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ABSTRACT

DESIGNING STIMULI-RESPONSIVE NANOCOMPOSITES TO INVESTIGATE
INTERFACE DYNAMICS

MAY 2021

HUYEN VU, B.S., WORCESTER POLYTECHNIC INSTITUTE

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor E. Bryan Coughlin

Inspired by nature, this research focuses on designing multifunctional renewable
nanocomposites with high toughness and stimuli-responsiveness. In recent years, cellulose
nanocrystals (CNCs) have been explored due to their abundance, renewable resource, and
unique mechanical strength and structural coloration. CNCs naturally self-assemble into
the helicoidal (Bouligand) structure that effectively endure high impacts but is brittle
without an attendant soft phase. A thermoresponsive polymer was incorporated into CNCs
via evaporation-induced self-assembly to improve toughness of the resulting
nanocomposites and to study responses in polymer dynamics under varying temperature

and humidity conditions.

In the first project, poly(diethylene glycol methyl ether methacrylate) PMEO2MA,
with a lower critical solution temperature (LCST) of 26 °C, was blended with CNCs to
form free-standing films through controlled evaporation-induced self-assembly. The CNCs

structures were tuned by polymer loadings, humidity, and temperature conditions and
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caused changes to structural colors of the resulting CNC nanocomposite films. Simply by
increasing polymer loading from pure CNCs to 30 mass % of PMEO:MA, the reflected
color maxima transitioned from blue to red that corresponded to 530 nm + 50 nm to 770
nm + 90 nm. The reflected colors further shifted their reflectance wavelength by 140 nm
to 200 nm when the films were exposed to 95 % RH. The CNCs contributed to the shift
due to their hydrophilic nature that absorbed water molecules and expanded the structures.
The process was reverted when water evaporated from the films and the reflected colors
returned to the initial state. The resulting films demonstrated reversible responses to
temperatures, going from transparent to opaque for temperatures below and above the
LCST. The optical responses were detected within the visible light spectrum, making the

CNC nanocomposites ideal in applications for materials sensitive to human-contact.

In the second project, the focus was on a microscopic scale response of PMEO:MA
by implementing a water-sensitive dye to probe the chains dynamics via fluorescence
lifetimes. The PMEO2MA homopolymer was labeled with the rhodamine B-based water-
sensitive dye to make PMEO2MARhB then blended with CNCs. Fluorescence lifetime
imaging microscopy (FLIM) generated a fluorescence lifetime distribution within the film
that probed the different polymer dynamics. The average fluorescence lifetimes (tm) shifted
to shorter lifetime with increasing PMEO>MARB loadings from 3.1 ns to 2.4 ns. Two-
component exponential fitting was needed and resulted in t; and 12 values. The 11 had
shorter lifetimes that associated with more hydrated domains while 1> had longer
fluorescence lifetimes that likely related to polymer confined to the CNC interfaces. There
are three postulated environments the polymer chains were experiencing in the CNCs

structure: i) PMEO2MA confined to CNCs via physical absorption, ii) PMEO2MA in-
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between CNCs structures, iii) PMEO2MA in hydrated regions. FLIM technique could be
implemented in other water-sensitive systems and filler-matrix interfaces to study dynamic

responses in nanoseconds regime.

The final project examined how anchoring PMEO>MARNB to CNCs would affect
polymer dynamics and mechanical properties. The grafting-from technique was utilized to
covalently bond the polymer chains to CNCs surface to form CNC-g-PMEO>,MARB with
74 % polymer content. The CNC-g-PMEO2MARNB was blended with pristine CNCs to
make free-standing films. Due to one chain-end being restricted to CNCs, the Grafted-CNC
films had longer fluorescence lifetimes when compared to their blended PMEO2MARhB-
CNC counterpart. The Grafted-CNC films showed improvement in tensile strength and
modulus for 5 % and 15 % Grafted-CNC, indicating better stress-transfer in comparison to
the blended PMEO>MARhOB-CNC. However, due to the polymer chains tethered to the
CNCs surface, there was no excess polymer content present to lubricate the CNC rods.
Therefore, the strain and toughness suffered at 40 % Grafted-CNC and the performance
was dropped by a factor of three when comparing with the 30 % PMEO>.MARhB-CNC
since they have comparable polymer content. This observation illustrated a correlation

between the measured fluorescence lifetime and mechanical properties.

From these studies, CNCs nanocomposites can be tuned by environmental stimuli
and different chain confinement resulted in optical responses and mechanical
performances. Fluorescence lifetime imaging microscopy was co-opted from biological
applications to capture sensitive events in nanoseconds at high resolution to experimentally
study polymer dynamics. The technique provided insights at the microscopic scale to

improve material design for CNCs nanocomposites.
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CHAPTER 1. INTRODUCTION

Cellulose is an abundant, renewable resource that has been used in the paper industry.
With the discovery of cellulose nanocrystals (CNCs) around the 1950s, there has been a
renewed interest recently to expand applications of CNCs into pharmaceuticals, the food
industry, and composites.>? Unlike traditional cellulose, cellulose nanocrystals self-
assemble into helical structures, also called Bouligand structures, that allow them to have
high strength. These Bouligand structures are also seen in the architecture of crustacean
exoskeleton, such as crabs,® lobsters,* and mantis shrimp.® Alternating hard and soft phases
provide a material that is both tough without being too flexible.® With CNCs strong
mechanical properties coupled with their renewable and biodegradable nature, recent
literature has explored their utilization for the next generation of nanocomposites that could

mimic the design of biological composites and be responsive to external stimuli.

1.1. Introduction to Cellulose Nanocrystals

Cellulose is an abundant, renewable linear polymer, with B(1—4)-linked p-glucose
units (Figure 1.1), that forms fibrils comprising amorphous and crystalline domains.
Cellulose chains are held together by intra and interchain hydrogen bonding. The fibrils
have elastic modulus of about 150 GPa and strength of roughly 10 GPa. Ranby isolated
cellulose crystalline domains, called cellulose nanocrystals, by strong acid hydrolysis of
cellulose.?? A CNC rod has a degree of polymerization between 90 and 110 with
approximately 3.7-6.7 sulfate groups per 100 glucose units. The sulfate esters at the surface
of CNC provide additional electrostatic stability in aqueous suspensions. At a critical
concentration, the suspension is birefringent. Hydrolysis can also be performed with

hydrochloric, sulfuric, and phosphoric acids but the former hydrolysis does not form ester



groups. Due to the absence of ester groups, HCI-hydrolyzed CNCs have difficulty forming

chiral nematic structures.?

OH

HO
OH

Nonreducing end Cellobiose i Reducing end
Figure 1.1. Repeating unit structure of cellulose. Image was taken from Ref. 1.

The most common source of cellulose nanocrystals is woody biomass but other sources
of cellulosic materials can be derived from bacteria, tunicate, or cotton. An individual CNC
rod is made of roughly 9 cellulose chains with the cross section of 5 nm — 15 nm in width
and 90 nm —120 nm in length, resulting in an aspect ratio of 20 for wood pulp sources
having 60 % crystallinity.? Depending on the source, the dimension of the CNC rods can
vary. For the tunicate-CNCs, the length is about 1000 nm with an aspect ratio of 100 and
a higher crystallinity of 80 %.”® Due to the high cost and limited supply of tunicate-CNC,
it is not commonly used despite its good mechanical properties. One advantage of using
CNC is its high specific surface area of ~400 g/cm?, which is about 100 times the surface
area of the starting cellulosic material. CNCs have many other desirable properties, such
as strength, self-assembly, photonic properties, and being lightweight that have expanded
their applications as rheology modifiers, emulsion stabilizers, sensors, and reinforcement

for polymer matrices.?

