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Self-Assembly of Cellulose Nanocrystals into Semi-
Spherical Photonic Cholesteric Films

Pardis Rofouie, Moien Alizadehgiashi, Haridas Mundoor, Ivan I. Smalyukh,

and Eugenia Kumacheva*

Spherical-shape cholesteric (Ch) photonic films offer promising applications
such as omnidirectional lasing and broadband reflection. Here, a strategy

is reported for the fabrication of photonic Ch films by the self-assembly of
cellulose nanocrystals (CNCs) in semi-spherical cavities. It is shown that
film structure and photonic properties are controlled by the film curvature,
the composition of the precursor CNC suspension, and its liquid crystalline
or isotropic state. The effect of curvature of the drying Ch-CNC films cou-
pled with the restricted mobility of CNCs during film preparation results in
the variation in pitch and helical axis inclination, thus leading to broadband
reflectance properties of the films. The role of curvature of the Ch-CNC films
is underlined by comparing their distinct properties with those of planar films
with the same composition. These findings provide a novel insight into the

design and development of biomimetic photonic Ch films.

1. Introduction

Chirality is an essential characteristic in nature, which embraces
a broad range of length scales from molecules (e.g., DNAM
and proteins) to microfibrils (e.g., collagen filaments?) to
macroscopic scales such as twisted plywood architecture in
plant cell walls.’] The cholesteric (Ch) structure is believed to
be responsible for the remarkable strength and toughness,
and mechanical adaptability of biological materials, e.g., fish
scaleP! and rabbit skin.”® The Ch fibrillar morphology can
also lead to greater material's fracture resistance, since the vari-
ation in fiber orientation from layer to layer diverts the path
of crack propagation, resulting in an increased capacity to
dissipate energy.”l With respect to the optical properties of Ch
films, selective reflection of light from multilayer structures
is the origin of structural colors in plants,®l insect cuticles,?!
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and fruits.'% These structures act as

Bragg’s reflectors, in which the helical
axis is perpendicular to the surface and
the helix pitch P is in the spectral range
from =150 nm to 16 um.' Structural
coloration has a pivotal role in the evolu-
tion and survival of plants and fruits,?
making them attractive to pollinators and
birds.3] Photonic structures in plants
can also play a role in light management
either by inhibiting ultraviolet radiation,
or by focusing light on the chloroplasts.
Furthermore, selective reflection of light
can be coupled with absorption of light
by pigments.l'**! For example, light trans-
mitted through epidermal cells in the fruit
of Pollia condensate is absorbed through
multiple layers of cells containing brown
tannin pigment; the latter spectrally filters structural coloration
and enhances the selective reflection.®?]

The optical and mechanical properties of Ch biomaterials
have inspired the design and fabrication of biomimetic mate-
rials with a Ch structure.’ In particular, the ability of rod-
like cellulose nanocrystals (CNCs) to form a Ch liquid crystal-
line phase in aqueous suspensions has attracted considerable
interest of the materials science community.'®!”] Remarkably,
the helicoidal CNC organization can be preserved in solid
films,'® with a pitch, P, being reduced from micrometers (in
CNC suspensions) to hundreds of nanometers in films.['”18l
As a result, the CNC films exhibit structural colors and are
iridescent.’>>1 Light is selectively reflected at the wavelength
A = nPsin6, where n is the average refractive index of the CNC
film (n = 1.53)2% and 0 is the angle of incidence of light with
respect to the surface normal.?!! The Ch-CNC film strongly
reflects left-handed circularly polarized light. Owing to their
photonic properties, Ch-CNC films show promising applica-
tions in colorimetric humidity sensing,['®! optical encryption,??
chiral plasmonics,?} and light scattering shutters.?*! Notably,
such materials represent an alternative to the thermotropic
chiral nematic liquid crystals, due to the availability, low cost,
sustainability, compatibility with water, and biocompatibility of
CNCs.]

To achieve control over photonic and mechanical properties
of Ch-CNC films, substantial efforts have been directed toward
the exploration of the role of different factors on film structure,
including the role of the CNC charge and concentration in the
precursor aqueous suspension,[”] water evaporation rate,!2¢!
wetting of the substrate,?”) temperature of film formation,?®!
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suspension sonication time,?® the helical axis,?’! and addition
of low- and high-molecular weight additives.?” These studies
have been restricted to the fabrication of planar CNC films.

