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ABSTRACT: Cellulose nanocrystal (CNC) films were patterned by
controlling the evaporation time of CNC suspensions. It is known that
the evaporation time, and by extension the self-assembly process,
influences the optical properties of the resulting films, but the
patterning of CNC films has not been extensively investigated. Here,
we demonstrate an easy new approach to the patterning of CNC films
by varying the evaporation time at different regions of a drying CNC
suspension, which produce films with drastically different optical
properties. Furthermore, the application of cellulose acetate masks to
restrict evaporation can also be used to develop patterned CNC films.
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B INTRODUCTION

Cellulose is the most abundant biopolymer on earth, found in
plant cell walls, wood, tunicates, and bacteria." Cellulosic
sources treated with sulfuric acid can undergo acid-catalyzed
hydrolysis, leaving behind crystalline spindle-shaped particles
with typical dimensions of 5—30 nm X 100—500 nm.”~> These
particles, called cellulose nanocrystals (CNCs), are attractive
candidates for materials development and fabrication owing to
their inexpensive sourcing from wood or cotton and their
fascinating optical and mechanical properties.””> CNCs have
been explored for various applications including material
printing, tissue engineering, and optical filters, among
others.”'°~"® Furthermore, many studies have been conducted
to further our understanding of CNCs, from a macroscopic
perspective, in the development of solid film materials all the
way down to the microscopic self-assembly process.”'*'*
The use of sulfuric acid mediated hydrolysis leaves
negatively charged sulfate groups on the CNC surface, which
enables them to form a stable colloidal dispersion in water.'>"”
When concentrated in water, a stable colloidal dispersion of
CNCs adopts a chiral nematic lyotropic liquid crystal with a
left-handed helical orientation.'® CNCs assemble into this
long-range liquid-crystalline phase through short-range-or-
dered structures called tactoids, and the chiral nematic
structure can be preserved in solid films upon complete
evaporation of the water.”'” The optical properties of CNCs
arise from the helical structure according to eq 1.”° In
particular, the reflectance wavelength A at angle @ depends on
the refractive index n and helical pitch P. The dependence of
angle @ with respect to the surface of the film gives CNC films
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brilliant iridescence, similar to many examples found in
21-24
nature.

A =nP sin @ (1)

The optical properties imparted by the helical pitch have
been reported by many groups and are influenced by the
additives, temperature, humidity, evaporation, magnetic fields,
electric fields, substrate variations, and ionic strength.zs_32
Further studies looked at the self-assembly process in detail
over various stages, including (a) ghase separation, (b) gel
vitrification, and (c) film formation.”” In our earlier work, we
proposed an intermediate stage of self-assembly, called tactoid
annealing, that also influences the chiral nematic order and the
helical pitch of the resulting CNC films.”> This finding
revealed even more complexities when dealing with CNC
systems. There have been few studies detailing the production
of photonic patterns in CNC films. Beck et al. reported the use
of heat to produce areas of different thicknesses, which resulted
in patterned CNC films.>* However, patterned CNC films
without the use of additives or temperature variations are
particularly interesting for their improved optical quality and
control. Patterned CNC films with structural variations with
spatial control open up potential applications in optical filters
and sensors.

Here, we report a simple method for controlling the optical
properties in CNC films, and we use the new method to
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Figure 1. Influence of the evaporation time on the optical properties of CNC films. (a) CNC films prepared by evaporation over 1 day (left) or 10
days (right). The scale bar represents 1 cm. (b) CD and (c) UV—vis spectra of CNC films.

Scheme 1. Visual Representation of a Differential Evaporation Experiment”
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“A polystyrene Petri dish containing a CNC suspension is covered by a lid with a 1 cm circular opening at the center. CNC films are formed upon

complete evaporation of water.

produce patterned CNC films. By applying differential
evaporation to regions of the same CNC film, we are able to
vary the self-assembly process and produce regions that have
different optical properties. In doing so, we demonstrate that
CNC films can be easily patterned without the use of additives
or harsh conditions. We further demonstrate that the localized
restriction of evaporation with pieces of cellulose acetate allows
for the incorporation of patterned optical features in the film.
These results advance our understanding of the self-assembly
process of CNC films and will help to bridge the gap toward
the development of CNC materials of the future.

B RESULTS AND DISCUSSION

Effect of Evaporation on CNC Film Formation. From
previous work, the evaporation time of a CNC suspension has
a significant influence on the optical properties of the resulting
CNC films.*® To demonstrate, CNC films were prepared from
a CNC suspension with two evaporation times, either 1 day or
10 days. CNC suspensions evaporated under ambient
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conditions in 1 day produced red films, whereas longer
evaporation times resulted in green films (Figure la).

