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ABSTRACT: Outstanding optical and mechanical properties
can be obtained from hierarchical assemblies of nanoparticles.
Herein, the formation of helically ordered, chiral nematic films
obtained from aqueous suspensions of cellulose nanocrystals
(CNCs) were studied as a function of the initial suspension
state. Specifically, nanoparticle organization and the structural
colors displayed by the resultant dry films were investigated as
a function of the anisotropic volume fraction (AVF), which
depended on the initial CNC concentration and equilibration
time. The development of structural color and the extent of
macroscopic stratification were studied by optical and scanning electron microscopy as well as UV−vis spectroscopy. Overall,
suspensions above the critical threshold required for formation of liquid crystals resulted in CNC films assembled with longer
ranged order, more homogeneous pitches along the cross sections, and narrower specific absorption bands. This effect was more
pronounced for the suspensions that were closer to equilibrium prior to drying. Thus, we show that high AVF and more
extensive phase separation in CNC suspensions resulted in large, long-range ordered chiral nematic domains in dried films.
Additionally, the average CNC aspect ratio and size distribution in the two separated phases were measured and correlated to the
formation of structured domains in the dried assemblies.

1. INTRODUCTION

Cellulose nanocrystals (CNCs) offer a significant opportunity
to form hierarchically structured materials mimicking the most
robust materials observed in nature.1,2 CNCs are generally
obtained by hydrolysis of plant or marine biomass,3 resulting in
highly crystalline and rodlike assemblies with dimensions
ranging from 3 to 70 nm in width and 35 to 3000 nm in
length.3 CNCs are biodegradable and low to nontoxic,4 and
their size and surface charge depend on the source and isolation
protocol (hydrolysis severity, redispersion, purification steps,
etc.).5−7 Besides their outstanding chemical resistance, CNCs
also display thermal stability, making them ideal building blocks
for the formation of next-generation materials.8−10

Mechanically, individual CNCs are extremely robust, with an
elastic modulus of the order of 102 GPa.11,12 The assembly of
CNCs into hierarchically structured materials enables the
mechanical properties of individual CNCs to translate into
tough materials with added functional properties, such as
specific light reflections, fracture dissipation, and control over
mesoporous properties.13,14 Because of their inherent aspect
ratio and chiral nature, CNC suspensions self-assemble into
chiral nematic (CN) liquid crystals above a critical concen-
tration, which depends on the CNC size and charge as well as
the properties of the liquid medium (pH, temperature, ionic

strength, electrolyte type, composition, among others).5,6,15

Upon drying by evaporation-induced self-assembly (EISA), the
chiral nematic order observed in the suspension may be
preserved,7,16,17 resulting in films that display structural colors,
which are produced through the selective reflection of light.
The observation of structural colors is directly correlated to the
long-range order of CNCs required for mechanically robust
superstructures. Therefore, the optical properties of CNC films
provide insight into their architecture and mechanical proper-
ties.
Understanding the transition from liquid crystals to solid

films is paramount to control the development of long-ranged
chiral nematic order,16 where CNCs are aligned within each of
the planes and helically arranged across them.1,18−21 Numerous
studies exist on the formation of the chiral nematic liquid
crystalline phase in CNC suspensions through EISA, but the
systematic evaluation of the transition from liquid crystals to
dry films has only been scarcely addressed.22−25 The same
factors affecting the critical concentration also influence the
pitch of the chiral nematic order in CNC suspensions.6,15,16,26
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Moreover, the chiral nematic order and pitch observed in solid
CNC films are closely correlated to those observed in liquid
crystals, although they are significantly shorter in the dry state
and, regularly, have a larger long-range order. The transition
from liquid crystals to solids with helical order also depends on
other factors, such as drying shear,24,27 topography,28 or surface
chemistry of the substrate used to support the formation of the
film.29 Further understanding of the correlation between the
liquid crystalline and dry states is required to produce CNC
materials homogeneously organized across large areas, such as
CNC films with a constant pitch size or with a controlled pitch
gradient throughout the film.
Herein, we systematically evaluated the effect of the

anisotropic volume fraction (AVF) of liquid crystalline CNC
suspensions on the optical properties and long-range order of
dry CNC films formed via EISA. Additionally, we evaluated
CNC segregation by size and size polydispersity as a function of
the state of equilibration of the liquid crystalline CNC
suspension, i.e., the role of AVF on the long-range order and
optical properties of CNC films. For this evaluation, our
experiments included CNC films produced from suspensions
with identical total solid content but varied initial concen-
trations. The film morphology, pitch size, and optical properties
were characterized by scanning electron microscopy (SEM),
optical microscopy, and UV−vis spectroscopy.
In contrast to CNC films formed from suspensions at initial

concentrations below the critical concentration, we found that
those formed from suspensions above the critical threshold
required for the formation of liquid crystals (AVF > 0)22

displayed longer ranged order. This effect was even more
pronounced when suspensions with concentrations above the
critical concentration were left to equilibrate prior to EISA. In
addition, the resultant films exhibited a more distinct gradient
of pitches along the cross section, resulting in narrower specific
absorption bands, as evidenced by UV−vis. These effects were
significantly less pronounced for films formed from suspensions
below the critical concentration. The structural domains and
extent of macroscopic (micrometer-scale) stratification in CNC
films formed by EISA were thoroughly evaluated by SEM as a
function of initial AVF.
We also demonstrate that the size and polydispersity of

suspended CNCs affected the formation of domains and
pitches in a single CNC film. We show this relation by
evaluating the size distribution of CNCs (transmission electron
microscopy) in the anisotropic and isotropic phases of an
equilibrated liquid crystalline suspension. The work presented
herein shines light on the transitions that occur from liquid
crystals to hierarchically structured materials, which is necessary
for the formation of large area, uniform CNC materials with
controlled long-range order in the macroscale. The results also
bear meaning to the formation of structured materials from
liquid crystalline suspensions formed from other mesogens.