The fabrication of Ch-CNC films that act as curved Bragg
reflectors (e.g., similar to that in Pollia condensata/®) has not
been reported. The combination of photonic properties and
spherical geometry of these films can broaden the reflection
bandwidth of the Ch-CNC films to overcome the restricted
reflectance, a major limitation in the fabrication of broadband
circular polarizers, broadband reflectors, and polarization-
independent devicesB3!l and can lead to their applications in
omnidirectional lasing,®?l autonomous sensing,** secure
authentication,?¥ and micro-optofluidics.? To explore the
organization of CNCs in spherical confinement, spherical
droplets,?® and microgels®”! with a distinct Ch morphology
have been generated from Ch-CNC suspensions. Unfortunately,
these systems cannot be used for the preparation of high-quality
spherical Ch films with a pitch, P, in the sub-micrometer range.
First, under isotropic (omnidirectional) water evaporation con-
ditions a significant reduction in P (from several micrometer to
the sub-micrometer range) cannot be expected, as their linear
dimensions of spherical droplets/microgels reduce as a cubic
root of the volume. For example, a 95% reduction in droplet
volume due to water evaporation leads to only 63% decrease
in droplet radius, and complete isotropic water evaporation
from, e.g., a 140 um diameter Ch-CNC droplet with CNC con-
centration, Ccye, of 10 vol/vol% and P = 3 um, would yield
P = 1.5 um.B8 Notably, for planar Ch-CNC films, evaporation
of water from the same suspension reduces to P = 250 nm.*®!
Second, the evaporation of water from Ch-CNC droplets would
cause surface buckling®®3° and hence distortion of the Ch
structure of the resulting films.

Here, we report the fabrication of semi-spherical Ch-CNC
films by evaporating water from CNC suspensions placed in
a semi-spherical template. This work elucidates the interplay
between the spherical geometry, the composition of the precursor
CNC suspension, and the Ch-CNC film
structure and optical properties. Drying the
CNC suspension in a template governed a
semi-spherical shape of the Ch-CNC films
and affected their thickness and structure
due to the capillary, Marangoni, and grav-
ity-driven flows. Site-specific properties of
the films were controlled by the interplay
of CNC organization in the films and shear
imposed by the drying process. The Ch
structure was preserved in curved films,
with P being commensurate with the wave-
lengths in a visible spectral range. Owing to
the planar CNC alignment at the CNC/air
and CNC/substrate interfaces, the helical
axis of the film was normal to its interfaces
with air. Under particular conditions, the
spherical geometry of the films promoted
the formation of the polydomain structure
and helix axis inclination, thus resulting in

Place giagsAliemispheres
on the bottom of the Petri dish

2. Fabrication of Ch-CNC Films

Figure 1 schemes the approach to the fabrication of Ch-CNC
films with a semi-spherical shape. The transmission electron
microscopy image of the negatively charged, rod-like CNCs with
an average length and diameter of 176 and 21 nm is shown in
Figure S1 in the Supporting Information. Custom-made glass
semi-spheres with a radius R of 3 or 2 mm (corresponding to
the curvature k= 1/R, of 0.33 and 0.50 mm™, respectively) were
placed into two different 60 x 15 mm? polystyrene Petri dishes,
with a concave side of the semi-sphere facing the bottom of the
dish (Figure 1a). Polydimethylsiloxane (PDMS) prepolymer and
a curing agent (Sylgard 184, Dow Corning Corporation) mixed at
a weight ratio of 10:1, respectively, was degassed, poured onto the
semi-spheres with a PDMS layer being 2 mm above the top of the
glass semi-spheres, and cured at 70 °C for 2 h (Figure 1b). The
PDMS molds were peeled off and the glass semi-spheres were
removed. To moderate hydrophobicity of the PDMS surface,*’!
the molds were surface modified using air plasma treatment
(3000 mTorr) for 120 s (the effect of PDMS plasma treatment
on the contact angle of CNC dispersion and the configuration
of the resultant film is shown in Figures S2 and S3, respectively,
Supporting Information). After the plasma treatment, the semi-
spherical cavities left in the PDMS mold after removing glass
semi-spheres were filled with a suspension with a CNC concen-
tration, Ccye, and the mold was placed for 7 d into a chamber
with a controlled relative humidity of ~80% at 28 °C (Figure 1c).
After water evaporation, the dry semi-spherical Ch-CNC films
“caps” were detached from the PDMS mold (Figure 1d).

