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Technical Abstract

Cellulose nanomaterials (CNMs) have been widely studied for their potential as sustainable
fillers in polymer nanocomposites, optical responsiveness in suspensions and thin films, and their
orientation-dependent liquid crystalline behavior in suspensions. Cellulose nanocrystals (CNCs)
have seen a particular prominence due to their versatility across a breadth of applications. The
unique structure of CNCs, represented as nanoscale rods with a slight twist, provides for their self-
assembly into liquid crystalline phases when their concentration is increased and can be used to
generate iridescent materials with tunable wavelengths. Further, CNCs are often used as fillers in
nanocomposites, due to their high single crystal Young’s modulus, achieving vast enhancements
in stiffness when incorporated above a critical concentration where a percolating network is
formed. The breadth of applications for CNCs strongly depend not only on their crystalline
structure, but crucially on the interactions between particles. These interactions are well-known,
yet a complete understanding to enable the full exploitation of the properties attainable in CNC-
based materials is lacking. The principal emphasis of this dissertation lies in further improving our
comprehension of the interactions between CNCs across a variety of applications such that their
full potential can be achieved. A review of the current research of CNC-based materials is provided

to guide the discussion herein.

Interparticle interactions are studied in aqueous suspensions of CNCs in evaporating sessile

droplets. This system provides a complex interrelationship between mass, heat, and momentum



transport which collectively provide a change in the local CNC concentration as a function of time.
CNC interactions can be controlled throughout the evaporation process as a result of these local
concentration variations. We implement a novel approach using time-resolved polarized light
microscopy to characterize the evolution of these particle interactions via the orientation of CNCs
as a function of CNC concentration and droplet volume. Ultimately, boundary interactions at the
leading edge of the contact line during evaporation was found to drive a cascade of local CNC
interactions resulting in alignment post-deposition. Computational analysis evaluated the influence
of evaporation-induced shear flow during evaporation. Orientation was found to be independent
of the bulk fluid flow, corroborating the importance of interparticle interactions on the ensuing
alignment of CNCs. Characterization of an evaporating droplet of initially liquid crystalline
suspension of CNCs verified the simulations which predicted that orientation was not coupled with
entrainment. Finally, the multiple modes of orientation showed that local control over CNC
properties can be realized through governance of the interactions between CNCs.

The interactions of CNCs in polymer nanocomposites were also studied for the
development of smart materials which can adapt their properties in response to external stimuli.
A well-known example of this phenomena is found when CNCs are introduced as fillers in
thermoplastic polyurethanes (TPUs) above a critical concentration required to achieve
percolation. The interactions between CNCs in the percolating network provide a strong
enhancement to the modulus of these materials. However, these materials soften upon exposure
to water following the disruption of inter-CNC hydrogen bonding by the diffusing water
molecules, as prevailing theories suggest. CNCs simultaneously enhance water transport into
hydrophobic matrices. Thus, a complete understanding of the interrelationship between the mass

transport and mechanical performance can facilitate the development of humidity sensing or



shape memory materials which operate as a result of the interactions between CNCs inside of a
polymer matrix. Despite an increase in the equilibrium water uptake with increasing CNC
concentration, a decrease in the apparent diffusivity of water within the nanocomposites was
observed as a result of swelling of the bulk polymer. Additionally, we developed a modification
to the commonly used percolation model to predict the time-dependent evolution of storage
modulus during water-induced softening. We found that the solvent mass transport can be
directly coupled to the mechanical integrity of the percolating network of CNCs by evaluating

the hydrogen bonding state of the network as a function of time.

Finally, a novel nanocomposite filler comprised of CNCs and 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) oxidized cellulose nanofibrils (TOCNFs) was prepared
through solution casting to improve the mechanical performance of the individual reinforcements
alone. The physical interaction length is increased by incorporating CNMs of different length
scales resulting in increased tensile strength and elongation. Further, the morphology, evaluated
with polarized light microscopy, atomic force microscopy, and simulated with dissipative particle
dynamics, revealed the combined fillers exhibit a cooperative enhancement between CNMs.
Characterization of the crystallinity through x-ray diffraction confirmed the interactions occur
primarily between the crystalline domains of each material. Accordingly, the combination of
CNMs resulted in nanocomposite fillers which can be implemented such that the weak interfaces
with polymer matrices can be bridged with fillers providing reinforcement over a broader length

scale.
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General Audience Abstract
Cellulose nanocrystals (CNCs) are sustainable and biorenewable nanoparticles derived

from cellulose. These materials have been widely studied and are commonly used among a
plethora of applications such as in reinforcing fillers in polymer nanocomposites, optically
responsive materials that can be used in packaging or anti-counterfeiting technologies, as well as
in suspension modifiers for skin care products. These techniques tune the interactions between
individual CNCs to modify the behavior of the bulk material. The specific interactions are well-
known, yet a complete understanding of the influence of these interactions resulting in the utility
of CNC-based materials in various applications is lacking. The principal emphasis of this
dissertation lies in further improving our comprehension of the interactions between CNCs across

a variety of applications such that their full potential can be achieved.

Interactions between CNCs were investigated in three systems comprising of a range of
typical use cases for CNC-based materials. The behavior of CNCs was examined in evaporating
droplets of aqueous suspensions. These materials exhibited a change in orientation in the final
deposit which is dependent on variations in local CNC concentration during drying. These
concentration changes describe the relative strength of interactions between CNCs which
ultimately influences the final alignment of these materials. Further, these interactions provide a
pathway to deposit a controlled orientation of CNCs on a substrate which can be utilized for

optically responsive materials or serve as templates for other orientation-dependent materials.



CNCs were also incorporated into a thermoplastic polyurethane (TPU) matrix to provide
increased stiffness. In these composites, water preferentially interacts with CNCs preventing the
nanoparticles from interacting with one another. As water is absorbed, these materials soften as a
result of the reduced interactions between CNCs. We investigated the influence of dynamically
changing CNC interactions on the mechanical performance of these materials during water

absorption and developed an analytical model to describe the observed softening behavior.

Finally, CNCs were combined with 2,2,6,6- tetramethylpiperidine 1-oxyl oxidized
cellulose nanofibers (TOCNFs) and cast into thin films. The mechanical properties of these
differently sized, yet chemically similar, nanoparticles were compared as a function of CNC
composition. A cooperative enhancement of the ultimate tensile strength and elongation was
observed at low CNC loadings where CNCs and TOCNFs were found to self-organize during

casting in a mutually beneficial manner.

Vi
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Chapter 1 - Introduction
1.1 Background and Motivation

Cellulose nanocrystals (CNCs) offer unique optical, mechanical, and rheological properties
which can be utilized for a wide variety of applications. Due to their anisotropic properties, such
as birefringence, and their tendency to self-organize in suspension, these nanoscale rod-shaped
particles have seen use in a variety of optical'* and electronic® ® systems as well as polymer
composites.”® While considerable research has been conducted on nanocellulosics, additional
characterization of their complex self-interactions, their interactions with similar materials, and
their interactions with dissimilar materials would greatly benefit the field in continuing to develop

novel materials with unique properties.

CNC suspensions are well known for their liquid crystalline (LC) phase transition between
isotropic and chiral nematic phases above a critical concentration.'® This phase transition yields a
characteristic fingerprint texture when illuminated under crossed-polarized light and gives rise to
tunable iridescence. To fully elucidate the optical capability of CNC films, further control of the
LC structure outside of its preferred cholesteric phase is required. This has been achieved through
magnetic'*® and shear™ * > forces to generate uniaxial particle alignment. While these
technologies offer tunable orientation in nanocellulosics, they require large energy investments,
such as an 8 T magnetic field,'! to induce and maintain orientation. A low energy alternative
method for imparting controlled orientation of CNCs would aid the development of novel low cost
nanocellulosics devices. We propose evaporation induced self-assembly (EISA) of CNC
suspensions as an energy efficient method to meet this demand while providing a route to

additional outcomes such as energy efficient patterning and templating of oriented structures.



Exploring this opportunity will require investigation of the interparticle interactions acting in CNC

suspensions and their impact on rheological functions.

Another promising avenue for nanocellulosics is in their utility for composite materials. In
this domain, intermolecular forces between CNC particles as well as between CNCs and polymer
matrices are critical to the performance of the material as a whole. Several studies have
demonstrated decreases in the moduli of CNC composites when CNC interactions are disrupted,
commonly by the introduction of a solvent such as water.'®??> These composites mechanically
adapt to environmental stimuli and thus can be implemented in the design of mechanical actuators
and sensors. Thus, we propose an exploration of these interactions by studying the diffusive
transport mechanism of solvent in to a CNC composite. Crucially, the interactions between the
solvent and CNCs as well as between the solvent and polymer matrix need to be explored to fully

take advantage of this behavior and provide tunable functionality.

Finally, the nature of CNCs to interact with similar materials such as cellulose nanofibrils
that are oxidized in part with 2,2,6,6- tetramethylpiperidine 1-oxyl (TEMPO) radical (TOCNFs)
posits additional avenues for the design of novel composite materials. Together, these materials
resemble the natural structure of wood, whereby several morphological features of increasing
complexity can be observed at increasing length scales.?® We explored the combination of CNCs
and TOCNFs to develop strong lightweight composite materials. In doing so, revealing the
structure-property relationships between CNCs and TOCNFs will be critical to understanding the
ultimate behavior of these composite systems in practical applications. Thus, we propose the
analysis of morphology and structure-property relationships between CNCs and TOCNFs to
develop materials which can transfer stresses between morphological features of varying length

scales.



1.2 Research Hypothesis and Objectives

The research objectives set forth in this dissertation seek to discover the relationship

between interactions of CNCs and macroscopic properties. These research goals will advance the

knowledge base by providing insight into the complex and difficult to characterize behavior of

CNC:s for utilization in a variety of systems. Further, it would be possible to extend this work to

the characterization and evaluation of other strongly interacting rod-shaped nanomaterials.

1.2.1 Hypotheses

1.

Evaporating sessile droplets of CNC suspensions develop particle orientation during drying
as a result of the dynamic changes in local particle concentration which governs the relative
influence of the interactions between these rod-shaped particles.

The mechanical softening exhibited in CNC-TPU nanocomposites is driven by the
diffusion of water into the matrix which disrupts inter CNC hydrogen bonding, thus
mechanical performance of these materials can be described as a function of water
diffusion and transient hydrogen bonding state.

The interactions between cellulose nanocrystals and TEMPO oxidized cellulose nanofibrils
can be tailored to provide cooperative enhancements to the mechanical performance of

these materials.

1.2.2 Research Objectives

1.

Analyze the influence of interactions between rod-shaped particles, such as CNCs, on the
dynamic particle orientation developed during evaporation induced self-assembly within
drying sessile droplets.

Evaluate the fundamental diffusive transport mechanism driving transport of water in

cellulose nanocrystal-thermoplastic polyurethane nanocomposites, focusing on the local



transport at CNC and TPU interfaces to better explain the relationship between water
diffusion and mechanical softening.

Evaluate the structure-property relationships in cellulose nanocrystal-TEMPO oxidized
cellulose nanofibril composites to understand how these multiscale materials and their
interactions impact morphological, structural behavior, and mechanical properties such as

modulus, strength, and toughness.
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Chapter 2 - Literature Review
2.1 Nanocellulose Types and Properties
Nanocellulose is frequently used in one of two forms each providing unique properties and

characteristics: cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF).

2.1.1 Cellulose Nanocrystals
CNCs are derived from a strong acid hydrolysis of cellulose, commonly sulfuric acid. Such
hydrolysis removes the amorphous components of cellulose leaving crystalline domains on the
order of 5-20 nm in width and 100-2000 nm in length and is highly dependent on the cellulose
source. Hydrolysis is typically followed by dialysis and filtration to further purify the product.
Additionally, further reactions such as 2,2,6,6- tetramethylpiperidine 1-oxyl (TEMPO) radical-
mediated oxidation can alter the surface functionality of the CNCs from sulfate half ester groups
to carboxylic acid surface functional groups, Figure 2-1Error! Reference source not found..!
/ SO, /SO SO, O/SO3 - COO COO
O / O SO, | .
' (I:OO' '

Figure 2-1 CNC surface functional groups after sulfuric acid hydrolysis (left) and post treatment

with TEMPO mediated oxidation (right).

The size and aspect ratio is highly dependent on the cellulose source as soft and hardwoods
yield shorter CNCs with smaller aspect ratios and CNCs derived from bacteria or tunicates yields

long CNCs with high aspect ratios.



2.1.1.1 Morphology and Crystal Structure
CNCs are isolated crystalline domains from cellulose, Figure 2-2, which develops 3

primary crystallographic structures.
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Figure 2-2. Chemical structure of cellulose

Cellulose I is divided in to two structures which maintain parallel chain conformations,
monoclinic cellulose la and triclinic cellulose 18 whereas Cellulose Il is more thermodynamically
stable and is characterized by its antiparallel chain conformation.? The most common polymorph
of plant-based cellulose is cellulose I8 and is found in CNCs derived from both soft and

hardwoods.2

In suspension, CNCs develop liquid crystalline (LC) phases with orientational order when
particles closely interact with one another. Above a critical concentration of 4.5 wt %, CNCs begin
to separate into isotropic and chiral nematic phases.® These LC phases can be readily characterized
via polarized light microscopy where the chiral nematic phase is identified by the pitch of its

characteristic fingerprint structure.*

2.1.1.2 Mechanical Properties
The mechanical performance of CNCs have been evaluated with several techniques
including those which characterize the mechanical properties of individual crystals and those

which evaluate the behavior of CNC films typically generated from solution casting. There is great



interest in characterizing the behavior of these materials in cast CNC films as well as in composites

to take advantage of their strong mechanical performance and reinforcement properties.

Atomic force microscopy (AFM) is a powerful tool which utilizes an ultrafine needle tip
on the end of a cantilever coupled with a laser to measure the probes’ deflection. This technique
is capable of mapping the height profile of a given surface with nanometer precision as well as
characterizing the stiffness of materials through a process similar to nanoindentation. AFM of

isolated CNCs determined a single crystal CNC modulus of 130-200 GPa.>©

In addition to AFM, surface polarized Raman spectroscopy is another common tool used
to characterize the material properties of an individual CNC. The process examines the absorption
of infrared light in the sample in the Raman vibrational spectrum to characterize functional groups
the modulus of a molecular structure. In such cases the modulus of individual CNCs determined

by this method has been found to be comparable to reported moduli from AFM.”8

Bulk characterization of CNC mechanical properties is primarily characterized through
tensile testing or dynamic mechanical analysis (DMA).® Tensile testing elucidates the ultimate
properties of the materials, whereas, DMA is capable of revealing linear viscoelastic behavior
which is frequency dependent. Tensile testing of CNC films has revealed ultimate tensile strengths
on the order of 1.7 GPa!® ! and moduli in the range of 7-30 GPa.!2 A large discrepancy exists
between the moduli reported in the bulk materials as compared to the individual crystals thus it is
important to report the experimental testing procedure along with moduli. The reduced modulus
in the bulk is due to probing different characteristic dimensions. Individual crystal techniques
probe the strength at molecular length scales whereas bulk techniques probe the strength of

interparticle interactions which are considerably weaker.



2.1.1.3 Particle Orientation
Orientation of CNCs directly relates to their performance as birefringent materials for

optical applications or for mechanical reinforcement. Considerable efforts have investigated the
tendency of CNCs to self-assemble into chiral nematic phases at high concentration.* 13 14
Investigators seeking to impart designated orientations in CNC containing materials have

implemented applied shear'>1” and magnetic alignment.8-20

2.1.2 Cellulose Nanofibrils
CNFs are comprised of semicrystalline cellulose, Figure 2-3, that has been mechanical
fibrillated to fibers of nanoscale diameter through high shear processes and typically range from

1-1000 um in length depending on the degree of polymerization resulting from fibrillation.?

E— =

Figure 2-3. CNF cartoon depicting crystalline cellulose domains connected with amorphous tie-

chains.

In contrast to CNCs, CNFs maintain an amorphous component connecting crystalline
domains which results in different properties and uses. Typically CNFs appear as long fibrous
structures on AFM and SEM and can form entangled networks.?" 2> The capability to form
entangled networks leads to drastic changes in the suspension rheology of CNFs compared to
CNCs. In particular, CNFs exhibit shear thickening as a result of fiber entanglements at certain
shear rates, however, at higher rates, such shear-induced structures are dismantled leading to shear
thinning.?? Further, the gelation concentration of CNFs, 1-2 wt % is drastically lowered, compared
to CNCs, 10-14 wt %, as a direct result of the entanglements and interactions between CNFs that

readily form a network structures.?® Additionally, entanglements facilitate CNF incorporation in

10



polymer matrices leading to improved filler-matrix interactions enhanced mechanical properties

in composite materials.?*

2.1.2.1 TEMPO radical-mediated Oxidation
CNFs are often modified to enhance their suspension stability and improve their
compatibility in various matrices. Commonly, TEMPO radical-mediated oxidation, Figure 2-4, is

performed to convert hydroxyl groups to carboxylic acid functional groups.?®
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Figure 2-4. Carboxylation of cellulose by TEMPO radical-mediated oxidation.

This change in functionality increases the surface charge of these materials resulting in
improved suspension stability and dispersion.?® Additionally, the dimensions of nanofibrils are

controlled during this treatment leading to smaller widths of approximately 4 nm.?’

2.1.2.2 Mechanical Properties

Tensile testing of cast CNF films is a common technique for evaluating the mechanical
performance of CNFs. As these materials contain both amorphous and crystalline cellulose, they
tend to generate strong cohesive films which are flexible and optically transparent. Neat CNF films
have a greater modulus than comparable CNC films, 6-7 GPa due to their improved capability to
transfer stress through the entangled network.?* 228 2% |t has also been reported that TEMPO

radical mediated oxidation of CNFs results in enhanced modulus, 11-12 GPa, compared to

11



unmodified CNFs.?® Further, these materials tend to be more resilient than neat CNC films and

can withstand more substantial strains before breaking.?

2.2 Evaporation
2.2.1 Evaporation of Pure Liquids

Pure liquids evaporate due to a concentration gradient between the liquid phase and the
encapsulating vapor phase. Fick’s second law describes this behavior well for most pure liquids,
where the rate of diffusion is proportional to the Laplacian of the concentration field and the
diffusivity. When the diffusivity is constant with respect to spatial coordinates, Fick’s law is given

by Equation (1).
— = DV?c 1)

Where c is the concentration of the species of interest and D is the diffusivity of the

evaporating species in the vapor phase medium.

In droplet form, evaporating pure liquids have additional interactions, such as capillary

flows and surface tension effects, governing the evaporation mechanism. Droplets may evaporate

12



in one of three primary mechanisms, illustrated in Figure 2-5: constant contact area, constant

contact angle, and stick-slip which is a combination of the two prior mechanisms.*

Constant Constant
Contact Angle Contact Area

Stick-Slip

Figure 2-5. Evaporation modes of a sessile droplet. Solid lines represent the initial droplet

configuration and dashed lines represent droplet geometry after a given time.

Droplets undergoing constant contact angle evaporation, often have initial contact angles
greater than 90°.3! Thus surfaces with high surface energy, having repelling interactions with the
liquid phase, result in this behavior. Constant contact area evaporation follows droplets with initial
contact angles less than 90°, on low surface energy surfaces.®? The stick-slip mechanism is a
mixture of constant contact angle followed by constant contact area evaporation where the droplets
contact line is periodically fixed as evaporation progresses. The surface tension forces are in
competition with the liquid adhesion to the substrate. As surface tension dominates over adhesive
interactions a slip occurs at the contact line after which the forces equilibrate and the contact line
sticks. This process can repeat several times until the evaporation completes and it can be a result

of surfaces with non-uniform roughness.

2.2.2 Evaporation of Particle Suspensions
Sessile droplet evaporation with pinned contact lines and containing suspended particles

lead to coffee-ring formation. Coffee rings form in a wide range of applications from inkjet
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printing, self-assembly, templating, and fabrication of functional nanomaterials, but it is often an
undesirable phenomenon that needs to be controlled to meet fabrication outcomes. In some cases,
coffee rings have been exploited for industrial applications through controlled deposition via inkjet

printing including fabrication of 3D structures,®** conductive coatings®*? and wires.3"4°

In coffee-ring deposition, particles within the droplet are carried to the contact line by

outward, radial, capillary flows and deposited, Figure 2-6.

Figure 2-6. Coffee-ring deposition via radially outward capillary flow.

The particle deposits reinforce pinning at the contact line and the process continues until
complete evaporation is reached. In the event that the droplet contact line is not pinned, particles
carried to the edge of the droplet are deposited in mound formation, where the receding contact
line limits the degree of deposition at the initial droplet radius but deposition is increased towards
the center of the droplet. Further, stick-slip motion of the contact line can lead to concentric ring
deposits where particles can deposit rings when the contact line is pinned after which the contact
line will recede until it becomes pinned once more and a new deposition ring can be established.

Thus the evaporation mode of drying droplets is critical to the formation of coffee-rings.