2. EXPERIMENTAL SECTION
2.1. Materials. The cellulose nanocrystals, CNCs (CAS No. 7789-

20-0), were isolated via sulfuric acid hydrolysis from dissolving-grade
wood fibers and obtained as a concentrated slurry after dilution and
membrane filtration (typical dimensions of 5−20 nm in width and
150−200 nm in length and sulfur content of 0.95 wt % = 297 mm/kg).
They were produced as an aqueous suspension (11.1% w/w) at the
USDA’s Forest Products Laboratory (FPL, Madison, WI) and
acquired through the Process Development Center in the University
of Maine. Millipore (Synergy UV) Milli-Q water was used to dilute the
CNC suspension. Ethanol (A, 94%) was obtained from Altia Oyj.

2.2. Evaluation of Anisotropic Volume Fraction Develop-
ment. The 11.1% (w/w) CNC suspension was used as received and
diluted with Milli-Q water to concentrations of 1, 2, 3, 4, 5, and 6%
(w/w) and stored at 6 °C until use. Diluted suspensions (55 mL each)
were poured into tall, sealable vials (diameter 2.6 cm, height 12.5 cm)
to investigate the evolution of the AVF over time. The glass vials were
examined after 7, 35, and 287 days at rest (22−23 °C). The position of
the boundary between the isotropic and anisotropic phase was
monitored and subsequently normalized with respect to the total
suspension height, yielding the AVF. In additional experiments, a 6%
CNC suspension was placed into a syringe (60 mL), in a vertical
position, and kept undisturbed for 28 days. The self-assembled
anisotropic and isotropic phases were subsequently separated and the
solids content (w/w) of each sample was measured.

2.3. Film Formation via EISA. Petri dishes (polystyrene, diameter
= 3.5 cm) were exposed to ozone for 30 min, using a Biofore
Nanosciences UV-ozone chamber, after which they were thoroughly
washed and rinsed with ion-exchanged water for 30 min.30 Another set
of Petri dishes were treated for films reported in the Supporting
Information (Figure S1), the only difference being an ethanol wash
instead of a water wash. A KSV Instruments CAM 200 optical contact
angle meter was used to measure the static contact angle of a 7 μL
water droplet on the Petri dishes before and after ozone treatment and
rinsing.

For film casting, fixed volumes of CNC aqueous suspension (stored
for 28 days) were added to the treated Petri dishes with a diameter of
3.5 cm (4, 3, 2.4, or 2 mL of the 3, 4, 5, or 6% CNC suspension,
respectively). An identical set of suspensions were cast in Petri dishes,
using CNC suspensions that were isolated and “equilibrated” by
sealing the Petri dishes for 7 days prior to EISA. Films from the two
sets of samples (not equilibrated and equilibrated) were then formed
by drying (21 °C and 20% humidity) for 2−4 days, depending on the
CNC concentration. For simplicity, the films obtained after
equilibration (“E”) for 7 days and subsequently dried are denoted as
E3, E4, E5, and E6, where the numeral refers to the initial suspension
concentration (3, 4, 5, or 6% CNCs). The respective set of films that
were dried immediately upon casting (nonequilibrated samples, “N”)
are denoted as N3, N4, N5, and N6.

Finally, another set of films were prepared by casting separately
anisotropic and isotropic phases. These were extracted from an
aqueous suspension of CNCs (6% initial concentration) that was held
undisturbed for 28 days to induce phase separation. For this set,
approximately 2 mL of each of the two separated phases was cast in
the respective Petri dish and further equilibrated for 7 days prior to
drying. The volume used for each suspension, the isotropic, “iso”, and
anisotropic, “an”, phases, was adjusted to account for the small
differences in CNC concentration in each of the suspensions.
Following the nomenclature used, the obtained films are labeled as
Ean6 and Eiso6. As a control, another set of samples were dried
immediately from the separated fractions, without any equilibration.
These samples are thereafter referred to as Nan6 and Niso6. A summary
of the nomenclature followed is provided in Table 1.

2.4. CNC Film and Substrate Characterization. The separated
anisotropic and isotropic phases of the CNC suspensions were each
diluted to obtain a CNC concentration of 0.001 wt %. A 300-mesh
carbon-coated, ultrathin copper grid was first plasma-treated for 20 s to
make the carbon surface hydrophilic. The grid was then dipped into
the 0.001 wt % suspension for 5 s and then dried in ambient
conditions on a filter paper for a few minutes. The prepared sample
was imaged in a 120 kV FEI Tecnai 12 transmission electron
microscope. The distribution of CNC lengths was obtained by sizing
100 particles in each sample using ImageJ software. A histogram was
generated with a bin size of 20 nm for the isotropic fraction and a bin
size of 50 nm for the anisotropic fraction. The sizes of the CNCs
measured by TEM (Figure 6b-c2) were within the range of those
measured previously for the same nanocrystals obtained from
prefractionated suspensions.31−34 Figure S2 shows additional TEM
images of the two fractions used for the size distribution calculations
and an example of the parameters used for obtaining the Gaussian fit.
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The pH was measured with a Mettler Toledo SevenEasy pH meter
from a 5.5% suspension at 25 °C, and a value of 6.6 was obtained. The
zeta potential (−32.7 mV) was obtained using a Malvern nano Series
Zetasizer by diluting the CNC suspension to a final concentration of
0.25% CNC and 10 mM sodium chloride. An apparent CNC size of
68.5 nm was obtained by dynamic light scattering (Malvern Nano
Series Zetasizer) using a 0.025% suspension. The correlogram
obtained indicated a well-dispersed suspension as suggested by the
unimodal profile and a sharp transition between high and low
correlation coefficients (Figure S3).35 The results are presented in
Discussion S1 together with a summary and discussion of the
properties of the used commercial, wood-derived CNCs.
Photographs of films were taken outdoors with a digital camera at a

resolution of 4640 by 2610 pixels against a black background, from the
base of the films (facing upward) through the transparent Petri dish
substrate. Transmission spectra were obtained with a PerkinElmer
Lambda 950 UV−vis spectrometer. Three positions in the central part
of each film were measured, all at an equal distance from the center.
The averaged transmission data are used in the results.
CNC films were fractured and their cross sections at the center