In this work, four types of CNC suspensions denoted isotropic
(ISO)-3, ISO-7, ISO-6.7_equilibrium phase (EQ), and chiral
(Ch)-7.3_EQ were used to fabricate the semi-spherical films
(see Table 1). To reveal the role of curvature on optical proper-
ties of the semi-spherical films, planar films (P-ISO-3, P-ISO-7,
P-ISO-6.7_EQ, and P-Ch-7.3_EQ) were prepared from the same
CNC suspensions as the corresponding curved films (listed in

(b)

Pour PDMS on top of
hemispheres

| >
4 Cure PDMS

Remove hemispheres.
Fill cavities with CNC
suspension and dry

broadband reflectance spectra. This work
offers a strategy toward the fabrication of
Ch films with broad bandgap properties.
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Figure 1. Schematic illustration of the fabrication of semi-spherical Ch-CNC shells.
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Table 1. Composition and structures of CNC suspensions of the Ch curved films.

3.2. Variation in Film Thickness

Film Cenc in suspension [wt%] Initial suspension state Viscosity, 17 [Pa s] The relationship between the CNC concen-
1SO-3 30 Isotropic 0.031 +0.005 tration and the state of the precursor sus-
P.1SO-3 pension and the Ch-CNC film thickness, d,
1SO-7 70 Isotropic 0.250 £ 0.009 and p.1tch, P, was stgdled by examining the
P.ISO-7 scanning electron microscope (SEM) images
f the film cross-section. Figur illustrat
1SO-6.7_EQ 6.7 Isotropic, after 0.077 £0.002 ° € . cross-sectio gure 3.a u§ ates
o a schematic of the film cross-section with the
P-1ISO-6.7_EQ equilibration SE . - )
) ,s hol . indication of nine examined locations on the
- i + .
Ch-7.3_EQ ) oe',St,e”C’_a er 0-430:£0.001 right and left halves of the curved film. The
P-Ch-7.3_EQ equilibration

Table 1). The film preparation was similar to the fabrication of
the curved films.

3. Results

3.1. Film Appearance

Figure 2 shows representative photographs of four films with
a radius R = 2 mm, which were formed from the CNC suspen-
sions listed in Table 1. Film inspection with optical microscopy
showed no cracks and macroscopic defects. All the films dis-
played the iridescence. The ISO-3 and ISO-7 films showed reflec-
tion in the blue/green spectral range, whereas the ISO-6.7_EQ
and Ch-7.3_EQ films exhibited red/yellow structural color. The
ISO-7 and Ch-7.3_EQ films exhibited a stronger metallic reflec-
tion than the ISO-3 and ISO-6.7_EQ films. The Ch-7.3_EQ film
had a rough surface, in comparison with other films. Curved
films with a radius R = 3 mm that were prepared from the pre-
cursor suspensions listed in Table 1 showed a similar appear-
ance (Figure S4, Supporting Information). We note that under
optimized conditions of film preparation, the structure and film
properties reported below were highly reproducible.

ISO-6.7 EQ

Figure 2. Photographs of the Ch-CNC films formed from suspensions
listed in Table 1: 1ISO-3, 1ISO-7, ISO-6.7_EQ, and Ch-7.3_EQ films. All scale
bars are T mm.
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points 1-5 on the right half of the “cap” were
located on the film surface at a radius r = R
and an azimuthal angle ¢ = 90° with a varying polar angle, 6,,
where n denotes the position from 1 to 5 on the right half of
the film. Positions 2’5’ on the left half of the film were located
on the film surface at r = R and an azimuthal angle of ¢ = 270°
with a varying polar angle, 6,, where n’ denotes the local
point number from 2 to 5 on the left half of the film. These
points are indicated in the SEM image of the cross-section
of the ISO-7 film embedded into the epoxy resin (Figure 3b).
The locations at 8 = 90° were not examined to avoid possible
edge effects on film thickness. Figure 3c shows the spatial
variation in the Ch-CNC film thickness. For the ISO-3 film,

