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36 Abstract

39 Bio-derived materials have become an increasingly desirable alternative to materials sourced
41 from nonrenewable resources. Cellulose nanocrystals (CNCs), often derived from wood pulp, can
be used to manufacture thin films with applications ranging from optical, protective, and aesthetic
46 coatings to sensors and batteries. Quantifying the mechanical properties of CNC films is a
48 necessary step towards improving the quality of these bio-derived films. Because CNCs are highly
anisotropic and can subsequently form highly ordered, aligned structures, an experimental method
53 that can succinctly determine how film properties change with particle orientation is of interest.

55 Here, spin coating an aqueous solution of CNCs onto a silicone elastomer results in a radially
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aligned particle assembly. As the local orientation of these aligned, high aspect ratio particles
changes with respect to a uniaxially applied compression, the mechanical response of the particle
assembly was observed to vary significantly. By applying a lateral compression to a radially
aligned CNC film/elastomer bilayer, surface buckles aligned orthogonal to the compression
direction were observed. The wavelength of these wrinkles, coupled with the thickness of the film
and the modulus of the substrate, is dictated by the modulus of the film. The modulus as a function
of local CNC alignment and position for each film was thus determined in a single experiment.
These experiments measured a higher modulus for the film where the orientation of the CNC
particles is aligned parallel to the uniaxial compression direction. Coarse-grained modeling of
closely packed, high aspect ratio particle assemblies supporting the experimental results agrees
with the observed trend. By characterizing the mechanical properties of CNC films, these green
materials can be further developed for industrial-scale implementation; additionally, an
experimental method is proposed for concisely capturing a range of modulus values in an

anisotropic particle film.

1. Introduction

The study of nanoparticle assemblies has been an increasingly attractive field of research for
its potential to enable the design functional materials on multiple length scales.['l Cellulose
nanocrystals (CNCs) are bio-derived nanoparticles that have been proposed for applications such
as optical sensors, barrier coatings, structural colorants, and functionalized surfaces.l>
Furthermore, these applications can be advanced with more control of the distribution, shape, and
orientation of nanoparticle systems.[3]

CNCs are a renewable resource derived via acid hydrolysis from plants, like trees and

grasses, bacteria, and certain animals such as tunicates.[:”] Their environmentally-friendly
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sourcing makes these particles a promising candidate to replace products derived from
nonrenewable resources. A single CNC rod has dimensions of 3 nm to 5 nm in width and thickness
and 50 nm to 500 nm in length.[8] CNCs also exhibit anisotropic properties due to highly oriented
crystalline polymer chains.[>!% Due to the surface chemistry and shape of the particles, CNCs have
the potential to form films of oriented particles with controllable ordering.l'!! These films can
replace conventional thermoplastics for applications such as protective coatings on fabrics,[!?]
transparent barrier films, or commercial printing labels.l”] However, before CNC films can be
employed for these applications, the film properties must first be characterized.

While some literature describes the modulus of individual CNCs,[”?! the modulus and
anisotropy of CNC ultrathin films (taken here to have thicknesses below 1 micrometer) have yet
to be fully characterized. Reising, et al. measured the modulus of the axial and transverse direction
of a thick CNC film to be approximately 30 GPa and 7 GPa, respectively, in uniaxial tensile
experiments.!'3 Further, a buckling-based approach for measuring the modulus of glassy films has
been used to characterize rigid isotropic CNC films and CNC composite films supported on an
elastic substrate.['%13] This buckling approach utilizes the geometry of the specimen and substrate
modulus to resolve the modulus of the thin film.['®!7 While the chiral nematic structure adopted
by CNCs during self-assembly has remained an obstacle to mechanical testing of isotropically
oriented, neat thin films,['8] our experimental method aligns the particles for improved
characterization of rod-like particle assemblies. Here, we utilize this buckling technique and
careful CNC film casting methods to quantify the modulus of CNC thin films aligned in the
transverse and axial directions within a single experiment.

Using strain-induced elastic buckling instability for mechanical measurements

(SIEBIMM)!'7 and a methodology to deposit a radially aligned CNC thin film, a substantial
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amount of data can be collected from a single experiment. The buckling wavelength (1) observed
when a critical compressive strain is applied to a thin rigid film on an elastic substrate is determined
by the plain strain moduli of the film and substrate (E; E;) and the thickness of the film (¢) as

shown in Equation (1).