1.2. Structure and Mechanical Properties of Cellulose Nanocrystals
In a dilute aqueous suspension, the CNCs are isotropic. When the CNCs suspension

undergoes evaporation-induced self-assembly, the rods arrange themselves into liquid



crystalline assemblies to decrease the electrostatic interactions, resulting in anisotropy due
to the unidirectional orientation of the rods. When characterized by polarized optical
microscopy (POM), this arrangement has a “fingerprint” patterns, showing left-handed
chiral-nematic ordering, that gives an iridescent appearance. The chiral-nematic structures
composed of stacked planes of CNC rods; the rods in each plane are aligned in one
direction, is shown in Figure 1.2. The planes are rotated around the perpendicular axis due
to entropically driven self-arrangement. This twisted plywood assembly is also called a
Bouligand structure. It is possibly formed because of the twist dimension and the charge

surface of CNC rods.'?
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Figure 1.2. Orientation of the dilute (left) and concentrated (right) suspension of CNC in
aqueous solution. Image was taken from Ref. 1.

There are several ways to tune the pitch length, such as the CNC dimensions, surface
charge, the conditions of the evaporation-induced self-assembly process, and external
stimuli (temperature and/or humidity). The concentration of CNCs suspension has a great
effect on the pitch and reflectance wavelength; higher concentrations result in lower pitch
and shorter reflectance wavelength and vice versa. Adding electrolytes disrupts the

electrostatic repulsions by screening some of the negative charges of the sulfate groups,



resulting in a reduced pitch length. Interestingly, films dried at ambient conditions tend to
have polydomain structures, resulting in inhomogeneity. Applying a magnetic field during
the drying process can help align the CNC rods leading to more homogeneity.*® Another
method to influence the pitch is the drying rate; a slow drying rate of - 4 mg/min of water
evaporation resulted in a very low pitch of 420 nm when compared to a faster drying rate
of -13 mg/min (pitch = 1000 nm), Figure 1.3. At a slower drying rate, the CNC rods have
more time to rearrange themselves into a tighter organization. Faster drying rates result in
the rods restricted to configurations where the pitch tends to have broadened distribution

and longer length.!!

Figure 1.3. Polarized optical microscopy images of sodium-neutralized sulfated wood
cellulose nanocrystals (Na-CNCs) at a) fast-dried (13 mg/min), b) slow-dried (7 mg/min), c)
slowest-dried (4 mg/min). The images are obtained in cross-polarization configuration with
0.5 mm scale bar. Images taken from Ref. 11.

Bouligand structures observed in biological nanocomposites, like the exoskeleton of
crabs,® lobsters,* and mantis shrimp,® provide greater mechanical integrity. Unlike CNC,
biological nanocomposites have alternating layers of hard (helical configuration) and soft
phases. This organized configuration prevents crack propagation by crack bridging,
twisting, and deflecting the applied force to endure high impact energy while the soft phase

acts as an energy-dissipating matrix.>®213 Duye to the helical arrangement, CNCs have



modulus of 10 GPa.” Based on axial Young’s modulus, CNCs are theoretically stronger
than steel with the native cellulose perfect crystal expected to have a modulus of 167.5

GPa. The high moduli make them candidates for advanced materials.” 111415

The Bouligand structure is also responsible for the iridescence structural colors
observed in some insects, for example the jewel beetle, Figure 1.4. For CNCs, the
iridescent feature is observed when the distance of helical structure repeat unit — known as
the pitch — is within the wavelengths of visible light.}%*® The structure reflects circularly
polarized light and the reflected light depends on the viewing angle, giving the iridescent
appearance.?* This has allowed CNCs to have applications in photonic materials, security
papers (passports, banknotes), polarizing mirrors, packaging materials, sensors, as well as

additives for paints and inks.11

Figure 1.4. Structural coloration and circularly polarized light reflection from jewel scarabs
due to Bouligand structures. Image taken from Ref. 13.

1.3. Cellulose Nanocrystals Applications in Nanocomposites

Biological nanocomposites mentioned above have great mechanical properties due to
high component of reinforcement (hard phase) that have an energy-dissipating soft phase
to complement the composite system. This organization is different from engineered
materials that generally have low loading of reinforcements that are usually at nanoscale
lengths. Dispersion remains a challenge since the nanoparticles aggregate in the matrices,
jeopardizing mechanical properties of the resulting composites.!® Taking a new direction
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from the previous approach for composites, the next generation of nanocomposites will
take inspiration from nature’s complex hierarchical ordering to enhance mechanical

properties.’

There has been a focus of using cellulose nanocrystals for reinforcement of
nanocomposites due to their ability to self-assemble into Bouligand structures, abundancy,
low cost, lightweight (density = 1.61 g/cm?®), and high surface area.l® Many literature
reports embedded neat or functionalized CNCs into polymer matrices for applications in
composites, photonic materials, and sensors.?'4® Despite their advantages, CNCs suffer
from brittleness due to the absence of an energy-dissipating binder phase. CNCs
hydrophilic nature make it more straightforward to blend CNCs with water-based polymers
to incorporate a soft phase.”** Hydrophilic polymer matrices explored, include poly(vinyl
alcohol) (PVOH),° waterborne polyurethane (WPU),Y” polyethylene oxide (PEO),'®
zwitterionic surfactant dimethyl(myristylammonio) propanesulfonate (DMAPs),® and
copolymers of methacrylate derivatives with a 1-ureido-4-pyrimidinone group with a
hydrogen-bonding motif to enhance ductility along with photonic properties.®
Nanocomposite films were formed via evaporation-induced self-assembly from aqueous
suspensions of CNCs and water-based polymers.t A recent study blended two different
sources of CNCs, wood and tunicate, yielded optimized toughness and strength with a
combination of 70 mass % wood-CNCs and 30 mass % tunicate-CNCs. These
nanocomposites are promising for use in automotive, aerospace, infrastructure, and
decorative coatings.” Another method to embed CNCs into a matrix is in-situ
polymerization, to create a homogeneous incorporation within an elastomer that was

stimuli-responsive by changing color as the material was stretched due to the unwinding



of the CNCs Bouligand structure.?’ Without modification, CNCs are only compatible with

water-based polymer and dispersible polymer latexes.*

To blend CNCs with hydrophobic polymer matrices, research has focused on surface
modifying CNCs to aid their dispersion. CNCs dispersity is vital to ensure enhancement in
mechanical properties that is not hindered by aggregation.! To increase compatibility
between CNCs and nonpolar matrices, one study grafted PEG chains to CNCs to help
disperse the nanoparticles into poly(lactic acid) (PLA),?* while another literature study
used ring-opening polymerization to graft poly(e-caprolactone) (PCL) to later blend with
PCL?2. There have been many studies on grafting thermoresponsive polymers to CNCs to
create a stimuli-responsive CNCs in aqueous solution for various applications like sensors
or thermo-sensitive materials.?>*° These studies did not examine how thermoresponsive
polymer will respond to various humidity levels and their ability to exclude water above

the lower critical solution temperature (LCST) to protect CNCs from water penetration.

1.4. Water coverage on CNCs

Cellulose nanocrystals hydrophilic nature makes them prone to absorb water. The
excess moisture at the CNCs surface affects dispersion, interfacial adhesion, and
hydrothermal stability. CNCs dispersion is limited to polar solvents, making it difficult to
disperse them in nonpolar solvents.!* Despite functionalizing CNCs, and using solvent
exchange to organic solvents in order to remove the water component, a layer of water
surrounding CNCs surface is still present.33! The layer of water prevents interfacial
adhesion between CNC-matrix and CNC-CNC, more severely in hydrophobic matrices.
When CNCs absorb water, they can act as water channels within the matrices, decreasing

mechanical properties as a result.®>%* A simulation study has looked at how moisture



influences CNCs interfaces observed the CNC-CNC shear modulus to drop by 2 orders of
magnitude when the interface went from dry to wet, Figure 1.5.2 Therefore, it is crucial
to study the interaction between water and CNCs and correlate how the physical properties

might be compromised.
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Figure 1.5. Shear energy barriers for dry interfaces (green bars) and wet interfaces (blue
bars) showing how water at the interface decrease energy barriers to traction and interlayer
shear modulus (left). Compared to dry and wet interfaces that reveals water-CNC hydrogen
bonds replacing CNC-CNC hydrogen bonds for (110) interfaces (right). Image taken from
Ref. 33.