(b)
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Figure 3. Variation in thickness of Ch-CNC films. a) Schematic illustration
of the examined positions on the semi-spherical films. Positions 1-5 on
the right half of the “cap” are located on the film surface at a radius r=R
and an azimuthal angle ¢=90° with a varying polar angle 6, =0°, 6,=30°,
6; =45°, 6,=60° and 6s=75°. Positions 2’-5" on the left half of the film
are located on the film surface at r = R and an azimuthal angle ¢ = 270°
with a varying polar angle 6, = 30°, 6; = 45°, 6, = 60°, and s = 75°,
respectively. b) Representative scanning electron microscopy image of
the cross-section of the 1SO-7 film. The examined points are highlighted
with red circles (right half of the film) and squares (left half of the film)
on the SEM image. c) Variation in the film thickness, d, plotted versus
6 for the 1SO-3, 1SO-7, 1SO-6.7_EQ, and Ch-7.3_EQ films. The lines are
given for eye guidance. Each data point is an average taken over measure-
ments at symmetric points on the film surface. The error bars represent
standard deviation. The scale bar is 1T mm.
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the evaporation of water resulted in the formation of a film
with a uniform thickness of 11 um. The thickness of 1SO-7,
1SO-6.7_EQ, and Ch-7.3_EQ films was larger in the middle
(at B3 = 45° or B, = 60°), in comparison with the film center
(6; = 0°) and close-to-edge locations at 65 = 75°. More spe-
cifically, the thickness of the ISO-6.7_EQ film of d =77 um at
0, = 45°, which was significantly larger than d of 41 and 54 pm
at 6; = 0°and 6s = 75°, respectively. As expected, the average
film thickness increased with Ceyc.

3.3. Pitch Variation

Figure 4 shows the variation in P along the film surface on
the right half of the curved Ch-CNC film. Figure 4a illus-
trates a schematic of the film cross-section with three exam-
ined positions 1-3 that were located at a radius r = R and an
azimuthal angle ¢ = 90° with polar angles 6, = 0°, 6, = 45°,
and 6; = 75°, respectively. A multilayer “striped” structure was
observed in the SEM images of all the curved films, similar
to the morphology of planar Ch-CNC films.'#4l Figure 4b
shows representative SEM images of the cross-section the
ISO-3 film at positions 1-3. The half-pitch, P/2 was measured
as the distance between the layers in the SEM images. The
spatial variation in P/2 at the nominated points is shown in
Figure 4c. Notably, the SEM images of a particular location of
the ISO-7 and Ch-7.3_EQ films exhibited regions with a large
variability of P/2 (Figure S5, Supporting Information). For
the ISO-3 and ISO-6.7_EQ films, the value of P/2 for 6, = 0°,
0, = 45°, 0; = 75° reduced with Ccyc. Conversely, for the ISO-7
and Ch-7.3_EQ films the value of P/2 at positions 1-3 became
larger, when Ccyc increased to 7 and 7.3 wt%. As shown

MATERIALS
|

www.afm-journal.de

in Figure 4c, the value of P/2 for all the films was smaller
at 0, = 45°, in comparison with those at 6; = 0° and 6; = 75°.
Curved films with a radius R = 3 mm showed a similar thick-
ness and pitch variation along the film surface (Figure S6,
Supporting Information).

3.4. Film Texture

Figure 5a shows the characteristic polarizing optical microscopy
(POM) textures of the curved Ch-CNC films that were examined
in the transmission mode. The key features of these images can
be summarized as follows. A clear Maltese cross was observed
in the center of the POM images of the ISO-3 and ISO-6.7_EQ
films, corresponding to the radial CNC ordering at the film
interface with the helical axis perpendicular to the surface, in
agreement with the CNC planar anchoring at the CNCs-air
interface.?l For the ISO-7 film the Maltese cross was less pro-
nounced. Second, close to the edges of the ISO-6.7_EQ and ISO-7
films, we observed dark concentric rings with an average spacing
of =177 um. Finally, films ISO-7 and Ch-7.3_EQ exhibited a mul-
ticolor pattern, while two other films were close-to-monocolor.
The POM images of the ISO-7 and Ch-7.3_EQ films were quali-
tatively similar: both exhibited a mosaic pattern with a rainbow of
blue, green, yellow, and pink colors close to the edges and with a
relatively uniformly cyan-colored area close to the center.

The radially varying birefringence due to the helical director
modulation in the spherical confinement has been previously
demonstrated as the origin of the similar ring textures observed
in transmission polarizing optical microscopy of short-pitch
cholesteric shells.*3] The appearance of the Maltese cross and
concentric rings at the edge of the curved Ch-CNC films can be
explained as follows. When P is comparable
or smaller than the wavelength of light used
for the observation, the optical properties of
the Ch layers can be represented by an effec-
tive medium response,* which is similar to
a nematically ordered layer with the ordering
direction along helical axis, k. In our work,
the measured values of P of the Ch-CNC
films were smaller than the wavelength of
broadband visible light used to obtain the

140 +

crosspolarized images shown in Figure 5.
Under crossed polarizers, the variations of
the intensity of light (I) transmitted through
the Ch-CNC films can be expressed as!*’!
I o< sin’ (28)sin* (Anegdeg /) (1)
where f3 is the angle between the polarizer p
and projection of helical axis k in the plane