Constant contact area evaporation can be a result of surface pinning, where the droplet is
pinned to the substrate and cannot move during evaporation. Pinning can result from any

combination of van der Waals interactions on surfaces with high roughness, hydrogen bonding, or
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electrostatic interactions with the substrate. This results in the height of the droplet decreasing
during evaporation, yet the contact area remains constant. Surface pinning of the contact line is
reinforced by particles transported to this boundary creating a stronger pinning effect. This
suggests that evaporating under constant contact angle conditions where the contact area shrinks
during drying can change the deposition profile. Deegan has shown this can lead to mound shaped

depositions.®

Slowing the evaporation rate by modifying the environmental atmosphere reducing the
concentration gradient between the liquid and vapor phases can lead to uniform depositions.*
Evaporation under these conditions reduces the magnitude of capillary flows developed within the
droplet which thereby hinders transport of suspended particles to the contact line. Evaporation
completes before, in this case, particles reach an equilibrium position resulting in greater surface

coverage of suspended particles.

Another modification to the flow profile within the droplet, generating inward Marangoni
flows, can counteract the outward capillary flow which would normally result in coffee-ring
deposits. Marangoni flows are developed when surface tension gradient on the surface of the
droplet creates a shear stress which drives a flow on the underlying layers of fluid and leads to the
development of recirculating flows. These flows are often driven by local temperature differences
which alter the local surface tension, such as between the apex of the droplet and the contact line.
When the edge of the droplet is cooler than its apex, outward radial Marangoni flows develop.*
When the apex is cooler than the body, inward Marangoni flows arise which can entrain particles

radially inward from the contact line to the apex. In this case hill shaped deposits can form.*®

In most applications, it is desirable to restrict the formation of coffee-ring deposits,

particularly where uniform surface coatings are desired. Recent literature has revealed several
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opportunities to control particle deposition, leading to more uniform deposits. Coffee-ring
suppression has been achieved through three mechanisms which aim to prevent a critical process
in coffee-ring formation: (1) eliminating contact line pinning (2) disrupting capillary flows and (3)

preventing particle motion to the contact line.*’

2.2.2.1 Contact Angle Hysteresis
Moving contact lines during evaporation do not lead to coffee-ring deposits.*® *° Several

coffee-ring prevention strategies thus revolve around preventing contact line pinning. This can be

achieved through modification of the contact angle and contact angle hysteresis.

Typically, droplets with contact angles less than 90° dry with pinned contact lines3? 45 50-
% and those with contact angles greater than 90° evaporate instead with receding contact lines and
constant contact angles.®™ 3% However, equilibrium contact angle measurements are not
sufficient to evaluate pinning behavior during evaporation and can often be better explained
through quantification of contact angle hysteresis (CAH). CAH is the difference in advancing, 6,
and receding, 6,., contact angles within a droplet with respect to the direction of applied force such

as gravity in a water droplet held on a vertical window, Figure 2-7.°°
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Figure 2-7. Contact angle hysteresis in a droplet on a vertical window subject to gravity. Water

droplets on window adapted from https://pixabay.com/photos/drops-rain-window-lights-3141603/

CAH can be measured through careful addition or removal of liquid to a droplet with a
syringe while monitoring contact angle during the change in volume or with goniometry performed

on inclined surfaces where droplets are subject to gravity.>®

In regards to surface pinning, evaporating droplets will remain pinned while having contact
angles greater than the receding contact angle and less than the advancing contact angle, following

Equation (2).%®

0, <0 <80, 2
Therefore, systems with small CAH are more susceptible to perturbations in contact angle
which can lead to depinning, whereas, large CAH systems are more accommodating to contact
angle changes while drying and can remain pinned throughout the entire process.*® 4% 57 Further,
0, and 6, are functions of local surface roughness and inhomogeneities.®® Such that pinning is

largely governed by surface roughness and liquid-substrate interactions.

Modifying the pinning behavior of sessile droplets can therefore be instrumental in
preventing coffee-ring deposition and can be achieved by modifying surface chemistry or
roughness. These approaches can be implemented physically through lithographic patterning of
substrates or chemically through surface modification with polymeric monolayers to induce

hydrophobicity.

Chemical substrate modification with monolayers of hydrophobic polymers has been
implemented successfully to create hydrophobic surfaces that suppress the coffee-ring effect. Ko

et al. used self-assembled monolayers of octadecyltrichlorosilane on Si wafers generate a
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hydrophobic substrate for inkjet printing of colloidal inks resulting in uniform deposits with a high
degree of packing.>® % However, this technique may consequently modify the surface roughness
and thus CAH measurements should be performed post-treatment to ensure the undesired pinning

behavior is suppressed.

Physical coffee-ring suppression techniques revolve around the fabrication of patterned
substrates resembling closely spaced linear grooves and have also been shown to produce
hydrophobic and superhydrophobic interactions.®® Two theoretical models have been developed
to describe interactions on such patterned substrates, namely the Cassie®* and Wenzel® models.
Cassie and Baxter describe the formation of air pockets trapped in the grooves of rough or
patterned substrates which generate an additional liquid-vapor interface supporting the droplet,
Figure 2-8.%! Thus roughness contributes to increasing hydrophobicity. Wenzel understood surface
roughness to increase the wetting behavior of the substrate such that roughened hydrophilic and
hydrophobic substrates would become increasingly hydrophilic hydrophobic, respectively, due to
an increase in surface area.®? As a result, droplets would fill the space created by the rough surface,

Figure 2-8.

Figure 2-8. Cassie (left) and Wenzel (right) droplets on a patterned superhydrophobic substrate.

The transition between the two states has been shown to revolve around the balance of the

Laplace, Equation (3), and capillary pressures, Equation (4),
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where y is the liquid surface tension, R is the droplet radius, 6y is the Young’s contact
angle, ¢ is the solid surface volume fraction, and w is the pillar width.*” 8 When Laplace pressure

is greater than the capillary pressure Cassie droplets transition to the Wenzel state.%*

Coffee-ring suppression was achieved by Dicuangco in Cassie droplets on
superhydrophobic Teflon-coated substrates with patterned micropillars, yet Wenzel droplets in the
same study maintained coffee-ring deposits.®* While the Wenzel state is commonly associated with
pinned contact lines and thus coffee-ring formation, Dai et al. demonstrated that Wenzel droplets
can have moving contact lines in superhydrophobic patterned substrates with lubrication applied
to the solid interface.®® Further Cui et al. demonstrated that evaporation of Wenzel droplets can
suppress the coffee-ring effect due to modification of the flow profile within the droplet during
drying primarily due to the inward growth of a porous gel near the edge of the droplet pushing

flow inward.%6

2.2.2.2 Electronic Effects
Electronic manipulation of droplet interactions with a substrate can eliminate coffee-ring

deposits in evaporating suspensions through modification of CAH or through stimulation of the
contact line. The electrocapillary effect developed by Lipmann describes the tendency of liquids
to deform their contact angles in response to an applied electric field.5 ® Later coined
electrowetting, a droplet placed on a conductive substrate with a thin coating of a dielectric

material is applied an electric field through a thin wire, Figure 2-9.
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Figure 2-9. Electrowetting of a droplet resting on a thin layer of dielectric coating on top of a

conductive material in response to an applied voltage.

Electric fields for electrowetting can be resultant from either direct (DC) or alternating
current (AC) and the contact line behavior for each mode is distinct. Electrowetting with DC fields
smooths the motion of contact lines which tend to recede in a stick-slip fashion without an applied
field. Thus, DC electrowetting has been utilized to prevent concentric ring deposits and promote
uniform deposition.®® Alternatively, electrowetting with AC fields generates oscillatory contact
line motion which prevents pinning of the contact line during evaporation.’”® "* Furthermore, the
boundary oscillations drive secondary fluid motion competing with the evaporative capillary flow
resulting in uniform deposits.”>"* Frequency of the applied AC field has been shown to impact the
coffee-ring suppression of AC electrowetting in that a critical frequency exists such that above

which coffee-ring deposition is restored.”

2.2.2.3 Capillary Flow Disruption
Suppression of the coffee-ring effect can be established through the disruption of radially

outward capillary flow generated in evaporating sessile droplets. The introduction of secondary
flows, which compete with the capillary flow, will reduce the tendency of entrained particles to be

transported to the contact line thereby limiting the development of coffee-rings. Recent research
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has shown that manipulation of the capillary flow within droplets during evaporation can reverse

the coffee-ring effect and lead to more uniform deposits, typically mound shaped.”™

Kim et al. developed a device to impart electroosmotic flow on drying sessile droplets and
characterized the resulting deposition patterns. They revealed that through control over the
direction of the applied electroosmotic field they could enhance or suppress the coffee-ring effect.
An inward induced flow, with an electroosmaotic strength parameter of -0.025 balanced the outward

capillary flow and was found to have a uniform deposition pattern.’®

Marangoni flow has seen a great deal of recent interest regarding suppression of the coffee-
ring effect. Commonly observed near the meniscus of wine in a glass, where small drops of wine
travel up the curved surface of the glass before reaching a critical height and falling back into the
bulk. The upward motion is driven by the Marangoni effect through a gradient in surface tension
between the bulk surface of the wine and the wine near meniscus. The surface tension of wine at
the edge of the glass is stronger due to a non-uniform evaporation profile resulting in preferential
evaporation of alcohol which leaves behind a water-rich phase with a greater surface tension

thereby pulling wine up the wall of the glass.”’

The Marangoni effect is therefore described by flow induced by surface tension gradients
on the surface of an evaporating liquid which induce a shear stress on the liquid interface in order
to balance the surface tension.”® Surface tension gradients in evaporating droplets can result from
temperature or surfactant concentration gradients. The former, deemed the thermal Marangoni
effect develops due to a non-linear evaporative flux as a function of radial position. The thermal

Marangoni stress is given by Equation (5),
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do do;dT
s« rrrr (5)
dr dT dr

where o7 is the surface tension, T is the temperature, and r is the radial position.”® For

small temperature deviations, the surface tension often decreases as temperature increases such

mN

that Equation (6) maintains a constant value, —0.1657 for water.’®

m°C

dor
ar

Likewise, the Marangoni stress due to surfactant concentration gradients is given by

B (6)

Equation (7),

do  dosdv
dr  dvdr
Where, v is the areal number density of surfactant molecules and o is the surfactant

(7)

induced surface tension given by Equation (8),

os = —vkgT (8)
where, kg is the Boltzmann constant.”® Finally, in systems where both temperature and
surfactant induced surface tension gradients exist, the complete Marangoni stress is given by

Equation (9).”°

do dordT dogdv
dr  dT dr dv dr

Marangoni stresses generate recirculating flows within evaporating sessile droplets and the

©9)

direction of recirculation can be controlled through the direction of the surface tension gradient.”
When evaporation-induced cooling is greatest at the apex of the drop and the base of the drop is
in thermal equilibrium with the substrate, Marangoni flow carries solutes or particles that are near

the surface of the drop radially inward toward the apex. However, outward Marangoni flows are
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also possible and can be observed when the edge of a drop becomes cooler than its apex.*® The
droplet and substrate thermal conductivities have been shown experimentally®® and theoretically?!
to impact the temperature profile within and evaporating droplet. The ratio of the solid, k, and

liquid, k;, thermal conductivities, Equation (10), is central to controlling this behavior.

ks

kT:k_l

(10)
When k, < 1.45, the droplet is coolest at its contact line and recirculation with inward

flow along the liquid-substrate interface develops, however, k,. > 2 leads to warmer contact lines

and recirculation with outward radial flow along the liquid-substrate interface.®? Xu later improved

upon Ristenpart’s analysis and suggested a new dimensionless group, Equation (11), governing

the direction of circulatory flow driven by the Marangoni effect.®

_ hskl
Rk,

Ry (11)
Where hg is the thickness of the substrate and R is the radius of the droplet. Further the

direction of Marangoni flow was found to be a function of contact angle through Equation (12),

sin26 — 4Atan (g) (12)

42 + 2sin? 6

a(f) =
where @ is the contact angle and 4 is given by Hu and Larson as A = % — %.83'84 When Ry >

a(6), Marangoni flow drives radial outward circulation and when R,, < a(8) the current direction

reverses.®?

Several groups have also reported the occurrence of stagnation points near the edge of the

drop which locally change the direction of flow, either due to a sudden change in the direction of
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the surface tension gradient’® or due to the opposing effects of the outward capillary and inward

Marangoni flow.%

The introduction of recirculating Marangoni flow, in either direction has been shown to
reduce the deposition of particles at the contact line.8> 8 & However, complete coffee-ring
suppression is best established by Marangoni currents which flow radially inward at the droplet-
substrate interface, which can lead to hill-shaped deposits in the center of the drop.*® Further,
suppression has been achieve through both temperature and concentration induced Marangoni

flow.

Evaporation of water at room temperature has weak Marangoni flow due to minute
temperature gradients during drying.” Thus, elevated substrate temperatures are required to create
the necessary surface temperature gradients to drive flow and to suppress the coffee ring effect.®®
8 Alternatively, heating with laser irradiation has also been implemented to develop thermal

Marangoni flow without heating the substrate.®

Introduction of additional species has widely implemented to suppress the coffee-ring
effect through concentration dependent surface tension gradients. Commonly either surfactants®!-
% or solvent mixtures®” 101 accomplish this goal. Yet both methods require incorporating
additional molecules into the evaporating droplets which can have undesirable consequences

relating to desired chemistry in manufacturing processes.

2.2.2.4 Particle-Interface Interactions
In addition to modifying the substrate’s surface energy or creating secondary flow fields,

modification to the suspended particles geometry and chemistry can subdue coffee-ring deposition.
Here, the particles are modified in such a way as to have an unfavorable interaction with the

continuous phase and thus preferring the vapor phase. Particles which preferentially favor the
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vapor phase will migrate towards the interface during evaporation and will not be entrained by
capillary flow. Further, colloidal particles resting at the liquid-vapor interphase distort the local
shape of the interface, Figure 2-10, leading to additional capillary flow within this region which

pulls the particles together.1%2-104

Figure 2-10. Ellipsoidal particle-water-vapor interface

Altering particle-particle interactions to achieve attractive as opposed to repulsive forces
leads to aggregation. When such agglomerates reach a critical threshold in size and structure, they
will withstand the capillary flow and deposit on the substrate without non-uniformities at the

droplet periphery.05-107

Lastly, performing quick evaporation of sessile droplet suspensions can lead to the
dispersed phase becoming confined at the liquid-vapor interface when the evaporation rate is faster

than the ability for the particles to diffuse away from the interface, expressed in Equation (13).1%®

’Dt
tevap <2 |— (13)
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2.3 Fluid Flow in Evaporating Sessile Droplets

Fluid flow in evaporating droplets is a complex, multidimensional, and multiphysical
phenomenon involving heat, mass, and fluid transport interacting concurrently. Fluid and mass
transport in evaporating sessile droplets have been studied extensively as the common occurrence
appears in a plethora of industrial processes.’® To a lesser extent, the evaporation of sessile
droplets containing suspended spherical particles have also been studied.® 11 However, there has
been minimal investigation of the evaporating droplets containing non-spherical particles.
Nevertheless, non-spherical particles present exciting opportunities in the development of
patterning materials with anisotropic properties and evaporation induced self-assembly (EISA)

provides a facile strategy for deposition of unique particle orientations.

2.3.1 Evaporation induced flow

Typically, evaporation of small droplets proceed with a spherical geometry, but is
dependent on the three-phase interactions between vapor-liquid, liquid-solid, and vapor-solid
surface tensions as well as the relationship between surface tension and gravitational forces
described by the Bond number, Equation (14).
_ bpgr” (14)

14

Water droplets less than 3 mm can be described by surface tension which acts to maintain

Bo

a spherical geometry. Water on hydrophobic substrates, Figure 2-11, have high contact angles and
maintain close to spherical geometries. In contrast, small water droplets on hydrophilic substrates
have low contact angles but maintain the spherical curvature required by surface tension acting to
minimize surface area. In this case these droplets develop a spherical cap geometry comparable to

the volume outside a planar slice of a sphere.
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Hydrophobic Hydrophilic
0 >90° 0 <90°

Figure 2-11. Droplet geometry as a function of liquid-substrate interactions.

Consequently, water on hydrophobic substrates can be modeled with the lubrication
approximation where the droplet height is much less than its radius. Additional dimensional
reduction can be realized by the droplets’ rotational symmetry. Thus, water droplet evaporation on
hydrophilic substrates is commonly modeled as 1-dimensional evaporation following lubrication

theory for convection and diffusion.

2.3.2 Pure Liquids

Deegan et al. explored the evaporation of droplets containing suspended particles and its
relevance to the coffee-ring effect. In particular, Deegan et al. focused on the evaporative flux of
water during evaporation as a function of the droplet shape which is independent of the presence

of suspended particles and approximated by Equation (15).*

J(r,t) = Jo(6)(1 — #2)74®) (15)
Where 7 is the dimensionless radial coordinate and J,(6) and A(6) are empirical

relationships expressed as Equations (16) and (17) respectively.34

Jo(0) = w (0.2762% + 1.30) (0.6381 —0.2239 (9 - %)2) (16)
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A =7 an

Where D is the diffusivity, c, is the saturation vapor pressure of water, H is the humidity
and R is the droplet radius. Hu and Larson developed a rigorous model for the evaporation of pure
water droplets on a hydrophilic substrate following the lubrication approximation and Deegan’s

analysis of the evaporative flux.8* Analytical solutions for the dimensionless radial and vertical

velocities are reported in Equations (18) and (19) respectively.?*
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Hu and Larson further extended their model to incorporate the Marangoni effect on the

41—

= N

fluid flow."

2.3.3 Particle Suspensions and Particle-Particle Interactions

Fluid transport in particle suspensions introduce a great deal of complexity relating to the

particle interactions with solvent, vapor, solid, and other particles. Additionally, the effects of scale
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between the interactions and the macroscopic fluid flow introduce further complications to fluid

dynamic modeling.

At the macroscopic level, particle interactions are predominantly considered through their
influence on viscosity.!** As described by DLVO theory, colloidal particles in suspension are
stabilized through a balance between attractive van der Waals forces and repulsive electrostatic

interactions.!*> 112 These interactions restrict the mobility of particles within the suspension as a

function of concentration. As the number density, v, increases from dilute, v < Lig to semi-dilute

to concentrated, v > —;, according to Doi and Edwards, the strength of interparticle interaction is

2
dL?
increased.!'* This is observed through the rotational diffusivity and viscosity for concentrated
suspensions of rigid rods given in Equations (20), (21), and (22).1*

Drzﬁu@(iﬁz (20)

vL3

B 2kgT(In(p) — 0.8)

21
—r (21)

To

vkgT 4 vkgT
30D,, 10D,

n=ns+ (22)

In Equation (20), B is fitting parameter, L, is the rigid rod length, v is the number density
of particles, and D, is the rotational diffusivity in dilute suspension. In Equation (21), kp is the

Boltzmann constant, T is the temperature, p is the particle aspect ratio, and n, is the solvent

Viscosity.
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Recently, Mansfield and Douglas highlighted the importance of modeling correct particle
geometries. Traditional modeling of rod-like particles through ellipsoids,'*> which are simpler
computationally, are inaccurate and more rigorous modeling of the shape-dependence of
intermolecular interactions on viscosity should be evaluated.!!! Additionally, they highlighted the
importance of polydispersity on the intrinsic viscosity of a suspension, where real suspensions
often do not have a uniform size distribution and as a result the distribution in shape has a relevant
influence on viscosity.!'! Finally, Bhardwaj et al. and Xu et al. have recently incorporated the
effects of DLVO interactions into their simulations of evaporating droplet suspensions to account

for the attractive forces between the substrate and suspended particles which aids deposition.!®

117

2.4 Transient Diffusion in Thin Films
In contrast to evaporation, the diffusion of water into CNC-polymer composites is of

unique interest to the development of mechanically adaptive materials. Here we explore Fickian
and non-Fickian diffusion acting in a single dimension to transport water into a CNC and

thermoplastic polyurethane composite (TPU).

2.4.1 Fickian Diffusion
Fickian diffusion follows the transport of water according to Fick’s second law, Equation
(23), where the migration of a species is dependent on its spatial concentration gradient and a
proportionality constant. The proportionality constant takes the form of a diffusivity, D, which
represents the rate transport of a differential unit of area containing the diffusing species.
5= DV3c (23)

Where c is the concentration of the diffusing species and t is time. In one dimension, Fick’s

second law reduces to Equation (24).
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at b 0z2 (24)
Finally, the analytical solution for mass uptake is given in Equation (25) where D is the

diffusivity and h is the diffusion length.*8

m-m . _Ei 1 e_[(21'+1]3§n20t (25)
My — My 2 = (2j +1)?
2.4.2 Non-Fickian Diffusion

When diffusive transport is not solely driven by concentration gradients it is said to be non-
Fickian. Such deviations are characterized as anomalous behavior and can be realized in many
polymeric and biological systems. Examples of anomalous behavior are characterized by an

overshoot in mass uptake and the presence of a secondary equilibrium indicated by an additional

plateau at long times.1*°

Carter and Kibler introduced one such model to account for non-Fickian behavior which
differentiates between bound and mobile species. Where bound species are hindered or otherwise
restricted from diffusive transport by either physical or chemical interactions.''® Mobile species
diffuse as a result of concentration gradients. In one dimension, Carter and Kibler’s hindered

diffusion model is represented by Equations (26) and (27).**°

on ON 0%n

on ON _ 0°n 26
ot "ot =P o (26)
N

oN _ 27
FrimbL BN (27)

Where n and N are the concentration of mobile and bound species respectively. The

probabilities of mobile species becoming bound, y, and of bound species becoming mobile, g,
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describe the ability of both species to transition between states as they continue to diffuse. Carter
and Kibler also provided the analytical solution for the mass uptake as a function of time given in

Equations (28), (29), and (30) where D is the diffusivity and 26 is the diffusion distance.'*®

- co(odd) rl+e_rl_t _ rl_e_rl+t 8 Kp co(odd) e~ Tt — e—Tlth
—=1-= Z 2(yt = Tt - )
Moo e o Pt —n) ny +p =1 nTh
1
= E[Oclz +y+ B U+ y+ ) £ 4pLE] )
2D
D (30)
(26)?