Er\s .
A= Zﬂt(i_s) Equation (1)
Whereas self-assembled CNC thin films formed via evaporation exhibit the “coffee-ring”
effect,l!”] a spin coater is utilized here to induce a rapid evaporation by imparting a radial shear
force to an aqueous suspension, mitigating differences in film thickness across the film.[2% With a
constant CNC film thickness, this experimental approach utilizes the wavelength of the wrinkles
formed just beyond the critical wrinkling strain. The critical wrinkling strain is also dependent on

film and substrate moduli as for Equation (1) but independent of the film thickness.[?!]

2
3

1(3E
Ey = Z(?;) Equation (2)

Our methodology correlates the effects of the CNC film thickness, particle orientation, and
degree of particle alignment to the Young’s Modulus. Particle orientation is defined here as the
angle between the principle compressive strain direction and the average axial direction of the
CNC particles (the direction in which the CNCs are “pointing”). The degree of alignment describes
how well aligned the particles are with one another in a given direction. This procedure
demonstrates the ability to control the particle orientation of high aspect ratio particles within the
thin film, which is useful for optical and selective barrier coating applications.*! The experimental

results are corroborated by coarse-grained (CG) modeling results that calculated the modulus of

assemblies of rigid rods with varying degrees of alignment.
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2. Methods

2.1 Substrate Preparation

Polydimethylsiloxane (PDMS, Dow Sylgard 184) was selected for the substrate due to its
nearly linear elastic mechanical response at small strains and ease of handling.[??] The substrate
was prepared by mixing the base and curing agent at a 15:1 ratio by mass. The uncured mixture
was placed under vacuum for 600 s to remove trapped air bubbles. The PDMS was cured at 70 °C
for 20 h in a custom glass and aluminum foil mold. The larger piece of cured PDMS was removed
from the mold and cut with a razor blade into square substrates with lateral dimensions of 25 mm
and a thickness of 7.4 mm. The modulus of the PDMS substrate was measured directly through
indentation and found to have an average of 0.96 MPa as described in detail in the Supporting
Information (Figure S1).

A corona treatment was applied to the PDMS surface immediately before spin coating of the
CNC film to locally oxidize the surface to increase the surface energy and wettability (as shown
in static contact angle measurements in Figure S2).23 A corona treater (BD-20AC, Electro-Technic
Products) with an electrode tip (BD-20A, Electro-Technic Products) was used to oxidize the
surface of each substrate. A custom cardstock stencil was centered over the PDMS substrate prior
to the treatment to constrain the application area to a circular disk with a radius of 10 mm. The
electrode was suspended 5 mm away from the substrate surface, which corresponds to a power of
9.8 kV. Each specimen was treated for 30 s while the substrate was slowly translated laterally to
evenly treat the surface. The enhanced hydrophilicity of the corona treated PDMS gradually
decreases in air due to diffusion of unreacted silanol groups at the surface of the PDMS.[**! Due to
the transitory nature of the corona treatment, the CNC films were applied to the oxidized PDMS

immediately after the corona treatment (within 60 s).
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2.2 Preparation of CNC suspensions and thin films

The CNCs were received from The University of Maine Process Development Center as a
12.1 wt% suspension. This suspension was further diluted to the desired concentration (2 wt% to
4 wt%) with deionized water. The CNCs were then dispersed using a vortex mixer (Thermo Fisher
Scientific). A spin coater (Laurell Technologies Corporation) was used to deposit the CNC
suspension onto the hydrophilic oxide layer of a freshly corona treated PDMS substrate. Each
deposition was conducted with a spin acceleration of 100 rpm s~ up to a terminal spin velocity of
2500 rpm. The relative humidity of the environment was maintained at 50 %RH. A marker on the
center of the bottom surface of the substrate was used to align the PDMS substrate with the axis
of rotation of the spin coater to ensure that the deposited film with centered with the substrate and
the oxide film. The entire spin coating procedure lasted for 30 s to allow for the majority of the
water in the suspension to be removed. CNC film thicknesses were measured using an
interferometer (Filmetrics) by spin coating 2 wt%, 3 wt%, and 4 wt% CNC suspensions onto
silicon wafers using the same spin coating parameters as for the PDMS. The resultant thicknesses
were 40 nm, 70 nm, and 120 nm. Mechanical properties of films were measured within 1 h of spin
coating. The circular CNC film on the PDMS substrate was then prepared for microscopy by
placing the sample on the uniaxial compression stage.