100 T T T T

0 15 30 45
6 (degree)

Figure 4. Variation in pitch in the Ch-CNC films. a) Schematic illustration of the film with
indicated examined positions. b) SEM images of the cross-sectional area of the ISO-3 film at
points 1, 2, and 3, corresponding to 6; = 0°, 6, = 45°, and 6; = 75°, respectively (as illustrated
in (a)). The scale bar is 1 um. c) Variation in pitch, plotted as a function of the polar angle 6 for
the 1SO-3, ISO-7, ISO-6.7_EQ, and Ch-7.3_EQ films. The lines are given for eye guidance. Every
value of P is an average of ten measurements. The error bars represent the standard deviation.
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perpendicular to the incident light, An.g and
degr are the effective birefringence and effective
thickness of the CNC film, respectively, and A
is the wavelength of light used for imaging.
At 0 = 0°, the helical axis of the Ch layers is
aligned parallel to the incident light, and the
central region of the film appears dark in the
POM images. However, at 6 > 0° the curved

75 90
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(b)

Figure 5. a) Polarized optical microscopy images of curved 1SO-3, 1SO-7, ISO-6.7_EQ, and Ch-7.3_EQ films. b) Illustration of the cross-section of a
Ch-CNC film. ¢) Computer-simulated crosspolarized image of the ISO-7 film. k represents the axis of helix and 3 is the angle between the polarizer p
and projection of helical axis k in to a plane perpendicular to the incident light. Film radius is 2 mm. All scale bars are T mm.

film regions were birefringent (Aneg < 0), owing to the inclina-
tion of the helical axis with respect to the illumination light (see
Figure 5b). In this case, the film regions with the projection of
helical axis k into a plane perpendicular to the incident light
aligned parallel (8 = 0) or perpendicular (8 = 90) to the polarizer
p (see Figure 5b inset) appeared dark, thus resulting in the Mal-
tese cross (Figure 5). The gradual increase in An.g and deg of the
Ch-CNC film, from 6 = 0° to 6 = 90° (see Figure 5) resulted in
the polarized interference pattern close to the film edges, where
conditions (An.qdegt/A = nm) were satisfied and resulted in dark
regions in the POM images. Due to the spherical symmetry of
the Ch-CNC films, these regions were concentric, as shown in
Figure 5a. Using Equation (1), we simulated a crosspolarized
image for an ideal curved CNC film, in which the helical axis
is perpendicular to the plane of the surface at each point on the
film. The simulated image exhibited a Maltese cross and inter-
ference fringes (Figure 5c), closely agree with the experimen-
tally observed POM image of ISO-7 and ISO-6.7_EQ depicted
in Figure 5a.] The POM images of the ISO-7 and 1SO-6.7_EQ
films were close to the simulated image; however, some degrees
of disorder in these films resulted in the lower intensity Maltese
cross. Notably the Maltese cross and interference fringes were
not observed in the Ch-7.2_EQ film (see Section 4). The POM
images of the Ch-CNC films with a radius R = 3 mm exhibited
textures and concentric rings identical to those observed in the
curved films with the radius R = 2 mm (Figure S7, Supporting
Information).

3.5. Optical Properties of Ch-CNC Films

Figure 6 shows reflectance spectra of the Ch-CNC films, which
were measured at the normal incidence and for the reflection
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angle of 90° at positions 1-3 at 6; = 0°, 6, = 45°, and 6; = 75°,
respectively, as shown in Figure 4a. The reflectance spectra of
the Ch-CNC films that were measured for the inner and the
outer surfaces were identical, thus indicating a minor effect
of the PDMS substrate and its surface interaction with CNCs
during water evaporation. At 6; = 0°, the reflection inten-
sity and bandwidth of the reflectance peak for the ISO-7 and
Ch-7.3_EQ films were significantly greater than that of the
ISO-3 and ISO-6.7_EQ films. The difference in peak intensity
could be ascribed to a larger thickness of the ISO-7 and Ch-7.3_
EQ films (see Figure 4c).1?81 For all the films, the reflection peak
in the center of the film (6; = 0°) had a lower intensity than the
peak at the middle and edges of the film (6, = 45° and 6; = 75°,
respectively). This effect can be linked to the inclination of the
helix, as reflectivity of the film depends on the helix angle; for
incident light parallel to the helical axis there is only one band
of selective reflection, while for obliquely incident light series
of higher order reflection bands occur. Moreover, in the film
region with large oblique incidence, total reflection occurs,
thereby effectively increasing the overall reflectance intensity.*¢!

