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Fractionation of cellulose nanocrystals:
enhancing liquid crystal ordering without
promoting gelation
Camila Honorato-Rios1, Claudius Lehr1, Christina Schütz1, Roland Sanctuary1, Mikhail A. Osipov2,
Jörg Baller1 and Jan P. F. Lagerwall 1

Abstract
Colloids of electrically charged nanorods can spontaneously develop a fluid yet ordered liquid crystal phase, but this
ordering competes with a tendency to form a gel of percolating rods. The threshold for ordering is reduced by
increasing the rod aspect ratio, but the percolation threshold is also reduced with this change; hence, prediction of the
outcome is nontrivial. Here, we show that by establishing the phase behavior of suspensions of cellulose nanocrystals
(CNCs) fractionated according to length, an increased aspect ratio can strongly favor liquid crystallinity without
necessarily influencing gelation. Gelation is instead triggered by increasing the counterion concentration until the
CNCs lose colloidal stability, triggering linear aggregation, which promotes percolation regardless of the original rod
aspect ratio. Our results shine new light on the competition between liquid crystal formation and gelation in
nanoparticle suspensions and provide a path for enhanced control of CNC self-organization for applications in
photonic crystal paper or advanced composites.

Introduction
The ordered self-organization of rod-shaped has fasci-

nated researchers since the first observation of liquid crystal

(LC) formation in aqueous suspensions of tobacco mosaic

virus in the 1930s1. With today’s prominent role of

nanorods and their organization in a variety of advanced

materials2,3, the phenomenon has also acquired key indus-

trial relevance. Cellulose nanocrystals (CNCs) constitute a

class of nanorods that currently attracts considerable

attention both from academia4–7 and industry8–10 for rea-

sons in addition to the fact that they can be sustainably

produced from plants or other bioresources. CNCs are

often conveniently approximated as cylindrical rods of

crystalline cellulose with a diameter d of a few nanometers

and a length L on the order of a hundred nanometers,

although the true shape may be closer to an irregular

twisted beam11,12. Because of the negative sulfate half-esters

or other surface charges remaining from the production

procedure, CNCs are easily dispersed in water. Adding their

excellent mechanical properties, optical transparency, ease

of chemical functionalization, and ability to form a long-

range-ordered LC phase, CNCs are highly attractive for the

realization of tunable, in some cases even responsive, high-

performance materials with spectacular mechanical and

optical properties5,9,13–15.

The LC phase formed by CNC suspensions is of the

chiral nematic, or cholesteric, type. It was Onsager who

explained how liquid suspensions of nanorods can spon-

taneously develop long-range orientational order—the

hallmark of nematics—as a result of the gain in transla-

tional entropy overcompensating the loss in rotational

entropy, provided that a sufficiently high volume fraction

φ of sufficiently anisotropic nanorods is available16. He

found the stability limit of the isotropic phase (disordered

rods) to be φ0= 3.3d/L, and the nematic phase that then
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starts forming has a rod volume fraction φ1= 4.5d/L. If

the overall rod volume fraction is between these limiting

values, phase separation takes place, where the denser

nematic phase sinks to the bottom and the isotropic phase

floats on top15. The volume fraction Φ of the nematic

phase should, according to the basic Onsager model,

increase linearly from 0 to 1 as the overall rod volume

fraction φ increases from φ0 to φ1.

Comparison through experiments reveals that CNC

suspensions deviate into two characteristic ways. First, the

real rod volume fraction φ is difficult to establish; hence,

experimental work typically utilizes the corresponding

mass fractions w0 (maximum mass fraction w for Φ= 0)

and w1 (minimum mass fraction w for Φ= 1). In fact,

because φ is the sum of the volume of the cellulose rod

itself and the excluded volume induced by electrostatic

repulsion between rods, the ratio between φ and w is not

constant: the repulsion range decreases with increasing

CNC content because of increasing screening of the rod

surface charge as the CNC counterions are released into

the water17. Thus, in typical plots of the nematic volume

fraction Φ vs. the mass fraction w of CNC, the curve falls

off sublinearly with increasing CNC content.