region (away from edges) were imaged with a Sigma Zeiss ULTRA-
plus scanning electron microscope (SEM). Prior to imaging, the
samples were sputtered to create a 4 nm platinum coating on the
fractured surfaces. Microscope images were taken at 10 times
magnification using a Leica DM4500 P microscope in reflection mode.
2.5. Pitch Measurement. The pitch was obtained as an average of

six measurement points from the bottom section of each of the SEM
images of the films (E3, E6, and N6, Figure 4a−c3). The values
obtained should be taken as approximations given the challenges of
locating areas with strictly equal nanocrystal directors and because the
CN pseudoplanes might not be perfectly parallel with the viewing
axis.36 It has previously been suggested that measurement bias
associated with tilted areas can be minimized if one reports the lowest
pitch value. However, this technique was employed only in Figure 4a3,
as we cannot rule out that the pitch size measured in different areas of
Figure 4b3−c3 in fact resulted from actual pitch size differences due to
stratification or domains, as reported by Dumanli et al.23 Therefore,
while for Figure 4a3 the pitch values were obtained only from the
upper section, with lower brightness, in the case of Figures 4b3−c3
they were measured from the whole image.

3. RESULTS AND DISCUSSION
3.1. Evolution of the Anisotropic Volume Fraction

(AVF). Figure 1 shows a schematic illustration of the evolution
of the anisotropic volume fraction (AVF). The relative height
(volume) was measured by identifying the boundary between
the two phases. For the 1, 2, and 3% suspensions, AVF = 0,
which is why only the 3% suspension is displayed in Figure 1.

Phase separation occurred for CNC suspensions prepared at a
concentration higher than 3%. Furthermore, Figure S4 shows
that the AVF is reduced over time for each suspension. The 4
and 5% suspensions phase separated after 1 week, while the 6%
suspensions required a longer time. This behavior is due to the
inherent apparent viscosity of the suspensions as a function of
concentration and the larger volume of liquid crystals at higher
concentrations.15 The relatively longer times needed for phase
separation compared to other studies can be attributed to the
larger CNC suspension volumes used in our study.6,15,37,38

3.2. CNC Films. The development of chiral nematic (CN)
ordering during the transition from CNC suspension to dry
films was thoroughly investigated as a function of initial CNC
suspension concentration and equilibration. The films were
dried from suspensions of 3, 4, 5, and 6%, as per Figure 1. One
batch of samples was equilibrated for 7 days prior to drying,
while a second batch was dried immediately after casting. In the
experiments, the CNC total mass was kept the same and
therefore the films had the same areal mass (120 mg in 9.6
cm2). Bearing in mind that there may exist an uneven
distribution of film thickness in the cast area, any reported
difference in film thickness for the same position on the plane
of the film (e.g., central part of the film) is ascribed to variations
in the packing density within the films. As expected, the drying
time decreased with increasing initial concentration. The ozone
treatment carried out on the Petri dishes significantly increased
the surface energy (water contact angle of 42.4° compared to
87.6° for untreated dishes) and ensured homogeneous
adhesion with the forming CNC film. Previous studies have
reported on the effects of initial CNC concentration on the
macroscopic radial color evolution39 and equilibration time on
the color shift of dry films.25 This work provides a systematic
evaluation of the effect of the initial CNC suspension AVF
(Figure 1 and Figure S4) on the color and the cross-sectional
stratification in dried films.
Figure 2 shows microscope images of the films, taken in

reflection mode, in which the color arises from the selective
reflection of left-handed circularly polarized light, according to
eq 1:40

λ θ= n
p
2

sinr av (1)

where nav is the refractive index, p is the pitch, and θ is the angle
of incidence. The reflection is caused by chiral nematic (CN)
domains that are assumed to have a given pitch size.23,40 The
longer evaporation time needed for the more diluted CNC
suspension (3% CNC concentration) resulted in a film with
larger and more uniform CN domains (Figure 2a), whereas the
shorter evaporation time for the more concentrated, 6% CNC
suspension produced a film with smaller domains (Figure 2d).
Indeed, upon evaporation, the sample assembled from the 6%
CNC suspension was expected to reach more rapidly kinetic
arrest or gelation16,41 and did not have time to rearrange into a
longer range order, i.e., larger domains. These observations for
samples that were not equilibrated are reminiscent of previous
results.24 Equilibration was expected to be essential in CN
formation, especially for samples with large AVF, which take a
longer time for phase separation, as shown in Figure S4.
Indeed, the samples that underwent equilibration after casting
and before drying displayed larger domain sizes as a function of
initial concentration (Figure 2e−h). We should note the effect
of mixing caused by pipetting upon casting. Subsequently, after

Table 1. Nomenclature Used To Describe the CNC Cast
Films and Corresponding Casting Conditions

sample
equilibration

(days)
casting suspension

concn (%) CNC suspension phase

N3 0 3 preseparation “pristine”
suspension

E3 7
N4 0 4
E4 7
N5 0 5
E5 7
N6 0 6
E6 7
Niso6 0 separated isotropic phase
Eiso6 7
Nan6 0 separated anisotropic

phase
Ean6 7
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rest inside of the Petri dish, the mixed suspension may have
relaxed into a more equilibrated state.
UV−vis spectroscopy provides information about the average

pitch size of the ordered regions within the film. Figure S5
shows transmittance spectra, measured from the eight films.
However, the meaningfulness of the data is perturbed for
samples N6 and E6 by topographical inhomogeneity in the
films (Figure 3d,f). Those stresses are a product of the adhesion
properties between CNCs as well as between the CNCs and
the substrate that are developing during the final stages of
drying. Herein, we observe that higher residual stress may
develop during EISA during EISA from highly ordered
suspensions when compared to less ordered suspensions.
Therefore, UV−vis analysis is most meaningful for samples N/
E3−5. The samples obtained from equilibrated initial CNC
concentrations of 3, 4, and 5% had a higher nonspecific %