For the center and edge of the ISO-7 and Ch-7.3_EQ films,
broadband reflection was measured, explaining the “metallic”
appearance of these films (Figure 2). The peak wavelength for
these films showed redshift, in comparison with ISO-3 and
[SO-6.7_EQ films, and in agreement with the measured pitch
(Figure 4c). A lower reflection intensity was measured for the
edge of the Ch-7.3_EQ film than for the corresponding posi-
tion of the ISO-7. Moreover, the peak wavelength for the ISO-7
and Ch-7.3_EQ films at the position of 8, = 45° redshifted from
the peak position expected from the pitch profile shown in
Figure 4c (the minimum value of P for all the films was meas-
ured at the position of 6, = 45°). This reflectance peak deviation
from the typical P values is caused by the helical axis tilt and
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less intense colors, in comparison with

w &) - ;ng w B — 6;)7_13? P-ISO-7 and P-Ch-7.3_EQ films.
T . == 9;45o §30 1 == 6;45o Figure 7b shows the corresponding reflec-
- — 0,275 | 3 — 0,=75¢ tance spectra of the planar films, measured
220 1 Ezo I at the normal incidence by UV-vis spec-
£ 5] N troscopy. The P-ISO-3 film exhibited a low-
% 10 4 ; I % 10 42 intensity reflectance peak at a wavelength of
[~ ~ ~600 nm. The P_ISO-7, P-Ch-6.7_EQ, and
0 : : ; 0 : ; P-Ch-7.3_EQ films showed the reflectance
420 520 620 720 420 520 620 720 peak centered at =550 nm. As expected, the
Wavelength (nm) Wavelength (nm) reflection from the planar P-Ch-7.3_EQ film
- (C) 1ISO-7 a0 (d) Ch-7.3 EQ was more intense and covered a broader
=770,=0° . ---- 9,=0° spectrum range, compared to the P-ISO-7

30 - = - 0,=45¢ 30 - /’I". == 0,745 and P-Ch-6.7_EQ films.
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Reflectance (%)
8
Reflectance (%)
[\)
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4, Discussion

The variation in the thickness, texture, struc-

0 ‘ - - 0 ‘
420 520 620 720 420 520
Wavelength (nm)

Figure 6. Reflection spectra of the curved Ch-CNC films in the center (6, = 0°), middle
(6, = 45°), and edge (05 = 75°) at the normal angle of incidence and for the reflection angle of

90°. a) 1SO-3, b) 1SO-7, c) 150-6.7_EQ, and d) Ch-7.3_EQ films.

local disorder. Similar reflection spectra were acquired for the
curved films with a radius R = 3 mm (Figure S8, Supporting
Information).

To highlight the role of curvature on the optical properties of
the curved Ch-CNC films, we investigated the optical responses
of the planar films fabricated from the CNC suspensions listed
in Table 1. Figure 7a shows the characteristic POM textures of
the planar Ch-CNC films. While a planar P-ISO-3 film exhib-
ited a white marble-like texture with a trace of cyan color, three
other planar films showed a similar mosaic pattern with a blue
color close to the film edge and a rainbow of yellow, pink, and
green colors in the film center. The P-Ch-6.7_EQ film exhibited

620 720
Wavelength (nm)

' ture, and optical properties of the Ch-CNC
films was governed by three factors: the com-
position of the precursor CNC suspension,
their state (that is, isotropic vs liquid crystal-
line), and film curvature. As shown in Table 1,
the CNC suspensions used for the prepara-
tion of the ISO-3, ISO-6.7_EQ, ISO-7, and
Ch-7.3_EQ films exhibited the corresponding increase in vis-
cosity. Second, for the first three suspensions the evaporation
of water led to the appearance of tactoids; however, the suspen-
sion used for the preparation of the Ch-7.3_EQ contained an
equilibrated Ch phase.