The hindered diffusion model was developed to capture the absorption of water in polymers
in humid environments and was originally found to apply very well except at exceedingly long
times, > 100 days, where the tested resins experienced increasingly non-Fickian behavior
following a secondary plateau in their mass uptake. More recently, however, a number of
researchers have found utility in this formulation.t2%-123
2.5 Mechanically Adaptive Materials

Materials which respond mechanically to stimuli are of increasing interest in recent years
especially in the development of smart materials.!?*1% Mechanically adaptive materials can
respond to a variety of stimuli including but not limited to humidity, pH, solvent exposure,
temperature, and electromagnetic radiation. These changes can result in modifications to one or
more of a materials’ mechanical properties, shape, or morphology. Thus they can be readily used

in the design of both sensors and actuators which operate in response to a given stimulus. In some
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cases, these materials can develop memory of a preprogrammed shape where the stimulus can

trigger the material to return to is preferred configuration.!?’

2.5.1 Mechanically Adaptive CNC Composites

CNCs have been widely used in recent years as fillers in nanocomposite systems either to
provide mechanical reinforcement!?129 or introduce mechanical adaptivity.**° Early development
of CNC-based mechanically adaptive materials aimed to develop reinforced shape memory
properties®3! or were inspired by the ability of sea cucumbers to modulate the stiffness of their
dermises.’®? In the latter case, CNCs were incorporated in an ethylene oxide-epichlorohydrin
copolymer and exhibited a drastic decrease in modulus, 814 to 10.8 MPa, upon the introduction of
an artificial cerebrospinal fluid.**? Additionally, Capadona et al. reported an approximately two
fold increase in storage modulus upon adding 20 % CNCs by volume.’32 CNCs have been
incorporated into a variety of polymers including polyvinyl acetate and polyurethanes in order to

take advantage of these reinforcing properties in conjunction with their mechanical response to

stimuli _130, 131, 133-141

Such composites rely on the reinforcement of CNCs through interparticle hydrogen
bonding. Above a critical concentration, X, given in Equation (31), relative to the particle aspect
ratio, p, these composites develop a percolating network such that a continuous pathway of CNCs

through the matrix develops and connections via interparticle hydrogen bonding is established.!3

X = 7 (31)
This hydrogen bonding network enables the mechanical adaptivity through solvent

interactions. In particular, solvents competing for the hydrogen bonding sites on CNC particles

will break up the network and thus hamper their reinforcement, illustrated in Figure 2-12.132 142
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Figure 2-12. Mechanism for mechanical adaptivity in CNC-polymer composites. Water competes

with hydrogen bonding between CNCs in the dry state

Further, the reversibility of this phenomenon follows as solvent is removed from the
system, CNCs may once again develop interparticle hydrogen bonds and form its network

structure.

Although orientation of rod-shaped particle composites is expected to contribute to the total
reinforcement, few studies have explored this avenue with CNCs. Fallon et al. showed there was
a minimal effect of orientation on both the mechanical adaptivity and reinforcement in samples
prepared with uniaxial orientation compared to isotropically oriented CNCs.}*® However,
concentration appears to play a primary role in developing a percolating network of CNCs to

provide reinforcement and introduce softening in the presence of water.

2.5.2 Mechanical models in CNC composites
The modulus of CNC composites has been successfully predicted by Percolation and

Halpin-Kardos models in both the dry and wet states, respectively. The Halpin-Kardos model
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describes the wet state modulus due to its assumption of lack of interparticle interactions whereas
the percolation model describes the dry state modulus while considering interactions between filler

particles.

The Halpin-Kardos model treats the composite as a homogeneous matrix such that the

material is treated as a continuum and the composite modulus, E,, is given by Equations (32) and

(33)_131, 143, 144

(32)

n=t— (33)

Where p is the aspect ratio, ¢ ¢y is the filler volume fraction, and Ef and E;,, are the filler

and matrix moduli respectively.

The percolation model allows for interparticle interactions, such as hydrogen bonding
between CNCs, via its dependence on the critical percolation concentration, X ... Above this critical
value, the filler particles are assumed to interact strongly, providing substantial reinforcement to
the matrix. Thus the composite modulus can be evaluated as a function of filler volume fraction,

¢¢, and X, as demonstrated by equations (34) and (35).144¢

— _ 2
5 (1 -2y + Yor)EE, + (1 — s JYE; (34)

‘ (1= ¢r)Er + (& — P)E;
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0 ¢CNC < Xc

b7 — X\ O (35)
¢f( 1f_ XCC> bene > X

Taken together, the suitability of both the percolation and Halpin-Kardos models to

l/):

describe the interactions of CNC composites strongly suggests the development of a percolating

network of CNCs which is broken upon the introduction of water.*?® 135137 Thys, it follows that

the mechanical softening mechanism is rooted in the competition between CNC-CNC hydrogen

bonds and CNC-H20 hydrogen bonds. As water replaces interparticle interactions, these particles

are reduced in their ability to participate in mechanical reinforcement thereby softening the

material.
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3.1 Abstract

The dynamic local order in aqueous suspensions of cellulose nanocrystals (CNCs) in
evaporating sessile droplets was investigated through time-resolved polarized light microscopy.
Alignment of CNCs was explored as a function of nanoparticle concentration and droplet volume.
Complex boundary interactions that depend strongly on the local particle concentration in the
vicinity of the contact line were found to govern the ultimate alignment. Computational analysis
of the rotational Péclet number further revealed that CNC alignment is independent of evaporation-
induced shear flow during migration to the contact line. This was experimentally verified during
the evaporation of pre-ordered CNC suspensions where particle orientation was not observed to
be coupled to their entrainment. Finally, multiple modes of orientation were identified suggesting

local control over CNC properties can be attained via droplet-based patterning methods.

3.2 Introduction
Droplets of colloidal suspensions that dry on non-absorbing, solid surfaces are ubiquitous

phenomena. Coffee stains on table surfaces and water stains on kitchen and bathroom fixtures
are two familiar examples of the ensuing particle deposits. Accordingly, evaporating sessile
droplets commonly exhibit radial flow within the droplet while drying which carry suspended
particles to the edge of the droplet.!* Numerous investigations have sought to prevent the
formation of these toroidal deposits, or “coffee-rings”, in the pursuit of producing uniform films.
These studies modify the solvent evaporation rate*, induce Marangoni convection,> ® suppress
flow through gelation,”® or control the substrate’s surface energy® > to suppress outward
capillary flow. While these technologies are interesting, there has been minimal exploration of
the benefits of non-uniform directed deposition methods, especially involving anisotropic

nanomaterials. Anti-counterfeit coatings and patterning of nanoscale structures are excellent
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examples of technologies that rely on spatially non-uniform directed deposition methods and can

exploit the complex fluid dynamic profiles developed in drying droplets.’!2

Such technologies can further be developed through the use of optically and mechanically
anisotropic materials such as cellulose nanocrystals (CNCs) which are rod-shaped nanoparticles
that tend to organize into ordered liquid crystalline phases.!*!® In these materials, the cellulose
backbone is oriented parallel to the long-axis of the rod leading to birefringence and anisotropic
mechanical properties.!” Control over CNC orientation drives their performance as photonic
crystals or smart nanomaterials, which is governed by the complex relationship between fluid
transport, contact line dynamics, and interparticle interactions. To this end, evaporation-induced

alignment is presented as a low energy alternative to orient CNCs and other rod shaped particles

18-20 21-23 4

compared to conventional methods that apply magnetic, shear forces, electrospraying,?
or gas flow induced alignment.>> Mashkour et al. recently demonstrated excellent control over
patterned structures of CNCs using contact line motion in evaporating CNC suspensions to
impart alignment through a surface tension torque.'?® Our work supports Mashkour’s
invocation of the surface tension torque’s role in evaporation-based particle orientation and

provides further insight into alternative orientation states that can be achieved through similar

methods.

Here, we investigate the relative impact of flow-induced orientation compared to
orientation governed by interparticle interactions and contact line motion. Computational fluid
dynamic simulations were performed to analyze the rotational Péclet number which expresses
the relative contribution of Brownian motion and shear forces on suspended particle alignment.
Further, we identified conditions leading to the development of tangential and radial alignment

through time-resolved polarized light microscopy (PLM). Additionally, an intermediate
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orientation phase in evaporating droplet suspensions of CNCs was discovered, suggesting
complex boundary interactions that depend strongly on the local particle concentration. Finally,

the insight gained here can guide strategies to obtain tunable particle orientation patterns.

3.3 Materials and Methods

3.3.1 Cellulose nanocrystal preparation for atomic force microscopy.
CNCs were prepared from dissolving-grade softwood sulfite pulp (Temalfa 93A-A),

kindly provided by Tembec, Inc. Lapsheets of the pulp were cut into pieces of approximately 1
cm X 1 cm and milled in a Wiley mill (Thomas Wiley Mini-Mill) to pass through 60-mesh
screen. The milled pulp was hydrolyzed under stirring with 60 wt % sulfuric acid (10 mL/g
cellulose) at 50 °C for 60 min. The hydrolysis was quenched by diluting the reaction mixture 10-
fold with deionized water (Millipore Direct-Q 5, 18.2 MQ-cm). The nanocrystals were collected
by centrifugation at 4550 % g (Thermo IEC Centra-GP8R) for 10 min at 25 °C and washed once
with deionized water. The CNCs were then dialyzed (Spectra/Por 4 dialysis tubing) against
deionized water until the pH of fresh dialysis medium stayed constant over time. The nanocrystal
suspension was sonicated (Sonics & Materials Model VC-505) for 10 min at 200 W under ice-
bath cooling and filtered through a 0.45 um polyvinylidene fluoride syringe filter (GD/XP,
Whatman) to remove aggregates.
3.3.2 Cellulose nanocrystal preparation for polarized light microscopy

CNCs were purchased from The University of Maine Process Development Center (Lot #
2018-FPL-CNC-126) as a concentrated gel, 10.3 wt % solids and 1.1 wt % Sulfur on dry CNC

Sodium form. CNCs were diluted to 0.1 — 3.9 wt % with deionized water and stirred at 600 rpm
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for 30 min followed by an additional 30 min bath sonication (Branson 5800 using the high power

setting). Prior to droplet casting, CNC suspensions were bath sonicated for 10 min.

3.3.3 Cleaning of Glass Substrates and Sample Preparation
A mixture of 75 % v/v hydrochloric acid (NF/FCC, Fisher chemical, 36.5-38%) and 25%

v/v nitric acid (NF, Fisher Chemical, 69-70%) was prepared as described previously.?” The
solution was degassed in an ultrasonic bath (Branson 3510 Ultrasonic Cleaner) for 30 min at
45°C. Glass microscope slides, measuring 76.2 mm % 25.4 mm, (PEARL, MingZhu Industries)
were then submerged into the cleaning solution and subjected to bath sonication for 10 min at
45°C. The treatment was followed by an additional ultrasonic treatment and rinsing with
deionized water. Finally, the cleaned glass slides were dried under nitrogen flow and cut with a
diamond-tipped glass cutter into 38.1 mm X 25.4 mm pieces. Alconox-cleaned slides were
prepared following the above procedure, with a 1 wt % aqueous solution of Alconox instead of
aqua regia. Rain-X cleaned slides were prepared following the manufacturer’s instructions.
Accordingly, slides were rinsed in DI water and subsequently wiped with Kim wipe until dry,
Rain-X was sprayed on another Kim wipe and was used to thoroughly wipe the surface of the

glass slide. Finally, the slides were dried once more with a Kim wipe before testing.

Droplets, 0.25 or 0.5 pL, of aqueous CNC suspensions ranging in concentration from 0.1
— 3.9 wt % were subsequently placed on cleaned glass slides loaded on the PLM or in a 50 mm
polystyrene Petri dish for AFM samples. The Petri dishes were covered with polystyrene lids that
were perforated in the center with a hole of approximately 1 mm in diameter, and the droplets

was allowed to dry overnight.
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3.3.4 Polarized light microscopy
Polarized light microscopy (PLM) experiments employed a Zeiss Axioskop 40 A POL,

equipped with a 530 nm first-order retardation plate. The polarizer and analyzer were oriented in
east—west and north—south direction, respectively. The first-order retardation plate was inserted
so that its slow axis was oriented northeast—southwest and its fast axis northwest—southeast.
Images were recorded with a Canon EOS 20D digital single-lens reflex camera (8.2 megapixels)
mounted onto the microscope. Time-resolved PLM videos were recorded with an Omax
A3518003 digital reflex camera (18 megapixels) with a 0.5x microscope adapter for mounting.
Videos, 4x magnification, were initiated immediately before droplets were pipetted on cleaned
glass slides. Once placed, the microscope stage was slightly repositioned to ensure capture of the
droplets. Recording was manually terminated after evaporation was complete.
3.3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) was performed with an Asylum Research MFP 3D
mounted onto an Olympus IX 71 inverted fluorescence microscope. For images of CNCs, 100
puL of a 0.001 wt % aqueous suspension of CNCs was spin coated (3000 rpm, 1 min) onto an
aqua regia-cleaned glass slide. The sample was scanned in intermittent contact mode in air, using
Nanoworld SSS-NCH SuperSharp Silicon probes (nominal tip radius: 2 nm). Dried droplets were
scanned in intermittent contact mode in air, using Olympus OMCL-AC160TS probes (nominal
tip radius: <10 nm).
3.3.6 Finite Element Analysis

A 2.0 pL, sessile, single-phase water droplet was modeled with the finite element method
in COMSOL Multiphysics®. The system was allowed to evaporate in air at 23.5 °C following
Fick’s second law of diffusion in three dimensions. Fluid and heat transport were accounted for

utilizing Cauchy’s momentum equation and the equation of energy derived from first principles.
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A deforming mesh captured the change in volume with time in correspondence with the
prescribed evaporation rate. To relate the pure fluid to the suspended media, a concentration-
dependent viscosity correlation, given by Li et al., was implemented for CNCs to treat the fluid
as a continuum.?® Detailed discussion of the underlying equations of the model is available in the
Supporting Information (SI). The rotational Péclet numbers were calculated from the shear rate

the likelihood of flow-induced particle orientation.

The simulations were performed using a cluster of Intel® Xeon® 2x E5-2680v3 @ 2.5
GHz CPUs with 192 cores and 128GB RAM @ 2133 MHz and were completed in 1030 CPU

hours (Advanced Research Computing, Blacksburg, VA).

3.4 Results and Discussion
To establish a reference for evaporation of droplets of CNC suspensions, sessile droplets

of a 0.76 wt % aqueous suspension of CNCs were evaporated in air after inkjet printing onto an
untreated glass slide. We achieved coffee-ring deposition near the periphery of the droplet which
is common for droplets colloidal suspensions having a pinned contact line.>* The height profile
of these deposits was subsequently characterized by atomic force microscopy (AFM), Figure 3-1,
to investigate the arrangement of CNCs. The coffee-rings were approximately 90 nm in height
which is consistent with coffee-rings of CNCs reported in literature.” " ?* The coffee-rings were
also shorter than the average length, 123 nm, of CNCs used in this work suggesting that some

degree of anisotropy is developed in the particles comprising the coffee-ring.
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Figure 3-1. 3D AFM height profile of a deposited water droplet containing 0.76 wt % CNCs and

resulting in a coffee-ring structure.

Polarized light microscopy (PLM) is widely used to characterize the self-assembly of

CNCs into liquid crystalline phases®®: 2230

and therefore was implemented to characterize the
particle orientation distribution post-evaporation. In addition to the suspected anisotropy within
the coffee-ring, we previously investigated the influence of attractive electrostatic interactions
between the positively charged substrate and negatively charged CNCs on the deposition of
CNCs from droplet suspensions.?! Deposition on aqua regia-cleaned glass, led to particle
deposition in the center of the droplet in addition to the coffee-ring.*! Here, 2 uL droplets of
CNC suspensions were deposited with a micropipette onto aqua regia-cleaned glass slides to
observe CNC orientation in the coffee-ring as well as throughout the remainder of the deposit.
PLM revealed a Maltese cross-interference pattern, Figure 3-2a, indicating long range order and

alignment of nanoparticles post-evaporation.>’-?’
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Figure 3-2. (a) Polarized-light micrographs of a 2 uL droplet of a CNC suspension exhibiting
Maltese cross extinction patterns (scale bar = 500 um). (b) AFM amplitude image of an area near
the center of the droplet showing radial alignment of CNCs (scan size: 2.5 pm). The red dot on the
lower horizontal axis indicates the direction of the approximate center of the CNC droplet. (c)
Polarized optical micrographs of a 2 uL droplet of a CNC suspension with a first-order full-wave
retardation plate illustrating radially aligned CNCs independent of sample rotation (scale bar =

500 pm).

In Figure 3-2b, AFM was performed on a smaller, 2.5 x 2.5 um, targeted region near the
center of the droplet to observe the particle orientation outside of the coffee-ring. The height
profile in the central region is more uniform than within the coffee ring and as a result of the
reduced particle count, CNCs were observed holding a radial orientation. Subsequently, a first
order full-wave retardation plate, oriented with its slow axis in the northeast-southwest direction,
was inserted to optically confirm the orientation observed via AFM. Accordingly CNCs

observed herein, will show blue colors when their slow axis, corresponding to both the cellulose

53



chain direction and the long axis of the crystal,}’ aligns in the northeast-southwest direction.3% 32
3 Yellow colors indicate the slow axis of the CNCs are oriented northwest-southeast, parallel to
the fast axis of the wave plate.>* 3233 Symmetric radially oriented particles were observed in
Figure 3-2c, as shown in PLM images of the samples after stage rotations of 0, 60, 120, and
180°. While others have reported tangential alignment of CNCs in evaporating droplets,® this is
the first demonstration of radially aligned CNCs following evaporation-induced self-assembly

indicating droplet-based deposition can provide tunable orientation of rod-shaped particles.

To investigate parameters governing the orientation of CNCs post-evaporation, the
spatial alignment of CNCs from evaporated droplet suspensions was characterized as a function
of initial CNC concentration and droplet volume. In Figure 3-3, 0.25 and 0.5 pL droplets of 0.1 —
3.9 wt % (0.07 — 2.7 vol %) CNC suspensions were deposited in triplicate via micropipette on
Alconox-cleaned glass slides. Alconox was substituted as the cleaning agent to reduce the effect
of electrostatic interactions from the substrate on the resulting particle depositions. The droplet
radius, Figure 3-3b, was found to be independent of CNC concentration due to rapid contact line
pinning after the initial spreading of the droplet during placement. Notably, outside of the 0.1 wt
% CNC suspension, the width of coffee-rings was largely independent of CNC concentration.
This suggests the droplet depins from the coffee-ring and may not maintain its pinned contact
line throughout the entirety of evaporation. Likely, the 0.1 wt % CNC suspension deposited the
large majority of is particles at the contact line before depinning resulting in negligible particle

deposition within the droplet’s center.
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Figure 3-3. a) PLM of droplet suspensions of CNCs with initial concentrations ranging from 0.1
— 3.9 wt % with initial volumes of 0.25 pL (top) and 0.5 pL (bottom) viewed with a first order
full wave retardation plate, scale bar = 500 um, b) droplet radius, and c) coffee-ring width as a

function of initial CNC concentration and volume.

Time-resolved PLM, supporting information: Droplet Evaporation Video 1, during
evaporation confirms the maximal coffee-ring width as a result of the contact line depinning.
Evaporation of droplets of CNCs suspensions on Alconox-cleaned glass thus proceed in a
bimodal fashion. Initially, the contact line is pinned until remaining suspended particle
concentration has dropped below a threshold to continue pinning the droplet.>* 3> After
depinning, the contact line recedes until evaporation is complete and the remaining suspended

particles are deposited within the central region of the droplet.
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Crucially, the switch to a dynamic contact line mid-evaporation leads to a change in the
orientation of deposited CNCs within the center of the droplet as observed in snapshots of time-
resolved PLM, supporting information: Droplet Evaporation Video 1 and Figure 3-4. Radially
oriented CNCs near the contact line are initially observed, in Figure 3-4a, as a result of the
droplet wetting the surface of the glass slide immediately following its placement. Droplets
deposited on Alconox-cleaned glass typically develop a pinned contact line after placement and
do not tend to wet in this manner which may have occurred as a result of chemical
inhomogeneities on the glass surface after cleaning. Thus, an initial CNC orientation parallel to

the contact line was detected in the majority of droplets deposited in this work.