transmission (measured at 700 nm) than the nonequilibrated
ones: 70% (N3) → 77% (E3); 70% (N4) → 77% (E4); 63%
(N5) → 74% (E5). Note that the difference is more
pronounced for the high initial AVF samples. Furthermore,
the equilibrated films (E3, E4, E5) were consistently blue-
shifted, in line with work by Tran et al.,25 except for the E6 film.
Notably, compared to the N6 film, E6 had a narrower
transmittance band and steeper derivative of the transmittance
in the same band, indicating a narrower distribution of pitch
size. In contrast, there was no difference in the derivatives of
the spectral peak of the N3 and E3 films (Figure S5c2),
indicating a similar distribution of pitch sizes.
Figure 3 shows photographs of all the dried films, which have

a radial evolution of the structural color. Generally, drying
sessile drops tend to form films that red-shift radially toward
the film edges24,27,42 due to faster drying rates toward the edges

Figure 1. Schematic design of the experimental setup. The left side of the vials correspond to CNC aqueous suspensions soon after mixing at the
given concentration. The right side of the vials correspond to cellulose nanocrystal suspensions after 35 days of equilibration. Phase separation occurs
into anisotropic (dark blue, bottom phase) and isotropic (light blue, upper phase) phases. The AVF corresponds to the volume of the bottom
anisotropic phase, where the CNCs are organized as liquid crystals, normalized to the total volume of the suspension. Note: as for the 3% CNC
suspension, those at lower concentrations than 3% also yield AVF = 0. The different CNC suspensions as a whole (mixed and after equilibration)
were cast and dried in Petri dishes. Dry supported films obtained from CNC suspensions with initial concentrations of 3 and 6% are displayed
schematically (bottom of the figure), showing the ordering in the out-of-plane direction. Note that the spacing between the blue “sheets” in the
schematics of Figure 1 (and Figure 5) is used only for illustration purposes since no such discontinuity exists in reality. These sheets are meant to
correspond to chiral nematic pseudoplanes, where each CNC is oriented in the same direction.
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(responsible for the coffee ring effect).42 However, our films
blue-shifted toward the edges due to effects of the walls of the
Petri dish, which has been observed earlier.24,25 The central
yellow-green area was smaller in all of the equilibrated films,
except for the E6 sample. This observation is consistent with
the blue-shift in UV−vis transmission spectra of the
equilibrated films (Figure S5).
Comparisons of microscopy and photographic images of

CNC films (Figures 2 and 3) reveal that as the initial CNC
concentration increases, equilibration becomes increasingly
important to obtain large CN domains. In contrast,
equilibration is not as a consequential factor in films produced
in the absence of the anisotropic phase. This observation is
further supported by observation of the films shown in Figure
S1, which formed on substrates with a similar wettability
(contact angle = 40.0°) but a different surface chemistry and
equilibration time (3 days). Therefore, we propose that
equilibration mainly acts on the AVF, which produces a
domain architecture that depends on the initial state of the

suspension, prior to the EISA. At concentrations slightly above
the critical concentration, CN formation is limited to small
tactoids,22 which coalesce into larger color-generating CN
domains as the concentration increases, e.g., upon EISA. Thus,
the long-range transitions are time- and concentration-depend-
ent. Films assembled from suspensions of low CNC
concentration43−47 undergo a reduction in the specific
reflection of structural colors because the evaporating
suspensions existed too briefly in the regime between the
critical and gelation concentrations. In other words, the drying
time limits the extent of domain formation in suspensions that
did not contain tactoids prior to the EISA. These effects have
been addressed by lowering the evaporation rate.25,43,47

However, the nanoparticle mobility promoted by the drying
shear in the suspension may still hinder the formation of
domains39,48 to a greater extent than in an equilibrating CNC
suspension. In previous studies, films have been assembled
from high AVF suspensions,24,49 which should contain tactoids
or domains that are responsible for the color generation.

Figure 2. Reflected-light microscopy images obtained with the light beam incident perpendicular to the film plane. (a−d) CNC films obtained
directly after drying for 2 (d) to 4 days (a). (e, f) CNC films obtained after equilibrating the suspension for 7 days postcasting and prior to drying.
The microscope images correspond to samples (a) N3, (b) N4, (c) N5, (d) N6, (e) E3, (f) E4, (g) E5, and (h) E6. The scale bars correspond to 100
μm.

Figure 3. Photographs of CNC dry films (a) N3, (b) N4, (c) N5, (d) N6, (e) E3, (f) E4, (g) E5, and (h) E6 films, taken with a black background.
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However, when transferring the CNC suspension to the solvent
casting substrate, for example, by using a pipet, the resultant
inherent mixing disrupts the CN order. Indeed, Gray and Mu49

found that weak shear forces in concentrated (9.6%) CNC
suspension untwists the helical CN order. On the other hand,
the same authors observed nematic-like textures under the
observation of a microscope with the sample held between
cover glasses. A relaxation transition was subsequently observed
from the initially nematic to chiral nematic nanocrystals, over a
period of 18 h. Similar effects are at play during suspension
transfer into Petri dishes, particularly for high AVF, which
display a significantly high viscosity.48−50 In our case, the E6
film was obtained from a 6% suspension that relaxed back to

the equilibrated chiral nematic state after 7 days (Figure 1 and
Figure S2) prior to drying. As a result, E6 displayed colorful
reflections that can be appreciated in Figure 2h. All our films
were cast in a low humidity (20% RH), leading to relatively fast
drying rates.51 The fast drying rate limited the contribution of
relaxation during the pregelling stage of the film casting.