2.3 Optical microscopy for buckling-based modulus measurements

A compressive strain was induced on each CNC film/PDMS substrate sample using a
custom-built uniaxial stage with two manual micrometers shown schematically in Figure 1a. The
illustrated overview of the sample (Figure 1b) defines the radii and angles corresponding to each

position on the film.
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Figure 1: Experimental design (a) Mechanical stage illustrated schematically with mounted sample
and micrometers applying a uniaxial compressive strain. (b) Overview of filmed substrate with
annotated orientations. (c) Theoretical orientation and degree of alignment of particles as a
function of radius and angle relative to the center of the film. The microscopy image depicts the
first quadrant of the CNC film.

The radial shear imposed by the spin coater is expected to create a radially symmetric film
of CNC particles because the axial direction of a CNC particle will align with the shear direction.
Furthermore, the degree of alignment is expected to increase further from the disordered center of
the film. This radial CNC particle orientation is the basis for measuring the anisotropy of the
particle film.

2.4 Atomic force microscopy

Atomic force microscopy (AFM, Bruker Dimension 5000) was performed to characterize
nanoscale features on the oxidized PDMS surface. A silicon nitride tip (Bruker OTR8-10, spring
constant 0.57 N/m, frequency 73 kHz) was used in contact mode to measure the wrinkle
wavelength of the oxide layer prior to CNC deposition. During data collection, the deflection

setpoint was 0.5 V and the integral and proportional gains were set to 20 and 30, respectively.
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Because the corona treatment introduces a thin oxide layer, an analogous buckling experiment was
utilized to determine the thickness of only the thin oxide layer. The greater lateral resolution of the
AFM was necessary to measure the small wavelengths of the wrinkled oxide layer. The thickness
of the oxide layer was calculated by assuming the oxide modulus to be 70 GPa (that of Si0,) based
on the previous work of Deagen, et al. and Bowden, et al.[>>?] The PDMS sample was
compressively pre-strained 5 % and processed under the same corona treatment conditions as the
CNC film samples. The compressive prestrain was released after corona treatment to induce a
uniaxial compressive strain orthogonal to the prestrain direction on the surface of the PDMS,
permanently wrinkling the corona treated thin film. AFM was then used to measure the wrinkle
wavelength of the specimen (Figure S3) and calculate the effective thickness of the oxide layer
required to decouple the modulus of the oxide from the modulus of the CNC films in the SIEBIMM
experiments described here (Figure S4).

2.5 Optical microscopy

An inverted optical microscope (DMi-8, Leica Microsystems) equipped with cross
polarizers was used to observe the birefringence of the CNC thin film and the wavelength of the
film when compressed. A mechanical stage with two micrometers (Newport) was used to apply
the incremental compressive strains to the specimen. The microscope was equipped with tile-
mapping capabilities, allowing automated scans of the entire CNC film. The sequence of mapped
images were assembled using the stitching function in ImageJ?”] to produce composite images of

the entire CNC film.
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2.5.1 Birefringence microscopy

The polarizer and analyzer were adjusted to minimize the intensity of light detected from the
microscope before placing the sample in the uniaxial micrometer stage. Once the sample was
loaded, a tile map scan was captured and stitched.
2.5.2 SIEBIMM measurements

A tile map scan was collected of the unstrained sample, and sequential tile map scans of the
entire film were captured at incremental displacement steps of 100 um (0.4% strain) until the entire
film had reached the critical wrinkling strain. Each tile scan was compiled into an image stack
such that consecutive images had increasing compressive strains. The stack was analyzed with a
custom image analysis macro (MATLAB, MathWorks) to measure the wavelength of local
positions, which is further discussed in the supplemental information. The wrinkle wavelength
value taken at each position was recorded at or just beyond the critical wrinkling strain. This
approach also allows the critical wrinkling strain as a function of CNC particle orientation and
degree of alignment to be obtained spatially.