Both circular dichroism (CD) and UV—vis spectroscopy of
the films showed that longer evaporation times lead to blue-
shifted reflection wavelengths (Figure 1b,c). The blue shift
observed in the CD spectra of films prepared for longer
evaporation times suggests a difference in the microstructures,
specifically the helical pitch. Differential evaporation gave films
with different optical properties, which can be useful for the
development of patterned CNC films.

Patterning of CNC Films by Differential Evaporation.
By a simple change in the evaporation time of a drying CNC
suspension, it is possible to significantly change the optical
properties of films without the use of additives, temperature
gradients, or other external influences. We can take advantage
of this evaporation dependence to develop films with various
optical patterns. To investigate this, a simple evaporation
experiment was conducted to test the feasibility of using
evaporation to pattern CNC films from an initially free-flowing
CNC suspension. A Petri dish containing the aqueous CNC

DOI: 10.1021/acsanm.8b00947
ACS Appl. Nano Mater. 2018, 1, 3098—3104



ACS Applied Nano Materials

o
(@]
w
>

N
o

Normalized Ellipticity
o
o

7

g
=}

T T T
500 600 700

Wavelength (nm)

400 800

d)
E-H
10 N \
Pl
5
s
w
'8 0.5 1
N
©
E
o
P4
0.0 1
400 500 600 700 800

Wavelength (nm)

Figure 2. Differential evaporation of a CNC suspension leading to a film with an optical gradient. (a) CNC film with a gradient pattern that blue-
shifts, moving away from the center. The regions are marked as A—D; each region is separated by S mm. (b) Control CNC film. The regions are
marked as E—H; each region is separated by S mm. (c) CD spectra collected at regions labeled as A—D for the CNC film prepared with an optical
gradient. (d) CD spectra collected at regions labeled as E—H for the control CNC film. The scale bars represents 1 cm.

suspension (4.2 wt %) was capped with a lid containing a 1 cm
circular opening at the center (Scheme 1).

We hypothesized that the CNC suspension directly beneath
the opening would evaporate more quickly than the rest of the
suspension, resulting in a CNC film with a red center and blue
color away from the center. Indeed, as shown in Figure 2a, the
resulting CNC film displays an optical gradient, with a red
center and a gradual shift toward blue heading away from the
center. Compared to the control film, the gradient only appears
near the edge of the film, which can be attributed to rapid
evaporation in the final stages of drying. The CNC film was
characterized by CD spectroscopy at various locations,
measured at intervals of S mm, starting from the center
(Figure 2¢).

By a simple change of the evaporation rate across different
regions of the same film, an optical gradient can be produced.
The gradient can be tuned by changing the size of the opening,
which changes the evaporation profile, or by changing the
height at which the opening rests above the suspension. We
noticed that the reflection maximum of the center of the film
appears to be outside the visible spectrum, approaching IR. We
hypothesize that the region directly below the opening is
chaotic during evaporation, which influences the structure in
the final CNC film. Harris et al. described the use of
evaporative lithography to investigate the lateral transport of
colloidal microspheres under the influence of a mask.”” Lateral
transport in our system is likely happening, but we find that
film thicknesses are consistent throughout the film. We cannot
rule out contributions to the optical properties due to small
differences in thickness, but we believe the major contributor is
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a difference in structure (Figure S1), primarily the pitch of the
structure. These differences are likely responsible for the
optical gradient observed. Nevertheless, this experiment
demonstrates that we can take advantage of differential
evaporation to produce patterned films.

Patterning of CNC Films with Masks. We initially
attempted to pattern CNC films with different shapes at the
opening, but the resolution of the resulting pattern was low
and the evaporation profile at the center and edges resulted in
films with defects (Figure S1). The patterns were improved by
lowering the opening to slightly less than 5 mm from the CNC
suspension. However, we hypothesized that the simple
placement of a mask on the drying CNC suspension might
provide more contrast between two differentially evaporating
regions.