3.3. Film Structure and Stratification. SEM images
obtained for the films shown in Figure 2d,e,h provided further
insights into the distribution of the CN pitch across the films as
a function of the processing protocol (Figure 4). The cross
sections taken at the center of the fractured film were imaged,
considering that this central area displays the highest
ordering.13,23 The second row of Figure 4 (Figure 4a2−c2)

Figure 4. SEM images of the cross sections taken at the center of films fractured. The samples correspond to films E3 (a1−3), E6 (b1−3), and N6
(c1−3). The full cross section of the films is shown in (a2−c2) while the top-most sections (facing the air interface, indicated with the blue/continuous
line boxes) are displayed in (a1−c1) at higher magnifications. Likewise, the bottom-most part of the cross section (close to the supporting solid),
shown with the orange/dashed line boxes, are shown in (a3−c3).
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shows the full cross section of the E3, N6, and E6 films,
whereas the upper (Figure 4a1−c1) and lower (Figure 4a3−c3)
rows correspond to images acquired at high magnification in
the top-most and bottom-most zones across the thickness of
the films. The images for the E3 film (Figure 4a1−3) are in good
agreement with structural observation made for films assembled
from low concentration CNC suspensions.43−47 From Figure 2,
the limited effect of equilibration on the E3 sample can be
clearly appreciated. In comparison, the long-range order across
the films N6 (Figure 4b1−3) and E6 (Figure 4c1−3) clearly
emphasizes the effect of equilibration.
Considering the full cross-section view in the middle row of

Figure 4, there is a clear difference in the stratification behavior
between the samples. This refers to the presence of segments or
strata, which vary as one goes from the bottom to the top of the
film in the out-of-plane direction. In Figure 4c2, there are three
distinct strata, separated by the dotted lines. This behavior is in
stark contrast to film E3 (Figure 4a2) and N6 (Figure 4b2),
which showed no significant evidence of stratification in the
same direction. Moreover, the cross sections of the films
obtained at the highest concentration (6% CNCs), non-
equilibrated (N6) and equilibrated (E6), displayed cleaner or
sharper fracture surfaces compared to that of film E3. Note,
however, that this observation is not as evident considering the
middle segment of the E6 cross section. We hypothesize that
the presence of large, potentially fusing, tactoids resulted in
large domains that caused such discontinuity in the fractured
cross section. The large anisotropic volume fraction in the 6%
suspensions, prior to the EISA, led to a more homogeneous
helical structure in these films (E6 and N6), effectively making
the fracture surface smoother.
The distinct CN structure is evident in all the high-

magnification SEM images taken at the bottom-most section
of the films (Figure 4a3−c3). The pitch is shown with vertical
lines within the bottom section of the films (see section 2.5 for
details). The pitch gives qualitative evidence that the E6 film
was the most ordered, with the lowest pitch (∼330 nm), while
the N6 film had the highest pitch (∼440 nm). Surprisingly,
using the pitch value from Figure 4c3, the calculated eq 1
reflection corresponds to the ultraviolet (258 nm) range.52 This
characteristic could provide an opportunity to make UV
reflectors out of homogeneous CNC films with low pitch values
throughout the film. Pitches have been measured from SEM
images in previous studies, giving values in the ranges of 300−
380 nm23 and 316−354 nm,53 which are comparable to the
values obtained from film E6. In the present study, the pitch
values in dry films appear to increase with higher AVF for
nonequilibrated suspensions (N6 vs E3). This is in contrast to
the trend that is anticipated for pitch measurements in the
precursor suspensions, as a function of AVF.15,16,38 Never-
theless, the pitch decreases when comparing the dry films made
from equilibrated suspensions (E6 vs E3), following the trend
of previous work. This is a better comparison, since in both
cases, i.e. in the suspension or in the dry state, equilibrated
conditions were considered.
Finally, considering the films obtained from a higher CNC

suspension concentration (6% CNCs), EISA gave rise to lower
pitch values (330 nm) if the sample was equilibrated (E6),
whereas it produced higher pitch values (440 nm) for
nonequilibrated suspensions (N6). The high pitch for the N6
film compared to both E6 and E3 was likely caused by the
shorter time window between casting and gelation for the N6
sample (a few hours for N6, versus several hours for E3, and

several days for E6 due to equilibration). However, these results
need to be taken with caution given the very large scatter in
pitch figures, as high as 140 nm for N6.
While the E3, E6, and N6 films showed increased CN order

in their bottom-most section, there were differences for the
topmost sections, facing the air interface (Figure 4a1−c1).
Generally, the top parts of CNC films are more disordered than
the bottom parts.27,54,55 Faster drying at the surface of the
liquid volume causes gelation and setting of the dry films at an
earlier stage.16,41,48 The top layer solidifies into a more
disordered state,27,39,56 whereas the bottom part, toward the
solid support, is more ordered; here, the effective or local
drying rate is slower, and the CN axis tends to align vertically
(in the out-of-plane direction).22,24 This vertical gradient of
order is apparent for the E3 film (Figure 4a1−3), in agreement
with previous reports.24,27 Figure 4a1 shows a highly deformed
and disordered helical structure, whereas the bottom layer
(Figure 4a3) has a more homogeneous CN order. This
difference between the layers is even more pronounced in the
E6 film.
A rationalization to the above observations stems from the

fact that tactoids tend to form in later stages of the EISA in the
isotropic volume fraction, thereby preventing the formation of
long-range order in the top part of the film during the short
time period prior to kinetic arrest of the suspension (see Figure
4c1 for E6). In addition, the E6 film has a clear segmented and
discontinuous structure (Figure 4c1,3), with a more irregular
structure in the top, in contrast to the more homogeneous and
regular arrangement in the bottom. Figure S6 includes a SEM
image of a protruding domain from the middle layer of the E6
film (Figure 4c2), where the chiral nematic order is apparent.
Most interestingly, these domains cause the discontinuous
fracture of film E6. The clearly segregated structure in E6 is in
drastic contrast with the continuous change evident in film E3,
from ordered to disordered structures (Figure 4a1−3). The ratio
of the thickness of the disordered and ordered layers of E6
(Figure 4c2) roughly corresponds with the ratio of the isotropic
versus the anisotropic volume fraction in suspension (Figure 1).
This relationship can be explained assuming that the ordered
region in the bottom of E6, Figure 4c3, forms principally from
the anisotropic phase, while the disordered region, Figure 4c1,
forms from the isotropic phase. Additionally, the isotropic
phase of the E6 suspension may contribute to both the upper,
disordered region of the film and partially to the middle-
ordered region, where CNCs form tactoids at an intermediate
stage during EISA. In contrast, the N6 film had an almost
entirely ordered structure across its thickness but with a larger
pitch and pitch size distribution (Figure 4b3), likely resulting
from a mixture of the isotropic and anisotropic phases.