A previous study done by our NIST collaborators looked into confined water in CNCs
by measuring the dielectric constant using a noncontact microwave cavity perturbation
method.!! The study was able to probe the dimensions of the absorbed water on CNCs and
the factors that affected water confinement. Between the sulfated-CNCs neutralized with
either sodium (Na-CNC) or methyl (triphenyl) phosphonium cations (MePhzP-CNC), the
study found that the more hydrophobic cations (MePhzP-CNC) yielded shorter pitch and
spherical water confinement. However, to minimize the water content surrounding CNCs,
we need have a polymer system that is compatible with CNCs (having hydrophilic

characteristics), but also has the ability to exclude water from CNCs surface.



1.5. Thermoresponsive Polymers

Thermoresponsive polymers are triggered by a temperature change in the environment,
resulting in a new polymer configuration that translates to a physical property change. A
polymer in a solvent system would go through a phase separation brought on by a
temperature change, and thus transition from a single phase to a two phase state. Two
thermoresponsive changes can occur, either a lower critical solution temperature (LCST)
or upper critical solution temperature (UCST), as shown in Figure 1.6. When phase
separation occurs as temperature increases, the system demonstrates LCST behavior. A
LCST is the minimum temperature where phase separation can occur. For the UCST case,
the phase separation happens when temperature decreases. For the two cases, the polymer
IS not precipitating but is in equilibrium where one phase is polymer rich (high in
concentration) while the other is polymer poor (low in concentration). Polymers with LCST

behavior have been implemented in many biomedical applications.®*

Binodal b)
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Figure 1.6. Phase diagram for polymer-solvent system with a) LCST and b) UCST behaviors.
Figure was taken from Ref. 34.

Some common LCST polymers are poly(N,N’-diethyl acrylamide),
poly(dimethylaminoethyl methacrylate), poly(N-acryloylpyrrolidine), poly(vinyl methyl
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ether), and poly(N-isopropylacrylamide) (PNIPPAmM).2-?° Interestingly, PNIPPAm is the
most common due to its LCST around 32 °C, which is close to the human body
temperature. However, it has disadvantages in that it undergoes an irreversible phase
transition, and for low molecular weight polymers, the end-groups greatly influence the

thermal properties.*

In the 2000s, the discovery of oligo (ethylene oxide) methacrylate monomers expanded
the library of accessible LCST polymers. Starting with the methacrylic acid, oligo ethylene
oxide (ranging from one to nine PEO units) can be attached as the pendant ester groups.
For the two ethylene oxide units, 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) has
an LCST at 26 °C while OEGMA475 (8-9 PEO units) has an LCST of 90 °C (Figure
1.7).3538 The shift in LCSTs is due to the increase in PEO chain length that increases the
hydrophilicity of the polymer in aqueous solution, the solution needs to be heated to a

higher temperature before POEGMAu475 exhibits a phase transition.®*

MEO,MA OEGMA
OIH X
o} (o)
1 Fs
(o)

Polymer . . . )
LCST Values 26 °C 52 °C 60-64 °C 90°C

Figure 1.7. The structures of the oligo (ethylene oxide) methacrylate family and their
corresponding polymers’ LCSTs are listed below the monomer. Figure was modified from
Ref. 35.
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Lutz was able to co-polymerize MEO2MA with OEGMA47s at different mole ratios to
obtain LCST values between 26 °C and 90 °C via ATRP.%% This tuned LCST value could
then target 32 °C to be analogous with PNIPPAmM. Some advantages of the oligo (ethylene
oxide) methacrylate are reversible phase transitions,®3’ mainly unaffected by
concentration in water and chain-length,® biocompatibility, and anti-fouling properties
below LCST.*" These advantages have allowed the oligo (ethylene oxide) methacrylate
polymers to be used for drug-delivery, injectable hydrogels, cell-culture substrates,

antibacterial surfaces, protein chromatography, and tissue engineering.3>%’

For LCST polymers, their thermoresponsive ability is due to the balance between
favorable and unfavorable interactions with water molecules.® Below the LCST value, the
polymer chain is hydrophilic and forms hydrogen bonds with the surrounding water
molecules. As the temperature increases, the hydrogen bonds would weaken.®* Above
LCST, the polymer-water bonding is less favorable than polymer-polymer interaction
therefore the water molecules are expelled from polymer chains, resulting in polymer
configuration that goes from coil to globule inducing phase separation.3*3
Thermodynamically, the hydrogen bonding for polymer-polymer and water molecules is
enthalpically favorable for free energy of mixing but the polymer-water bonding increases
ordering. This increase ordering is not ideal for entropy of mixing, at high temperature, the
entropy contribution TAS dominates and free energy of mixing becomes positive. This
results in phase separation of the polymer from water, a proposed schematic is shown in

Figure 1.8.34
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The most common method to measure the phase transition for LCST polymers in
aqueous solution is turbidimetry. At a fixed concentration, the transmittance of a solution
IS measured as temperature increases or decreases. At low temperatures, the solution is
clear (100 % transmittance) and as temperature increases, the solution becomes opaque (<
50 % transmittance) because the polymer globules scatter light. When the temperature
cools down, the polymer is again well-dispersed in water. Dynamic light scattering (DLS)
can also measure this transition by recording the polymer size as it goes from coil to
globule. The transition is endothermic so differential scanning calorimetry (DSC) and
pressure perturbation calorimetry (PPC) can detect this phase transition by determining the

enthalpy changes and volume change, respectively.®*
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Figure 1.8. Proposed mechanism for temperature-induced phase transition of copolymers
P(MEO:MA-co-OEGMA) in aqueous solution. Schematic was taken from Ref. 34.

The LCST polymers have been explored in aqueous solution but only a few literature
reports describe their behavior in the solid or dry state. Work from Lutz investigated the
cross-linked networks of 10 mol % and 20 mol % OEGMA in P(MEO2MA-co-OEGMA)
swollen in water and they reported LCST values of 42-45 °C and 51-53 °C, respectively.
When those temperatures were reached, the hydrogels deswelled and the gel collapsed,
seen in Figure 1.9. The thermoresponsive behaviors observed were comparable to the
corresponding uncrosslinked polymers.3®
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Figure 1.9. The swelling ratio as a function of time and temperature for P(MEO:MA-co-
OEGMA) hydrogels with 10 mol % and 20 mol % OEGMA at 60 °C. Taken from Ref. 35.

A recent study looked at gel networks of PNIPPAmM with hydrophilic sodium alginate
networks to absorb moisture from the atmosphere and excrete it in liquid form above the
LCST value, in Figure 1.10. The gel system took in moisture at temperatures below 50 °C
but would release about 20 mass % liquid water above 50 °C. Based on this study, the 80
% of water remained in the gel due to the alginate network that prevented the water from
escaping. This absorb and desorb process is reversible.®®