The second deviation—of critical importance for large-

scale control of the self-organization18 and therefore for

applications—is that, frequently, a completely liquid

crystalline sample cannot be reached in practice because

w1 >wg, the CNC mass fraction at which the system turns

into a macroscopic gel, which is often considered a

kinetically arrested state8,15,19–22. The rheological data

that we present below confirm that the sample at w >wg is

a physical gel; hence, the transition is a percolation phe-

nomenon23, i.e., a continuous network of connected rods

is established that spans the macroscopic sample and

prevents the system from flowing. Because the threshold

particle fraction for percolation decreases with increasing

aspect ratio L/d of the particles, just like the threshold for

LC formation, this relationship would suggest that any

attempt to promote liquid crystallinity would also pro-

mote percolation and the related gelation. Surprisingly,

our new results show that this expectation is incorrect,

with far-reaching implications for the fundamental

understanding of the balance between LC formation and

gelation in nanoparticle suspensions as well as for the

ability to apply the chiral nematic order provided by CNC

suspensions in advanced materials.

By exploiting the spontaneous segregation that takes

place according to the ratio L/d as the LC phase separates

from the isotropic surroundings, to divide our CNC sus-

pension into two fractions with predominantly long and

short rods, we show that L/d has no impact on the onset

of gelation, while it indeed strongly favors liquid crystal-

linity. Thus, both fractions and the original suspension

have identical values of wg, but the fraction with high L/d

rods shows much lower w0 and w1 values than the initial

suspension. Significantly, from an applied point of view,

this brings w1 well below wg, while in the original sus-

pension, w1 ≈wg. We have thus gained access to a large

CNC mass fraction range where the complete sample is in

a nonarrested equilibrium chiral nematic phase, enabling

much better control of the macroscopic order18. We

conclude that the gelation at wg is due to the loss of

colloidal stability, as the solvent counterion concentration

has reached a critical value c
g
Naþ , inducing linear rod

aggregation, which, as a secondary phenomenon, triggers

percolation regardless of the L/d of the individual rods.

We corroborate this conjecture by also inducing gelation

at a low CNC mass fraction by adding NaCl until c
g
Naþ is

reached. Atomic force microscopy (AFM) confirms the

linear aggregation of CNCs upon salt addition.

Methods
Sample preparation

CNCs with Na+ counterions were purchased from

USDA Forest Products lab, University of Maine (USA),

and the details of their production procedure are

provided at https://umaine.edu/pdc/cellulose-nano-

crystals. We characterized the as-received CNCs exten-

sively (Supplementary Information, Figures S1-S3, S7) and

also determined the sulfur content, which is taken as a

measure of the surface charge since this is provided by the

sulfur half-ester groups (SO3
−), to be 1 wt.%, as given by

conductometric titration (Figure S4). The as-received

suspension was diluted to w= 6 wt.% and sonicated

for 70 s with an ultrasonic probe (Dr. Hielscher UP200St,

7 mm diameter titanium tip) with an energy input of 0.01

kJ/mL CNC suspension (calculation in the Supplementary

Information). No further purification or filtering was

done (as demonstrated by the comparison between the

as-received and purified CNCs in the Supplementary

Information, Figure S17). A sample series referred to as

init-CNC (init= initial) with w varying from 1 to 13 wt.%

was then prepared from the starting suspension by

dilution with ultrapure water or the evaporation of water,

as required for each target mass fraction. We left the

samples standing until phase separation occurred. After

1 week, we identified the w ≈ 7 wt.% sample as having

close to equal volume fractions of isotropic and LC phases

(Φ= 0.5).

For fractionation, a total of 0.5 kg of sonicated init-CNC

suspension was prepared at w ≈ 7 wt.%. The sample was

left standing for 1 week until phase separation was visible,

and the isotropic top half was then separated from the LC

bottom half with a pipette. The former was concentrated,

and the latter was diluted until each fraction reached Φ ≈

0.5. The full procedure was repeated another two times

each for the isotropic phase (the LC fraction in each

subsequent stage was not further studied) and for the LC
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phase (the isotropic fraction in each subsequent stage was

not further studied). The CNCs in the final fractions thus

obtained are referred to as iii-CNC (threefold isotropic

fractionation) and aaa-CNC (threefold anisotropic (LC)

fractionation), respectively. Curves of the pH for iii-CNC

and aaa-CNC are included in the Supplementary Infor-

mation, Figure S9.