After the formation of the coffee-ring, Figure 3-4b illustrates a change in CNC
orientation after the onset of depinning is identified. Accordingly, CNCs can be seen ordering
radially prior to deposition and near the receding contact line, highlighted by the shift in color
patterns at the interior of the coffee ring and pointed out by blue and yellow arrows in Figure
3-4b. As the particles are driven to moving boundary, an intermediate phase develops with
elevated viscosity due to the locally increased CNC concentration.*® Further, the elevated
concentration increases the relative strength of van der Waals and electrostatic forces between
CNCs which contribute to their alignment.!> This phenomenon illustrates the importance of local
particle concentration on the evolution of the spatial distribution of particle arrangements.
Ultimately once evaporation is complete, these CNCs arrange in coordination with their
tangentially-oriented neighbors in Figure 3-4c. As the contact line depins, tangential orientation
is observed until evaporation nears completion at the center of the droplet. Here, we observed
deposition of radially aligned particles at the outer edge of the center that then tangentially align

near the center at certain concentrations. In this central region, the radial particle alignment
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developed near the dynamic contact line is maintained after evaporation completes. A distinct
90° rotation of CNCs deposited in the center of the droplet can be observed for initial
concentrations greater than 1 wt % as evidenced by alternating blue and yellow colors
progressing radially outward from the droplet center in Figure 3-4c. Finally, the centermost

CNCs, illustrated in Figure 3-4d, reverted to a tangential alignment after deposition.

to 0.5t

Figure 3-4. Snapshots of a 0.25 pL droplet of a 2 wt % CNC aqueous suspension evaporating on
an Alconox-cleaned glass slide. Time points are observed after intial deposition, a) t = 10 s,
halfway through evaporation b) t = 82.5 s where blue and yellow arrows highlight local changes
in orientation, c) after evaporation completes, t = 167 s, and d) close up images of the center of
the final deposits. The bottom images were enhanced to highlight the blue and yellow regions

which are indicative of CNC alignment. a-c) Scale bar = 500 um and d) 50 pm.

The spatial distribution of aligned CNCs after evaporation may depend on time-
dependent variations in local CNC concentration as particles are removed from the suspension
once deposited. The schematic in Figure 3-5 illustrates the evolution of CNC orientation as a

function of time as observed via time-resolved PLM and is clearly highlighted in supporting

57



12,26

information: Droplet Evaporation Video 1. The surface tension torque, generated through the

37.38 acting to rotate CNCs parallel to a static

desire for CNCs to minimize the capillary energy,
contact line is aided by the entrainment of new solids to the air-water interface. Additional
particles are not only rotated through the effects of surface tension, but also through the
hydrodynamic force generated from evaporation-induced radially outward flow? * acting on rod-
shaped particles impinging against a fixed boundary. Together, these effects lead to the initial
formation of a coffee-ring of tangentially-oriented CNCs, Figure 3-5a. Once the contact line
begins to recede, Figure 3-5b, an end of a CNC affixed to the contact line could trail the inward
motion of the contact line and align radially. Coupled with the inherent tendency of CNCs to
align with their long axis parallel, with a slight twist,* to adjacent CNCs, a radial alignment in
the vicinity of the dynamic contact line is achieved. Critically, at this stage, there is no longer a
sufficient influx of additional CNCs to the boundary to create particle collisions that would
otherwise rotate the CNCs parallel to the contact line. Once the contact line continues past the
particles, the CNCs are able to relax into a more thermodynamically stable configuration®® until
the water between the CNCs evaporates sufficiently past the gel point. During this time, CNCs
reorganize from a radial to tangential alignment. Next, near the center, Figure 3-5c¢, the
remaining CNC concentration inside the droplet has continued to decrease. Once CNCs are
deposited in this domain, they may no longer feel the effects of their neighbors and will instead
maintain the alignment prescribed by the receding contact line. Finally, if CNCs remain
suspended in the droplet, Figure 3-5d, the geometric constraints induced by the shrinking droplet

begin to restrict the orientation once again to a tangential orientation.
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Figure 3-5. Schematic depicting the progression (a—d) of CNC alignment during evaporation. a)
Tangentially aligned CNCs in the coffee-ring. b) Radially aligned CNCs during contact line
motion. ¢) CNCs from the previous step reorganize to a tangential arrangement and radially
aligned CNCs are deposited near the center. d) Evaporation is complete with tangentially aligned
CNCs in the center of the deposit. Dashed lines indicate the initial contact line and the blue circle

shows the progression of the current droplet shape.

Appreciating the desire to deposit CNCs in a preferential direction, it is important to
understand whether hydrodynamic shear contributes to CNC orientation post-evaporation. One
might suggest that shear forces acting on the nanoparticles during their entrainment to the
boundary act to rotate CNCs in the flow direction, similar to many reported shear alignment
techniques and given the apparent radial alignment observed near the air-water interface during
contact line recession.?! 3 4% Thus, to investigate the development of nanoparticle alignment
resulting in the final CNC orientation on the substrate, computational fluid dynamic analysis was
performed to analyze the impact of droplet hydrodynamics on particle alignment in evaporating
sessile droplets. The effects of surface tension and convection in both the droplet and
surrounding medium were considered due to their substantial impact on flow behavior. Particle
interactions were approximated through a concentration-dependent viscosity model, but the

particles and their interactions were not explicitly and individually represented outside of a bulk
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empirical viscosity model. Therefore, the proposed model may capture the effects of

evaporation-induced convection, but not individual particle deposition events.

We focused our investigation on the impacts of hydrodynamic forces and Brownian
motion on the alignment of nanoparticles in evaporation induced flows. A concentration-
dependent viscosity model was implemented to decouple the multiple levels of interaction
between continuum and particle dynamics. A fundamental representation of the viscosity for
rigid rod-like particle suspensions could be implemented through the Krieger-Dougherty*! or

Doi-Edwards** models; however, these are not representative of concentrated suspensions n >

1

— which are present at the late stages of the evaporation process where particle-particle

interactions become dominant. Therefore, the empirical relationship proposed by Li et al. for

particle concentrations from 0.25 to 1.5 wt % was employed:?®

36
Nep = 24832c2yc + 283.8ccnc (36)

where 1, 1s the specific viscosity of the suspension of CNCs in water and ccy¢ is the
concentration of CNCs in the suspension in g mL™!. Comparison of this model to other
rheological characterization of aqueous CNC suspensions provides reasonable agreement of this

model up to approximately 6 wt % as illustrated in Figure $3-9.3

Hydrodynamic-induced alignment was studied through the rotational Péclet number
described by Willenbacher and Georgieva, Equations (37) and (38), which expresses the extent
to which hydrodynamic forces overcome Brownian motion in controlling alignment.*

, . (37)
Pérot = Trot¥
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B 8mn.a’ (38)
frot = 3T (In2r, — 0.5)

where y is the shear rate, 7, is the rotational relaxation time, 7, is the solvent viscosity,
a is the length of the semi-major axis of a prolate spheroid representing the rod-like particle, kg
is the Boltzmann constant, T' is temperature in Kelvin, and 7, is the aspect ratio of the particle.
Rotational Péclet numbers greater than unity describe systems in which shear induced flow
alignment dominates. Alignment in systems with Péclet numbers less than unity is governed by
Brownian motion acting to randomize the orientation of particles. The rotational relaxation time
was evaluated with Equation (3) and was found to be 2.1 x 10 s for CNCs at 23.5 °C used in
this work, corresponding to a solvent viscosity of 1 mPa s, CNC length of 123 nm, and CNC
aspect ratio of 5.1. Therefore, shear rates greater than 4.73 x 10* s™! should lead to hydrodynamic

flow alignment.

Rotational Péclet numbers were calculated from Equation (37) for an evaporating water
droplet and CNC suspension droplet over the course of evaporation at 23.5 °C, Figure S3-10 and
were found to be constant with respect to time and droplet location in room temperature
evaporation. The Rotational Péclet number, 3.2 x 10712, is very significantly less than unity
suggesting that Brownian motion dominates, and particles remain in their initial isotropic
(unaligned) orientation as they are carried to the edge of the droplet. The hydrodynamic forces
calculated here are without specific particle interaction contributions and are not sufficient to
induce significant orientation at 23.5 °C. Particles contained within the suspensions may be
entrained in the flow and thus deposited at the edge of the droplet but would not necessarily

develop long-range preferential orientation without the effects of additional interactions. Thus,
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the bulk of CNC orientation occurs as a result of contact line dynamics, surface tension, and

9512, 26

interparticle interactions, supporting Mashkour advances in this space.

The absence of hydrodynamic alignment was confirmed experimentally, in triplicate,
through the characterization of aqueous suspensions of chiral nematic CNCs evaporating on
hydrophilic substrates. Isolation of anisotropic phase of a 3.9 wt % aqueous suspension of CNCs
was carefully extracted after leaving the suspension to phase separate into its isotropic and chiral
nematic phases for one week.!> While the CNCs were exposed to shear stress during the
withdrawal and ejection from the micropipette, the droplets maintained a significant order after
placement which was visible through PLM as shown in Figure 3-6. Coupled with time-resolved
PLM, supporting information: Droplet Evaporation Video 2, these results illustrate ordered
CNCs migrating to the contact line during evaporation. In support of calculations of the
rotational Péclet number, local particle orientation is unperturbed by the shear flow.
Additionally, clusters of CNCs migrating to the contact line are observed rotating to match the
tangential orientation of their neighbors upon their approach, highlighting the role of interparticle

interactions governing the orientation of structured domains of deposited CNCs.

to 0.5¢; t

Figure 3-6. Snapshots of a 0.25 pL droplet of an initially chiral nematic 3.9 wt % CNC aqueous

suspension evaporating on an Alconox-cleaned glass slide. Time points are observed after intial
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deposition, a) t = 9 s, halfway through b) t = 132.5 s, and after evaporation completes ¢) t =

265 s. Scale bar =500 pm.

Finally, to analyze the role of the contact line on the evolution of CNC orientation in
drying droplets, we explore the effects of hydrophobicity on the ensuing particle deposition in
triplicate as depicted in Figure 3-7 and supporting information: Droplet Evaporation Video 3.
Hydrophobic droplets commonly evaporate with a receding contact line to maintain their contact
angle with the substrate throughout evaporation and therefore serve as an excellent technique to
observe the role of contact line motion in the development of CNC orientation. " ** We expect the
contact line to recede in droplets containing negatively-charged suspended CNCs, Figure 3-7a-c,

until the CNC concentration exceeds the gel point.*’

The initial stages of evaporation on a hydrophobic substrate are notably different from
hydrophilic surfaces. The near instantaneous formation of CNC alignment near the contact line,
as shown previously, is not observed. In fact, ordered domains of CNCs are not visibly apparent
under PLM until nearly three-quarters of the evaporation time has elapsed, Figure 3-7c. While
tangentially aligned CNCs are observed at this time, their ultimate configuration, Figure 3-7d, is
difficult to discern. Once gelation is established and the droplet remains fixed, evaporation
proceeds to evolve the remaining water within the CNC network. The removal of the interstitial
water results in a collapse in the height of the droplet as well as a reduction in inter-CNC
spacing.*® This results in a semi-ordered deposit, likely comprised of many tactoids of aligned
regions of CNCs, but lacks the regular arrangement of nanoparticles following evaporation on a
hydrophilic substrate. In this case, CNCs are not given the opportunity to deposit at a pinned
contact line during evaporation or cooperatively develop a tangentially aligned structure in the

proximity of the contact line. Instead, the restricted time for reorganization after gelation and
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before solvent removal reduces the free volume leading to severely hindered particle mobility

and ultimately smaller domains of ordered structures.

to 0.5¢f 0.75t;

Figure 3-7. Snapshots of a 0.5 L droplet of 2 wt % CNC aqueous suspension evaporating on a
Rain-X-cleaned glass slide. Time points are observed after intial deposition, a) t = 5 s, halfway
through b) t = 225 s, ¢) t = 330 s, and after evaporation completes c) t = 445 s. Scale bar =

500 pm.

3.5 Conclusions
Time-resolved polarized light microscopy provides a powerful tool for the

characterization of optically anisotropic nanomaterials which dynamically develop ordered
structures larger than the wavelength of visible light. These structures can be identified in real-
time thereby illuminating complex structural interactions, traditionally observed only in steady
state flow or ex post facto. We present evidence of multiple modes of particle alignment in
evaporating aqueous suspensions of cellulose nanocrystals (CNCs) as a function of the local
particle concentration. Pinned droplets initially carry CNCs to the edge where they accumulate to
form a coffee-ring and orient parallel to the droplet boundary. Below a critical particle
concentration remaining in the liquid body, the contact line begins to recede until evaporation is
complete. During this recession, CNCs proximate to the contact line temporarily develop a radial

orientation, but ultimately deposit tangentially. Further, as the local particle concentration at the

64



moving interface decreases below a packing threshold, CNCs are able to deposit while
maintaining their radial alignment near the center of the droplet and near the end of evaporation.
Finally, as the droplet volume shrinks towards complete evaporation, particles become further

confined leading to a tangential particle alignment at the very center of the droplet.

The evolution of particle orientation throughout the droplet is highly dependent on the
interfacial surface tension and cooperative interactions between CNCs. The surface tension acts
to aid the initial CNC rotation coincident to the contact line which defines the orientation for
particles deposited within the coffee-ring. Additionally, variations in particle concentration
during evaporation enable shifts in particle orientation. We present the deposition of highly
ordered ring structures from dilute CNC suspensions which can be varied in size through the
droplet volume. Accordingly, a comprehensive analysis of the concentration- and shear rate-
dependent nature of viscosity and interparticle interactions, especially in highly concentrated
systems, may further elucidate parameters associated with the development of highly ordered,
radial or tangential, structures applicable to the next generation of spatially and directionally

ordered systems of anisotropic nanomaterials.

3.6 Associated Content

Supporting Information

The following files are available free of charge.

Computational fluid dynamic model (CFD) description, CFD Meshes, CFD Governing

Equations, CFD Material Parameters, Viscosity model validation, Rotational Péclet number
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analysis, Evaporation of droplets of CNC suspensions on a hydrophobic substrate as a function of

CNC concentration

Droplet Evaporation Video 1: PLM video of a 0.25 pL droplet of a 2 wt % CNC aqueous

suspension evaporating on an Alconox-cleaned glass slide.

Droplet Evaporation Video 2: PLM video of a 0.25 pL droplet of an initially chiral nematic 3.9

wt % CNC aqueous suspension evaporating on an Alconox-cleaned glass slide.

Droplet Evaporation Video 3: PLM video of a 0.5 pL droplet of a 2 wt % CNC aqueous

suspension evaporating on a Rain-X-cleaned glass slide.
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3.9 Supporting Information
3.9.1 Time-resolved Polarized Light Microscopy (PLM) Videos

Droplet Evaporation Video 1:
0.25 pL droplet of a 2 wt % CNC aqueous suspension evaporating on an Alconox-cleaned glass

slide viewed under PLM with a 530 nm first-order retardation plate at 4X magnification.

Droplet Evaporation Video 2:
0.25 pL droplet of an initially chiral nematic 3.9 wt % CNC aqueous suspension evaporating on
an Alconox-cleaned glass slide viewed under PLM with a 530 nm first-order retardation plate at

4X magnification.

Droplet Evaporation Video 3:
0.5 pL droplet of 2 wt % CNC aqueous suspension evaporating on a Rain-X-cleaned glass slide

viewed under PLM with a 530 nm first-order retardation plate at 4X magnification.

3.9.2 Computational Fluid Dynamic (CFD) Model

3.9.2.1 Finite Element Boundary and Initial Conditions
COMSOL’s deforming mesh physics module was implemented with the droplet-substrate

interface as a fixed mesh to simulate constant contact area evaporation. The air-water interface
was given a prescribed normal mesh velocity related to evaporation rate of water. Boundaries

generated for symmetry were allowed to deform freely.

Mass transport was evaluated with COMSOL’s transport of diluted species module. No flux was
allowed to transport through the substrate, and water leaving the boundaries of the air domain was
driven by convection. The initial concentration of water in the droplet and surrounding air was
55.5 M and 1.28 mM, the vapor pressure of water at 20°C, respectively.
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Flow near the substrate was treated with the no-slip condition and initially the droplet was assumed

to be stagnant. All flow was generated by evaporation induced gradients.

The fluid was treated as a phase change material in COMSOL taking into account the latent heat
of vaporization. The boundaries of the air domain were held at room temperature, 23.5°C, and the
droplet substrate treated maintained at 23.5°C. Initially the droplet was set to 23.5°C and the
ambient air was room temperature. A Marangoni shear stress was also applied to the air-water

interface as a function of the tangent temperature gradient and surface tension.

-------------------------

Figure S3-8. Finite element mesh of droplet (top) and surrounding petri dish (bottom)

Table S3-1. CFD model governing transport equations and mixture rules

Governing Equations
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Table S3-2 Fluid and chemical species properties for CFD model

Symbol Name Value Units
. . kg
P20 Density of water at 23.5°C 1000 —3
. kg
Pps Density of polystyrene at 23.5°C 1000 o
PS « . W
k Thermal conductivity of polystyrene 0.033 p—
m
s . K
C,’: Heat Capacity of polystyrene! 1.19 P—
kg-K
lass Wi 14
K9 Thermal conductivity of glass 1.40 p—
m
c9'%S Heat Capacity of glass 0.730 M
L4 ’ kg -K
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Specific latent heat of vaporization

AH,q, 2.257 x 10° J/kg
for water
T.np Ambient air temperature 296.65 K
Taroptee Water droplet temperature 296.65 K

Initial concentration of cellulose

. . )
c§N¢  nanocrystals for viscosity 7.65 T
correlation
Initial concentration of water in the
c§ 5.55 x 10* mol/m3

liquid phase

Initial concentration of water in the
Cg 1.28 mol/m3
vapor phase

D Water-air Binary Diffusivity 2.62x 107> mT
Trot Rotational relaxation time 211 x107* s
Tarop  Radius of spherical cap 10.27 mm
hofsrsee  Spherical cap vertical offset 0.1 mm
tevap Evaporation time 180 S
Vo Initial water droplet volume 2 ulL

3.9.3 Viscosity Model Validation

While the implemented viscosity model from Li et al was originally measured with CNC
concentrations ranging from 0.25 to 1.5 wt %, the model was extrapolated in our simulations to
5.2 wt %.2 Here we address the validity of our extrapolation by comparison to additional literature

data for the viscosity of CNC suspensions. Implementation of a piecewise power law-Cross model
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from Liao et al reveals good agreement, Figure S3-9, between the models up to approximately 6
wt %.2 This agreement fulfils the concentration regimes explored in this study and suggests that at
low concentrations, where CNC suspensions do not strongly deviate from Newtonian behavior,
the selected concentration-dependent viscosity model can be extrapolated to medium

concentrations for CNC suspensions.
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Figure S3-9. Comparison of CNC suspension viscosity models as a function of CNC

concentration between Li et al. (black) and Liao et al. at various shear rates.

3.9.4 Rotational Péclet Number

The rotational Péclet number, Figure S3-10, was calculated from Equation (1), as reported in the
main text, using the above CFD model to evaluate the influence of hydrodynamic shear on
alignment of CNCs during evaporation. Rotational Péclet significantly less than one indicate
Brownian motion dominates CNCs alignment and CNCs are not aligned as a result of their

migration to the contact line.
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Figure S3-10. Rotational Péclet number distribution as a function of time in an evaporating
droplet of a 1 wt % CNC at 23.5°C suspension indicating nanoparticle alignment is governed by

Brownian motion as opposed to hydrodynamic shear.

3.9.5 Influence of CNC Concentration in Evaporation on a Hydrophobic Substrate

Deposits, Figure S3-11, resulting from the evaporation of droplets of CNC suspensions were
evaluated as a function of the initial CNC concentration from 0.1 to 3.9 wt %. The deposits were
observed to increase in radius with more CNCs beginning in the droplet. The increased
concentration results in a larger volume of deposit as the total dry mass is increased. Additionally,
the increased initial concentration leads to faster gelation limiting further recession of the contact
line. As a result, the deposits in Figure S3-11a-e exhibit a doughnut morphology rather than a

spherical deposit.

0.1 wt% 1wt% 1.6 wt% 2 wt% 3.9 wt%

400

f)

g
s +]

g
==

Droplet Radius (um)
8
Y
g
-

=)

CNC wt%

Figure S3-11. PLM of 0.5 pL droplets of aqueous CNC suspensions with a) 0.1, b) 1, ¢) 1.66, d)
2, e) 3.9 wt % CNCs evaporating on Rain-X-cleaned glass slides. f) the radius of the deposits

after evaporation and as a function of CNC concentration.

78



References

1. Colbert, J. C., NIST SRM 705a - polystyrene. National Institue of Standards and
Technology: 1990.

2. Li, M. C.; Wu, Q.; Song, K.; Lee, S.; Qing, Y.; Wu, Y., Cellulose Nanoparticles:
Structure-Morphology-Rheology Relationships. ACS Sustainable Chemistry and
Engineering 2015, 3, 821-832.

3. Liao, J.; Pham, K. A.; Breedveld, V., Rheological characterization and modeling of
cellulose nanocrystal and TEMPO-oxidized cellulose nanofibril suspensions. Cellulose
2020, 27 (7), 3741-3757.