2.6 Coarse-grained modeling

2.6.1 Overview of CG model

Coarse-grained molecular dynamic (CG-MD) simulations have been used to systematically
investigate the mechanical response of CNC thin films.[?! Within a validated ‘bead-spring’ CG
model of CNC,? each CG bead corresponds to three repeat-units of the 36-chain structured (110)
surface of If crystalline CNCs where the cross-section is 3.38 nm by 3.57 nm as described in
further detail in previous studies.[3*-32] The CG force field components include the contributions
of the bonded and angular bending interactions along the axial direction of the fiber, which are

captured by harmonic spring potentials and non-bonded pair interactions using the Morse potential.
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This model is used as a theoretical reference point for the experimental results. More detailed
information of the CG model development can be found in previous studies.*0]
2.6.2 CG thin film modeling

CNC thin film systems with ordered and disordered CNCs were built to explore their
mechanical behavior. Specifically, aligned CNCs were assembled into the simulation cell to form
an anisotropic system comprised of 300 CNCs with 32 CG beads per CNC (with a length of
approximately 100 nm), resulting in a film thickness of around 45 nm along the z-axis. To generate
a representative disordered network, various numbers of CNCs, from 60 to 540 CNCs, with 32 CG
beads per CNC were packed into a fixed simulation cell (150 nm by 150 nm by 45 nm), forming
the randomly in-plane oriented configurations. Periodic boundary conditions (PBCs) were applied
in the x-y plane and non-PBCs were applied in the z-direction to create free surfaces. Two perfectly
smooth implicit walls were applied underneath and above the film to maintain the film geometry
using a 9-3 Lennard Jones (LJ) potential. An integration timestep of At =5 fs was adopted for all
simulations. To equilibrate the system, the total potential energy was first minimized by using an
iterative conjugate gradient algorithm. For a well-aligned CNC region, the CNC film underwent
two annealing cycles from 1000 K to 300 K and was then equilibrated for another 10 ns at 300 K
with zero pressure under isothermal-isobaric (NPT) ensemble; for disordered CNCs, the annealing
cycle of simulation was carried out, followed by dynamics equilibration runs at the target density
under the canonical (NVT) ensemble. Prior to deformation, structural stability and equilibration
were confirmed by monitoring the total potential energy to ensure convergence. Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)133] was used to implement all the MD
simulations and the visualization of simulation snapshots was performed by Visual Molecular

Dynamics (VMD).[34]

10
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3. Results and Discussion

An advantage of this methodology is the spatial resolution enabled by the experimental
design that can quantify the local CNC film modulus as a function of the radial and angular
position. The radially aligned films are used to measure the film modulus of CNCs at various
orientations relative to the compression direction through wrinkling as a function the position
within the film. This technique is then used to describe the anisotropy of the local modulus of the
thin film. Optical CNC orientation and surface buckling experimental results are then compared
to mechanical modeling simulations that match the density of cellulose, film thicknesses, and CNC
orientations using a coarse-grained (CG) model.

3.1 Birefringence

The diffraction of light passing through the CNC sample placed between two crossed polarizers is
a function of the local refractive index of the film. In a radially aligned film, the difference between
the refractive index in the transverse versus axial directions describes the birefringence of the film.
Cross polarizers are used to observe birefringence and the degree of radial ordering of the CNCs
within the film. A significant birefringent response (high contrast between orientation regions)
suggests ordering. Previous work has shown that spin coated CNC films exhibit significant
ordering from the analysis of refractive indices.[*3! For the films produced in the present study, a
Maltese cross, indicative of radial alignment, was observed during each birefringence experiment
for the 40 nm, 70 nm, and 120 nm thick CNC films (Figure 2). The observation of a Maltese cross
indicates a symmetry between the particles, however this characterization cannot identify if the
film has radial or a Frank-Pryce structure.[*¢] Here, the presence of symmetry observed through
birefringence is used as evidence of structure. The local variation in the moduli and its agreement

with CG-MD results provide further evidence of radial alignment.

11
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Figure 2: CNC films between two crossed polarizers for thicknesses of (a) 40 nm, (b) 70 nm, and
(c) 120 nm. All three images have been modified in brightness and contrast to illustrate the
birefringent response of the cellulose to indicate a radial orientation of CNC particles. Insets show
the birefringence of the entire CNC film of r = 10 mm.

3.2 Modulus characterization

3.2.1 Wrinkle wavelength

The local wrinkling wavelength was measured across the sample at the onset of wrinkling.
The larger tile map image (Figure 3) used for illustration purposes was obtained at a relatively
high strain. In this macro image, the stiffer portions of the film (east and west poles, axially loaded
CNCs) are well beyond their critical buckling strain and the more compliant regions of the film
(north and south poles, transversely loaded CNCs) are just reaching their critical strain. This tile
scan image taken near the end of an experiment is a good representation of how wrinkling begins
and intensifies in regions of higher modulus first and then “fans out” as additional compressive
strain is applied. The darker regions along the axially loaded CNCs show a higher contrast due to
higher amplitudes from compressive strains that far exceed the critical wrinkling strains in those

regions.