Considerable care was taken to obtain representative

values of the diameter d, length L, and L/d from AFM

experiments for each CNC fraction, as described in detail

in the Supplementary Information (Figure S5). The data

used in the paper are averages based on careful mea-

surements of 300 individual rods per CNC fraction

(Table S1).

Establishing the phase diagrams

A series of relevant mass fractions w were obtained by

first concentrating the different CNC suspensions (init-

CNC, iii-CNC, and aaa-CNC) using mechanical stirring at

room temperature. Once the concentration was ~13 wt.%,

we diluted aliquots with varying amounts of ultrapure

water for each desired mass fraction. When phase

separation was deemed complete, the volume fraction of

the LC phase (Φ) was determined for each mass fraction

by measuring the ratio of the height of the LC phase to

that of the full sample (LC and isotropic). The anisotropic

character of the LC phase was confirmed macroscopically

by observation between crossed polarizers, as shown

below, and the chiral nematic nature of the phase was

confirmed by observation of the characteristic fingerprint

textures (example in the Supplementary Information,

Figure S16) in samples filled into flat capillaries and

observed by a polarizing microscope. All sample vials had

been standing vertically for 4 months before these mea-

surements, which should be adequate based on previous

long-term studies24.

Rheology

Rheological measurements (parallel-plate configuration)

were performed in a saturated atmosphere to avoid sol-

vent evaporation. Small-angle oscillatory shear (SAOS)

measurements in the linear regime performed to deter-

mine the frequency dependence of the storage and loss

moduli were directly followed by measurement of the

viscosity as a function of the shear rate (flow curves).

More details are provided in the Supplementary Infor-

mation (Figure S15).

Results
Fractionation of CNCs

Pristine CNC suspensions are notoriously polydisperse,

with rods of substantially different L/d simultaneously

existing in suspension. Because a high L/d favors LC

formation, as explained by Onsager, a sample with

coexisting isotropic and LC phases has an increased

proportion of long and slender rods in the LC phase,

whereas low L/d rods segregate in the isotropic phase16,25.

This LC-driven fractionation according to L/d can be

confirmed experimentally by investigating the separated

phases individually, as reported previously for carbon

nanotubes26 and CNCs27. However, to the best of our

knowledge, there is no critical study of how the CNC rod

size distribution changes with repetitive separation of the

phases, which is required to amplify the fractionation to

an extent where the effects from the different L/d values

become significant. We therefore attempted such a pro-

cedure by carrying out three consecutive separation

cycles, as summarized in Fig. 1 (full details in Methods).

As demonstrated below, we found this strategy to be

highly successful, although patience and time were

required to complete the gravity-driven phase separation.

In contrast to the case of carbon nanotubes26, the

separation of CNCs could not be sped up by centrifuga-

tion. We show in the Supplementary Information (Fig-

ure S8) that centrifugation induces irreversible

aggregation of CNCs, changing the phase diagram and the

behavior of the suspensions. Mechanical CNC fractiona-

tion accomplished by pressing a suspension through

porous filter membranes was reported in a recent study28,

but the liquid crystalline behavior was not investigated

(the samples were dried prior to imaging), and the rod-

like aspect was not fully characterized (the particle size

was studied by light scattering, a technique that generally

assumes a spherical particle shape). Moreover, the elec-

tron microscopy images showed particles with L/d values

much lower than what is typical for CNCs as well as a

non-negligible presence of branched particles, suggesting

that the filtering procedure may have induced

aggregation.

