estimated by applying the
Pythagorean theorem to the projections on the x and y axes. The
lateral dimension T is estimated automatically from the vertical
distance to the ground level, which is the level of the mica substrate.
The example is from an AFM image for Ws = 2.25 wt.%.

FIG. 12. Histograms and log-normal fits for length and thickness
data obtained from AFM on the pristine CNC.

each Ws. To establish average lengths L̄ and thicknesses T̄ for
the pristine and each sonicated CNC, the individual CNC data
were binned into suitable bands (see below), the number in
each bin converted to its percentage of all the CNCs, and a
log-normal function was fitted to the data using mainly the
software Pro Fit (Quantumsoft) but also Origin (OriginLab)
was used for reference. We use the notation of Origin for the
fitting parameters, with Xc and ω referring to the logarithm
of the parameter of interest, not to the parameter itself. To
obtain the mean X and standard deviation σX of the parameter
X (which is replaced by the length L or the thickness T , as
appropriate), the following formulae apply:

X = exp (ln Xc + ω2/2) (E1)

and

σX = X
√

exp (ω2) − 1. (E2)

The corresponding histograms, fitted log-normal functions
and the resulting X and σX are shown in Fig. 12 for the pristine
CNC and in Figs. 13 and 14 for the suspensions sonicated at
40% amplitude. The data for 30% and 50% amplitude can be
found in the data repository for the article.

It is nontrivial to establish the appropriate bin number for
skewed distributions such as the lognormal, which we are
dealing with here. As a first guide, we use Doane’s formula
(see, e.g., [62]) to establish the number of bins k̂:

k̂ = 1 + log2(n) + log2

(
1 + |g1|

σg1

)
, (E3)
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FIG. 13. Histograms and log-normal fits for length L and thickness T data obtained from AFM for CNC suspensions sonicated at 40%
amplitude at varying Ws, part 1. The mean values T and L as well as the corresponding standard deviations σT and σL , as obtained using
Eqs. (E1) and (E2) on the fitted parameters Xc and ω are indicated in each diagram.
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FIG. 14. Histograms and log-normal fits for length L and thickness T data obtained from AFM for CNC suspensions sonicated at 40%
amplitude at varying Ws, part 2. The mean values T and L as well as the corresponding standard deviations σT and σL , as obtained using
Eqs. (E1) and (E2) on the fitted parameters Xc and ω are indicated in each diagram.
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where n is the number of measurements in the sample and the
moments estimator g1 and its variance σ 2

g1
are defined as

g1 =
1
n

∑n
i=1(xi − x)3[

1
n

∑n
i=1(xi − x)2

]3/2 (E4)

and

σ 2
g1

= 6(n − 2)

(n + 1)(n + 3)
. (E5)

Applying Doane’s formula to the pristine CNC, where we
have n = 248 individual measurements and L = 95.0 nm and
T = 3.16 nm, we first obtain for L:

g1 =
1

248

∑n
i=1(xi − 95)3[

1
248

∑n
i=1(xi − 95)2

]3/2 = 0.73975 (E6)

and

σg1 =
√

6(246)

(249)(251)
= 0.15368, (E7)

which yields a recommended bin number of

k̂ = 1 + log2(248) + log2

(
1 + 0.73975

0.15368

)
= 11.5. (E8)

With Lmin = 21 nm and Lmax = 233 nm we need to cover
the range 20–240 nm, hence we obtain a recommended bin
width of 220/11.5 = 19.1 nm. We approximate this to 20 nm,
yielding 11 bins with centers from 30 to 230 nm. In the top
diagram in Fig. 12, we let the x-axis start at L = 0 for clarity,
but there is no bin at 10 nm, since there are no data points
there.

The same calculation for T gives a recommended bin num-
ber of k̂ = 11.96. With Tmin = 0.3 nm and Tmax = 9.6 nm we
obtain a practical bin width of 0.8 nm for the thickness data,
which we plot with 12 bins centered from 0.4 to 9.2 nm in the
bottom diagram in Fig. 12.