In order to apply a mask directly to the surface of the
aqueous CNC suspension, we needed to find a material that
was insoluble in water and would not itself affect the final
optical properties of the CNC film. After testing several
possible materials, we selected colorless, transparent masks
made of cellulose acetate. Films of CNCs cast on both
polystyrene and cellulose acetate have almost identical optical
properties (Figure S2), indicating that the cellulose acetate
itself does not significantly affect the pitch of the CNC films.
We predicted that two distinct regions would arise, one under
the mask, where evaporation is slow, and another outside of
the mask, where evaporation can occur faster; this would lead
to the formation of a patterned CNC film. To confirm this, we
cast a CNC suspension and immediately placed a 1 cm circular
cellulose acetate mask on top of the suspension, in the center,
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Figure 3. Patterned CNC film using a cellulose acetate mask. The mask was immediately placed on top of a drying CNC suspension and left
undisturbed until film formation, upon which the mask was removed. (a) Photograph of the patterned CNC film. (b) CD spectra of two regions,
masked and unmasked. Cross-sectional SEM images of the (c) masked and (d) unmasked regions. The scale bars represent (a) 1 cm and (c and d)
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Figure 4. Patterning of CNC films with cellulose acetate masks. (a) Photograph of patterned CNC films for which masks were placed 0 h (left), 6 h
(middle), or 9 h (right) after casting the CNC suspensions. The scale bar represents 1 cm. (b) CD spectra of CNC films under the mask.

and allowed the suspension to completely evaporate before CNC film with blue features, where the mask was placed
removal of the mask. As shown in Figure 3a, we obtained a red during the evaporation process. Characterization with CD
3101 DOI: 10.1021/acsanm.8b00947
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Figure S. Patterned CNC film prepared with a “b” lettered mask. (a) Photograph of the patterned film. (b) POM image of both the unmasked
(left) and masked (right) regions separated by an interface. Cross-sectional SEM images of (c) unmasked and (d) masked regions of the “b”
patterned CNC film. The scale bars represent (a) 1 cm, (b) 100 pm, and (c and d) 1 pm.

spectroscopy showed a decrease in the reflection wavelength at
regions under the mask (Figure 3b). It should be noted that a
small depression exists at the edge of the mask upon removal,
likely due to surface tension during the final stages of drying.
Thus, spectra were collected at the center of the CNC film to
avoid these defect sites. Between the masked and unmasked
regions, the chiral nematic structure is maintained, as shown by
cross-sectional scanning electron microscopy (SEM; Figure
3c,d).

The colors of the patterns can also be tuned depending on
the stage of evaporation at which we place the cellulose acetate
masks on the CNC suspension. CNC films were cast, and
cellulose masks were placed 0, 6, or 9 h after the CNC
suspensions were cast (Figure S4). The resulting films have
significantly different optical properties when placed under the
masks at different times (Figure 4a).

The cellulose acetate mask increases the evaporation time of
the CNC suspension by up to 10 days and results in a blue-
shifted reflection wavelength, as confirmed by CD spectrosco-
py, compared to the unmasked region (Figure 4b). We
hypothesize that the stage of self-assembly is very important in
determining the resulting film’s optical properties. The
immediate application of a mask led to the largest difference
in the reflection wavelength, from red to blue, whereas the
optical properties were nearly unaffected when the mask was
applied at a late stage of evaporation, in this case after 9 h (ca.
8 wt % CNCs). It is possible that the stage of self-assembly
responsible for the formation of the helical pitch occurs at a
point before gel vitrification (ca. 8 wt % CNCs). We
demonstrate that the critical aspect of pattern formation is
heavily influenced by the evaporation time. Factors that
influence the evaporation rate can be used to manipulate the
patterns on CNC films. For instance, the use of pressure, light,
or heated masks are other interesting ways to influence the rate
of evaporation, and it would be interesting to study these types
of patterned CNC films in the future.

A closer look at polarized optical microscopy (POM) of the
“b” masked film reveals a difference in the domain size between
the masked and unmasked regions (Figure Sa,b). This suggests
that the overall film order is improved where the mask is
applied. Conversely, the “c” masked film does not show this
difference in the domain size, which further suggests that
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structural changes can occur up until gel vitrification locks in
the structures (Figure S3).

Helical pitches were measured from SEM images of the
cross sections of the films, resulting in half-helical pitches of
411 + S8 nm (n = 16) and 286 + 33 nm (n = 16) in the
unmasked and masked regions, respectively, which correspond
well with the CD spectra (Figures 4b and Sc,d). Overall, we
have shown that patterns can be easily produced with the use
of masks, resulting in distinct regions under the masked or
unmasked regions. This level of control will be important to
further study the nuances of the self-assembly process as we
make progress toward controlling the optical properties of
CNC-based materials.