Representative AFM images of the CNCs in our final

fractions (iii-CNC and aaa-CNC) are presented in Fig. 2a,

Fig. 1 Schematic illustration of the fractionation method. The
black arrows indicate the path of the separations using the isotropic
phases (transparent), and the red arrows indicate the path of the
separation of the LC phases (turbid white)
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b, the analysis of which reveals a considerable geometrical

difference (Fig. 2c–e). As expected, the fraction obtained

from repeated separation of the isotropic phase contains

on average shorter rods (iii-CNC) than the fraction

obtained from repeated separation of the LC phase (aaa-

CNC). From a population of 300 individual rods, the

average length, as established by AFM (see Methods and

Supplementary Information), in iii-CNC is Liii ≈ (0.17 ±

0.04) µm, whereas in aaa-CNC, Laaa ≈ (0.23 ± 0.08) µm.

The aaa-CNC fraction is actually more polydisperse, with

a length polydispersity of 0.36 (determined as the ratio of

the standard deviation over the average length) against

0.26 for iii-CNC. Interestingly, the rod diameter remains

approximately the same for all fractions, with an average

of d ≈ 4 nm; hence, the fractions are effectively separated

by length. The average aspect ratio (calculated as the

average of L/d for 300 single rods) was 61 ± 40 for aaa-

CNC and 46 ± 20 for iii-CNC.

Equilibrium phase diagrams of aqueous CNC suspensions

The macroscopic phase separation and the phase dia-

grams in pure water of the initial suspension (init-CNC)

and the iii-CNC and aaa-CNC suspensions are presented

in Fig. 3. Prior to obtaining the photographs, the sample

vials stood vertically for 4 months, resulting in separation

into a lower LC phase and an upper isotropic phase for

samples with an overall CNC mass fraction in the range

from w0 to w1 (both of which differ between series). In this

range, the relative LC volume fraction Φ increases

monotonically from 0 to 1 with increasing w with the

exception of iii-CNC, for which w1
iii >wg. When wiii

=wg,

a departure from the monotonic behavior is seen with a

sudden rise in the apparent LC volume fraction to Φapp
=

1. This is not the true LC volume fraction but rather an

artifact due to the inability of the LC phase to separate

from the isotropic phase in the gelled macroscopic

sample.

Fig. 2 Characterization of fractionated CNCs. Left: representative AFM images of the two final CNC fractions, iii-CNC (a) and aaa-CNC (b), after
repeated phase separation. Right: distributions of the length L (c), diameter d (d), and L/d (e) for the two fractions, as determined from the AFM data
for 300 rods (see the Supplementary Information for further details)

Honorato-Rios et al. NPG Asia Materials _#####################_ Page 4 of 11



The increase in the average length in the aaa-CNC

sample causes a decrease in w0 from w0
init

≈ 5 wt.% in the

initial sample to w0
aaa

≈ 3 wt.%. In the case of iii-CNC, the

decrease in average length instead increases the limit of

stability of the isotropic phase to w0
iii
≈ 7.5 wt.%. Also, w1

is affected, shifting from w1
init

≈ 11.8 wt.% in the unfrac-

tionated sample to w1
aaa

≈ 6 wt.% in aaa-CNC. In the case

of iii-CNC, w1 increases compared to that of init-CNC to

a value greater than wg, triggering gelation, as discussed in

detail below. Therefore, it is impossible to give a direct

Fig. 3 Effect of fractionation on the phase sequence. a Phase separation in suspensions of cellulose nanocrystals between crossed polarizers for
the initial series (init-CNC), the short-rod fraction (iii-CNC), and the long-rod fraction (aaa-CNC) as a function of the CNC mass fraction w in pure water.
b Quantitative plots of the volume fraction Φ of the LC phase for the three series. The error bars correspond to five different measurements per
sample vial. The sample vials stood for 4 months before the photos were taken and the quantitative measurements made. The connecting lines are
visual guides
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empirical value of w1
iii for the suspensions of short rods.

By extrapolation of the data in Fig. 3b we can, however,

estimate that w1
iii
≈ 13 wt.%.