3.4. Domain Structure. Herein, we provide further insights
into differences in the long-range order in the E6 and N6 films.
The schematics in Figure 5 includes a visualization of the
formation of CN domains and the layered structure of the films
as a function of the initial state of the CNCs (whether close to
or far from equilibrium) before the EISA. Wang et al.22 have
explained elegantly how tactoids form and grow from a
suspension with an initial 4.1% CNC concentration, eventually
coalescing/fusing to produce large CN domains, which
subsequently flatten into oblate spheroids or ellipsoids. A
SEM image of the E6 film reveals CN domains resulting from
partially merged tactoids, as indicated by the yellow dotted lines
in Figure 5a1, without apparent alignment in the long-range
ordered CN matrix surrounding them. Figure 5a5 further
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reveals that the domains are of chiral nematic order. The red
arrow in Figure 5a1 shows a void in the film where an initially
present ellipsoidal domain was removed upon film fracture.
Interestingly, the size of the planar elliptical domains agrees
with that of the colored regions seen in the corresponding
optical image of the E6 film (Figure 5a2). Figure S7 further
displays the segmented structure of the E6 film, containing
large domains in the middle part. Each domain has a specific
pitch and orientation, which reflects light with wavelengths
according to eq 1. The variation in the pitch and orientation of
each CN domain explains the observed mosaic or tessellation of

colors in Figure 5a2. Accurate pitch values are difficult to
measure from within the CN domains due to tilting, as
observed more clearly in Figure 5a5. The tilt would also result
in deviations of the actual viewing angle (<90°), effectively
blue-shifting the reflection wavelength of the created color.
This observation highlights that the orientation of the domains
is significantly affected by the presence of phase boundaries in
the liquid crystal suspension prior to EISA.
A hypothetical schematic illustration to explain the evolution

of chiral nematic structures during drying is offered in Figure
5a3−4, for the central part of the film, where the meniscus is

Figure 5. Illustration of chiral nematic domains from film cross sections: (a1−5) corresponds to the E6 film while (b1−5) corresponds to N6. (a1) and
(b1) are low-magnification SEM images of the cross section of E6 and N6, respectively while the corresponding plane-view optical microscope
images are included in (a2) and (b2) (see Figure 2). The yellow dotted ovals in (a1) and (b1) are used to highlight regions comprising large CN
domains. The red arrows indicate fusion defects and the blue arrow an area from where a domain was detached upon fracture. (a3−4) and (b3−4) are
schematics of proposed EISA from the precursor aqueous suspension (a3, b3) into dry assembled films (a4, b4). Therein, the spheres (left) and
ellipsoids (right) represent CN domains which are appreciated in (a5, b5) in high-magnification SEM images.
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assumed to be macroscopically horizontal. Figure 5a3 illustrates
the equilibrated condition of the suspension after 7 days. The
units drawn in blue correspond to the “lamellar” helical order
within the anisotropic volume fraction of the phase-separated
CNC suspension. Herein, lamellar corresponds to the long-
range ordered, continuous phase within which each sheet
represents a 180° rotation of the chiral nematic director, as
depicted in the schematics shown in Figure 5. The colors of the
ellipsoidal chiral nematic domains represent the colors seen in
the microscope images (Figure 5a2,b2). Wang et al.22 observed
that most of the AVF forms a continuous lamellar phase in
suspension, where the chiral nematic axis is perpendicular to
the plane of the substrate. The spheres in the schematics
represent liquid crystalline tactoids in the isotropic phase, with
randomly oriented chiral nematic axes. When this suspension
starts to dry, following the route Figure 5a3 → 5a4, the tactoids
merge into domains near the isotropic/anisotropic phase
boundary and align with the continuous lamellar phase,
which shrinks as the CN planes approach each other and the
pitch decreases.51 Tactoids observed in suspensions57 and
captured in resins from suspensions22 were spherical. However,
the CN domains observed in Figure 5a1 are distinctly
ellipsoidal. These domains were likely flattened by the effect
of packing or anisotropic shrinkage22 during the assembly. This
is supported by the considerably larger pitches observed in the
wet state for CNC suspensions compared to those for dry CNC
films.16 Figure 5a5 further highlights the elliptical or disc-shaped
CN domain of the E6 film. Wang et al.22 observed domains
solidified from a suspension with CN axes parallel with both the
short and long axes of the ellipsoids. In our assembled films, the
CN axis is parallel only with the short axis of the domain. It
remains to be verified whether the domains assume their
elliptical shape before or after their CN axes align with that of
the lamellar phase, although anisotropic shrinkage and
flattening explains the sphere-to-ellipsoid transformation if the
axes align first. The subtle tilt of the elliptical domains in Figure
5a1 likely stem from the horizontal pitch difference of
underlying domains. The domains sink in areas with initially
higher pitch values, which shrink during assembly to a larger
extent compared to those with an initially low pitch. The less
ordered part of the isotropic volume fraction formed a thick
layer of disordered structures on the top of the film,
represented by the gray CNCs in Figure 5a4. The resultant
film possesses a segmented structure, Figure 4c2, with a
continuous ordered helical arrangement in the base, large
elliptical and ordered domains in the middle section, and a less
ordered top section of the film.
The SEM image of the N6 film in Figure 5b1 shows a quite

different structure. The continuous helical order gives rise to
smaller elliptical formations in the top part of the film, as
illustrated by the yellow dotted lines. They are clearly smaller,
more numerous, and less distinct than the domains in the E6
film (Figure 5a1). Figure 5b5 further includes a SEM image of
the chiral nematic order within the smaller elliptical formation.
The color structure observed from the microscope image
(Figure 5b2), a mosaic with smaller characteristic color areas, is
quite different from that in Figure 5a1. Dumanli et al.23

previously observed chiral nematic domains in assembled films
with horizontal dimensions in the range of 2−20 μm, sizes
which were comparable to those of the elliptical formations
observed in N6 film (Figure 5b1) but far from the
corresponding domains in film E6 (Figure 5a1). The absence
of equilibration and the lower concentration of the starting