For the ISO-3 and ISO-6.7_EQ films obtained from the
CNC suspensions with lower viscosity, the value of P at three
examined positions in the films reduced with Ccyc increasing
from 3 to 6.7 wt% (Figure 4). This effect was in agreement
with previous reports for planar films*’l and was ascribed to
the reduced electrostatic repulsion between CNCs at a higher
Cene-* Conversely, for the 1SO-7 and Ch-7.3_EQ films, the

(b)

40
P-ISO-3
—P-1S0-6.7_EQ
30 —P-ISO-7
—P-Ch-73_EQ

Reflectance (%)
[\]
S

o
L

0 T T T
550 650 750

Wavelength (nm)

Figure 7. a) Polarized optical microscopy images of planar ISO-3, 1ISO-7, 1SO-6.7_EQ, and Ch-7.3_EQ films. The scale bars are 2 mm. b) Reflection

spectra of the corresponding films R =3 mm.
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value of P at three examined film positions increased when
Cene increased to 7 and 7.3 wt%. We attribute this effect to the
higher viscosity of the precursor CNC suspensions: the CNC
motion was restricted during their evaporation-induced self-
assembly, due to the formation of a gel and the corresponding
kinetic arrest of Ch-CNC structure.!!8]

For the same reason, the texture of the ISO-7 and Ch-7.3_
EQ films was represented by the multicolor mosaic pattern,
while the 1SO-3 and 1SO-6.7_EQ films prepared from the
lower viscosity suspensions showed nearly a single color.
The multicolor texture of ISO-7 and Ch-7.3_EQ films was
governed by the existence of regions with a different orienta-
tion of helical axes and a variation in P (see Figures S5 and
S9, Supporting Information).*) We conclude that higher
viscosity of the precursor suspensions caused the restricted
mobility of the CNCs,'83% which being coupled with a semi-
spherical geometry of the drying films (see below) caused dis-
tortions in the Ch structure, thus resulting in the variation
in P and helical axis inclination. This effect was also leading
to the broadening of the reflectance bands of the ISO-7 and
Ch-7.3_EQ films, compared to the ISO-3 and ISO-6.7_EQ
films (Figure 6). We stress however that although the viscosi-
ties of the suspensions used for the preparation of the ISO-7
and Ch-7.3_EQ films are comparable, their POM textures and
optical responses were distinct: the Ch-7.3_EQ film did not
exhibit the Maltese cross compared to the ISO-7 film. This
effect was ascribed to the different states of the precursor
suspensions. The Ch state of the suspension used for the
preparation of Ch-7.3_EQ films promoted gel formation and
the corresponding kinetic arrest of the multidomain Ch-CNC
structure upon drying.['®]

The role of curvature on the structure of the Ch-CNC films
manifested itself in the variation in thickness and pitch from
the edge to the center of the film. The thickness of the ISO-7,
[SO-6.7_EQ, and Ch-7.3_EQ films was larger in the middle of
the film, in comparison with its center and edges (Figure 3).
The value of P for all the films was smaller in the middle of the
film in comparison with its center and edges (Figure 4). The
location of the minimum value of P was in agreement with
the greater CNC deposition upon drying: the greater was the
film thickness the smaller was P. We ascribe this depend-
ence to the dynamic forces acting in the CNC suspension
that was drying in a semi-spherical geometry (see Figure S10,
Supporting Information). These forces play a key role in the
modulation of film thickness, similar to the effects observed
for evaporating droplets of colloidal suspensions.?*>% Upon
drying, the CNCs flow outward from the center (6 = 0°) to the
edges (6 = 90°) of the liquid layer, due to the capillary force, in
order to compensate for the stronger evaporation of water at
the contact line.?%l This flow results in a higher surface ten-
sion at the contact linel’!l and therefore, creates an inward
flow toward the film center (the Marangoni flow).®! Thus the
location of the greater deposition of CNCs (higher thickness)
is influenced by the balance between gravity, capillary flow,
and Marangoni flow.’?l In contrast, in planar Ch-CNC films
the CNCs mostly deposit close to the film edges, due to the
dominant role of capillary flow and as a result the modulation
in film thickness exhibit a different profile than in the semi-
spherical films, as shown in Figure S11 in the Supporting
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Information and Figure 3c, respectively. Moreover, as the POM
images of the same-composition planar CNC films exhibited
neither the ring patterns, nor a clear Maltese cross (Figure 7a),
we conclude that the semi-spherical geometry promotes the
radial configuration of the liquid crystal with planar anchoring,
thus giving rise to the Maltese cross and interference fringes
(particularly, for the films formed from low-viscosity suspen-
sions). Preparation of the same films in the planar geometry
resulted in unidirectional helicoidal structures, with a helical
axis oriented vertically to the substrate. Finally, due to the com-
petition of dynamic forces film formation in the semi-spher-
ical geometry resulted in a pronounced broadband reflection,
especially, for the films formed from suspensions with high
viscosity, compared with the narrow band reflection in the cor-
responding planar Ch-CNC films (Figure 7b). Thus the fab-
rication of curved Ch-CNC film is an efficient strategy to the
broadening the reflection bandwidth, in comparison with the
proposed approach to such films using multiple layers with
gradient pitch.[31%l