Onset of gelation

As a first test of gelation, we gently turned the sample

vials upside down and left them standing on their caps for

24 h, as shown in Figure S10. If the suspension remained

on top (at the original bottom of the sample vial), we

considered the suspension to be in a gel state. A very

interesting observation in this context is that all CNC

suspensions reach gelation at approximately the same

CNC content of wg ≈ 12 wt.% regardless of the L/d of the

rods. This shows that the change in L/d has no impact on

the onset of gelation, while the common understanding

based on percolation of the individual rods would suggest,

as discussed above, that both LC formation and gelation

should happen at a lower waaa for aaa-CNC and a higher

wiii for iii-CNC. Instead, we conclude that gelation is

triggered solely by reaching a threshold value of the

counterion concentration c
g
Naþ since the only source of

ions in these samples is the CNCs themselves.

To corroborate our conjecture, we attempted to induce

gelation at a substantially reduced CNC mass fraction by

adding salt (NaCl) until cNaþ ¼ c
g
Naþ . A similar approach

has previously been used for inducing gelation, e.g., in

fully isotropic suspensions of nanofibrillated cellulose

with carboxyl groups at the fibril surface29 and of dye-

doped CNCs30. Figure 4 shows vials with varying contents

of init-CNC, iii-CNC, and aaa-CNC, photographed

between crossed polarizers 3 weeks after adding an

amount of NaCl that slightly surpasses the minimum

required to reach cNaþ ¼ c
g
Naþ to every vial (Supplemen-

tary Information, Figures S10-S14). Twenty-four hours

after salt addition, the vials were turned upside down and

then left standing untouched. The experiment confirms

our prediction that gelation is induced in all samples with

w > 2 wt.%, irrespective of the series.

An important further observation is that all gelled

samples show birefringence, a sign of the development of

long-range orientational order. In fact, the salt-induced

birefringence even precedes gelation, as evidenced by the

observation of birefringence in the samples in Fig. 4 with a

low CNC content (w ≤ 2 wt.%) that are still fluids. We

noted a similar behavior at the limit of colloidal stability in

a previous study of CNC rods in solvents with varying

permittivities20. The particle aggregation induced by salt

addition seen in Fig. 4 thus appears to happen

Fig. 4 Gelation induced by salt addition. Inverted CNC suspensions (initial (a) and fractionated (b,c)) between crossed polarizers, with different

CNC mass fractions w but a constant sodium ion concentration cNaþ � c
g
Naþ , adjusted by the addition of NaCl. The samples stood upside down for

2 weeks after reaching gelation by the addition of NaCl
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preferentially with rods aligned with each other. The fact

that birefringence appears prior to gelation with 2 wt.%

CNCs suggests that parallel rod aggregation takes place

locally, generating finite linear chains with a sufficiently

high effective aspect ratio to induce liquid crystalline

order in small domains. However, the overall particle

fraction is not yet sufficient for percolation, even at this

salt-induced increased effective aspect ratio. The perco-

lation threshold for the linear chains is apparently reached

at w= 3 wt.%, as all samples at this or higher CNC

contents enter the gel state in the presence of sufficient

NaCl.

Figure 5 shows AFM images of init-CNC originally at w

= 2 wt.% (diluted prior to AFM imaging), in the pristine

state and after the addition of NaCl at two different

concentrations. From these images, we observe that the

rods indeed aggregate largely in parallel upon salt

addition, growing into much longer chains. The average

diameter of these chains is d ≈ 5.5 nm, which is not sig-

nificantly larger than the diameter d ≈ 4 nm of the indi-

vidual rods in the salt-free sample. The increased length

and small increase in diameter suggests that aggregation

takes place mostly between the extreme ends of the rods

rather than through side-by-side association of the rods.

After the addition of 40 mM NaCl, L/d increases from

~57 (CNCs without salt, Figure S6) to ~130.

To better quantify the above observations and char-

acterize the gel state, we carried out SAOS rheology

experiments on representative samples. Figure 6a shows

the frequency dependence of the shear moduli for three

different mass fractions, w= 4, 9, and 13 wt.%, of

init-CNC (filled symbols). All measurements were per-

formed in the linear regime (see the Supplementary

Information).