CNC suspension (4.1%) may explain the limited size of the
domains in the film produced by Dumanli et al.23

Figure 5b3−4 displays schematically the possible evolution of
the system during the EISA for a nonequilibrated 6%
suspension into a solid film. The transfer of the suspension
into a Petri dish may induce enough shearing to unwind any
CN liquid crystal arrangement into a more nematic-like order49

(Figure 5b3). Chen and Gray58 measured the interfacial tension
between the isotropic and anisotropic phases and obtained
values ranging from 1.9 × 10−4 to 8.3 × 10−4 mN m−1, which is
very low. Furthermore, the interfacial tension increased as the
concentration increased. Therefore, the isotropic and aniso-
tropic phases might become highly interdigitated even under
weak shearing, effectively disrupting the long-range continuity.
In our case, the sample starts drying from a nonequilibrated and
mixed phase condition, following Figure 5b3 → 5b4. The nature
of any lamellar and/or tactoidal order (mixed or separated) in
the wet state as described in Figure 5b3 remains uncertain,
although the formations are likely highly interdigitated from the
mixed anisotropic and isotropic phases. It is expected that the
sample enters the kinetically arrested glassy state41 soon after
casting. Figure S4 shows that the phase separation speed was
reduced for highly concentrated (6%) samples. The suspension
did not reach the chiral nematic long-range order visible in
Figure 5a3 during the drying, and consequently, the shear-
induced disorder remained in the assembled film. The resulting
films had a higher average pitch size and larger variation in
pitch (Figure 4b3). Many of the samples that have been
visualized in the literature have been dried from CNC
suspensions from initial concentrations below or above the
critical concentration for formation of the anisotropic
phase.23,24,27,39,41,42,59 Films dried from initial concentrations
above the critical concentration were presumably assembled
from a nonequilibrated suspension, according to route Figure
5b3 → 5b4. This effectively limited the formation of ordered
helical structures and thereby prevented to fully revealing the
potential of structural color into large areas. It is well-known
that the CNC size and aspect ratio determine the critical
concentration for phase separation as well as the gelation
concentration.5 Thus, these are important considerations in the
formation of domains in films formed by EISA, as faster
gelation kinetics can lead to larger pitch in the dried films.41

3.5. Films Assembled from Fractionated Suspensions.
We evaluated the anisotropic and isotropic fractions, which
were fractionated from a CNC suspension, to further
understand the formation of structured CN domains in films
obtained from high AVF suspensions. The two phases of the
6% CNC suspension (Figure 6a) were separated after
equilibration for 28 days. The isotropic phase was separated
after an intermediate liquid volume had been removed to avoid
any anisotropic fraction contamination in the separated
isotropic (note: we cannot rule out the possibility of some
mixing due to the Couette flow, resulting in a portion of the
AVF’s nanocrystals transferring into the separated isotropic
volume fraction). The solids content for each fraction
corresponded to 6.1% (anisotropic) and 5.8% (isotropic),
suggesting a denser anisotropic phase, as has been reported in a
previous study.5

The CNC size distribution determined for the two phases
(Figure 6b2,c2) clearly indicate smaller average CNC length in
the isotropic phase compared to that from the anisotropic
phase (Figure 6b1,c1), as expected.5 Furthermore, the
polydispersity of the particle size in the lower phase was
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higher. Similar size differences have been previously observed
for fractionated CNC suspensions derived from filter paper5

and bacterial cellulose.60 Our size analyses revealed CNC
widths of 9 ± 2 nm in both phases, suggesting that the aspect
ratio of the nanocrystals in the bottom phase was higher. Our
results are in line with Onsager’s61 prediction that nanorods of
higher aspect ratio form liquid crystals at a lower concentration
than those of smaller sizes, thereby offering a possibility for
fractionating the CNCs based on size.
The isotropic and anisotropic phases fractionated from the

6% CNC suspension were each cast into the respective
supported films. Those obtained from the isotropic non-
equilibrated suspension correspond to Niso6 (Figure 6b3), and
those from the equilibrated suspensions correspond to Eiso6
(Figure 6b4). Similarly for the anisotropic phases, Nan6 (Figure
6c3) and Ean6 (Figure 6c3). For comparison, films that were
obtained from the entire volume of the suspensions without
and with equilibration (7 days) are shown in Figure 6d1 (N6)
and Figure 6d2 (E6), respectively.
Revisiting the results from experiments with the 6% CNC

suspension, it was noticeable that the E6 film displayed a
segmented structure (as in Figure 4c2), and in view of the size
distribution results (Figure 6c1,c2), the CNCs of larger size
were likely located in the bottom layer of the film while the
smaller sizes were in the top layer. The lack of equilibration
created a continuous structure in the N6 films (Figure 4b2)
where one can assume that different CNC sizes were mixed and
interdigitated. Upon drying, the CNCs with lower size also
contributed to the formation of the long-range order in the
film. As a result, there was a larger scatter of pitch values
(Figure 4b3) given the contribution of the different CNC sizes.6

This is in contrast with E6, where the smaller CNCs formed
liquid crystals later during the EISA process, potentially close to
the kinetic arrest (gelation) concentration.16,41 Consequently,

the smaller CNCs formed the disordered upper layer in the
film, while the larger size fraction (in the AVF) was assembled
in the bottom layer, thus explaining narrower pitch dispersion
of the E6 sample (Figure 4c3).
During the assembly of an equilibrated 6% suspension, it is

possible that the CNCs close to the interface also fractionated
in-plane into different domains, in addition to the fractionation
in the out-of-plane direction. In this case, any difference in pitch
value would arise from CNC size differences, effectively
contributing to the reflection color difference between the
domains (Figure 6d2),