b e Moisture (gas—water)
e 4

Liquid-water

T »
PNIPAAm/Alg IPN gel Moisture absorption Water oozing

~_ PNIPAAM(25°C) @ Ca?®
~~~ PNIPAAM(50 °C) ® MBAA
. Alg &% Water molecule

Figure 1.10. lllustration of the a) water-adsorption of dried PNIPPAmM/AIg gel b) moisture

absorption and oozing process of IPN gel with temperature fluctuation c) condensation of
moisture with a standard absorbent. Image was taken from Ref. 38.

Some literature has utilized PNIPPAmM hydrogel inverse opal particles as a drug
delivery system due to its prominent temperature-induced volume change. The materials
had a photonic band gap that allowed them to have structural colors and characteristic
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reflection peaks. In Figure 1.11, the PNIPPam hydrogel particles where exposed to
temperature ranges from ambient to 55 °C.3® As the temperature is increased, the reflected
colors transitioned from red to blue due to the contraction of the polymer system as it
underwent phase transition. This example illustrated how the polymer configuration and

volume change caused a linear color variation within the visible spectrum.

Reflection (a. u.)

450 500 550 600 650 700
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Figure 1.11. Reflection images and wavelength of the PNIPPAmM hydrogel inverse opal
particles from ambient to 55 °C. Image taken from Ref. 39.

1.6. Probing Interphase Dynamics

To understand structure-property relationships for composites, a focus has been on
examining the interphase. The interphase region is where the filler and matrix interact,
which would translate to bulk properties for the material.**>-*2 The connectivity between the
composite components is crucial to transfer stress from the matrix to filler. Despite a large
volume of work dedicated to polymer nanocomposites, there is still a need to
fundamentally understand polymer dynamics at different length scales. Understanding the

microscopic polymer dynamics is vital to design and develop future materials with
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desirable macroscopic properties. Fundamental studies on dynamic processes can provide
insights to determine suitable processing methods and parameters for mass production and
reduce costs.*®

Polymer dynamics can have various meanings depending on the time and length scales
measured, as seen in Figure 1.12. At the shortest levels, thermal vibrations are at the pico-
second and sub-Angstrom length-scale. Segmental dynamics happen at a range of time-
and length scales, often defined as the non-diffusive polymer segments and polymer
conformations.** Intermediate polymer dynamics entail non-diffusive relaxations and a
collective motion of polymer segments, often described by a Rouse model in melts. The
dynamics can be measured by neutron scattering and rheology.*® Polymer chain diffusion
has slower dynamics than segmental and intermediate processes and can be measured by
rheology and neutron spin echo spectroscopy (NSE). As for nanoparticle diffusion, it has
a wider range of time- and length-scales that depends on the size, volume fraction,
dimension, and interaction of the nanoparticles. To measure the temporal fluctuations of
these particles, X-ray photon correlation spectroscopy (XPCS) and dynamic light

scattering (DLS) are often used to track the motions in polymer melt.*®
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Figure 1.12. Schematic of the dynamic processes in nanocomposites based on time and length
scales. Image taken from Ref. 43.
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To understand and help design composites, many techniques and tools have been
developed to probe polymer dynamics, as seen in Figure 1.13. For a slow relaxation time
of 1 second at a temperature close to Tg, temperature modulated differential scanning
calorimetry (TMDSC) is used to examine segmental dynamics.*® At temperatures higher
than Ty and dynamics in 107 s to 10° s timescale, broadband dielectric spectroscopy (BDS)
can probe a broad range of dynamics to the molecular level.*” Despite its advantage, the
technique is not length-scale selective, requires a permanent dipole on polymer system,
and complex fitting.*® Neutron spin echo spectroscopy (NSE) and quasi-elastic neutron
scattering (QENS) can measure segmental dynamics in 10! s to 10° s at temperature
significantly above T4 while providing length-scale information. The NSE technique is
often used to measure intermediate dynamics (Rouse) while QENS measures the
broadening of an elastic scattering peak that is dependent on hydrogen atoms in probe
molecular relaxation.** Dynamic mechanical analysis (DMA), rheology, and NMR

spectroscopy have been used to examine segmental and intermediate dynamics as well.®

T T T T
24 TMDSC
DMA

™
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a-relaxation
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Figure 1.13. Diagram depicting segmental relaxation times of bulk 40 kg/mol P2VP as a
function of inverse temperature and the corresponding temperature scale for techniques used
to characterize polymer dynamics: TMDSC, DMA, BDS, NSE, and QENS. Black line

represents a Vogel-Fulcher-Tammann (VFT) fit for TMDSC (red circle), BDS (blue circles),
and QENS (green circles) measurements. Image taken from Ref. 50.
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Segmental dynamics happen within nanometers length-scale and are sensitive to the
local environments. Therefore, a range of dynamics exist because of the heterogeneous
environments within the nanocomposites that is dependent on the polymer location in
relation to the nanoparticles. Three models have been developed to describe different
dynamics in polymer nanocomposites, Figure 1.14. The homogeneous model describes
how the average dynamics encompass all the segmental dynamics in the material. The core-
shell model indicates the existence of two dynamics that depend on the distance between
polymer chains and the nanoparticles. Meanwhile, the interfacial layer model describes a
gradual transition from interfacial to bulk dynamics. The nanoparticle-polymer
interactions, nanoparticle size and volume fraction parameters often dictate which model

is most suitable to describe segmental dynamics in polymer nanocomposites.*

Homogeneous model Core shell model Interfacial layer model

Polymer matrix

Distance from NP surface Distance from NP surface Distance from NP surface

Figure 1.14. Schematic of three models describing polymer segmental dynamics as a function
of distance from a nanoparticle. Image taken from Ref. 43.
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More studies have looked into interfacial interactions utilizing neutron reflectivity or a
fluorescence probe to understand the mechanical stress.>>? A study done by our NIST
collaborators used a mechanophore covalently attached to silk fibers to directly observe
the interphase portion when stress was applied. Using two-photon fluorescence lifetime
imaging (TP-FLIM) and hyperspectral imaging, allowed for observation of the
mechanophores activation during stress at the silk fiber interface.*

Using an optical output, some studies have looked at the glass transition (T4) and how
confinement affects polymer dynamics and segmental motion. There has been a focus on
probing segmental motion by using fluorescent probes to measure glass transition (T).
Techniques like ellipsometry, dielectric spectroscopy, and fluorescence spectroscopy have
been used to measure T of thin films by examining the mobility of polymer chains at the
sample-air interface. Some investigators have used the lattice “limited mobility” model to
examine the mobility at these interfaces.>® Work by Torkelson et al. looked into interfacial
interactions of nanocomposites and how confinement influence T4. He pioneered the usage
of pyrene dyes to track chain mobility in bulk, and nanocomposite thin films based on the
shift of fluorescence intensity. These studies found that confinement can result in a shift of
glass transition temperature in polymer films. A decrease in Tq tends to be observed at the
polymer-air interface due to free surface for greater polymer movement. An increase in Ty
tends to be at the polymer-substrate interface due to attractive interactions that limit chain

mobility.5455

Fluorescent moieties have been utilized to observe how soft and hard confinements
would result in the shift of T4.%® Work by Priestley et al. looked into how incorporating the