Fig. 5 CNC chain-building upon salt addition. AFM images of init-CNC at w= 2 wt.% in the pristine state (a) and after the addition of NaCl: (b)
cNaCl= 20 mM and (c) cNaCl= 40 mM

Fig. 6 Rheological characterization. a Viscoelastic properties: dependence of the storage (black/blue) and loss moduli (red/magenta), G’ and G”,
respectively, on the probe frequency. Values below 10−7 Pa are below the reliable measuring range of the instrument. b Loss factor (tan δ) vs. CNC

mass fraction w, evaluated at the lowest angular frequency in (a). Filled symbols: no NaCl. Empty symbols: NaCl added to cNaþ � c
g
Naþ
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As expected for the suspensions, the absolute values of

the shear moduli increase with increasing CNC content

w31. The samples with w= 4 and 9 wt.% show the rheo-

logical characteristics of a viscoelastic liquid, i.e., G” >G’

for all measured frequencies, whereas the viscoelastic

properties of the sample with the highest mass fraction of

w= 13 wt.% is dominated by the elastic part, i.e., G” <G’.

Together with the fact that the G’ and G” curves evolve

nearly parallel as a function of frequency, this suggests

that the CNC suspensions undergo a transition from a

liquid to a gel-like state32.

To investigate the effect of salt addition by rheology, we

add NaCl to the w= 4 and 9 wt.% init-CNC samples to

raise cNaþ above c
g
Naþ . Figure 6a shows the resulting G’ and

G” curves (empty symbols). As discussed for the w= 13

wt.% sample, the horizontal evolution of the curves as well

as the fact that G” < G’ for all measured frequencies

indicates that these samples are gels. The transformation

from a viscoelastic liquid (loss factor tan δ > 1) to a solid-

like gel state (tan δ < 1) by the addition of salt is illustrated

by the behavior of the loss factor depicted in Fig. 6b.

Figure 7 shows the flow curves of the five init-CNC

suspensions discussed above. The low value of the zero-

shear viscosity and the shear thinning behavior suggest

that the CNC suspensions are soft physical gels at higher

concentrations or salt contents. At higher shear rates, the

gel network is destroyed by the applied shear forces.

Increasing w changes the appearance of the flow curves

from an almost Newtonian shape (w= 4 wt.%) to the

shape typical for polymer melts and physical gels above

the yield point. All of the samples that are in the gel state

(w= 4 and 9 wt.% with salt and w= 13 wt.% without salt)

show a similar and almost parallel shape at higher shear

rates. The clear distinction between three different

regimes reported in21,22,33 is not observed. Moreover, the

flow curves can be described by a power-law constitutive

model. The power law exponents are shown in Table 1.

Discussion
The detection of birefringence and then gelation, in that

order, with increasing counterion concentration and the

observation by AFM of preferentially linear aggregates of

CNCs upon salt addition together give strong evidence

that predominantly linear chain formation takes place as

the concentration of counterions reaches values on the

order of a few tens of mM. Signs of CNC rod lengthening

induced by the addition of NaCl have been reported

before12,34, although for much lower concentrations of

CNCs and without discussion of the consequences in

terms of the macroscopic phase behavior. On the basis of

small-angle neutron scattering experiments, Cherhal

et al.12 detected branch-free CNC aggregation with

increasing length for an intermediate ion concentration

(on the order of 10 mM), while the data at 50 mM or

higher suggested aggregation with branching. This mat-

ches our results relatively well, with the degree of

branching at cNaþ � c
g
Naþ in our case perhaps being lower

because of a positive feedback loop made possible by the

higher CNC concentration and the consequent develop-

ment of long-range orientational order.

While aggregation of like-charged colloidal particles

upon the addition of multivalent counterions is well

understood, the theoretical framework of the phenom-

enon triggered by monovalent counterions is non-

trivial35,36, although much experimental evidence exists

with various colloidal systems, including CNC suspen-

sions12,19,29–31. What is particularly surprising is the

observation of chain formation with the CNCs aggregat-

ing end-to-end rather than side-by-side, at least at these

comparatively high CNC mass fractions. A complete

explanation may require better knowledge of the detailed

CNC morphology and its charge distribution (it is likely

that the surface charge at the ends is different from that

on the sides) than what currently exists, but we propose

the following general qualitative argument, which may be

of relevance.

Fig. 7 Flow curves. Viscosity vs. shear rate. Filled symbols: no NaCl.