5. Conclusions

We have fabricated Ch-CNC photonic semi-spherical films
from CNC suspensions with different compositions, struc-
tures, and viscosities. The films formed by low-viscous
isotropic suspensions yielded films with a radial CNC organi-
zation and a single, narrow-band reflection. Films formed
from the concentrated nonequilibrated isotropic and the equil-
ibrated suspensions yielded Ch-CNC films with a polydomain
morphology and a broadband reflection covering the entire
spectral range. Film thickness, structure, and optical prop-
erties changed along the film surface: from the edge to the
center of the film, which was ascribed to the dynamic forces
acting during the drying of CNC suspension confined in semi-
spherical geometry. Coupling of the effect of the composition
and Ch state of the CNC suspensions with their spherical
geometry enabled simple and effective preparation of the
Ch-CNC films with broadband reflection, thus overcoming the
narrow-band reflection of planar Ch-CNC films, a major limi-
tation in the fabrication of broadband reflectors, and circular
polarizers. This work provides guidance for the fabrication of
curved Ch-CNC films with predesigned structure and optical
properties.

6. Experimental Section

Materials:  Poly(dimethylsiloxane) (PDMS) elastomer base and
curing agent (Sylgard 184) was supplied by Dow Corning. An aqueous
12 wt% suspension of CNCs carrying surface sulfate half-ester groups
was purchased from the University of Maine Process Development
Center. Milli-Q water was used to prepare CNC suspensions with
concentrations, Ceye, of 3 and 7 wt%. A pristine CNC suspension was
diluted with deionized water to prepare isotropic suspensions with
Cene of 3 or 7 wt%, which were used to obtain films ISO-3 and I1SO-7,
respectively. Films 1SO-6.7_EQ and Ch-7.3_EQ with Ccyc of 6.7 and
7.3 wt%, respectively, were prepared in the following way. A portion of
the CNC suspension with Ceye of 7.0 wt% was allowed to equilibrate
in a sealed glass vial for 21 d. The suspension phase-separated into
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a top isotropic and a bottom Ch phase with Ccyc of 6.7 and 7.3 wt%,
respectively. The volume fraction of the top isotropic phase in this
two-phase system was 0.48, which is in agreement with the earlier
reports.3l Following phase equilibration, the top and bottom phases
were separated using a micropipette, and each of these phases was used
for film preparation.

Film Characterization: The photographs of the semi-spherical Ch-CNC
films placed against the black background were acquired using a Nikon
D7200 camera. The POM images of the films were acquired on an optical
microscope (Olympus BX51) in the transmission mode using a Nikon
D7200 camera. SEM imaging of the curved Ch-CNC films were acquired
using Quanta field electron and ion company (FEI) Scanning Electron
Microscope (FEG 250). Prior to imaging, the films were freeze fractured in
liquid nitrogen and subsequently coated with gold using a SC7640 High
Resolution Sputter Coater (Quorum Technologies) for 30 s at 2.0 kV. For
thickness measurement, semi-spheres were embedded into blocks of
Spurr epoxy resin (Spurr Low Viscosity Embedding Kit, Sigma) and were
polished/sectioned using a diamond knife on an Ultracut E ultra-microtome
at cutting speed = 1.0 mm s, knife angle = 45°, and clearance angle of 6°.

The reflectance measurements of the curved Ch-CNC films were
performed on an inverted microscope (Olympus IX 71). The samples
were illuminated with a parallel beam of light from a white light
source using a 20 X objective (Olympus, SLMPlan). The reflected
light from the sample was collected by the same objective and guided
to a spectrometer (Ocean optics, USB 2000-FLG) using an optical
fiber. Reflectance at different locations along the curved Ch-CNC films
surfaces was characterized by bringing a specific area into focus by
tilting the sample while keeping the illuminated area normal to the
incident light. Extinction spectra of the planar CNC films were acquired
using a Varian Cary 5000 UV-vis—NIR spectrophotometer. The films
were placed orthogonally to the incident beam with a reflection area of
30 mm?. The viscosities of the CNC suspensions were measured using
Discovery-HR-1 hybrid rheometer (TA instruments) with a cone and plate
geometry at a cone nominal angle =1° and cone diameter of 40 mm. All
the suspensions were tested at 25 °C and at a strain of 1%. The contact
angles of CNC dispersion droplets were measured using the Kruss
tensiometer (DSA100). Surface treatment of the PDMS molds were
carried out using the PDC-32G plasma cleaner (Harrick Plasma, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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