pyrene probe at specific locations in a polymer chain can be used to determine the Tgat
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local environments.®” All of these studies were endeavoring to determine factors that affect
chain mobility at interfaces. Fundamental understanding of chain mobility will link local
dynamics and bulk material properties together, and allow physical properties to be tuned

for different applications.*?

A recent study done by Seethamraju et al. specifically used a water-sensitive dye
(rhodamine B-based) to visualize water located at the glass fiber and epoxy interface via
confocal optical microscopy. The fluorescence intensity correlates with the water
concentration within the epoxy matrix, Figure 1.15. Most of the water resides at the epoxy-
glass fiber interfaces.> While this work indicated where water prefers to migrate within an
epoxy composites, there has yet to be a study on polymer responses at the interface between

polymer and filler, and how that translates to mechanical properties.
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Figure 1.15. The activation mechanism of the water-sensitive dye (left) and the confocal image
of epoxy labelled composite with glass fiber. Fluorescence intensity correlates to water
concentration, residing at the epoxy-glass fiber interface. Images taken from Ref. 58.

1.7. Introduction to Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is a technique first introduced in

1959 that combined time resolved fluorescence spectroscopy with microscopy to determine
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the spatial distribution of excited state lifetimes at the nanosecond time scale.>® Fluorescent
lifetime () is the average time that an electron remains in the excited state before it decays
to the ground state. The process of electrons leaving the excited state through radiative and
non-radiative processes decays exponentially. During the lifetime period, a fluorophore
can undergo conformation changes, diffusion, or interact with its environment. Luckily,
the lifetime of most fluorophores is within the nanoseconds range, which is ideal for
imaging.® To resolve lifetimes at this time scale, the modulation of excitation and detection
need to function at very high speeds. Investigations using FLIM can provide a profile of
single to multiple decay times in two and three dimensions. Due to its capabilities, FLIM
has also been used in biological fields to observe biomolecules in vivo.®° This technique
has also been implemented in imaging ion concentration, tissue characterization, proteins,

and living cells.>®61-64

FLIM can analyze in both the frequency-domain and time-domain. In the frequency-
domain, the intensity of the excitation light is modulated and the lifetime is determined by
analyzing the phase shift of the fluorescence emission. The time-domain is used for
analysis where a short pulse of light excites the sample and the emitted time-resolved
fluorescence is recorded to obtain decay curves of the lifetime. The decay curves can be
obtained by tracking photons while another method divides the photon counts at certain
time intervals using a gated detector.

For a single exponential decay, the fluorescent intensity is written as Eqg. 1 where I(t)
is the fluorescent intensity as a function of time, lo is the initial intensity after the pulse, t
is time after the pulse, and 7 is the lifetime.> However, multicomponent exponential fitting

IS sometimes necessary to capture the different lifetimes, described by Eq. 2.
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I(t) = I,e= /D Eqg. 1

I(t) = Iy X ae~ /™ Eq. 2

The emission can decay slowly or quickly over time, seen in Figure 1.16. The decay profile
is influenced by interactions that fluorophores undergo that would affect its quantum yield
and lifetime, called fluorescence quenching. The quenching is categorized as: dynamic
quenching (via interactions with a quencher and the fluorophore in the excited state), static
quenching (interaction of fluorophore and quenching compound), self-quenching (due to
high concentration of fluorophores), and color-quenching (the emitted photons are
absorbed by a colored molecule). Advantageously, fluorescence lifetime is influenced by
energy transfer and not affected by concentration, exposure duration, excitation intensity,

or detection efficiency.
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Figure 1.16. Time-domain lifetime measurement. Once the molecule is excited by excitation
pulse, the decay curve is measured via the emitted fluorescence as a function of time. Figure
was taken from Ref. 65.

Fluorescence lifetime is sensitive to the environment surrounding the fluorophores,
such as pH, polarity, temperature, and refractive index. Due to these sensitivities,
determining lifetimes via FLIM allows understanding of the dynamic changes in local

environments that the fluorophores are experiencing.®® Tanaka et al. studied polymer

21



dynamics and observed that fluorescence lifetime was dependent on molecular motion of
the chains.®® Longer lifetime means the fluorophores are in a mobility restricted region
while a shorter lifetime is a result of non-radiative pathways present for fluorophores to
decay quickly due to being in highly mobile environments.*:%® This observation motivates
the implementation of FLIM to extend exploration in chain dynamics for polymer

composite systems and comprehend molecular motions at the microscopic scale.

Work by Okabe et al. demonstrated the first intracellular temperature mapping by
utilizing a thermos-sensitive probe and FLIM. Using a fluorescent polymeric thermometer
(FPT) that diffused throughout the COS7 cell and poly-N-n-propylacrylamide (NNPAM)
with a LCST, they were able to show a temperature gradient between the nucleus and
cytoplasm that depended on the cell cycle. With increasing temperature above the LCST,
there was an increase in fluorescence intensity and a shift to longer lifetime by 2 ns. The
longer lifetime occurred due to the polymer chains transition from hydrophilic coils to
hydrophobic globules that resulted in a more restricted environment, as seen in Figure
1.17.57 This revealed FLIM as a sensitive technique that had the capability to detect the

change in polymer configurations and local environments.
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Figure 1.17. FLIM measurement of thermos-sensitive polymer system (FPT) in a COS; cell
extract above and below the LCST. At 37 °C, fluorescence intensity increased and exhibited
longer fluorescence lifetime while the inverse occurred at 30 °C. Image taken from Ref. 67.
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1.8. Dissertation Objectives

Inspired by Bouligand structures that exist in biological composites, this dissertation
aims to design multifunctional nanocomposites to investigate the fundamental structure-
property relationships at polymer-CNCs interfaces. Previous work done by our
collaborators at NIST visualized water at an epoxy-glass fiber interface via confocal
imaging and utilized FLIM to understand applied force on silk fibers at the interface.**
Merging these two concepts, polymer dynamics can be explored at polymer-CNCs
interfaces using a water-sensitive dye to observe how water content and polymer
confinement translate to macroscopic mechanical performance. Incorporating
poly(diethylene glycol methyl ether methacrylate) (PMEO2MA) as the soft polymer phase
into CNCs matrix provided toughness and stimuli-responsiveness to the resulting
nanocomposite films. In Chapter 2, investigations on how the thermoresponsive polymers
self-assemble with CNCs as well as optical and mechanical properties will be explored.
Using the knowledge from this initial study, Chapters 3 and 4 both focus on the local
dynamics of confined polymer chains by copolymerizing Rhodamine-based water-
sensitive dye into PMEO2MA polymer chains. Chapter 3 examined the physical absorption
of polymer chains and examine the different dynamic environments via fluorescence
lifetime measurements. In Chapter 4, a polymer dynamics comparison was made between
the covalently bonded and physically adsorbed thermoresponsive polymer chains to CNCs
surfaces. Finally, Chapter 5 will summarize the important findings and discuss future

directions to further understand CNC nanocomposite films.
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CHAPTER 2. BOULIGAND NANOCOMPOSITES: SELF-ASSEMBLY OF