12
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46 Figure 3: Wrinkle wavelength as a function of position on the film is angle dependent. Wavelength
47 is greatest where particles are aligned in their axial direction (0° & 180°). Wavelength is lowest
48 where particles are ordered in their transverse direction (90° & 270°). The transverse wavelength
49 approaches 7.6 pm for the insets with increasing radius; conversely, the insets with increasing
angle show a reduction in wavelength to a minimum of 4.58 pm.

At higher magnification, as shown in the images to the left and below the tile map, wrinkles

55 can be observed at the critical wrinkling onset strain for each location. Each high magnification

58 13
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image is color coded to indicate its location on the tile map. The effect of particle orientation on
the wrinkle wavelength was clearly observed. For wrinkles formed from a compressive load
applied in the same direction as the aligned CNCs (0 and 180°), the local wavelengths were
relatively large, indicating a larger modulus along the CNC axes. Conversely, in the 90° and 270°
positions, the wrinkling wavelength decreases because the compressive direction is oriented
transverse to the CNC alignment direction. These results emphasize how a single wrinkling
experiment can be used to measure the local CNC particle mechanics and extract the anisotropy
of an anisotropic particle film under uniaxial compression.

The wrinkle wavelength, and thus CNC film modulus, had a slight dependence on position
along the radius from the center to the edge of the film. This is because there was relatively little
change in the shear forces experienced by the CNC suspension from the center towards the edge
of the film. The particle alignment is assumed to be relatively constant as a function of radius
because the whole oxidized region was quickly coated and dried during spincoating. Thus, we did
not observe significant differences between the birefringence signal or measured modulus of the
films in the radial direction.

3.2.2 Bilayer deconvolution

The corona treater was a useful processing tool for quickly depositing a hydrophilic oxide

layer.[?3-371 To account for the presence of an oxide layer between the CNC thin film and the PDMS,

a bilayer thin film mechanics relationship was applied.’® This function determines the effective

E
modulus (Epjzy.-) based on the ratio of modulus values (m = %), the ratio of film thicknesses (

h
n = ﬁ), the intermediate film modulus (E,,) and the surface film modulus (Ecyc). An

illustration of the sample structure containing a bilayer film is further detailed in the supporting

information.

14
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1+ m?n* + 2mn(2n? + 3n + 2)
Ebilayer = (1 + )31 + mn) oxide

Equation (3)

Because the corona treatment on PDMS creates a thin oxide layer, the modulus was assumed
to be equivalent to a glass film with a uniform modulus of 70 GPa through the thickness.[?°] While
it is likely that the oxide layer had a gradient modulus through the thickness, for the purpose of
this approximation, it was taken as constant. The intermediate film (oxide) thickness of 3.1 nm
was calculated using the oxide wrinkling wavelength of 560 nm observed via AFM. The thickness
of the CNC film for each concentration was determined using an interferometer. By measuring the
bilayer wavelength with the MATLAB script, an effective modulus was calculated, enabling the
use of Equation 3 to determine the modulus of the CNC film.
3.2.3 Modulus mapping with orientation

The custom MATLAB script characterized local wavelengths of each strain step to map the
change in modulus as a function of position across the film. The MATLAB code used thresholds
to determine when each position had reached the critical wrinkling strain (onset of wrinkling) and
used that slice to determine the wrinkle wavelength at that position. Thus, all of the wavelength
values reported here were measured as close to the local critical onset strain as possible (within
0.4% strain). The wavelengths of the stiffest portions of the film (0°) were calculated from one of
the earliest slices while those of the more compliant regions of the film (90°) were measured from
further along in the sequential compressive loading experiment. Figure 4 compares the mapped
results of two different film thicknesses (70 nm and 120 nm) and analyzes the modulus
dependency on angle and radius. In Figure 4 (a & d), the film modulus up to a radius of 6.5 mm is
mapped and plotted as a linearly interpolated contour plot. The CNC modulus calculated from
Equation 3 is plotted beside the bilayer wavelength observed from optical microscopy to detail the

scaling relationship from the bilayer film.
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Figure 4: CNC film modulus values with film thicknesses of 70 and 120 nm were mapped using
a custom MATLAB Script to measure local wavelengths. (a & d) The mapped images are
illustrated for the 3 wt% concentration film (70 nm) and the 4 wt% concentration film (120 nm).
The colorbar scales linearly with CNC modulus; the wavelength ticks are values corresponding to
the respective CNC modulus value and do not share the same scaling. (b & e) The average of the
four quadrants was plotted as a function of angle with a constant radius and (¢ & f) as a function
of radius with a constant angle.