Empty symbols: NaCl added to cNaþ � c
g
Naþ

Table 1 Power law exponents determined from

rheological experiments on init-CNC

w (wt.%) Exponent

13, No NaCl 0.15 Gel

9, With NaCl 0.01

4, With NaCl 0.05

9, No NaCl 0.58 Viscoelastic liquid

4, No NaCl 0.91

Honorato-Rios et al. NPG Asia Materials _#####################_ Page 8 of 11



The end-to-end bonding of the charged rods and the

formation of chains can qualitatively be explained using

the DLVO theory, which is widely used to explain aggre-

gation in aqueous dispersions37,38. According to DLVO

theory, the interaction potential between two charged

objects in a solvent is the sum of the Van der Waals

attraction potential UVW(r) and the electrostatic repulsion

potential Uel(r) due to the double layer of co- and coun-

terions. The potential UVW(r) is negative and decreases

with increasing separation between rods. Approximating

the rod as a spherocylinder of radius R and total length L

+ 2 R, the electrostatic interaction potential between the

ends of neighboring rods may be estimated using the

potential for two charged spheres of radius R37,38, i.e.,

Uel rð Þ ¼ Z2λBe
2κRð1þ κRÞ�2

r�1e�κr; ð1Þ

where the Debye screening length κ2= 4πλBρ, λB is the

Bjerrum length, ρ is the number density of counterions,

and Z is the total surface charge. The combination of the

attraction due to UVW(r) and electrostatic repulsion

results in a potential barrier. If the rods can overcome this

barrier, they are at a close distance where they strongly

attract each other.

This mechanism can explain the aggregation of charged

rods, but it is less straightforward to explain why the rods are

bonded end-to-end and do not aggregate, say, side-by-side.

Here, we take into account that at low cNaþ , the positive

counterions are more or less evenly distributed around the

CNCs, and, hence, the screening is effectively independent of

their location. In contrast, when cNaþ � c
g
Naþ , there is such a

high concentration of counterions that a fluctuation may

significantly increase the ion concentration in the gap

between the ends of closely separated rods at which the

interaction area is small, thereby decreasing the electrostatic

repulsion and the potential barrier and resulting in attraction

between the ends.

This mechanism can be illustrated using a crude esti-

mate of the free energy of the system of two rods with a

narrow gap between their ends. Let us consider a simple

“two-site” model and introduce the average density ρ1 of

counterions in the diffuse layer at the cylindrical part of

the surface of the rod and the average density ρ2 in the

gap between the spherical ends. We also introduce the

corresponding average electrostatic potentials ϕ1 and ϕ2.

Then, the free energy is estimated as,

F=h ¼ kT2σ1 ρ1lnρ1ð Þ þ 2σ1eρ1φ1 þ kT2σ2 ρ2lnρ2ð Þ

þ 2eφ2ρ2φ2 þ Uel h=2ð Þ þ UVW ðh=2Þ

ð2Þ

where σ1= 2 πRL is the area of the cylindrical surface, σ2
= πR2/2 is the area of the hemispherical end, and h is the

effective thickness of the diffuse layer.

Minimization of this free energy yields ρ1 ¼ e�eφ1 and

ρ2 ¼ e�eφ2=kTeω=kT , where ω ¼ � ∂Uel

∂ρ2
/ Uelh

∂κ
∂ρ2

>0. One

notes that in general, ϕ1 ϕ2 due to the extra curvature of

the spherical surface compared to the cylindrical one, and

hence, ρ1 < ρ2, i.e., the repulsion (per unit area) between

the ends is weaker than that between the sides of the rods,

which already leads to stronger end-to-end attraction.

One also notes that a fluctuating increase in Δρ1 of the ion

density in the gap between the ends corresponds to a

much smaller change Δρ2 / Δρ1ð
R
L
Þ � Δρ1 (assuming

that the total number of ions in the diffuse layer is con-

stant), and, hence, the screening at the cylindrical surface

is not affected significantly.