CELLULOSE NANOCRYSTALS WITH THERMORESPONSIVE POLYMERS

2.1. Abstract

This work focuses on designing multifunctional cellulose nanocrystal
nanocomposites with high toughness and stimuli-responsiveness. To overcome CNCs
brittle nature, a thermoresponsive polymer (PMEO2;MA) was incorporated into CNC
matrices as the soft phase to dissipate impact energy. Nanocomposite films of PMEO2MA-
CNC with 0 to 30 mass % of PMEO>MA loadings were prepared via controlled
evaporation-induced self-assembly. As the polymer infiltrates CNCs” helical structure, the
resulting films’ reflectance wavelength transitions from blue to red. PMEO2MA-CNC
nanocomposites exhibited reversible humidity and temperature responses in the solid-state,
demonstrating the tunability of the self-assembled films. Dynamic mechanical analysis

revealed polymer incorporation improved flexibility and toughness of CNC matrices.

2.2. Experimental

2.2.1. Materials

The 12.1 mass % of sodium-neutralized sulfated wood cellulose nanocrystals (Na-
CNCs) in aqueous suspensions were obtained from the University of Maine Process
Development Center. Di(ethylene glycol) methyl ether methacrylate (MEO2MA, 95 %),
copper (I) bromide (CuBr, 99.999 %), and ethyl a-bromoisobutyrate (EBriB, 98 %) were
purchased from Sigma-Aldrich. Hexanes (95 %) was purchased from Fisher Scientific.
Toluene, anhydrous (99.8 %), Copper (I1) bromide (CuBr2, 99 %) and 2,2’-bipyridine (bpy,

99+ %) were purchased from Alfa Aesar. The chemicals were used as received.
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2.2.2. Synthesis of PMEO2MA

Diethylene glycol methyl ether methacrylate (MEO2MA) was passed through a basic
alumina column to remove inhibitors before polymerization. In a 20 mL reaction vial, 3
mL of MEO2MA, 3 mL of anhydrous toluene, 2,2’-bipyridine (Bpy 0.039 g, 0.25 mmol),
CuBrz (0.0024g, 0.011 mmol), and CuBr (0.016 g, 0.11 mmol) were added and the vial
was purged with nitrogen for 25 minutes. The initiator ethyl a-bromoisobutyrate (EBriB
0.016 ml, 0.11 mmol) was then added and the reaction performed for 7 hours at 70 °C. The
reaction solution was passed through basic alumina column to remove the copper species

before precipitating the polymer in hexanes. The PMEO2MA polymer has M, of 15.7 kDa

with B = 1.29 based on DMF-GPC, shown in Figure 2.1

o (o]
P Py
o Br . n
30
o
\

0" o
n >
CuBr/CuBr,/PMDETA \
Anisole, 75 °C O\L
o
MEO,MA M, = 15,700 g/mol |
b=1.29

o . PMEO,MA

/\Owar M_ = 15,700 g/mol
. P=129

16 18 20 22 24 26
Run Time (min)

Figure 2.1. Schematic of the polymerization conditions of PMEO,MA (top). 'H NMR
spectrum of PMEO;MA homopolymer in chloroform-d and DMF-GPC spectrum.
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2.2.3. Film Casting Procedure

The 12.1 mass % Na-CNCs was diluted to 2 mass % with deionized (DI) water and
sonicated for 1 hour. The PMEO2MA was dispersed at 2 mass % in water and vortexed,
followed by sonication for 1 hour in an ice-filled bath. The CNC dispersion and PMEO,MA
solution were mixed together at respective quantities to yield films of various PMEO,MA
mass fractions. Each prepared PMEO,MA-CNC mixture [(0, 5, 10, 15, 20, 30) mass % of
PMEO2MA] was sonicated for one hour in an ice-filled bath before being poured into a
polystyrene petri-dish (diameter = 50 mm). To control the drying rate of the solutions to
—7 mg min?, the petri-dish was placed on a balance inside a custom-built Plexiglass
chamber with a controlled flow of humid air flow (Figure 2.2). The casting ended once the

films’ mass remained constant (typically within 48 hours).

E = 1) Sonication
+ . -
2) Evaporation-
— induced self-assembly

Na-CNCs PMEO,MA
(2 wt% in H,0) (2 wt% in H,0)

Figure 2.2. Schematic of the casting procedure of PMEO;MA-CNC films. The combined
solution was sonicated in an ice bath and formed a film via evaporation-induced self-assembly
in a controlled humidity chamber.
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2.2.4. Instrumentation and Characterization

Polarized optical microscopy (POM) images were obtained using a 5x objective, a
cross polarization setting in reflection mode, and with a black backing surface. Perkin
Elmer Lambda 950 spectrophotometer with a 150 mm integrating sphere kit measured the
reflectance of the films from 200 nm to 2000 nm (10 nm slit widths) in 1 nm steps.
Shimadzu UV-2600 UV-Vis Spectrophotometer equipped with temperature controlled was
used to record reflectance and transmittance wavelengths from 400 nm to 900 nm in
intervals of 1 nm step. Dimension 3100 SPM AFM analyzed the surface topography and
phase modes with 4 pm scan size and scan rate of 1 Hz (512 samples/line). *H NMR was
performed using a Bruker Advance 111 HD 500 MHz spectrometer at 25 °C. Gel permeation
chromatography (GPC) was performed in DMF with RI detector. Infrared spectroscopy
was performed on a Perkin-Elmer Spectrum One FT-IR spectrometer with ATR sampling
accessory recorded between 650 cm™ and 4000 cm™ with 8 scans. Thermogravimetric
analysis (TGA) Q500 was used with a heating rate of 10 K min™ from 21 °C to 150 °C
then an isothermal hold for 30 minutes under a nitrogen environment. The FEI Magellan
400 XHR-SEM was used to image the cross-sections of the gold coated (1 nm to 2 nm
layer) fractured films at 5 kV and 13 pA. For mechanical properties, the films (cut into 30
mm x 4 mm dimensions) were measured by a RSA G2 Dynamic Mechanical Analyzer,
equipped with a 35 N load cell, in constant strain-rate mode. The gauge length and strain

rate used were 15 mm to 18 mm and 0.09 mm min™?, respectively.
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2.3. Results and Discussion

2.3.1. Optical and Structural Characterization

Cellulose nanocrystal sources can come from wood, bacteria, and tunicate with
varying crystallinity and rods’ dimensions.’™® For this study, sulfated wood CNCs with
sodium cations (Na-CNCs) were used with 3 nm — 5 nm width and 100 nm — 200 nm
length.2 The thermoresponsive polymer, poly(diethylene glycol methyl ether methacrylate)
(PMEO2;MA), with a LCST value of 26 °C, was chosen for its amphiphilic nature and
accessible LCST close to ambient temperature.*® PMEO,MA was synthesized via ATRP
to obtain low dispersity polymers with a defined cloud point transition. The CNCs and
polymer components were kept in separate aqueous solutions at 2 mass % and sonicated
for one hour. The two suspensions were added and sonicated at varying quantities to yield
0 % to 30 % mass fraction of PMEO2MA in CNC matrices. The films were prepared by
evaporation-induced self-assembling (EISA) inside a controlled humidity chamber at 20
°C at a constant drying rate. Previous efforts have shown CNCs structural property is
affected by the rate of evaporation, hence —7 mg min* rate was chosen to vyield
homogenous films.%’

In aqueous suspensions, CNCs are isotropic rod-like nanoparticles. Water
evaporation during EISA causes the CNC rods to self-assemble into cholesteric structures
with periodicities within the visible light spectrum.2 The structural coloration of
PMEO2;MA-CNC iridescent films was captured via polarized optical microscopy (POM)
in reflection mode, shown in Figure 2.3. The PMEO;MA-CNC films reflected colors
transitioned from blue to red as the mass fraction of PMEO2MA increased. The shift in

colors had been observed in literature for other water-soluble polymers-CNCs blended
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systems due to the polymer chains inserting between CNC layers.® ! UV-vis spectroscopy
quantified the reflectance wavelength of 0 % to 30 % PMEO.MA-CNC films, Figure 2.4,
and revealed a red-shift of peak reflectance from 530 nm + 50 nm to 770 nm £+ 90 nm,
respectively. The shift to longer wavelength was due to polymer infiltrating and expanding
CNCs pitch, in agreement with POM images. The reflectance wavelength broadness is due

to variation of pitch within the films, which has been observed in biological systems.?

Pure CNCs 5% PMEO,MA-CNC 10% PMEO,MA-CNC

Figure 2.3. POM images of nanocomposite films of PMEO;MA-CNC with [(0, 5, 10, 15, 20,
30) mass % of PMEO:;MA] were prepared via controlled evaporation-induced self-assembly
at 20 °C. Scale bar in all images is 800 pm.
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Figure 2.4. Reflectance measurements of nanocomposite films of PMEO,MA-CNC with [(0,
5, 10, 15, 20, 30) mass % of PMEO;MA].

Literature has reported a relative correlation between reflectance wavelength and CNCs
pitch distance measured via SEM for water-soluble polymer-CNC blended systems.® ! To