The global difference in modulus between the 70 nm and 120 nm mapped images is
attributed to the effective number of CNC layers where the thickest films have too many
interparticle interactions to act cooperatively and lose neat packing, but more data acquisition as a
function of film thickness is needed to support this hypothesis. In Figure 4 (b & ¢), the CNC
modulus for each angle loosely converges towards a different value. Each quadrant was overlayed
and a moving average of three units was applied to remove noise. The pronounced oscillations in
Figure 4 b for the 0 © orientation are a result of image processing artifacts and are discussed in

more detail in the Supporting Information. Progressing from a state of isotropy at the center of the
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film to a higher degree of anisotropy at the edges of the film is indicative of an increasing degree
of alignment.

The measured change in modulus as a function of angle can be observed in Figure 4 (¢ & f).
The anisotropy of both CNC thin films is evident as the CNC modulus decreases from the axial
orientation (0°) to the transverse orientation (90°). These results support our hypothesis of local
stiffening due to radial alignment of the CNCs and are in good agreement with the results obtained
from the CG-MD simulations. This method of local mapping of the film wrinkling behavior
succinctly identifies the change in local modulus as a function of the degree of alignment of local
CNC particles and the CNC particle orientation. One of the most significant contributions of this
study is the methodology, which can be extended into other particle film systems as a wholistic
measurement tool for determining modulus and anisotropy as a function of particle arrangement.

3.3 Simulation results

As shown in Figure 5a and 5b, CNC thin film systems with ordered and disordered CNCs
were simulated to explore the structure-property relationships of their mechanical behavior.
Specifically, a tensile loading with a strain rate of 0.05 ns-! was applied in the x-direction for an
ordered region at 0°, in the x-y-direction with an orientation angle of 45°, and in the y-direction at
90°, which corresponded to the change in mechanical response with respect to the local
directionality of the CNC particle orientation observed within the thin film (Figure 5a). From
simulated tensile testing of the ordered CNC region, the elastic modulus was obtained from the
stress versus strain curve as shown in Figure 5c, where the fluctuating red line shows the stress
output for the orientation angle of 0° (right, y-axis) compared to the blue solid and dashed lines
showing the results for the orientation angles of 45° and 90°, respectively (left, y-axis). The

modulus was determined by fitting the stress-strain of the linear regime below a strain of 1% as
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marked by the black dashed lines. The modulus in the axial loading direction (0°) was significantly
greater than the modulus of the other two directions (45° & 90°) in addition to the fluctuating
amplitude of stress in the strain hardening regime. These simulation results demonstrate that the
mechanical responses of well-aligned CNCs under tension vary substantially with directionality
of the nanostructure, which is consistent with the experimental measurements shown above. It
should be noted that additional simulations with lower strain rates of 5e-3 ns*! and 5e-4 ns'! were
also performed (see Figure S6 in Supporting Information) to explore possible strain rate effects,
however, no significant rate dependence of modulus was observed.

a 90° 45° ‘ b
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Figure 5: (a) Snapshots of the coarse-grained (CG) model of CNC films in the ordered and
disordered regions, respectively (top view). (b) Snapshot of the simulation box with a disordered
CNC film system consisting of several randomly oriented CG fibers (3D side view). (c)

Representative stress-strain relation in three different loading directions in the ordered CNC region.