79



Chapter 4 - Diffusion-softening of Cellulose Nanocrystal and
Thermoplastic Polyurethane Composites

Cailean Q. Pritchard,*** Jacob J. Fallon,2** Jeffrey Shelton, Cody Weyhrich®#, Katherine

Heifferon®#, Boer Liu®*, Timothy E. Long®#, E. Johan Foster®, Michael J. Bortner, *#

!Department of Chemical Engineering, 2Department of Macromolecular Science and
Engineering, *Department of Chemistry, and “Macromolecules Innovation Institute, Virginia
Tech
®Department of Chemical and Biological Engineering, The University of British Columbia

+Denotes Co-First Author
*Corresponding author

This chapter is presented in the format of a manuscript that is in preparation for submission to ACS
Applied Materials and Interfaces.

The following contributions were made by other authors: Conceptualization of research scope and
methodology were developed by Cailean Q. Pritchard and Jacob J. Fallon. Investigation of the
storage modulus during water absorption was conducted by Jacob J. Fallon. Percolation and
Halpin-Kardos models were implemented by Jacob J. Fallon. Mass uptake experiments were
conducted by Cody Weyhrich, Katherine Heifferon, and Boer Liu. Time-dependent FTIR-ATR
experiments were conducted by Jacob J. Fallon, Cailean Q. Pritchard, and Jeffrey Shelton.

The following people contributed to the writing of this chapter: Cailean Q. Pritchard (Original

Draft), Jacob J. Fallon (Drafting of Preliminary Work), and Michael J. Bortner (Review and
Editing)

80



4.1 Abstract

The mechanical adaptivity of polymer composites containing cellulose nanocrystals
(CNCs) is of broad interest for the development of smart materials. The mechanism leading to
diffusion-dependent mechanical softening in response to water uptake in these materials is well
understood, however, the mass transport driving this phenomenon has not been completely
resolved. Understanding such behavior would further enable the mechanism to be controlled and
exploited for various applications. Here, we show that swelling of the bulk polymer composite
during moisture uptake results in a decreased apparent diffusivity with increasing CNC
concentration, despite the equilibrium water uptake increasing concurrently. Further, we
demonstrate that a modification to the widely used percolation model predicts the full time-
dependent evolution of storage modulus during the softening process by associating mass
transport directly to the softening response. This model will be pertinent to studies of mechanical
responses in CNC-polymer composites and is expected to be generally applicable to percolating
networks which deactivate in response to a given stimulus.

4.2 Introduction

Mechanically adaptive materials are increasingly in demand due to their dynamic
properties which enable the development of smart materials that can react to varying sources of
stimuli. Several mechanically adaptive polymer composites have been developed to mimic the
behavior of the sea cucumber dermis by utilizing cellulose nanocrystals (CNCs) to impart a
softening response to water exposure.»>® These materials exploit the tendency of CNCs to develop
network structures, interconnected via hydrogen bonding in polymer matrices, increasing the
composite’s stiffness. Prevailing literature reports suggest the diffusion of water into these CNC-
containing polymer films results in a reduction in storage modulus as water disrupts the hydrogen

bonding network connecting CNCs and softens the polymer film.2 3 7-10

81



The mechanical reinforcement of composites, containing CNCs have been widely studied
and predicted using various mathematical models.? 1114 In particular thermoplastic polyurethanes
(TPUs) are commonly reinforced with CNCs to create smart materials which adapt to the presence
of water while maintaining biocompatibility.>'° Notably, several studies have effectively
implemented a percolation model, which describes the formation of a percolating network above
a critical concentration of CNCs, to predict the dry state modulus.'® 1 Above this percolation
threshold, the storage modulus is drastically enhanced. However, this model is unable to describe
the mechanical performance after water is introduced into the nanocomposites which disrupts the
percolating network. Instead, the Halpin-Kardos model has been implemented to describe the wet
state modulus as a function of filler concentration for such reinforced matrices that do not exhibit

filler-filler interactions. 10 17: 20

The time associated with the diffusion of water into nanocomposites is highly significant
as it enables additional control over the mechanical response. In this regard, the use of CNCs as
fillers in polymer matrices can lead to enhanced tuning of mechanical performance to end-use
applications. However, little is known about the filler-concentration-dependent diffusive
behavior of water inside the polymer matrix. In particular, while a study showed the
hydrophilicity of CNCs played a direct role in the rate of softening,? a consensus on the impact
of CNC concentration and their resulting percolating structures on this behavior has not been
reached. Currently, CNCs have been suggested to either enhance water transport through
hydrophilic interactions® 172122 or hinder water transport by acting as physical barriers which

water must circumnavigate to diffuse®® 24,

In this study, we attempt enhance our understanding of the water transport mechanism

leading to mechanical adaptation in TPU composites. Additionally, we highlight the discrepancies
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between the leading water transport theories and experimental behavior of CNC-TPU films in
humid environments via dynamic mechanical analysis (DMA) and thermogravimetric analysis
coupled with sorption analysis (TGA-SA). We explore both the macro- and micro-scopic diffusion
characteristics of CNC-TPU composites as a function of CNC composition to understand the role
of CNC:s in this phenomenon, as they relate to both mechanical adaptivity and diffusion. Further,
we provide a novel method to evaluate the transient mechanical properties of adaptive polymer
nanocomposites, which describes both the initial and final moduli between the dry and wet states,
as well as, thoroughly capturing the dynamic switching process. By correlating the dynamic
mechanical response to the rate of diffusive transport a transient relationship between moisture
uptake and mechanical performance is developed that will be consequential to the development of

humidity-sensing actuators comprised of CNCs in polymer matrices.

4.3 Materials and Methods

4.3.1 Materials
Covestro Texin Rxt 70A (TPU, 80,000 - 120,000 kg mol?, density, 1.07 g cm™3) was

purchased from Independent Plastic, Inc. (Houston, TX). Melting endotherms of the second
heating cycle in non-isothermal differential scanning calorimetry (-60 °C to 250 °C at 10 °C min’
1) were analyzed to extract the TPU soft-segment fraction of approximately 11 %. Cellulose
nanocrystals (CNC, density, 1.5 g cm™3) were obtained from the University of Maine (Orono, ME)
in an aqueous suspension at a nominal concentration of 10.3 wt % and were produced from sulfuric
acid hydrolyzed hardwood pulp by Forest Products Laboratory (Madison, WI). The size
distribution of CNCs were reported previously.?® The stock CNC suspension was refrigerated until
use when the concentration was measured at approximately 11.8 wt %. Dimethylformamide

(DMF) was purchased from Fisher Scientific (Hampton, NH) and used as received.
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4.3.2 Sample Preparation
Nanocomposite films of CNCs incorporated into a TPU matrix were prepared via a three-

step process comprising of a solvent exchange of the CNC suspension, mixing of CNC suspension
and TPU solution, and followed by solvent casting in a controlled environment. CNCs and TPU
were combined in a mutually compatible solvent, DMF, to facilitate mixing and achieve effective
CNC dispersion. TPU was dissolved in DMF while stirring at 23 °C at 300 rpm over 24 h, yielding
9.92 wt % TPU in DMF. CNCs suspended in water at 11.8 wt % were mixed with DMF such that
1.24 wt % CNCs in DMF on a dry basis was obtained post water removal. Distillation of the CNC-
H>O-DMF mixture was performed using a Heidolph Instruments Laborota 4000 rotary evaporator
at 80 °C for 30 min until all water had been removed. The resulting CNC-DMF mixture was stirred
for 1 h and then sonicated in a Branson 5800 ultrasonic bath for 24 h. The two mixtures, CNC-
DMF and TPU-DMF were subsequently combined proportionally to obtain CNC-TPU-DMF
mixtures containing 0 — 15 wt % CNCs in TPU on a dry basis. These mixtures were stirred for 1 h

at 300 rpm and then subjected to 8 h of sonication.

The final mixtures containing CNCs, TPU, and DMF was cast on a heated
polytetrafluoroethylene (PTFE) surface at 100 °C for 30 min. Solvent casting was performed in a
controlled environment under a continuous purge with dry air to maintain low humidity (<10%
RH). The cast films were removed from the PTFE surface and placed in a vacuum oven at 60 °C
for 1 day to remove any residual DMF. CNC-TPU films were then stored in a non-vacuum

desiccator with silica gel until characterized.

4.3.3 Characterization

4.3.3.1 Thermogravimetric Analysis - Mass Uptake/Weight Loss
A TA Instruments Q5500 was used to measure the total mass uptake of water in CNC-TPU

films. Water saturated samples were submerged in deionized (DI) H20 for 48 h and, once removed,
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immediately blotted dry with a Kimwipe and loaded in the TGA. The sample chamber was heated
from room temperature to 115 °C at a rate of 50 °C min’. The temperature in the chamber was
then maintained at 115 °C for 3 min. The difference in mass between the initial and final

measurements was used to calculate the total water uptake.

4.3.3.2 Dynamic Mechanical Analysis
A TA Instruments DMA Q850 fitted with a RH accessory was used to measure the

mechanical properties of the CNC-TPU films. Distilled water was used as the water source for the
humidity accessory. Samples were cut using a metal blade to a width of 6.35 mm and a length of
approximately 20 mm. The film thickness was determined using a Mitutoyo micrometer with a
resolution of 2.54 um. The modulus of each sample was recorded for approximately 100 s prior to
exposure to the high humidity environment. The humidity chamber was allowed to equilibrate
externally to 25 °C and 80% RH such that, once attached, the sample was immediately exposed to
the high humidity air flow. After characterizing the modulus of the dry films, the humidity chamber
was attached and subjected the samples to 25 °C and 80% RH air flow. This process was captured
during the test run to establish the dry modulus as well as dynamic modulus as a water diffuses
into the CNC-TPU films in the same experiment. The test was operated with a preload force of

0.35 N at a frequency of 1 Hz and 0.01% strain with data points collected every 1 s.

4.3.3.3 Thermogravimetric Analysis — Sorption Analysis
A TA Instruments Q5000 TGA SA dynamic vapor sorption analyzer was utilized to

characterize the diffusive transport of water into CNC-TPU films. Cylindrical samples were cut to
a diameter of 2.8 mm with a C.S. Osborne revolving die punch No 155. Samples were subsequently
measured in diameter with a Pittsburgh caliper having a resolution of 0.01 mm and in thickness
with a Mitutoyo micrometer with a resolution of 2.54 um. Samples were vacuum dried for at least

24 h at 60 °C and stored in a desiccator until tested. Before analysis, CNC-TPU samples were
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further dried in the TGA-SA at 60 °C and 0.0% relative humidity (RH) for 30 min. The samples
then were allowed to equilibrate at 25 °C before initiating the sorption analysis comprising of an

isothermal hold at 25 °C and 80.0% RH for 150 min.

4.3.3.4 Atomic Force Microscopy
An Asylum Research MFP-3D-Bio atomic force microscope was used to characterize the

CNC dimensions. Sample dimensions were collected in tapping mode (1 Hz, 512 scans, and 512
scans/line) using Olympus AC200TS Ra3 tips with a radius of 7 nm and a nominal spring constant
of 9 N/m. Dilute suspensions of CNCs were spin-coated onto poly-lysine-coated mica disks using
a previously established methodology.?® Over 100 CNCs were measured and their dimensions

averaged to calculate an average aspect ratio of 56.6.

4.3.3.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FT-IR)
A Nicolet iS50 FT-IR purchased from Thermo Fischer Scientific (Waltham, MA) was used

to perform chemical analysis of the CNC-TPU films and monitor DO diffusion as a function of
time. D20 was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA) and chosen
to prevent overlap from FT-IR peaks of H20O with CNCs or TPU in the measured spectra. CNC-
TPU prepared as above were dissolved with DMF on a ZnSe ATR crystal and cast on heated PTFE
at 100 °C for 30 min. The cast CNC-TPU sample was loaded into a Gateway ATR flow cell
purchased from SPECAC (Orpington, Kent). Background spectra were collected on CNC-TPU
cast on the ZnSe ATR crystal before D>O exposure. Tygon tubing was then connected to the inlet
and outlet of the gateway ATR flow cell and filled with 10 ml of D20 to create a reservoir such
that the top surface of the CNC-TPU would remain saturated with DO throughout the experiment.
Dynamic ATR-FT-IR spectra were collected every 48 s over a period of 12 h from 4000-1000 cm”

! with a resolution of 0.482 cm™ D,0O diffusion was correlated to the rate of change of absorbance
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in the peak range of 2200-2760 cm™. The D,O peak was deconvoluted into five hydrogen bonding

peaks?’ which were analyzed for CNC-TPU films ranging in CNC concentration from 0 - 15 wt %.

4.4 Results and Discussion

4.4.1 Mechanical Performance
We explored the capabilities of CNCs to reinforce TPU and introduce mechanical

adaptivity in response to water exposure through transient DMA characterization of CNC-TPU
films under controlled exposure to a humid environment. The storage modulus as a function of
H>0O exposure was obtained while measuring both the equilibrium dry and wet moduli in the
same experiment through careful delivery of humid air (80% RH) to the CNC-TPU films during
continuous characterization at 1 Hz and 0.01 % strain. Humidity-controlled DMA (as opposed to
submersion DMA) was selected to allow direct comparisons to our measurements of water
diffusion from TGA-SA experiments which were collected in a humid chamber at a maximum of
80% RH. The mechanical response of CNC-TPU films ranging in CNC loadings from 0-15 wt%
is detailed in Figure 4-1. The time axis is shifted such that ¢ = 0 corresponds to the onset of
humid air exposure (RH > 25%). Accordingly, times t < 0 correspond to the dry state modulus
of the CNC-TPU film and the wet state modulus can be observed near the conclusion of the

experiment.
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Figure 4-1. (a) Mechanical model fits to experimental data. Percolation model fit (dotted line) is
fit to the experimental dry data (0) and Halpin Kardos model (solid line) is fit to the experimental

wet data (x). (b) Swelling corrected storage modulus of CNC-TPU films as a function of
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normalized time and CNC concentration from 0-15 wt %. CNC concentration increases from
bottom to top. Initially dry samples were exposed to 80% RH at t = 0 marking the onset of a

decrease in storage modulus.

The dry and wet state storage moduli increased as a function of CNC as well as the delta
between the two moduli states, Figure 4-1a. Immediately upon the introduction of moisture,
Figure 4-1b, the storage modulus rapidly decreases in all samples containing CNCs until a stable
wet state storage modulus is obtained. In the pure TPU sample, however, moisture did not soften
the material. This suggests that plasticization is not the cause of the softening mechanism.
Rather, the experimentally observed softening is introduced as a result of the incorporation of a

CNC networks within the polymer matrix as reported in other CNC-polymer systems.? '

The dry and wet state moduli can be further analyzed through implementation of a
percolation®® 2° and Halpin-Kardos?® models, respectively. The critical concentration required for
percolation, vy, identifies the filler density above which a percolating network is developed

based on geometric principles and is given by Equation (1)

, Where A is the aspect ratio which is taken to be 56.6 following atomic force microscopy
measurements of the CNCs used in this study. This results in the percolation threshold of 1.2 vol
%. While CNCs commonly exhibit a size distribution as a function of the cellulose source®® 3!
and hydrolysis conditions®2 resulting in a range of aspect ratios, the value calculated in Equation
(1) serves as a good approximation for the critical concentration required for the development of

a percolating network of CNCs. The percolation model is given by,
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where E;, E;, and E;. are the elastic moduli of the composite, matrix, and filler, respectively. The
effect of the percolating network is dependent on the volume fraction of the filler, v,, and is
described by the fraction of filler which participates in the network, . Finally, the critical
percolation exponent, b, is 0.4 for 3D networks.3* 3 As illustrated in Figure 4-1a, the percolation
model, Equations (2) and (3), best fit the dry state mechanical properties as it accounts for the

intermolecular bonds which form a percolating network.

The Halpin-Kardos model, which does not account for intermolecular bonds, is
representative of the CNC composite in the wet state in which the water molecules have disrupted
the percolating network structure. The parameters for the percolation and Halpin-Kardos models
can be found in Table S4-1 and Table S4-2. The agreement of the dry state storage modulus, Eg,.,,
with the percolation model suggests that the CNCs are adequately dispersed and capable of
forming an interconnected percolating network. Additionally, the wet state storage modulus, E;, .;,
is effectively modeled with the Halpin-Kardos approach, corroborating the decoupling and
weakening of the CNC network such that the CNCs are no longer interacting between particles

post-water absorption.

Further, it is possible to control a wide range of moduli in between the initial and final
states by governing the moisture content, as evidenced by the time-dependent decrease in storage
moduli which is correlated to diffusive moisture uptake, Figure 4-1b. In this timeframe, the outer

edges of the film are inactivated first as water infiltrates from the boundaries of the film.
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Samples with greater CNC content respond quicker to the external stimulus noted by the
significant increase in the magnitude of the negative slope in storage modulus as a function of
time upon the introduction of humid air (t = 0). The decrease in storage modulus as a function
of time illustrates a series of partial network disengagements where intermediate stages no longer
allow CNCs to provide their full reinforcement. Diffusing water will have a higher probability of
finding an inter-CNC hydrogen bond to disrupt in samples with a greater CNC concentration,
therefore these disengagements will occur faster and to a greater extent. Further, each hydrogen
bond replacement results in a greater loss in storage modulus as the reinforcement provided by
CNCs is greatly enhanced at higher concentrations. Cumulatively, these interactions describe the
softening performance as a function of CNC loading. We, later, explore the diffusive transport of
water via TGA-SA to elucidate the mechanism of water transport and understand its role in

mechanical actuation.

4.4.2 Bulk Diffusive Transport
Characterization of water transport into CNC-TPU films was implemented with TGA and

TGA-SA to establish the equilibrium water uptake and water diffusivity respectively. Sulfuric
acid-hydrolyzed CNCs, as used in this study, have a negative surface charge and are
hydrophilic.3® Accordingly, it is hypothesized that the addition of CNCs in the TPU matrix will
facilitate water transport into the films. Measurement of the equilibrium water uptake, Figure
4-2a, after soaking in DI H2O for 48 h clearly indicates that the incorporation of CNCs enables
increased water absorption. The increased water uptake in films with high CNC content may
very well contribute to the increased rate of softening as more water would foster competition

over more interparticle hydrogen bonds.
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Figure 4-2. (a) Equilibrium water uptake as a function of CNC concentration measured by
isothermal TGA at 115 °C after soaking in DI H20 for 48 h. (b) Normalized mass uptake curves
from TGA-SA at 80 % RH for CNC-TPU films as a function of time and CNC concentration
from 0-15 wt % CNC. As CNC concentration increases, the slope of the curves decreases and is

seen shifting to longer diffusion times, indicating a slower diffusivity.
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The dynamics of this process was studied with TGA-SA where water uptake in CNC-
TPU films was measured as a function of time when exposed to 80% RH. The humidity level
was chosen to match the limitations of the DMA humidity accessory and to provide a direct
comparison between softening and water uptake. The resulting normalized mass uptake,
illustrated in Figure 4-2b, reveals a decrease in slope with increasing CNC content. This suggests
water is absorbed at a slower rate as CNC concentration is increased, despite having greater

equilibrium water uptake.

Several mechanisms have been hypothesized to explain the complex diffusion
characteristics but they fall short of fully explaining the often superficially contradictory data.
Some propose that CNCs comprise impenetrable regions which causes water to divert its course
to continue motion, thus creating a tortuous path which lengthens the effective molecular diffusion
distance thereby impeding diffusion.®® " In contrast, the hydrophilic chemistry on the surface of
CNCs may facilitate water transport in an otherwise hydrophobic system.!” The CNC surface
charge density may have a critical role on the rate of water diffusion as increased CNC surface
charge density has been shown to increase equilibrium water uptake as well as increase the rate of
water diffusion into CNC and poly(vinyl acetate) nanocomposite films.? Alternatively, CNCs may
develop hydrogen bonds with solvent molecules which both act to draw water in, but additionally,

maintain a hold on these molecules either preventing or hindering further diffusion.

In an effort to bridge the gap between DMA and TGA measurements, an extended analysis
of the diffusion profile is required to fully evaluate the water transport mechanism. The nature of
polymeric systems to stray from Fickian diffusive behavior, represented in Equation (4), and
present anomalous diffusion characteristics due to additional interactions and structural constraints

on the motion of solvent molecules presents additional complexities to be considered.
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Where, D, is the diffusivity, c, is the water concentration, z, is the 1-dimensional spatial coordinate,

and t, is time. Equation (4) can be analytically represented as Equation (5),

m 8 - 1 _(2n+1)?m?Dt

—=1- _z e 52 5

— 72 0(2n+1)ze ©)
n=

where, mﬂ is the mass at time t normalized to the equilibrium mass uptake, m.,, and & is the

diffusion length. While some CNC and polymer nanocomposites can be described by Fickian
diffusion,?* 3" the potential for strong hydrogen bonding with water may significantly impact
solvent transport. We followed the hindered diffusion model developed by Carter and Kibler,
Equations (6) and (7) to glean the mechanism of water transport in CNC-TPU nanocomposites and
evaluate the relationship between diffusivity, D and CNC concentration.®® Carter and Kibler
modified Fick’s 2" law such that the time-dependent term is split into two components, n and N,
representing the mobile and bound water concentrations respectively. Thus, the effects of
hydrogen bonding between water and CNCs diffusing in the mobile phase can be isolated and the

relative influence of each component can be evaluated.

d°n  on ON

R T 6
d0z2 at+at ©)
dN

= AN ()

Bound and mobile water molecules are allowed to transition to the opposite hydrogen
bonding state through y and £ which represent the probability of a mobile water molecules to
become bound and the probability of bound water molecules to be released to the mobile phase,
respectively. This contribution represents the ability of hydrogen bonds to reconnect and transfer
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as a mobile water molecule replaces a bound water molecule on the surface of a CNC. An
analytical solution for the fractional water uptake as a function of time was provided by Carter and

Kibler are given in Equations (8), (9), and (10).%®

o (odd)
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Analysis of diffusion coefficients evaluated from the Fickian and hindered diffusion

models are illustrated in Figure 4-3.
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Figure 4-3. Diffusivity for water diffusing through CNC-TPU nanocomposites as a function of
CNC concentration fit with Fickian (e) and Hindered diffusion (m) models. Dashed lines
represent exponential fits for each diffusion model as a function of filler loading. Inset shows the
root-mean-squared error (RMSE) of the model fits and highlights the improved accuracy of the

Hindered diffusion model.