The effect is strongly magnified in a self-consistent way

by the factor of eω/kT in ρ2, which may result in a sig-

nificant increase in the counterion concentration in the

gap. As a result, the repulsion between rod ends may

decrease together with the height of the corresponding

potential barrier, which enables the rods to reach the “trap

region” where their ends strongly attract each other. The

attractive influence from van der Waals and, possibly,

hydrophobic interactions is stronger in the side-by-side

configuration than in the end-to-end one. However, in the

side-by-side configuration, the potential barrier, deter-

mined by electrostatic repulsion, remains high, and even

strong van der Waals interaction cannot overcome it,

preventing side-by-side aggregation.

One also notes that the electrostatic interaction

between charged surfaces at close distances has recently

been considered beyond the DLVO theory for both uni-

form and discrete surface charge distributions39–42.

According to Pezeshkian et al.39, the repulsion at close

distances disappears with increasing charge discreteness,

and at low temperatures, the plates always attract each

other. This effect also contributes to the attraction of the

rod ends.

The proposed mechanism promotes chain formation

and might thus explain the observed behavior. Chains are

formed as a result of a balance between the translational

entropy St ¼
P

n ρnlnρn, where ρn is the number density

of chains of length n, and the energy of the chains,P
n U0nρn, where U0 is the contact interaction energy.

This balance results in an exponential chain length

distribution43, where the average chain length increases

with increasing U0/kT. At the same time, the average

alignment of the rods (the chains are approximately

linear) and the appearance of birefringence can be

explained by the classical Onsager theory by taking into

account both the excluded volume effects and electro-

static forces.

We may now understand the gelation seen at cNaþ �
c
g
Naþ as an effect of diverging effective rod length, reducing

the percolation threshold to such a low volume fraction

that gelation is caused despite the low value of φ. As seen
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in Fig. 5, at w= 2 wt.% after the addition of salt, linear

chains (CNC aggregates) of an average L/d on the order of

130 have formed. For this value, there is unfortunately no

literature data regarding the rigidity percolation thresh-

old. For hard rods of L/d= 100, Schilling et al. found the

connectivity percolation threshold to be φ ≈ 0.5%44. The

CNCs are not purely hard but have an attractive potential

in addition to the excluded volume due to the suppression

of effective electrostatic repulsion as cNaþreaches c
g
Naþ . For

such systems, the connectedness percolation threshold

has been shown to vary by only a factor of two over a large

range of stickiness45. Compared with our experimental

results, it seems reasonable that attractive CNC chains

with L/d ≈ 130 on average might form a gel at w > 2 wt.%.

The fact that the chains are rather flexible and more

kinked than the individual CNCs and possibly even

branched at a high salt content very likely plays a role as

well. Further investigations are needed to fully char-

acterize the transition from a birefringent fluid suspension

of linear chains to a gel in the vicinity of c
g
Naþ .

We note that it is also possible to have kinetic arrest

into a soft glassy state with colloids of rod-shaped nano-

particles with high L/d at extremely low ion concentra-

tions. Kang and Dhont46 reported the loss of equilibrium

LC behavior for filamentous viruses beyond a critical

volume fraction, yet this only happens at very low salt

content. Their explanation was based on non-contact

between the rods, in which the electrostatic repulsion is

instead so effective at these low ion concentrations that

the rods find themselves in an “electrostatic cage” if the

particle volume fraction reaches a threshold value. While

the macroscopic behavior of this kinetically arrested

sample may appear similar, the physical mechanism is

clearly different, and the condition of low salt is indeed

the opposite of what we discuss here, which is the most

relevant situation for CNC suspensions.

In addition to demonstrating the need for re-evaluating

the reason for gelation in CNC suspensions, our study has

important practical consequences for the successful pre-

paration of high-quality materials that take advantage of

the chiral nematic self-assembly offered by CNCs.

Because gelation is not affected by fractionation while LC

formation is, the fractionation procedure allows us to

substantially extend the equilibrium LC phase range by

working with aaa-CNC, which shows a 100% LC phase in

equilibrium between w1 ≈ 6 wt.% and wg ≈ 12 wt.%. This is

a marked improvement compared to the commercially

available init-CNC, for which we need a CNC content that

is very close to the onset of gelation to reach the end of

the two-phase regime.
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