For the sonicated suspensions, the establishment of bin
numbers and limits is complicated by the fact that we wish
to be able to compare L and T data obtained at different Ws,
and an analysis by Doane’s formula of each individual data
set typically yields slightly different results. In the repository
published with this article is a file showing all the results,
where we see that k̂ for both parameters falls in the range
9–13. The optimum choice of bin numbers also needs to
consider the lower and upper limits of the data, such that the
bins represent reasonably convenient values, for all data sets
that should be visualized together. For T the data range from
just over 0 to 11.7 nm in an extreme case, while for L, the
range is 6–222 nm. Compiling these observations, we choose
12 bins for T from 0 to 12 nm, with a constant 1 nm distance,
centered over 0.5 nm for the first bin to 11.5 nm for the last
one. For L, our choice is to work with 12 bins with 20 nm
distance, at centers from 10 to 230 nm.

3. Lengths and thicknesses of CNCs sonicated
at different amplitudes

In addition to the AFM results shown in Fig. 2, obtained
on CNC suspensions sonicated at 40% amplitude, we did

FIG. 15. Impact of Ws on individualized CNC average length
L (a), average thickness T (b), and average aspect ratio L/T , for
sonication amplitudes from 30% to 50%. The data for 40% are
identical to those in Fig. 2. The sample sizes and applied energies are
identical for all amplitudes. Error bars represent the standard error of
the sample mean, σL = σL/

√
n and σT = σT /

√
n, i.e., they represent

the confidence in establishing each mean value, not the dispersity of
the suspension. Note that all CNCs that are deemed to be part of a
bundle are excluded.

the same analysis for suspensions sonicated at 30% and 50%
amplitude as well, see Fig. 15.

APPENDIX F: INFLUENCE OF SONICATION
ON CHOLESTERIC HELIX PITCH

The cholesteric helix pitch was established from the POM
texture photos in Fig. 16, taken in capillaries that had been
standing vertically for sufficient time for equilibration, as
described in the Methods section.

APPENDIX G: DESCRIPTION OF SUPPLEMENTAL
VIDEOS

(1) Supplemental Video 1 [49] is the source of the still
images in Fig. 1. The video is a compilation of multiple
videos, each one showing the response of a CNC suspension
to sonication as visualized by placing the vial between crossed
polarizers with a white backlight on the side opposite of the
camera, and a birefringent foil between vials and the polarizer
closest to the camera which approximates the function of a
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FIG. 16. Representative texture photos from which the cholesteric helix pitch data were measured, one example for each of the values in
Fig. 3(c). The images are taken using samples with W = 3 wt.% between crossed polarizers. The 50 µm scale bar in the top left image is valid
for all other images as well.

first-order λ phase plate. Ws increases from left to right as
indicated along the top. The video is real-time and it is filmed
with 25 frames/s. The black rod inserted from the top is the
sonotrode tip; the top of each sample is the air interface and
the bottom is the vial bottom. At the end of the video, we show
the samples 19 days later, during which they have been stand-
ing still and untouched, with the same imaging conditions.
The sonication tip is gently inserted, moved around a bit,
and then extracted, to show the appearance of shear-induced
paranematic state. Spontaneous formation of cholesteric LC
phase can be seen in the vials with Ws � 2.5 wt.%. Due to
its higher density, it has sedimented towards the bottom of
each vial.

(2) Supplemental Video 2 [49] shows vials with Ws =
1.75, 2.0, and 2.25 wt.%, prepared in the same way as the
vials in Supplemental Video 1, which go through the same
1-minute sonication procedure as in Video 1 but this time

we film the initial insertion of the sonication tip into the vial
before the sonication starts. Then we see the entire sonica-
tion process followed by brief relaxation and extraction of
the tip, and finally the tip is reinserted in the freshly son-
icated vial. Comparing the beginning and end of the video
it is striking how much stronger the shear-induced parane-
matic birefringence during tip insertion is before than after
sonication. The imaging conditions are identical to those in
video 1.

(3) Supplemental Video 3 [49] shows six vials of CNC
suspension, two each with W = 1.75, 2.0, and 2.25 wt.%.
All are based on suspensions that were sonicated in the same
way as in Supplemental Video 1 at Ws identical to the current
W , but after sonication, one of each W value was upcon-
centrated to W = 4.9 wt.% and one was upconcentrated to
W = 5.6 wt.%. All were then diluted again to their original W .
During the movie, a metal rod is slowly inserted into each vial
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and then pulled back out, to demonstrate paranematic order
generation and the relaxation after the motion has stopped.
The video is a compilation of six individual videos, cropped
and placed side by side in order to allow direct comparison.

The W = 2.0 and 2.25 wt.% vials prepared by diluting the
W = 5.6 wt.% suspension have strong static birefringence and
lack smooth flow response. Imaging conditions are identical to
those in Video 1.
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