The diffusivities calculated from both models indicate that the rate of water diffusion
decreases as more CNCs are incorporated into the matrix. While, a comparison of the two models
reveals a deviation in the hindered diffusion model by a factor of approximately 4.5 from the
Fickian prediction, the same trends with respect to CNC concentration are maintained. Further, the
hindered diffusion model afforded a better fit to the data as affirmed by the reduced error associated
with the model as illustrated in Figure 4-3. This can be attributed to the hindered diffusion model’s
capability to capture the small amount of anomalous diffusion behavior that is observed at
extended times in Figure 4-2b. These non-Fickian characteristics can be attributed to water
molecules being hindered in their transport when forming hydrogen bonds with CNCs, swelling
of the matrix, as well as increased mobility of CNCs as inter-CNC hydrogen bonds are displaced.
In totality, the increased ionic strength generated by increasing filler concentration leads to
increased hydrophilicity and mass uptake as reported by Dagnon et al.> However, since the CNCs
used in this work had the same surface charge density, these interactions cannot explain the
decrease in diffusivity with higher CNC loadings. In fact, the y and g parameters for the hindered
diffusion model remained constant with increasing CNC concentration, Figure S4-7, corroborating
the similar surface charge densities found in all films. Therefore, we can exclude molecular
interactions from contributing to the observed decrease in diffusivity and focus on the impact of

swelling on the observed behavior.
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Swelling is perhaps the most commonly discussed factor contributing to anomalous
diffusion among the literature and several exhaustive models based on polymer free volume have
been developed to explain this phenomenon.®% Here, the simplest approach is considered,
Equation (11), which accounts for the change polymer free volume during swelling as a
modification to the diffusivity, D, based on the diffusivity at equilibrium swelling, Deq.45

D = Dgge?’ (12)
Where ¢ is the volume fraction of polymer, a has been shown to be correlated to the size of solvent
molecules,** and g is taken to be unity.*® Here, we substitute ¢ with the volume fraction of CNCs

as they provide the hydrophilicity responsible for increased mass uptake. The equilibrium

diffusivity as predicted by the Fickian and hindered diffusion models was found to be
6.3 x 10712 mTZ and 2.8 x 10711 mTZ respectively. Further, the negative a parameters, -8.8 and -8.9,

respectively, signify an exponential decay in diffusivity suggesting that swelling increases with
increasing CNC concentration resulting in slower apparent diffusivities. We will later highlight

the significance of accounting for swelling in the mechanical data.

4.4.3 Local Diffusive Transport
To supplement the bulk diffusive transport measured in Figure 4-2, further investigation

into the role of hydrogen bonding during water diffusion was evaluated through in-situ ATR-
FTIR. The migration of D20 through CNC-TPU films as a function of time was monitored
through changes in the absorbance between 2700-2200 cm™.%¢ D,0 was selected to transition the
spectral observation window from 3700-2900 cm to 2700-2200 cm™ such that the absorbance
of the diffusant did not overlap with any secondary peaks from the chemical structure of either
CNCs or TPU.#’ This shift, as a result of the isotopic substitution of hydrogen atoms, can be

quantified such that the spectra of DO resembles a shifted H.O spectra where v, =
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0.742vy, 0, Where v represents the vibrational frequency. Additionally, the self-diffusion
coefficient for D20 is approximately 80% lower than H20, owing to the greater moment of
inertia of D20, therefore a direct comparison of diffusivities from TGA-SA cannot be made.
However, the broad range of spectroscopic information provided by ATR-FTIR provides insight
into various hydrogen bonding states of DO that can be attributed to the behavior observed in

Figure 4-2.

A reservoir of D,O was maintained above the thin film such that diffusion took place
predominantly in one dimension through the bulk of the film where the ATR-FTIR spectra was
collected in the bottom 1.25 pm of the film, based on the refractive indices of TPU and the ZnSe
crystal.*® Due to the change in boundary conditions from a symmetric water loading on both
sides of the film in the TGA and DMA experiments to D20 loading on only one side of the film,
the spectra were recorded over a period of 12 h as opposed to 2.5 h for the previous experiments.
A typical ATR-FTIR spectra is shown in Figure 4-4a for a 4 wt % CNC-TPU film showing
increasing D20 absorbance at 2503 cm™ as a function of time. Positive peaks indicate an increase
in concentration of functional groups vibrating at a given wavenumber, most prominently the
peaks at 2465 and 1221 cm™ are observed to increase and are associated with O-D vibrations and
D-0O-D bending modes respectively. Negative peaks represent a decrease in the concentration of
a given functional group within the 1.25 um penetration depth. These are associated with
vibrations corresponding to CNCs and TPU. The introduction of DO leads to swelling of the
TPU matrix within examined region and results in a decrease in TPU density locally. The TPU
swelling may concurrently push CNCs outside the observation window, leading to decreases in

the absorbance of the functional groups representing these materials.*®

98



1.75+ 10

1.50- ﬁ
] 8
1.25-
g - 6 _
C 1.00- e
i 5
S Swelling 2
9 0.75- 4 F
<
0.50- _Dzo_
Diffusion 2
0.25-
0
0.00
40000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™1)
(@)
1.09 - Dpata A
— Fit
Free-OD
DDA-OD A
DA-OD L
DDAA-QD
0.87 .. DAA-QD A r
/ “ L
D )’\ L
] v )\ L
goe D D
3 DDA-CD
g A A |
g047 N _~ )A -
YD . [
P *\ free-OD
0.21 \ free- r
DAA-OD I
o) = T R
"2200° 0 23000 © 0 2400 0 7 2500 7 7 2600 7 2700
(b) Wavenumber (cm™1)

Figure 4-4. (a) ATR-FTIR absorbance spectra for D20 diffusing into a 4 wt% CNC-TPU film
over 12 h. Spectra were collected every 48s and its time evolution is represented by a change in
color from light blue at short times to green near the end of the characterization period. ATR-

FTIR background was collected on the dry 4 wt % CNC-TPU film before exposure to D20O. (b)
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Deconvolution of a 1 wt% CNC-TPU FTIR-ATR spectra from 2200-2760 cm-1 into five

hydrogen bonding modes at t = t...

The D20 peaks ranging from 2760-2200 cm™ were deconvoluted with Gaussian
distributions to isolate five primary hydrogen bonding states of DO, Figure 4-4b. D>O can
accept, A, and donate, D, hydrogen bonds, designated as DAA-OD, DDAA-OD, DA-OD, DDA-
OD and free-OD, which are associated with vibrations at 2265, 2382, 2503, 2590, 2666 cm™,
respectively.?” %0 The fraction of DO molecules participating in hydrogen bonds, 8, was
calculated from Equation (12) as a function of time,

B _ 1- Afree—OD (12)
f1 2.1 DA — 0D

where D;A; — OD is the peak absorbance of a hydrogen bonding mode with i donated

hydrogen bonds and j accepted hydrogen bonds. The hydrogen bond fraction for DO alone was
0.86 whereas the fraction was initially high for most CNC concentrations, but rapidly reached an
equilibrium value of 0.80, with respect to the total diffusion time. The fraction of hydrogen
bonds interacting with CNCs can then be expressed as the ratio of these values to achieve a CNC
hydrogen bond fraction of 0.92. Since the approximate maximal hydrogen bond densities for
CNCs and TPU are 2.4 and 0.3 H-bonds nm%, respectively and the hard segments of TPU
sterically hinder water from participating in hydrogen bonds, we assume hydrogen bonds are
primarily occurring between CNCs and D20. Thus, the equilibrium value was attributed to the
wet state hydrogen bonding fraction which is correlated with the disruption of the percolating
network of CNCs.

Finally, a correction is required to adjust the experimentally characterized hydrogen bonding

fraction as it overestimates the CNC hydrogen bonding when inter-CNC bonds are disrupted and
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new hydrogen bonds are formed between CNCs and water. As D>O molecules have five

available hydrogen bonding modes?’ and the surface SOs” and OH functional groups of CNCs
have only three hydrogen bonding modes accessible to water, a correction factor of% is required

to explain the CNC hydrogen bonding state. Thus, the experimentally observed hydrogen bonds

participating with CNCs is 0.55.

4.4.4 Relationship between Diffusion and Mechanical Performance
Finally, a relationship between the diffusion of water into CNC-TPU films and their

mechanical performance in terms of storage modulus can be obtained. We modify the filler
contributions to the percolating network, 1, in Equation (3) (5)to account for the breaking of
hydrogen bonds between CNCs as water diffuses through the network. To that end, we introduce
the term B (t) to represent the fraction of formed hydrogen bonds between CNCs and replace

Equation (3) with Equation (13).

b

v =B, (22 13)

*
T

A cursory application of Equations (2) and (13) to the mechanical data collected in Figure
4-1, where B(t) is taken as the constant values of 1 and 0.5 for the dry and wet states,
respectively, is illustrated in Figure 4-5. The optimized £ values were in agreement with the
experimental prediction of 0.55 and the model adequately fit both the dry and wet state moduli
above the critical percolation concentration. The B (t) parameter can be used to describe the
change in modulus as a function of filler concentration for both equilibrium states of CNC-TPU
films. We therefore, highlight the power of this modification to explain the mechanical
adaptivity of CNC-TPU and other mechanically responsive polymer nanocomposites with a

single unifying formulation. Consolidation of the two primary modeling tools from literature into
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a single mechanical model will enable a greater understanding of the underlying phenomena

associated with the deactivation of the percolating network in these materials.
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Figure 4-5. Percolation model adapted for dry and wet state modulus predictions. v = 0.012,
beta = 1, 0.5 as a function of CNC mass fraction highlighting that the included beta term can be

used to capture both dry and wet state moduli.

Additionally, this new formulation enables the prediction of the time dependence of the
storage modulus during water uptake as well. Full encapsulation of the mechanical softening is
provided through a time-dependent B (t) which is expressed as

m(t)
() = ﬁdry — Bwet m— (14)

oo}

, Where B4, and B, are dimensionless quantities representing the equilibrium fraction of
hydrogen bonds between filler particles in the dry and wet state, respectively. Further, the

equilibrium g values describe the degree of softening. The rate of switching is captured by the
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™® term which represents the solvent mass uptake as a function of time normalized to the

Moo
equilibrium mass uptake. The diffusion term can be evaluated from an experimental dataset such
as Figure 4-2 or any suitable mass transport derivation, including the Fickian and hindered

diffusion models from Equations (5) and (8)-(10) which is demonstrated in Figure 4-6.
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Figure 4-6. (a-d) Modified percolation model fits with Fickian (red) and Hindered diffusion
(green) mass uptake profiles as a function of time and CNC volume fraction. (¢) Root-mean-

squared error of the preceding percolation models as a function of CNC volume fraction.

Limitations of the model to predict the modulus response in films with filler loadings
below the critical percolation threshold is depicted in Figure 4-6a, where the TPU and 1 wt %
CNC-TPU films were not effectively modeled. Therefore, the small amount of reinforcement
provided by CNCs at low concentrations was not captured. In contrast to the mass uptake which
was best fit with the hindered diffusion model, both percolation model implementations
predicted the softening behavior well, Figure 4-6e. It was observed that the error generally
increased with CNC concentration, however, the predicted diffusivities remained remarkably
constant. The average diffusivities predicted by the modified percolation models, 3.3 x 10°** and
1.2 x 10 m? s1, for the Fickian and hindered diffusion implementations respectively, were in

agreement with the equilibrium diffusivity predicted by the hindered diffusion model as it was
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applied to water uptake, 2.8 x 101 m? s, This supports our conclusion that the decrease in the
diffusivity predicted by the mass transport models as a function of CNC concentration, Figure
4-3, is a result of swelling of the matrix during water uptake as the CNC volume fraction used in

the percolation models presented in Figure 4-6 were corrected for swelling at each time step.

4.4.5 Conclusion
We explored the mechanical adaptivity of CNC-TPU nanocomposites in response to

water uptake through a comprehensive mass transport analysis coupled with traditional
mechanical modeling. Emphasis was placed on resolving controversial diffusivity analyses of
similar nanocomposites reported in literature.> 1736 37 Here we found compelling evidence to
support increasing charge and hydrophilicity will increase the diffusivity as reported by Dagnon
et al.> Additionally, samples with the same charge density will have an apparent decrease in
diffusivity as a function of CNC loading due to polymer swelling, despite the increased total

water uptake observed experimentally.

Additionally, we extended the commonly implemented percolation model to describe
both the dry and wet state storage moduli as a function of filler loading and introduced a time-
dependent formulation to capture the full breadth of mechanical switching observed
experimentally and is general as to apply to many other CNC-polymer nanocomposites. This
unifying model will provide detailed insight into the dynamics of mechanical adaptivity for
smart material development.
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4.5 Supporting Information

4.5.1 Percolation Model
The percolation model shown in Eq. (S15) was fit to the experimental data using a sum of

squares residual method in which the following parameters in Table S4-1 were used. The
percolation model utilized the rigid phase storage modulus (7.4 GPa) as a fitting parameter which
correlates well with previously reported rigid phase storage modulus of CNC-TPU composites

(6.41 GPa)!

= (o204 YuBER + (L~ )Y (s15)
(1 —vR)Eg + (vg —Y)E;

, Where E_ is the elastic tensile modulus, i is the percolation fraction of the filler, v is the volume
fraction of filler Equation (16), Eg is the soft phase elastic tensile modulus and Ej is the fillers

elastic tensile modulus.

X

p
VR= =% (516)

Pcnc  PrpPU

, Where x is the mass fraction of CNCs as prepared during solution casting of CNC-TPU films,
and pcyc is the density of bulk crystalline cellulose, 1.52 g ml™%, and pypy is the density of TPU
measured as 1.07 g ml. The fraction of filler which is acting as part of the percolating network

can be estimated using Equation (S17)

Y=g (M)b (S17)



, Where vy is the percolation threshold, and b is the critical percolation exponent which has been

shown to equal 0.4 for 3D networks.? 3

Table S4-1: Percolation Model Parameters

Parameter Variable Value Units

Rigid Phase Storage Modulus Eg 7.4 GPa

Soft Phase Storage Modulus Eg 8.9 MPa
Filler Aspect Ratio A, 56.6

4.5.2 Halpin-Kardos Model
The Halpin Kardos model was correlated to the wet state mechanical properties, since it

was developed for reinforced networks that lack filler-filler interactions. The parameters used for
this study are shown in Table S4-2 and details for mathematical operations required to calculate
this value can be found elsewhere.* The correlation between the calculated values and
experimental data shown in Figure 4-1a suggest that indeed the CNC network has decoupled and
weakened to a state which can be described closely by models which do not account for these

interactions, which is consistent with previously published results.®

Table S4-2: Halpin-Kardos Model Parameters

Parameter Variable  Value Units

Matrix Modulus E,, 8.9 MPa
Longitudinal Filler Modulus E. ¢ 105 GPa
Transverse Filler Modulus Ers 50 MPa
Filler Shear Modulus Gy 50 GPa
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Filler Length L 158.5 nm
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4.5.3 Hindered Diffusion Parameters
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Figure S4-7. Fit parameters for the hindered diffusion model applied to TGA-SA data
representing the probability of mobile water becoming bound, y, and the probability of bound

water becoming mobile, £3.
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45.4 FTIR-ATR of CNC-TPU as a function of DO diffusion

(a)

(©)

Figure S4-8. Typical FTIR-ATR spectra of (a) 1, (b) 8, and (c) 15 wt % CNC-TPU films exposed

to one sided diffusion of D20 as a function time.
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4.5.5 D20 FTIR-ATR
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Figure S4-9. Deconvolution of a FTIR-ATR spectra of D20 showing the hydrogen bonding

modes in the absence of CNC-TPU.
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4.5.6 Diffusion-modified Percolation model parameters
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Figure S4-10. Percolation model parameters for (a) Fickian and (a, b) hindered diffusion models
and dry and wet state beta parameters for diffusion-modified percolation models implemented

with Fickian and hindered diffusion mass uptake profiles.
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5.1 Abstract

A novel nanocomposite comprised of cellulose nanocrystals (CNCs) and 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPQO) oxidized cellulose nanofibers (TOCNFs) was prepared
through solution casting to evaluate potential improvements of the mechanical performance
compared to individual reinforcements alone. Such materials can be implemented as mechanical
reinforcements in polymer composites, especially when less weight is desired. Dissipative particle
dynamics (DPD) simulations, in combination with polarized light microscopy and atomic force
microscopy, were analyzed to evaluate the morphology of these combined cellulose nanomaterial
(CNM) films. Our results indicate that TOCNFs provide enhanced translational mobility to CNCs
which become incorporated near the crystalline domains of TOCNFs. This mobility enables CNCs
to increase the rigidity of the network without sacrificing elongation and toughness. The
combination of these materials provides improved ultimate tensile strength and elongation without
sacrificing the Young’s modulus. Therefore, a combination of these materials can provide a unique

reinforcing agent for polymer nanocomposites.

5.2 Introduction
Cellulose nanomaterials (CNMs) have been widely used as reinforcements in a variety of

polymeric systems. Their usage as significant mechanical reinforcements are complimented by
their environmentally friendly sourcing, rooting from naturally occurring cellulosic materials such
as tunicates, craft softwood pulp, as well as several fruits. The renewable precursors to cellulose
nanomaterials can be converted to cellulose nanocrystals (CNCs) through strong acid hydrolysis,
or cellulose nanofibrils (CNFs) through high shear mechanical separation. Each of these
nanocellulosics have been incorporated into polymers resulting in varying degrees of

reinforcement as well as compromises.
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CNCs have a single crystal Young’s modulus of 116-167 GPa,™ 2 which leads them to
produce films that are brittle and more susceptible to changes in the mechanical performance of
nanocomposites when exposed to water through the fragmentation of the inter CNC hydrogen
bonding network.® In practical applications, neat films of CNCs do not reach their theoretical
maximum stiffness due to inefficient stress transfer between particles at CNC-CNC interfaces.*®.
Neat CNC films are thus reported with moduli of approximately 6 GPa for wood CNCs, 5-10 GPa
for tunicate CNCs and moduli up to 35 GPa for CNCs derived from bacterial cellulose.” In
comparison, neat films of CNFs and 2,2,6,6- tetramethylpiperidine 1-oxyl (TEMPO) oxidized
CNFs (TOCNFs) have a Young’s modulus of 6-7 GPa® and 11-12 GPa®, respectively and are able
to better incorporate themselves into many polymer networks by providing reinforcement through
TOCNF-matrix interactions which can dissipate tensile energy through cooperative motion within

the matrix.° However, the lower Young’s modulus leads to reduced mechanical enhancements.

The combination of CNCs and TOCNFs may yield a superior reinforcing agent that
increases tensile strength and elongation, compared to CNCs alone, while not compromising on
stiffness. Additionally, introducing TOCNFs will lower the overall density of the reinforcements
thereby providing an improved potential as a lightweighting filler combination for polymer
composites.'! 12 We present the first combinations of CNCs and TOCNFs in standalone films and
characterize their morphology and mechanical performance at various compositional ratios.
Further, we discuss their potential use as a combination reinforcement in polymer composites. We
utilized TOCNFs to enhance the compatibility of CNCs and CNFs in suspension, as TOCNFs have
similar electrostatic interactions to CNCs,® and prevent localized agglomeration of either species.
We utilize slow evaporative casting to facilitate the development free-standing CNC-TOCNF

composite films where the electrostatic interactions between particles maintain proper dispersion
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of each component as water is removed and ultimately results in enhanced film uniformity.
Ultimately, CNCs were able to successfully incorporate with TOCNFs resulting in superior

mechanical performance.

5.3 Materials and Methods

5.3.1 Cellulose Nanomaterials
CNCs were obtained from the forest products lab at the University of Maine as a 10.3 wt

% slurry. CNCs were composed of 1.1 wt % Sulfur on a dry sodium form basis. Freeze-dried
TOCNFs were also obtained from forest products lab at the University of Maine (properties).
TOCNFs were re-dispersed in deionized (DI) H20, stirred at 300 rpm for 3 h, and then bath
sonicated (Branson CPX5800H Ultrasonic Cleaner) for 1 h prior to CNC-TOCNF suspension

preparation.