connect optical and structural properties, cross-sectional SEM images of PMEO,MA-CNC
fractured films were captured to obtain the pitch distances listed in Figure 2.5 and Table
2.1. The films all exhibited planar cholesteric CNC layers and were uniform with pitch
variation dependent on the location of the cross-sections, Figure 2.6. The cross-sections
revealed good integration of polymer and CNC components, suggesting their compatibility
through physical adsorption. The SEM measurements showed an increasing polymer
loading led to an increase in pitch. For the 30 % PMEO:MA-CNC, there were polymer
rich regions that demonstrated inhomogeneity at high polymer loading due to polymer

saturation. Water-soluble polymer-CNCs systems tend to reach polymer saturation at 40
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mass % and we observe phase separation above this concentration.®'! Phase separation
could be due to kinetics that causes the loss of ordering.° For the 30 % PMEO,MA-CNC,
there were regions were the helical structures were homogeneous while some regions were
more polymer rich, shown in Figure 2.5. This demonstrated that for this high concentration
of polymer, the composite was not homogeneous and the polymer was not well
incorporated. The regions outside and within the polymer rich area varied in pitch, with an

average pitch of 0.63 um + 0.04 pm and 0.72 um + 0.10 pum, respectively.

Table 2.1. Summary of PMEO:;MA-CNC films thickness, pitch, and reflectance

Sample Thickness (um) Pitch average (um) Reflectance (nm)
Pure CNCs 117+ 2.6 0.41 £ 0.07 530 £ 49
5% PMEO:MA-CNC 128+ 1.2 0.47 £ 0.07 590 £ 77
10% PMEO;MA-CNC 98.2+ 1.3 0.28 £ 0.04 540 £ 77
15% PMEO;MA-CNC 90.2+ 3.4 0.38 £ 0.06 610 £+ 53
20% PMEO:MA-CNC 131+1.9 0.50+0.1 670 £+ 100
30% PMEO;MA-CNC 118+ 21 051+£0.1 770 £ 90

Pitch (outside region)=0.63 + 0.044 um
Pitch (inside region) = 0.72 + 0.10 um

Figure 2.5. Cross-sectional SEM images for [(0, 5, 10, 15, 20, 30) mass % of PMEO:MA].
There are regions in 30 % PMEO,MA-CNC film with polymer rich (bottom right image) that
shows a variation in pitch value.

37



0.9

| M UV-Vis Measurements

08 A SEM Measurements
|
0.7 4
N

£ '

0.6
3 |
S 05+ l A A
=
[a

o
T
—p—i

T
1

o
w
1

o
N
1 L

000 005 010 015 020 025 030
Mass Fraction of PMEOsMA

Figure 2.6. Comparison of pitch based on UV-Vis and SEM measurements for PMEO;MA-
CNC films.

2.3.2. Humidity and Thermal Responses

We examined CNC nanocomposite responses to 50 % and 95 % relative humidity (RH)
by measuring change in reflectance wavelengths. To create a 95 % RH environment, the
films were tape to one side of a closed polystyrene cuvette with saturated potassium sulfate
(K2S0s) solution at the bottom of the cuvette for 3 days. The PMEO2MA-CNC films
responded to higher humidity by a shift to longer wavelength with reflectance differences
ranging from 140 nm to 200 nm, shown in Figure 2.7. This reversible expansion of pitch
was observed for other blended CNC systems with glycerol or polyethylene oxide (PEO)
when they were exposed to various humidity conditions.!>® There was no significant
correlation between the shift in reflectance and polymer loadings, which implied water
adsorption was dependent on CNCs component. The observation was in contrast from work
by Yao et al. where CNCs were blended with PEO and experienced reversible response
when exposed to 50 % RH to 100 % RH. The difference in reflectance shift and water

absorption increased with higher PEO loading in comparison to the pure CNCs film. For

38



the 20 mass % PEO-CNC film, polyethylene oxide’s hydroscopic nature contributed to the
water absorption going from 3 mass % to 30 mass % water, shifting the transmittance peak
from 500 nm to 750 nm when exposed to 50 % RH to 95% RH environments.!

Despite being hydrophilic in nature, PMEO2MA does not absorb a lot of water in
comparison to CNCs when ambient temperature was close to its LCST. With an increased
in polymer loading, the water adsorption decreased for both 50 % RH and 95 % RH, Figure
2.8. Water content measurements revealed the change in CNCs structural coloration is due
to the water molecules residing at the rods’ surface, infiltrating CNC layers, and expanding
the pitch.!* This was observed in GISAXS measurement (See Appendix A2) in which
the d-spacing of the soaked films linearly increased from 6.3 nm to 8.9 nm for 5 % to 30
% PMEO2MA-CNC. Varying the PMEO>MA loading and humidity conditions provide
tunability of reflectance wavelength in visible light spectrum. The response is reversible;
the films can revert back to the initial reflectance when the water content is evaporated
slowly and does not affect CNCs cholesteric structure. However, reflectance peak

broadening could be due to uneven water penetration.®
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Figure 2.7. Reflectance spectra of the CNC nanocomposite films at 55 % RH (solid lines) and

95 % RH (dashed lines) (top). The reflectance peaks shifted 140 nm — 200 nm to higher
wavelengths (bottom).
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Figure 2.8. TGA of the PMEO;MA-CNC samples to quantify the water content at 19 °C in
55 % RH and 95 % RH. Analysis done in N2 environment heating from room temperature to
150 °C with 10 K/minute ramp rate then allowed to equilibrate for 30 minutes at 150 °C.

At 95 % RH hydration level, the PMEO:MA-CNC films did not exhibit

thermoresponsive behavior when heated above the critical temperature of 26 °C. Literature
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has reported on thermoresponsive polymers with LCSTs, poly(N-isopropylacrylamide),
poly(oligoethylene glycol methacrylate), and Jeffermine polyetheramine, grafted on CNCs
to create a stimuli-responsive CNCs in aqueous solution for applications in sensors or
thermo-sensitive materials.®>#! The grafted thermoresponsive CNC systems behaved
similarly to their homopolymer counterpart and exhibited reversible phase transition in
aqueous solution with very low concentration of grafted CNCs. Despite these explorations,
they have yet to examine how thermoresponsive polymers will behave in the solid-state

with a minimal amount of water present.

To induce phase transition in the films, PMEO2MA-CNC films was exposed to a
limited amount of water and then temperatures of 0 °C, 21 °C, and 50 °C. Pure CNCs did
not undergo optical change in the temperature range. The CNC nanocomposites films
showed a progression from being transparent at 0 °C to opaque at 50 °C, in Figure 2.9. The
opacity appeared to increase with polymer loading because of PMEO>MA contribution to
temperature response similar to when it is in aqueous solution. The phase transition was
reversible and occurred in less than 3 seconds. When water is removed from the soaked
films, the films lost the thermoresponsive behavior and revert back to the initial color. The
experiment indicated the importance of water component for PMEO>MA-CNC films to

undergo phase transition.
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Figure 2.9. All the PMEO;MA-CNC films soaked in water were exposed to three
temperatures: 0°C (top), 21 °C (middle), and 50 °C (bottom).

To determine the cloud point temperatures in solid-state, UV-vis spectroscopy
measured change in the transmittance wavelength of soaked PMEO,MA-CNC films from
18 °C to 50 °C, shown in Figure 2.10. The transmittance for pure CNCs remained constant
throughout the temperature range while the transmittance decreased for PMEO,MA-CNC
nanocomposites. The phase transition occurred around 25 °C to 29 °C when transmittance
reached 50 %. This range is comparable to PMEO>MA LCST at 26 °C in aqueous
solution.?? The observation reveals PMEO,MA still undergoes the reversible phase

separation in solid-state and responds similarly to when it is in aqueous solution.
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Figure 2.10. Transmittance measurements of soaked PMEO;MA-CNC samples from 18 °C
to 50 °C to determine the cloud point at 650 nm wavelength (left). The cloud points range
from 25 °C to 29 °C. Comparison between water content versus mass fraction of PMEO;MA
was plotted (right).

Water content in soaked nanocomposite films were measured to estimate the minimum
amount of water needed to exhibit phase transition behavior. The 5 mass % and 10 mass
% PMEO2MA-CNC needed an average of 70 mass % of water while 15 % to 30 mass %
PMEO2MA-CNC needed 45 mass % of water to observe the thermoresponsive behavior,