B CONCLUSION

The optical properties of CNC films can be tuned by
controlling the evaporation of the CNC suspension. Evapo-
ration under ambient conditions led to red films, whereas slow
evaporation resulted in blue-shifted films. Differential evapo-
ration represents an easy approach to the development of
patterned CNC films. Furthermore, the use of a mask to
restrict the evaporation to well-defined regions also opens up
opportunities to study different mask architectures and
compositions for the patterning of CNC films. These findings
are important for applying our current understanding of the
self-assembly in CNC-based systems to develop CNC
materials for optical applications.

B EXPERIMENTAL SECTION

Materials. All compounds were used as received without any
further purification. Aqueous suspensions of CNCs were provided by
FPInnovations (CNC-H', 42 wt %, pH 2.1). In brief, ultrapure
aqueous CNC suspensions were prepared by dispersing spray-dried
CNC:s in deionized water, at a concentration of 2 wt %, by stirring the
suspension overnight using a mechanical stirrer.”® The dispersed
CNC suspension was then sonicated at 70% power for 30 min (in
batches of 3 L) using a Vibra-Cell VC750 ultrasonicator (Sonics &
Materials Inc.). The average energy input was ~9000 J g* of CNCs.
The suspension was then filtered, first using grade 4 Whatman filter
paper, followed by grade 42 Whatman filter paper. The filtered CNC
suspension was dialyzed against deionized water overnight. The
dialyzed suspension was concentrated to the desired concentration
using a rotary evaporator and then stored in a refrigerator at 4 °C

DOI: 10.1021/acsanm.8b00947
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until further use. The final pH and conductivity of the ultrapure CNC
aqueous suspension were adjusted to acidic form (CNC-H', pH 2.1)
using an ion-exchange resin (Dowex Marathon C hydrogen form, 23—
27 mesh particle size, Sigma-Aldrich). The dimensions of the CNC
spindles were determined by transmission electron microscopy size
distribution analysis to be 191 + 80 nm and to have an
electrophoretic surface charge of —4.44. All CNC suspensions were
sonicated for 1 h prior to use. The control film in each experiment
involved the casting of 3.9 mL of CNC suspension in a 50 mm
polystyrene Petri dish, followed by evaporation under ambient
conditions over a period of ~1 day. Ambient conditions were
23.6 °C at ~50% relative humidity.

Evaporation Dependence on CNC Film Formation. CNC
suspensions (3.9 mL, 4.2 wt %) were cast in Petri dishes. A
suspension was immediately covered with a lid that covered the entire
suspension and left to evaporate over 10 days at ~15 mg h™". A
control film was prepared without a lid and evaporated over 1 day at
~145 mg h™".

Patterning of CNC Films with Differential Evaporation.
CNC suspensions (3.9 mL, 4.2 wt %) were cast in Petri dishes. A lid
containing a circular opening at the center, with a diameter of 1 cm,
was placed on top of the CNC suspension. The suspension was left to
evaporate until a film formed.

Patterning CNC films with Cellulose Acetate Masks. CNC
suspensions (3.9 mL, 4.2 wt %) were cast in Petri dishes. Cellulose
acetate masks, cut into either shapes (circles) or letters (U, b, and c),
were placed on CNC suspensions either 0, 6, or 9 h after casting.
CNC suspensions were left to evaporate until both regions, masked
and unmasked, formed films.

Instrumentation. SEM was performed at the UBC Bioimaging
Facility on a Hitachi $4700 electron microscope (Hitachi Ltd.). Cross
sections of CNC films were prepared by cleanly breaking films
between two glass slides and then mounting them on sample holders.
Films were then sputter-coated with 8 nm of platinum (99.99%; p =
2145 g cm™?) before imaging. The SEM stage was tilted 90°, and
cross-sectional images of CNC films were obtained, typically at 5 kV
accelerating voltage and 10 pA current. Light transmittance (% T)
and CD spectroscopy of solid CNC films were performed on Cary
5000 UV—vis (Agilent Technologies) and Jasco J-815 (Jasco Inc.)
spectrophotometers, respectively, at the UBC Shared Instrument
Facility. Films were mounted perpendicular to the incident light
source, and spectra were collected over the visible spectrum (350—
800 nm) for both UV—vis and CD spectroscopy. The optical
properties were measured at § = 0° incident light, with air as the
reference in each experiment. POM images were taken on an
Olympus BX41 (Olympus Corp.) optical microscope. Solid films were
imaged between two linear polarizers placed at 90° with respect to
each other.
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