5.3.2 CNC-TOCNF Film Preparation
Dilute suspensions, containing 0.5 wt % of cellulose nanomaterials in DI H2O, were

prepared while adjusting the dry basis ratios of CNCs and TOCNFs for each suspension.
Suspensions were stirred at 300 rpm for 30 min and subsequently bath sonicated for 30 min to
ensure proper nanoparticle dispersion. The suspensions were poured into 15 cm clear glass petri
dishes that were cleaned with a 1 wt % Alconox solution and rinsed with DI H2O prior to casting,
for a total volume of 180 ml. Notably, low-Fe glass petri dishes were also implemented, but
resulted in very strong adhesion between the cellulose nanomaterials and glass which rendered
films inaccessible for mechanical characterization. Samples were placed in a ThermoScientific
Isotemp oven at 50°C for 36 h or until the suspension transitioned into a gel-like state. A
convection oven was also studied for solvent casting, however, the forced airflow resulted in

increased film wrinkling and poor reproducibility. After gelation, the samples were covered with
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aluminum foil punctured with 9 symmetrically placed 5 mm pin holes and the temperature was
dropped to 40°C until the drying was complete, typically 1 week. This second stage was performed
to further slow the evaporation process, thereby allowing the CNCs and TOCNFs to assemble in
a thermodynamically favorable manner. Films were removed from the oven and placed in a

desiccator until characterized.

5.3.3 Polarized Light Microscopy
Cast films were observed between crossed polarizers with an OMAX 1708035 light

microscope fitted with a polarizer, analyzer, and OMAX A35180U3 18 MP camera. The camera
was controlled via AmScope software (v 3.7) with a brightness setting target of 40. Images were
captured under 4x optical zoom in the center, annulus, and edge regions of each film and with the

polarizer angle set to 0° and 90°.

5.3.4 Atomic Force Microscopy

5.3.4.1 Sample Preparation
CNCs were measured for dimensional analysis via AFM height profiles following the

CAN/CSA-Z5100-17 Cellulose nanomaterials — Test methods for characterization.®® Briefly, 9.9
mm PELCO Mica discs (Ted Pella Inc., #50) were glued to a glass slide with CubeStick (3D
Systems Corp., PN # 390066-00). The mica discs were then immersed in 0.01 wt %
poly(diallydimethylammonium chloride) (Aldrich, Lot# MKBW8603V, Mw < 100,000 g mol™)
for 30 min, rinsed with DI H20O five times and then dried in a N2 stream. An aliquot (100 pL) of
0.1 wt % CNC suspension in DI H>O was spin coated on the mica disc at 2000 rpm for 30 s.
Prepared slides were immersed in DI H,O to remove any non-adhered material and blown dry with
N2. CNC-TOCNF films were prepared for morphological analysis by adhering flat rectangular

sections (1 cm x 3 cm) to glass slides with Elmer’s rubber cement.
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5.3.4.2 AFM Imaging Methods
AFM height profiles were characterized with an Asylum Research MFP-3D AFM and

accompanying MFP-3D software. Olympus OMCL-AC200TS-R3 microcantilevers with a
resonance frequency of 150 + 100 kHz, nominal tip radius of 7 nm and a nominal spring constant
of 9 N m™* were used to evaluate the surface profile of CNM films. The typical response time for
the cantilevers, measured by auto tuning and calculated from Equation 1, was 0.68 kHz with a Q
factor of 314 £ 11 resulting in resonant frequencies of 146 + 5 kHz.

Q 1)

T

Topographical and dimensional measurements, 1 um x 1 um, were collected using the

T

alternating contact in air mode with 512 scan points and scan lines, corresponding to 2 nm pixel™
resolution, with a typical amplitude set point of 800 mV. Typically, the CNCs used in this study

were 123 nm in length and 5 nm in height.

5.3.5 Instron Tensile Testing
Flat samples of CNC-TOCNF films were cut using two parallel razor blades separated with

a 6 mm spacing block in to rectangular sheets derived from regions of the parent film (center, mid-
point, edge). Sample dimensions were 6 mm x 5 mm x 30 pum (width, height measured with
Pittsburgh calipers + 5 um, and thickness measured with a Mitutoyo micrometer + 0.5 pum).
Tensile tests were carried out using custom film clamps (supporting information) secured with a
torque of 0.45 N m on each bolt. Films were stretched in tension at 0.5 mm mint until failure. The
Young’s modulus, ultimate tensile strength, and elongation at break were characterized according

to ASTM E111-97.%4

5.3.6 X-ray Diffraction
The crystalline content of CNC-TOCNF composites was evaluated from X-ray diffraction

(Bruker D2 Phaser) operating at 30 kV and 10 mA with a Cu Ka radiation source, A = 0.15432
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nm. Films were placed on a Bruker AXS single Si crystal zero background specimen holder
(C79298-A3244-B249) coated with Kapton tape. At least three replicates of each composition
were collected from 5-60° with a scan increment of 0.1°, time step of 1 s, and a constant 1 rpm
stage rotation. The scan was subsequently analyzed with Rietveld refinement using Profex®® and

following as specified in the CSA 2017 standard.™®

5.3.7 Thermogravimetric Analysis
CNC-TOCNF films, approximately 5 mg, were heated on platinum pans from 30 to 500°C

at 10°C min? in N2 on a TA Instruments TGA5500 to characterize the thermal degradation

behavior.

5.3.8 Dissipative Particle Dynamics Simulations
5.3.8.1 Simulation methods
CNC, TOCNF, and water molecules were simulated with coarse-graining and represented

with dissipative particle dynamic (DPD) beads compromised of glucose units. CNCs and TOCNFs
were assembled from 10 and 37 beads, respectively, to match our experimentally observed particle
aspect ratios. The mechanical behavior of the beads was controlled through setting the harmonic

potential between consecutive bonds i and j and with an angle, 8;;, proportional to the Young’s

)
modulus of an individual CNC particle, ~160 GPa, or TOCNF fiber, ~80 GPa. The harmonic

potential is given by Equation (18)
2
Uangie(6ij) = ke (6:j — 6,) (18)

where, the harmonic constant, kg, was set to 100 and 50 kgT rad=2 for CNCs and TOCNFs
respectively, and the equilibrium angle, 6, is 180°. Simulations were performed with the NVT
ensemble within a cube side length of 26 nm with periodic boundary conditions on all sides.
Randomly dispersed water, CNCs, and TOCNFs provided the initial configuration of the system

which was followed by an equilibration period of 2 x 10° steps and simulation for another 2 x 108
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steps with a time step of 37 fs. Additional details of the simulation are provided in the supporting

information.

5.3.8.2 Dispersion Index
The dispersion index was evaluated through a Monte Carlo approach as a ratio of the

simulated particle dispersion to that of an ideal uniformly dispersed system. Here, 10° points were
randomly placed in the simulation and were counted if they were inside spheres representing the
repulsive barrier of each nanoparticle. The number of counts was divided by the number of points
found inside non-overlapping spheres of a uniformly dispersed system. Therefore, a larger
dispersion index, maximum value of 1 for an ideally-dispersed system, implies increased
dispersion quality of the nanoparticles. This procedure was repeated 10 times and the average is

reported as the dispersion index.

5.4 Results and Discussion
The mechanical performance of CNC-TOCNF films was characterized though Instron

mechanical testing, Figure 5-1, at a rate of 0.5 mm min. The film casting technique implemented
here aided the characterization of these materials as the glass petri dishes balanced the substrate
adhesion of CNMs required to produce a complete film with the ability to easily separate the
material without breakage. Additionally, custom film clamps, Figure S5-8, enabled high contact
area for adequate grip while maintaining a controlled gripping force, required to minimize slippage
during testing yet without crushing the film between the grips. At low CNC concentrations, adding
CNCs increased the ultimate tensile strength, Figure 5-1b and elongation at break, Figure 5-1c
where a maximum was achieved at approximately 10 wt % CNCs. Above this concentration, the
ultimate tensile strength and elongation at break decreased, reflecting a reduction in toughness as
the film crystallinity increases. The Young’s modulus, Figure 5-1a, increased slightly with a 5 wt

% addition of CNCs, but decreased upon further increasing the CNC mass fraction to 10 wt % and
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beyond. Ultimately, the fraction of CNCs did not have a substantial impact on the composite film
modulus despite having a lower modulus than neat TOCNF films, Figure 5-1a. The composite film
modulus could be improved by using CNCs with a greater aspect ratio such as those sourced from
tunicates or bacteria.* However, the ability of CNCs to mutually incorporate within the TOCNF
network is a notable enhancement to the strength and elongation of these materials. Further, these

interactions facilitate progress towards achieving the properties respective to individual CNMs.2
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Figure 5-1. Mechanical performance of CNC-TOCNF films as a function of CNC concentration.

a) Young’s modulus, b) ultimate tensile strength, and c) elongation at break.

As the density of fillers for nanocomposites is critical to their lightweighting
performance, the density and porosity, Equation (19), of CNC-TOCNF films was characterized

as a function of CNC concentration, Figure 5-2.

Pritm

Porosity = (1 - > * 100 % (19)

Pceliulose
Where pgj;y, is the density of CNM films and pej,105¢ 1S the ideal density of crystalline
cellulose (1.5 g mI').° CNM film density was calculated by measuring the mass and dimensions
of 6 mm x 6 mm sections of thin films. While the density and porosity did not significantly
change with increasing CNC concentration, the relatively low film density, 1.2 g mI** provides
for significant lightweighting potential for these materials. Additionally, the high porosity of

these films indicates that the slow solution casting method maintained the network developed at
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high CNM concentrations.” ® Further, the porosity is maintained across CNC compositions
indicating the solution casting technique facilitates thermodynamically favorable interactions of
CNCs and TOCNFs as opposed to kinetically restricted processing methods such as vacuum

filtration and hot pressing.®
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Figure 5-2. Density and Porosity of CNC-TOCNF films as a function of CNC composition.

Interestingly, room temperature evaluation of CNMs mechanical properties is well below
the theoretical glass transition temperature for cellulose, 220°C.°® However, analysis of the
mechanical performance in the rubbery state for cellulose-based materials is inaccessible due to
the onset of thermal degradation also occurring at 220°C.}® Therefore, the glassy state
reinforcement of the ultimate tensile strength and elongation in CNC-TOCNF composite films
with low CNC mass fraction may be provided through hydrogen bonding interactions which stiffen
the TOCNF network, but do not hinder its motion. Further, CNCs are also able to translate along
the axial direction of other hydrogen bonded CNCs or TOCNFs leading to enhanced toughness
through extending the translational mobility of CNCs similar to the behavior reported for wood-

based CNCs combined with tunicate-sourced CNCs.*

Crystallinity is well known to impact the mechanical performance of polymers and
polymer composites.t” Thus, the crystallinity was evaluated from x-ray diffraction profiles using

Rietveld refinement to evaluate its correlation to the mechanical properties of CNM films.%®
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Crystallinity was found to increase with CNC mass fraction as expected when incorporating more
highly crystalline material, Figure 5-3. Notably, the crystalline content of CNCs alone was only
90 %, suggesting there remains an amorphous component that can be attributed to short
oligosaccharides on the surface on the crystalline particles which were unreacted during
hydrolysis.® The TOCNFs remain highly crystalline, 70 %, in agreement with literature reports.®
The composite crystallinity was found to be slightly greater than the expected crystallinity from a
rule of mixtures analysis, Equation (20).
Clnix = xencClene + (1 — xene) Clrocnr (20)

A direct relationship between crystallinity and the mechanical properties in Figure 5-1 was not
observed. While the modulus of individual CNM particles is expected to increase with
crystallinity, the bulk film properties are primarily influenced by the weakest interactions in the
film.> In this case, the crystallinity does not directly impact the interparticle bonding and stress
transfer required to improve the mechanical performance. Nevertheless, optical and morphological

changes within these films are expected as CNC concentration and crystallinity is increased.
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Figure 5-3. a) XRD of CNC-TOCNF films as a function of CNC concentration. b) Fit of

crystalline peaks from Rietveld refinement and c) calculated crystallinity index.

The morphology of CNM films after solution casting was investigated through polarized

light microscopy (PLM) which is typically used to measure birefringence in CNCs suspensions
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and films as well as liquid crystalline properties such as the chiral nematic pitch.2% 2! Here we use
crystalline cellulose birefringence to optically characterize crystalline and amorphous regions of
each film. This enables the qualification of CNCs dispersions throughout the TOCNF network.
Figure 5-4 illustrates the PLM response of CNM films as a function of composition and location
within the cast film. The center, annular region, and edge of the films were analyzed to capture
any effects of drying on the film morphology. Figure 5-4 (Edge) depicts a location-dependent
response resulting from localized orientation of CNCs near the edge of the film. The center shows
a bright textured surface throughout the image which indicates CNCs are randomly oriented
resulting in a homogeneous passage of light through the film. Moving away from the center of the
film, a ribbon like texture develops turning into segmented bands at the edge. These domains
highlight a greater degree of anisotropy with respect to CNC orientation, quantified through the
birefringence orientation index (BOI), Table 5-1.2% Visualization of the orientation of crystalline
cellulose, Figure S5-9, follows from the computation of the BOI. While orientation was found to
slightly increase with CNC concentration and radial position, in general all samples maintained
very low orientation as expected from the slow evaporation of these suspensions. This evaporation
process allows CNCs and TOCNFs to thermodynamically equilibrate into their preferred
orientation while drying. CNCs were found to develop chiral nematic films, attributed to their
iridescence, which is characterized as a slight increase in BOI. However, As the chiral nematic
state results in a helicoidal twist in liquid crystalline planes?!, the overall orientation of the film

remains low.

Table 5-1. BOI as a function of film location and CNC mass fraction

CNC Mass Fraction (%) BOI
Center Annulus Edge
0 0.001 0.000 0.015
5 0.039 0.039 0.009
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10 0.065 0.051 0.078
30 0.038 0.001 0.089
50 0.000 0.079 0.001
70 0.102 0.036 0.001
100 0.046 0.063 0.201

In 70 wt % CNC films, the center location remains highly isotropic with decreasing
isotropy near the edge. A transition was observed in 50 wt % CNC films where the center was
highly amorphous while higher crystallinity was seen near the edge of the film. As the CNC
composition was decreased to 30 wt %, the crystalline portions of CNC films had greatly improved
distribution. Notably the birefringent domains were concentrated near defects in the films such as
small air pockets formed during the casting process. Small concentrations, 5 and 10 wt %, of CNCs
in films resulted in a noticeable increase in birefringent character with evenly distributed
crystalline domains in the annular region. Finally, TOCNF films maintained excellent consistency
in the distribution of its crystalline domains with respect to film location. These results indicate
CNCs incorporate alongside the crystalline portions of the TOCNFs. This is in agreement with our

analysis of the crystallinity index, Figure 5-3, where CNCs incorporating in the TOCNF network

is represented by an increase in crystallinity index.
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Figure 5-4. Crossed-polarized images of CNC-TOCNF films at different locations in the films

progressing radially outward from the center. Scale bars are 1 mm.

DPD simulations were conducted to further investigate the tendency of CNCs to align with
the crystalline regions of TOCNFs. Randomly distributed mixtures of CNCs and TOCNFs were
allowed to equilibrate in water and their assembly and distribution was tracked as a function of
time, Figure 5-5a. Simulated TOCNFs developed a percolating network and CNCs formed clusters
of aggregates. These clusters reduce in size as more TOCNFs are introduced and a gradual
transition from unstructured aggregates to spindle-like rods and then again to a percolating network
is observed. When CNCs are the minority suspended nanoparticulate species they align amongst
the straighter regions of the fibrous TOCNF network. In this sense, CNCs are supporting the lower
bulk density of TOCNFs, but still act to increase the local density of the network. This is quantified
through a decrease in the dispersion index, Figure 5-5b, from more dispersed TOCNFs, 0.44, to

agglomerated CNCs, 0.33.
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Figure 5-5. a) Evolution of the morphology of CNC-TOCNF mixtures in water as a function of

time. Note that water beads are not shown to preserve clarity. b) Dispersion index for

equilibrated CNC-TOCNF suspensions as a function of CNC mass fraction. Standard deviation

for the dispersion index was less than 0.05% for all compositions.
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AFM was also used to investigate the morphology of CNC-TOCNF films, Figure 5-6. Here
we see a distinct transition from a bundle of short rods in CNC films, Figure 5-6g, to a fibrous
network of TOCNFs, Figure 5-6a, as predicted by the DPD simulations. As the TOCNF
composition increases, CNCs are observed aligning in conjunction with the fibers of the TOCNF
network. Films with low CNC loading, 5, 10, and 30 wt %, Figure 5-6b-c resemble a sparse
network of TOCNFs interspersed with CNCs. At 10 wt % CNC, Figure 5-6c, large quantities of
CNCs are observed supporting the TOCNF structure resulting in improved stress transfer and an
enhanced ultimate tensile strength, Figure 5-1b. Upon increasing the CNC loading further, Figure
5-6d, the TOCNF network is robustly supported by CNCs throughout the majority of fibrils. This
behavior was also observed in the DPD simulations, Figure 5-5a, at 25 wt %, confirming the
experimentally observed CNC packing efficiency around the crystalline domains of TOCNFs. This
preferred arrangement results in the increased tensile strength and elongation observed in Figure
5-1b, c. As the CNC concentration increases further, such that TOCNFs are no longer the majority
species, Figure 5-6e-g, CNCs are more readily observed as bundles of rod like particles that are
not supported by a fibrous network of TOCNFs. The CNC dominant morphology ultimately
transfers stress between particles less efficiently resulting in reduced tensile strength and

elongation at break, Figure 5-1b, c.
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Figure 5-6. AFM height profiles, 1 pm x 1 pum, showing the change in morphology of CNC-
TOCNF films as CNC mass fraction is increased. Lighter colors represent a greater elevation. a)

0, b) 5, ¢) 10, d) 30, €) 50, f) 70, and g) 100 wt % CNC

When considering their use in practical applications, CNM composites tend to be sensitive
to elevated temperatures due to the thermal degradation of cellulose. Typically, this degradation
can occur at lower temperatures than the matrix material.’® Thus, the thermal degradation
characteristics of CNC-TOCNF films were evaluated, Figure 5-7, for their future inclusion in
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polymer matrices. As the CNC concentration is increased, two distinct degradation peaks can be
identified in the derivative graphs, Figure S5-10, which shift to higher temperatures. The pure
CNC films, however, show a large degradation peak at 230°C but a very small peak around 350°C.
The first peak is expected to be associated with the breakup of crystalline cellulose via sulfate half
ester, or carboxyl groups resulting from the acid hydrolysis method used during CNC production
or TEMPO post-processing of TOCNFs.® The second peak is associated with chain scission of
small oligosaccharides present in CNCs or the amorphous component of TOCNFs which maintains
a greater free volume and is thus more susceptible to chemical attack.'® Interestingly, the addition
of CNCs broadens the degradation of TOCNFs, through a competition between the sulfate half
ester and carboxyl groups.2® This suggests the combination of these materials may serve to increase

the thermal resistance of polymer composites using CNC-TOCNFs as reinforcing agents.
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Figure 5-7. TGA of CNC-TOCNF films as a function CNC concentration in N2.

5.5 Conclusion
Mixtures of CNCs and TOCNFs were prepared and cast into thin films to investigate their

properties and understand the cooperative effects of combined CNMs which exhibit vastly

different morphologies. A morphological transition between a percolating fibrous network of
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TOCNFs to clusters of short rods of CNCs was observed with increasing CNCs. The morphology
of the mixture reflected the majority CNM population, however, the influence of the minority
CNM species could be distinctly observed with as little as 30 wt %. DPD simulations and PLM
revealed an inclination for CNCs to aggregate around the crystalline domains of TOCNFs through
hydrogen bonding. The crystallite enhancement was confirmed through XRD analysis where the
composite film crystallinity was greater than the crystallinity expected from a rule of mixtures
analysis alone. TOCNFs also provided translational mobility to CNCs which could migrate along
the TOCNF network while under an applied strain resulting in improved mechanical performance.
The mechanical performance of CNC-TOCNF films was optimal with a low CNC mass fraction,
5-10 wt %, where the films exhibited an increased ultimate tensile strength and elongation. Finally,
increased thermal stability was observed with increasing CNC content, yet the greatest stability
did not coincide with the low CNC concentration as found in the mechanical response. These
results highlight the potential for a novel mixture of CNCs and TOCNFs for potential use as
mechanical reinforcements in polymer composites with improved mechanical and thermal
performance compared to individual CNM reinforcements alone. Finally, an additional benefit
arises from incorporating lower density TOCNFs, thereby reducing the overall density of the
combined filler. Thus, density reductions of approximately 0.2 g ml* could be realized when

combining CNMs in contrast to implementing CNC reinforcements alone.
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5.6 Supporting Information

5.6.1 Instron Tensile Testing
Custom film clamps, Figure S5-8a, enabled high contact area for adequate grip while maintaining

a controlled gripping force. A torque wrench was used to tighten the four screws on each clamp in
a star pattern to a torque of 10 N m™ to ensure even clamping pressure. This gripping method
enabled testing of CNC films by preventing brittle failure during sample loading and minimizing

slippage during testing.
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Figure S5-8. a) Custom film clamps used for Instron testing of CNC-TOCNF films and b) typical

tensile curves for CNC-TOCNF films with CNC mass fraction ranging from 0 — 100 wt %.
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5.6.2 Birefringent Orientation Index

CNC mass

fraction (%) Ce nter

Figure S5-9. Difference images for calculation of the birefringent orientation index
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5.6.3 Derivative Thermogravimetric Analysis (DTGA)
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Figure S5-10. DTGA curves showing two degradation modes in CNC-TOCNF films.
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5.6.4 DPD Simulations
Table S5-2. Evolution of the dispersion index with time.