23 in addition to other variables, such as a
tilt in the chiral nematic axes.40

When examining the microscope images of nonequilibrated
films (Figure 6b3,d1,c3), the N6 film (Figure 6d1) can be
visualized as resulting from a mixture of the films formed from
the separated small (Figure 6b2) and large (Figure 6c2) CNCs.
Furthermore, in the images of the equilibrated films (Figure
6b4,d2,c4), it is apparent that the color arises from both the
smaller fraction CNCs (Figure 6b2) in the top part of the film
and the larger fraction CNCs of the bottom layer (Figure 6c2).
As discussed before, equilibration of CNC suspensions above

the critical concentration promoted the formation of long-range
order in dried films. To this end, the equilibration was expected
to facilitate long-range order in the films assembled from the
fractionated AVF obtained from the 6% CNC suspension,
which was clearly visible by the larger CN domains of Figure
6c4 compared to those in Figure 6c3. Interestingly, films dried
from the fully isotropic CNC suspensions, below the critical
concentration, did exhibit a variation in CN domains due to
equilibration. Incomplete fractionation and the presence of a
small amount of anisotropic volume fraction in the suspension
prior to drying could explain the presence of the larger domains
observed in Figure 6d4 compared to those in Figure 6d3.

Figure 6. (a) CNC suspension (6% concentration) in a test tube displaying the top, isotropic and bottom, anisotropic phases. The respective TEM
images (b1 and c1) of the nanocrystals in each of these phases are also shown. The CNC length distribution in the (b2) isotropic and (c2) anisotropic
phase are also included. Optical in-plane reflected-light microscope images of films assembled from the entire suspension are shown in (d1, d2),
corresponding to N6 and E6. (b3, b4) Correspond to the films formed from the upper, isotropic phase of the suspension after equilibration for 0 (b3,
Niso6) and 7 days (b4, Eiso6). (c3, c4) Correspond to the films formed from the bottom, anisotropic phase of the suspension after equilibration for 0
(c3, Nan6 film) and 7 days (c4, Ean6 film).
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Kinetic arrest16,41 is expected to occur earlier in a suspension
with larger CNCs,5 which gel at lower concentrations
compared to smaller ones.16 Hence, the isotropic phase
containing the smaller CNCs would experience kinetic arrest
later than the mixture of the phases, giving it more time to
assemble into a higher order structure that should exhibit
proportionally lower pitch sizes. However, the CNCs in a liquid
crystalline system are aligned to some degree, which could
effectively limit the effect of rod dimensions on the gelling
behavior. Although, to the best of our knowledge, so far, no
systematic evaluation has been carried out regarding the effect
of long-range order in CNCs suspensions on gelation kinetics.
Therefore, the film formed from the isotropic phase (Figure
6b3), comprising the smaller CNCs, did not exhibit a blue-
shifted reflection compared to the film assembled from the
mixture of the phases (Figure 6d1). This indicates that rather
than using smaller CNCs, the extent of equilibration of the
liquid crystals suspensions is a dominant variable in creating
higher ordered materials with lower pitch size. Additionally, it
may be important to consider the difference in morphological
anisotropy of CNCs in the isotropic and anisotropic phases.
The difference in average length (120 and 160 nm) and the
similar width (9 nm) results in a 33% decrease in
morphological anisotropy for CNCs in the isotropic phase.

4. CONCLUSIONS
The helical order in dry films formed from aqueous suspensions
of cellulose nanocrystals (CNCs) was determined as a function
of the anisotropic volume fraction (AVF) of the suspensions.
The AVF increased as a function of concentration and
comprised CNCs of a larger aspect ratio, which phase-separated
at a lower concentration compared to that required for smaller
CNCs. Furthermore, the AVF decreased as a function of
equilibration time.
The combined effect of high initial AVF and equilibration

prior to EISA favored the formation of long-range ordered
chiral nematic structures and large merged domains (UV−vis
spectroscopy, optical microscopy, and SEM). The larger CNCs
present in the AVF of the suspension formed a highly
structured, low pitch, bottom layer, whereas the smaller
CNCs assembled into a disordered, top-most layer. Large
chiral nematic domains sandwiched between the bottom-
ordered and top-disordered segments likely formed from
merging tactoids in the neighborhood of the isotropic/
anisotropic interface during EISA. In contrast, nonequilibrated
suspensions resulted in films lacking full color-generating
capacity (and displayed wider spectra in UV−vis reflection).
These findings stress the importance of a sufficient time
window between phase separation at the critical concentration
and gelation stages in order to develop tactoids, and
subsequently, long-range helical order. The importance of
equilibration at high AVF is further highlighted by the fact that
equilibration had no significant effect on fully isotropic
suspensions prior to drying into films. It is important to note
that the inherent physical−chemical characteristics of the
CNCs (depending on source, isolation and processing
conditions) affect the concentration-dependent AVF and,
potentially, the transition of the long-range order from
suspensions to dry films. Nevertheless, the formation of chiral
nematic order and domains addressed in this work was
examined principally in the context of the AVF, thus extending
its usefulness into other cellulose-based liquid crystalline
systems, e.g., bacterial cellulose nanocrystals. Further compar-

ison would be of high interest in order to develop, for instance,
charge- or size-dependent scaling rules for the transitions from
long-range ordered suspensions to hierarchically structured
materials. Our results further the understanding of the
formation of helical order, essential for creating next-generation
materials, such as impact resistant structural elements. This also
applies to the formation of materials with long-range order,
exploiting anisotropy or domains across the film in-plane and
out-of-plane dimensions. Finally, the role of both the critical
concentration and the kinetic arrest concentration required for
the development of liquid crystals in films formed by EISA
should be underscored.
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