(d) For the CNC region with random particle distribution, the power-law scaling relationship
between normalized E/E,, and p/py,, where E, = 134 GPa and p, = 1.63 g cm?, corresponding to
the Young’s modulus and density of pristine or individual CNCs is shown. Inset shows the
representative tensile stress-strain response of a CNC thin film in the disordered region. (e)
Comparison of the experimental and simulated modulus results for the CNC films with different
orientation and disordered configuration.
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To gain better insights into highly disordered CNC regions, the influence of packing density
on the modulus of CNC films having a porous network structure was investigated. Previous
experimental and simulation studies have reported that both the modulus and strength of
nanocellulose-based materials with porous structures exhibit a noticeable increase with
density.[}13°1 Experimentally, it is commonly observed that neat CNC films with higher porosity
(02gecm3<p<09gcm~3) have typically been produced through solution casting
techniques.!” In the present simulations, the density of CNC films is varied from approximately 0.1
gcm 3 to 1.0 g cm 3 by adjusting the amount of CNCs contained in the simulation cell. The
inset in Figure 5d shows the representative stress-strain output for the CNC network in the
disordered region, which is characteristically similar to those for the well-aligned CNCs with
orientation angles of 0° and 45°. Remarkably, there exists a scaling relationship between modulus
and density normalized by the values of individual pristine I8 CNC (i.e., p, of 1.63 g cm™ and E,
of 134 GPa), which can be described by the well-established power-law Gibson and Ashby (GA)
modell*%! for foam-like porous systems: E/E,, = C(p/pp)", where C and n are adjustable constants
and p,, and E}, are the density and modulus of pristine CNCs given above.[*!42] Experimentally,
the value of n generally lies in the range from 1 to 4 based upon the specific microstructure of the
cellular material, such that n =2 for conventional polymeric open-cell foams and n =2.73 for 3D
graphene assemblies.[?*#] Consistent with this expected scaling relationship, the values of C and
n are estimated to be 0.08 and 1.47, respectively, from our simulations (Figure 5d). Determining
such scaling relationship values is useful in understanding the structure-property correlations of
CNC thin films and in predicting the mechanical performance of the high-porosity film system

with randomly oriented CNCs from a design perspective.
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Figure 5e shows a comparison of the results of elastic moduli obtained from the experiment
and simulations. For the well-aligned CNC regions, the moduli with varying orientation angles
(i.e., 0°,45°, and 90°) obtained from CG simulations are 21.4 GPa, 1.4 GPa, and 0.5 GPa, which
are different but follow the same general trend as the values obtained from the experiments. For
the central region where CNCs are randomly oriented in-plane, it is observed that the modulus of
4.1 GPa of the film with p & 0.8 g cm3 (similar to the estimated density of the well-aligned CNC
films) from the simulations based on the power-law scaling relationship is lower than the
experimental measurement. Despite the difference in the magnitudes of CNC thin film moduli, the
simulation trend is in qualitative agreement with the experimental observations: £(0°) > E(center
or disordered) ~ E(45°) > E(90°), corroborating the finding that the modulus varies significantly
with respect to directionality and ordering of CNCs in thin film systems. The deviation of the
simulated £ values from the experimental measurement might be attributed to several factors, such
as idealization of the CNC model that has uniform distribution in length and cross-section
dimension, inconsistency of film density in the experimental specimens which highly affects the
modulus, as well as the microstructural difference associated with packing and orientation of
CNCs. Regardless, the results obtained from CG-MD simulations, in general, agree well with the
trend identified from the experimental observations, demonstrating the important role of CNC

orientation and microstructure in the mechanical response of thin films.

4. Conclusion

Using spin coating to deposit a radially aligned CNC thin film, the modulus and anisotropy
of a CNC thin film were characterized using SIEBIMM as a function of local orientation and
degree of alignment of CNC particles. The results concluded that a high degree of alignment of

the particles led to significant anisotropy in the axial and transverse moduli of the CNC thin films.
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Additionally, the modulus was highly dependent on the local particle orientation relative to the
compressive direction. This approach can be extended to high aspect ratio particle thin film
assemblies to characterize modulus and anisotropy in a succinct methodology using buckling
instabilities. Future work will focus on the influence of film thickness on the ordering and
anisotropic mechanical response of CNC particle films. This method is both wholistic and detailed
for describing mechanical properties with multiple metrics of measurement: birefringence
microscopy for measuring through-thickness degree of alignment, strain-induced instability
characterization for modulus measurement, and strain-step imaging for characterizing the onset of
critical strain.

Supporting Information: Explanation of indentation measurements of substrate modulus.

Static water contact angles before and after corona treatment. Bilayer deconvolution and
determination of oxide layer thickness. Description of MATLAB code. Microscopy images of

40nm CNC film. CG-MD strain rate effect results.
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