CNC mass Initial
Time (t/7)
fraction (%)  configuration

0 100 500 1000

0 0.98 0.76 0.51 0.44

25 0.98 0.76 0.50 0.42

50 0.98 0.76 0.50 0.42

75 0.98 0.74 0.45 0.38

100 0.99 0.73 0.42 0.33

*standard deviation was less than 0.05% for each values listed in table.
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Chapter 6 - Conclusions and Recommendations for Future Work

6.1 Conclusions

1.

Interactions between CNCs in evaporating suspensions are tied to unsteady state mass,
momentum, and thermal transport. Specifically, these transport phenomena govern the
local particle concentration which influences the degree to which CNCs interact with one
another prior to deposition and in turn directly impacts the final orientation. CNC
interactions were characterized via polarized light microscopy (PLM) and atomic force
microscopy (AFM) which revealed multiple modes of alignment in drying droplets.
These results were supported by computational analysis of the rotational Péclet number
which ruled out hydrodynamic shear-induced orientation effects. Ordered domains were
observed near the receding contact line as evaporation progressed. These ordered
domains were observed above a critical local particle concentration such that the size of
these domains was detectable via optical microscopy. Further, the local particle
concentration was found to control the orientation of deposited CNCs. At high particle
concentrations confinement amidst the droplet’s contact line, particularly at the beginning
of evaporation, led to the development of tangentially oriented CNCs. However, as the
local particle concentration decreased below a threshold, particle interactions no longer
supported the rotation of CNCs amidst the boundary, instead radial orientation was
produced. Thus, the dynamic changes in particle orientation within the droplet are highly
dependent on interfacial surface tension and cooperative interactions, or the lack there of,
between CNCs.

CNCs have also been used to impart water-responsive mechanical adaptivity in polymer

nanocomposites. CNCs above a critical percolation concentration develop a hydrogen
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bonding network which greatly enhances the stiffness of the matrix. As water is absorbed
into these materials, a competition for these hydrogen bonding sites is developed and the
network is disrupted resulting in softening of the composite material. Investigation of the
relationship between water diffusion and the mechanical softening response revealed the
critical role of interactions between CNCs on the overall mechanical performance of
these materials. CNCs were found to increase the hydrophilicity of the composite thereby
increasing water uptake. Critically, the increased water uptake leads to greater swelling of
the bulk composite which must be accounted for in future diffusion analyses. A
modification to the percolation model, which has been widely used to predict the dry
state storage modulus as a function of filler concentration, was developed to extend the
analysis to the wet state. It was then possible to develop a direct relationship between the
degree of inter-CNCs interactions and the modulus as a function of time by connecting
the mass transport of solvent molecules.

The interactions of CNCs with other CNMs were studied for their potential as reinforcing
fillers in nanocomposite materials. A combination of 5-10 wt % CNCs and TEMPO
oxidized cellulose nanofibers (TOCNFs) was found to have improved tensile strength and
elongation characteristics. These enhancements were facilitated by the incorporation of
CNCs along the crystalline domains of TOCNFs as confirmed by x-ray diffraction and
validated with PLM and AFM. These interactions further provided for an increased
translational mobility of CNCs thus leading the observed mechanical enhancements.
These results emphasize the potential of combined CNMs to serve as combination fillers

with improved reinforcing behavior in polymer nanocomposites.
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6.2 Scientific Contributions

1.

Discovery of multiple orientation modes of rod-shaped nanoparticles developed through a
dynamic evaporation process. The first report of radial alignment of CNCs in self-
assembled systems

Development of a time-resolved polarized light microscopy technique to characterize the
evolution of particle orientation in birefringent materials

Quantified the dependence of water diffusion on CNC concentration in CNC-TPU
nanocomposites and its connection to the softening these materials experience upon water
uptake

Demonstrated bulk composite swelling accounts for the apparent decrease in diffusivity
in CNC-TPU nanocomposites as CNC concentration is increased

Developed a mathematical correlation between the hydrogen bonding state of CNCs in
nanocomposites above the critical percolation concentration and the diffusive mass
transport of water into these materials as a function of CNC concentration

Proposed a model to fully predict the time-dependent mechanical response of CNC-TPU
nanocomposites as a function of CNC concentration and water saturation

Developed a combination of CNMs which can be used as a nanocomposite filler and
provides extended elongation and tensile strength over the individual CNMs components

alone
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6.3 Recommendations for Future Work

1.

Fluid transport simulations of CNC suspensions involve rheological properties which are
difficult to describe with conventional approaches, especially in the limit of high CNC
concentration. Development of a reliable concentration-dependent rheological model
applicable to nanoscale rod-shaped particulate suspensions would facilitate our
understanding of CNC suspensions and aid in the promote the utility of these materials in
a variety of applications. The groundwork for a Landau-de Gennes orientation model is

presented in Appendix A to facilitate the development of this work.

Measurements of Frank’s elastic constants for liquid crystalline materials, required for
Equations (A5)-(A9) , would aid in validating newly developed rheological models for
highly concentrated CNC suspensions. Specifically, measurements of these constants
would reduce the number of adjustable parameters required to implement the Landau-de
Gennes orientation model and increase the predictive potential for these simulation
approaches.

Simulations involving the proposed rheological model would greatly improve our
understanding of the relationships between the interactions of CNCs and macroscale fluid
properties. Thus, bridging the experimental gap between simulations on multiple length
scales would enable study of colloidal suspensions generally. Further, these studies will
extend our understanding of concentrated suspensions, particularly for anisotropic
materials, which are currently applicable to hard spheres. For example, simulating CNC
orientation developed in evaporating droplets from Chapter 3 would enable extended
analysis of the fundamental relationships driving the observed preferential orientation of

CNCs. Further, these simulations may improve our understanding and control of

150



orientation of rod like particles in heavily dynamic systems with local concentration
changes.

Statistical analysis of the conclusions from Chapters 4 and 5 would greatly enhance the
contributions presented herein. To that end, representations of statistical differences in
mechanical and diffusive properties that were observed as a function of CNC
composition would support the analysis of this research. Further, sensitivity analysis of
the parameters pertaining modeling predictions of mechanical behavior will strengthen
the utility of the newly developed modeling approach.

The empirically determined parameters, B4y, and f.., implemented in the diffusion-
modified percolation model are expected to have a fundamental basis. We found
justification for this attribution through analysis of time-dependent ATR-FTIR spectra
during D20 absorption. Ultimately, this method was unable to fully discern hydrogen
bonds associated with CNCs from those of TPU or D,O. Therefore, a new approach, such
as 'H NMR, that quantifies the hydrogen bonding between CNCs would be expected to
produce fundamental parameters that can be used with this modeling approach which
could be extended to other CNC composite systems.

The reinforcement provided by CNCs when implemented in polymer nanocomposites is
highly dependent on their orientation throughout the matrix. Extending the analysis of the
diffusion-softening relationship in CNC-polymer nanocomposites to highly oriented
systems would be relevant to typical processing methods for many nanocomposite
materials which exploit the anisotropic properties of CNCs. CNC-TPU composites with a

uniaxial orientation can be prepared through extrusion-based processing techniques. The
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softening dynamics of these oriented films can then be compared to the isotropic
orientation produced by solution casting in this work.

Similarly, the aspect ratio of CNCs is known to vary based on the cellulose source and
processing conditions. High aspect ratio CNCs, such as those sourced from tunicates,
may have the ability impart greater dry storage modulus enhancements than wood-based
CNCs. Characterization of the diffusion-softening response as a function of CNC aspect
ratio, and its influence on the percolation concentration would therefore be of interest for
the community seeking to develop tailored materials for a variety of applications.

The solution casting method employed to fabricate CNC-TPU films is highly moisture
sensitive and scales poorly for mass production. It may be possible to take advantage of
this water sensitivity by using water as an anti-solvent to induce rapid precipitation of the
CNC-TPU-DMF mixture. The solid phase can be easily extracted and melt pressed to
generate CNC-TPU films of desired shape and thickness. Care should be taken to stay
within the thermal processing window of CNCs to avoid CNC degradation.
Characterization of the diffusion-softening response in rapidly processed CNC-TPU
nanocomposites would validate the new processing methods ability to maintain the
adequate dispersion of CNCs to attain percolation.

The diffusion softening mechanism of CNC-TPU nanocomposites was studied for a
single TPU structure. Varying the ratio of TPU hard and soft segments may directly
impact the ability of CNCs to incorporate within the matrix. Thus, a study to connect the
morphology of these materials to their mechanical adaptivity would be beneficial to the

development of versatile CNC-TPU nanocomposites for various applications.
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10.

11.

Maintaining adequate dispersion during processing of CNCs is an ongoing pursuit within
the field. Further, characterization of the dispersion of CNCs in polymer nanocomposites
remains highly challenging. Many optical techniques lack the required resolution to
characterize CNCs and scanning electron microscopy also lacks the contrast required to
distinguish between CNCs and matrix. Atomic force microscopy (AFM) may provide
some identification of the dispersion of CNCs through phase analysis comparing the
stiffness difference between CNCs and the matrix, however, as the surface analysis
technique falls short of fully characterizing the material dispersion. It may be possible to
combine AFM with thermogravimetric analysis (TGA) of CNCs within an appropriately
chosen polymer with a low degradation temperature. TGA could thus be used to verify
the 2D surface dispersion of AFM and approximate a 3D dispersion index.

The combined CNC and TOCNF system has yet to be characterized as a nanocomposite
filler. Incorporating these materials into well characterized systems of individual
nanomaterials such as polyvinyl acetate and polyurethanes would validate the

cooperation between CNCs and TOCNFs to provide better filler materials.
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Appendix A

This section lays the groundwork for the development of a concentration-dependent
rheological model applicable to concentrated suspensions of anisotropic materials.
Al Modeling of Liquid Crystalline materials

Liquid crystalline (LC) materials maintain complex interactions largely dependent on their
structure. In dynamic systems such as an evaporating suspension of CNCs, the organization of
particles will vary in time alongside fluid dynamic interactions and mass transport. Thus,
developing an accurate understanding of the particle orientation state, particularly as a function of
time, is required to model the phenomenon with precision. This can be established through
implementation of Landau de Gennes (LdG) theory which tracks the dynamic orientation state

through the order parameter tensor, Q. Recently, Noorozi, Grecov, and Shafei-Sabet developed a

technique to evaluate the necessary parameters required by LdG theory from the well-established
Leslie-Ericksen theory for LCs where the time scale for flow is much less than that of orientation
on the rheological properties of the system.! This research plan follows Noorozi’s guidance to
develop a concentration and shear rate-dependent constitutive relationship for CNCs in suspension
to guide our analysis of EISA in sessile droplets.
A2 Landau-de Gennes Theory

The LdG theory aids in bridging the length scale gap between micro and macroscopic
interactions such that macroscopic simulations can predict behavior which is innately dependent
on local interactions. These microscopic effects are captured through their influence on the

orientation state via the order parameter, @, given by Equation (Al)
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1 1
Q=5 (nn—38)+3P(mm - 1) (A1)
Where §, is the identity tensor, S is the scalar order parameter given by Equation (A2), and

P is given by Equation (A3)

3
S = E.un (A2)
P=3 (un + %) (A3)

Where py, i, and p; are the eigenvalues of @ in descending order of magnitude and

correspond to the eigenvectors n, m, and [, resepectively. Additionally, the underbar represents
vector quantities, the double underbar represents a tensorial quantity, and all other variables are
scalars. Lastly, the accent, X, represents dimensionless quantities.

Of paramount interest to LdG theory, the evolution equation defines the time-dependent behavior

of LC orientation and is given by Equation (A4).13

Q- r(vw )+ (mg) + 1 (75e) +2(vg) (~a

The four components to the evolution equations describe, in order, the contribution of flow,

F, short-range elasticity, H", long-range elasticity, H'", and chiral interaction, P. These

contributions are expressed in Equations (A5)-(A9) and a table of parameters, Table A-1, is
provided to provide clarification.t: 34

Q

0=5-+(EVQ-W-0+Q- (A3)

IS
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Table A-1. Parameters required for Landau-de Gennes orientation evolution equation.

Parameter  Expression/Quantity Unit

Description

1=

1
2y

((v9)" - vo)

Dimensionless vorticity tensor

Dimensionless rate of deformation

~ 1
4 > (E + (E)T) 1
- 14 tensor
2

-1

B = 1 Shape Factor
p?+1

l .

p 7 1 Aspect ratio
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14

De oD 1 Deborah number
T
D 1 . e .
D, BDro — Pre-averaged rotational diffusivity
c?LeR? S
3kpT[In(p) — 8] 1 Rotational diffusivity in dilute
Dro 3 . -
L S solution
ckoTH? Ratio of short to long-range order
R 5 1
Ly elasticity
U 3.5—-4 1 Dimensionless nematic potential
ckgyT yH? .
Er s VH 1 Ericksen number
6L, D,
K. . .
Ly Z—;Z N Landau elastic coefficient
K1 — K . .
L, 1152 22 N Landau elastic coefficient
L, : : -
L* I 1 Ratio of landau elastic coefficients
1
K;; N Frank elasticity constant
12 Ratio of anisotropic to isotropic
() — 1
LZ . .
distortional energy
L m Long-range isotropic length scale
L m Long-range anisotropic length scale

Additional parameters are expressed where c is the number of molecules per unit volume,
kg is the Boltzmann constant, T is the temperature, y is the characteristic shear rate, H is the

characteristic length scale for flow, and 7 is the solvent viscosity.
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Finally, the total stress tensor can be written as Equation (A10) where v; are the

dimensionless Landau viscosity coefficients.
~ ~ o~ 20
t,=vid+v,|Q-A+4-0-3(0:)9]

(A10)
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Following Noorozi’s approach to evaluate v;, we will extend their model to predict

viscosity for CNC suspensions as a function of both concentration and shear rate.*

A3 Tensor Operations Required for Computational Analysis of Landau-

de Gennes Theory
A3.1 Motivation

The following expressions are provided to facilitate the translation of Equations (A4) and
(A10) to finite element analysis software. As computational analysis software requires explicit
expressions for each corresponding stress tensor component, simplified expressions for each
mathematical operation required to solve the equations in Appendix A are provided in detail.
Specifically, the translation between tensor notation and summation notation are provided and

are followed by an equivalent graphical representation for each component.
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A3.2 Tensor Operations

A3.2.1 Tensor Dot Product (4;; - By;)

Ao B =" Aiji5; 0 Y Bk
t g ko1
= ) > ) AijBrdi(8; e k)0,
i i k1
=D y: > " A Bjidid,
i i1

Ai1Bi1 +A12Ba1 + Ai3B31 AiiBia + A1aBas + A13Bss A11Bis + A12Bas + A13Bss

Ao1Bi1 + AsaBoy + Aoz B3y Aa1Bio + AxaBas + Aoz Bso Agy1 Big + AgsBag + AasBay

Ag1B1y + AzoBoy + As3Bs1 Az Bio + AzaBog + As3Bsa A3 B3 + AzaBag + As3Bas
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A3.2.2 Tensor Dot Product (4;; - By * Crnn)

Aij@Bri®Crn = Y Aij0i5;0 Y Y Brdrsie Y Y Connbmdy
j ko1 m.n

(
(
(

)

=3 > >3 > AiBuCrun(0:5; ® 5x6; @ 6n5y,)
i 7 k l moon

=2_2-2 " AuBiuCundid,
i J 1 n

(A11By1 + A1 Bay + A3 By )Chi+
(A11B12 + A12Bas + A13B32)Con +
(A11Big + Ay Bag + A3 Bsg)Csy

(A21B11 + Agg Bay + A3 Bs1)Chi+
(Ag1 Bia + Aoy Bay + Ao Ban)Coi+
(A1 B3 + AgaBas + Aoz Bs3)Cly

(A31B11 + A3 Boy + A33Bs1)Cri+
(Az1B15 + AzaBgo + AszB3o)Cor+
(A31 B3 + Az Bag + A3z B33)Cay

)
)
)

(A11B11 + AyaBoy + Ay3B31)Cra+
(A11B12 + A12Bas + A13B33)Con+
(A11Bis + A2 Bag + A3 Bag)Cio

(A21B11 + AoaBoy + AxzBay)Cha+
(A21Bia + AgaBag + A3 Baa)Can+
(Ag1 B3 + AgeBog + Agz Bz )Clao

(A31B11 + Az Boy + A3z By )Cha+

(Az1B15 + Asa B + Az Bao)Coo+
(A31 B3 + Az Bag + A3z Bag)Cao
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(A11By1 + A1 Byy + A3 By )Cis+
(A11 B2 + A12Bos + 41:1532)623-0-
(A1 Bys + Ay Bag + A3 Bag)Clag

(A21B11 + AgaBoy + A3 Bay)Clis+
(A21 B2 + A2aBag 4+ Aoz Bsa)Cos+
(Ao1 B3 + AgaBos + Aoz B3s)Clas

(A31B11 + A3 Boy + A3z Bz )Ciz+
(Az1B15 + AsaBso + AszBao)Cas+
(A3 B3 + Az Bog + A33Basz)Cag




A3.2.3 Tensor Double Dot Product (4;; : By;)

Ai;j : By = Z Z Aijbid; Y Z Bii0x0;

:.

_) ) ) ) Aij Bri(0:0; = 0x0y)
:ZZAJ@BJ@
i

A B =A1Bin + A1aBay + A13Bz1 + A21Bia + A2z Bas + AazBaz + Az Bz + AzaBas + AzzBss
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A3.2.4 Tensor Double Dot Product ((Ay; : Bi)Coun )

(A?lj : Bkl)cm.n = ZZA@_?& ZZBM{SJ"(S! ZZC‘Tnn
- ZZZZZZA%)BMCmn((S(S Ohd{)
- y; y; y; Y: A'-*lj Bjic"rrzvaérraéra
) j m n

Cii Chz
Ca Cao
Cy1 O

(A1 B11 + A28 + Ai13B31 4+ Ag1 Big + Az B + Az Bsa + Az Bi3 + A2 B3 + AzzBs3)
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A3.2.5 Tensor Double Dot Product ((Al-j *Bpy) Cmn)

(Aij ® Bit) : Conn = ( ZZA 0:0; .ZZBMOM ZZCmnO On
—ZZZZZZA Bt Crnn (6505 ® 6,01) : 60,

LLLLL

—zzzzzAmcam 5

TTTTT

C11(A11B11 + A12Bo1 + A13B31)+
C91(A11B12 + A12Bos + A13B30)+
C31 (AllBlg + A9 B3 + A1:¢B33)+

C'12(A21 B11 + Ao Boy + As3 B3y )+
Coo(As1 Bio + Ao Bog + Ag3 B3 )+
C30(Ao1B13 + A9 Bos + Ag3Bssg)+

C13(A31B11 + AsoBoy + AssBsp)+
Co3(As1B12 + AsaBos + As3B3a)+
C33(As31B13 + A32Ba3 + As3B33)
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A3.3 Tensor Differential Operations

A3.3.1 Tensor Gradient (V4;;)
O )
23 A
A
k

VA =2
¢ J
=y O i
i j  k ’

Apr A Agg A A Ags A A Agg
gar | A2t A2z A 5 | Aor Aoa Asg gaon | A2t A2z A
Asp Asze Asg Az Age Asg Azp Asze Asg
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A3.3.2 Tensor Laplacian (V24;;)

ngij =V e VA”

:Z£i2£
_YYTYC,I dJ;,A’“((S 05)0k01
—777
—TYT Aum

V2A21 V2A22 VzAzg
nggl VzAgg VzAg,g

(

A Ase A
5 T 022 21 22 23

ABl A32 A33

92 92 o2 |4 A A
2 N 3 z)

V2A11 valg V2A13]

2 2 o2
5 T 55 T 7
dus  Oxs  0a3

V? =
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A3.3.3 Tensor Divergence (V - 4;;)

V e A“ —_ Z —O ® ZZAjk&jgk)
ik
=22 %: ii’i Aji(0i ® 00k)
i ‘
0 ]
= Z; d—hﬂmé?%
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A3.3.4 Tensor Gradient of Divergence (V(V : Aij))

V(V e 4;;) = Z o Za—ré o> > Apdid)
@ J ko1
=Y7T7mw,(hw”

9 4,60,

dtr,,} dx

a0 o 9 0 el a0 ” el /
Bo; 90 A1l T 50, 50, A2t G0y es AB1 3 o A1zt 35, oy A2 + 2, By aa; 91 A13 + 55, 55 A23 + 79, 7a; Ass
a d 8 B 4. o B 8 8 B Hen B O a 8 B rs q B B 4
dxy Oz ° 1+ dxg Oz ‘421 ' Oxy Oz 451 dzo Oy Al.! " Dxq Oxg 42) &5 oxy r)rJ 4*5) dxzy Oy Al& ' Oz, ()J‘z 4); ¥ ()rl ()r3 4'5‘5
g 9 it =0 _ A g 9 %) 9 9 i 0 9 O A
dxz dxy 4 + ()l;()lz 42' + (}l;()l; ’1'“ Oxz Or 412 ca l):;r).n 422+ :)';()1, 43) dxg (’):r.Al3+ Dx3 Oz * 422+ l,ljl)l; 4';3
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