shown in Figure 2.10. At lower polymer loadings, water might have been adsorbed by
CNCs component before it reached PMEO2MA, hence, higher water content is needed to
induce the phase transition. Demand for water content was reduced at higher polymer
content and increased the chance of interaction between PMEO>MA and water for the
cloud point to occur. A significant amount of water is needed for thermoresponsive
behavior to occur in comparison to the water content at 95 % RH (12 % to 17 mass % of

water), Figure 2.8.

To determine if there is hysteresis with heating versus cooling cycles, transmittance
measurements were conducted on soaked 5 % to 30 % PMEO>MA-CNC from 18 °C to 45

°C. Al PMEO2MA-CNC samples exhibited hysteresis but there was a prominent hysteresis
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in the 5 % PMEO2MA-CNC. There are two hypotheses to explain this observation. At 5
mass % polymer loading, it could take 5 % PMEO2MA-CNC longer to respond to the
heating/cooling cycle while the other PMEO2MA-CNC samples have a substantial amount
of polymer that response time is not delayed. The other possibility has to do with the
polymer component in 5 % PMEO2MA-CNC being physically attracted to the CNCs
surface due to secondary forces (van der Waals and hydrogen bonding). The adhesion
could hinder the polymer chains mobility, making it difficult for the chains to change

configuration and ultimately result in hysteresis.
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Figure 2.11. Transmittance measurements of PMEO;MA-CNC from 18 °C to 45 °C at 650
nm wavelength. The closed and opened symbols represent heating and cooling cycles,
respectively.
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2.3.3. Mechanical and Morphology Characterization

Mechanical properties were examined to observe the effects of PMEO2MA on the
films” mechanical performances. To ensure the stress of the material was recorded
accurately, the PMEO>MA-CNC films thickness was measured via SEM. Using the

equation below, the stress was calculated with the measured thickness.

Force _ Force [N]
Cross—section (Thickness XWidth) [m2]

Stress [Pa] =

The sample strips were 4 mm in width and 30 mm in length while the thickness was
measured by SEM and summarized in Table 2.1. From the stress-strain curves shown in
Figure 2.12, pure CNCs had high tensile strength but suffered from brittleness due to the
absence of an energy-dissipating polymer component.!* As polymer incorporation
increased, tensile strength decreased but the strain increased. The PMEO.MA-CNC
nanocomposite films had more flexibility and yield compared to pure CNCs. Toughness
and strain peaked at 20 % PMEO:MA-CNC sample. Its cross-section exhibited the
Bouligand structures like other samples but AFM phase images (Figure 2.13), revealed a
unique self-assembly of a nonwoven morphology at the film’s interface that could
contribute to high toughness. Mechanical trends obtained from PMEO.MA-CNC samples
were observed similar to other reported blended polymer-CNCs composites.®112324
Improvement in flexibility can be observed at 10 mass % polymer. The soft polymer
component dissipated friction from CNC rods against each other, indicating good

interfacial adhesion and stress transfer between the polymer and CNC components, 01t

45



m— Pyre CNCs
wod A s 5% PMEO,MA-CNC
10% PMEO,MA-CNC
m— 15% PMEO,MA-CNC
= 20% PMEO,MA-CNC
—_
o 30 == 30% PMEO,MA-CNC
=
N—r
2]
¢ 20
(O]
S
=
n
10 -
0 T T T T T T T T T T T T T
00 02 04 06 08 10 12 14
Strain (%)
104 i B 1.4 C
=124
= 8 S
o I © 1.0- [ |
o + =]
~ 64 —_
» + l T 0.8
E LL
= o
= [} < 0.6+ I
5 B | < +
= S 04 + l
2 N "
0.2
0 T T T T T T T 00 T T T T T T T
000 005 010 015 020 025 030 000 005 010 015 020 025 030
Mass Fraction of PMEOsMA Mass Fraction of PMEOoMA

Toughness (MJ/m3)

0.25
D 35 E
T 30
0.20 1 a 1
S
;’ 25
0.15 N =4
c 20
()
=
0.10 1 ) 154
© P
‘» 10
] S
0054 W + 2 6
OOO T T T T T T T 0 T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mass Fraction of PMEO,MA Mass Fraction of PMEO;MA

Figure 2.12. Mechanical properties of PMEO;MA-CNC films where A) stress-strain curves,
B) modulus, C) strain to failure, D) toughness, and E) tensile strength as a function of
PMEO:;MA.
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Figure 2.13. Phase images for the [(5, 10, 15, 20, 30) mass % of PMEO:;MA] films are shown.
The top side of the CNC films (sample-air interface) are on the top row and the bottom side
of the films (sample-substrate interface) are the bottom row.

2.4. Conclusions

Blending PMEO:MA with CNCs was a facile method to provide stimuli-
responsiveness and toughness to CNC films. By varying PMEO>,MA mass loading, the
CNC:s structural colors could be tuned from blue to red. The resulting CNC nanocomposite
films demonstrated reversible optical responses under humidity and temperature conditions
within the visible light spectrum. The tunability of CNCs nanocomposites make them ideal
as visual detectors, expanding potential applications to colorimetric sensors, photonics,
optically active coatings, and materials sensitive to human-contact. The dynamic responses
of CNC nanocomposites led to further explorations that seek to understand how the

microscopic scale translates to macroscopic properties.
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CHAPTER 3. LOCAL DYNAMIC OF THERMORESPONSIVE POLYMERS ON
CELLULOSE NANOCRYSTALS

3.1. Abstract
Polymer nanocomposites containing self-assembled cellulose nanocrystals (CNCs)

are ideal for advanced applications requiring both strength and toughness, as their helical
structure deflects crack propagation and the polymer matrix dissipates impact energy.
However, any adsorbed water layer surrounding the CNC rods may compromise interfacial
adhesion between the polymer matrix and the CNCs, thus impacting stress transfer at that
interface. Therefore, it is critical to study the role of water at the interface on the coupling
between polymer dynamics and the resulting mechanical performance of the
nanocomposite. Here, we explore the role of polymer confinement and water content on
polymer dynamics in CNC nanocomposites by covalently attaching a fluorogenic water-
sensitive dye to poly(diethylene glycol methyl ether methacrylate) (PMEO2MA), to provide
insight into the observed mechanical performance. Utilizing fluorescence lifetime imaging
microscopy (FLIM), the lifetime of the dye fluorescence decay was measured to probe
polymer chain dynamics of PMEO2MA in the CNC nanocomposite films. These studies
demonstrated FLIM as a method to investigate polymer nanosecond-dynamics in CNC
nanocomposites.
3.2. Experimental

To track chain dynamics, the PMEO2MA was labelled with a Rhodamine-based water-
sensitive dye. First, Rhodamine-B was modified with ethanolamine to synthesize the water-
sensitive dye, called RhB-ethanolamine. The RhB-ethanolamine precursor was then
reacted with methacryloyl chloride to modify it into a monomer that can then be

copolymerized with MEO2MA.. A synthesis schematic is shown in Figure 3.1.
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3.2.1. Materials

A 12.1 mass % of sodium-neutralized sulfated wood cellulose nanocrystals (Na-CNCs)
as an aqueous suspension was obtained from the University of Maine Process Development
Center. Di(ethylene glycol) methyl ether methacrylate (MEO2MA, 95 %), copper (1)
bromide (CuBr, 99.999 %), N,N,N’,N*’,N’’-pentamethyldiethylenetriamine (PMDETA,
99 %), ethyl a-bromoisobutyrate (EBriB, 98 %), Rhodamine B (RhB, > 95 %),
ethanolamine (= 95 %), methacryloyl chloride (97 %), ethyl alcohol, anhydrous (EtOH, >
99.5 %), anisole, anhydrous (99.7 %) were purchased from Sigma-Aldrich. Hexanes (95
%) and dichloromethane (DCM) were purchased from Fisher Scientific. Copper (1)

bromide (CuBra, 99 %) and triethylamine (TEA, 99 %) were purchased from Alfa Aesar.
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Figure 3.1. Schematic of a) rhodamine-B was reacted with ethanolamine to form a
spirolactam intermediate (RhB-ethanolamine). The RhB-ethanolamine intermediate is
further reacted with methacryloyl chloride to form the methacrylated monomer (RhB-MMA)
b) RhB dye is activated with 365 nm light and water to open the spirolactam ring.
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3.2.2. Synthesis of Rhodamine-ethanolamine precursor

To synthesize the water-sensitive dye, a synthetic route was adapted from the
literature.! In a 50 mL round-bottomed flask, Rhodamine-B (RhB) (0.57 g, 1.2 mmol) and
20 mL of anhydrous ethanol were added and stirred for 15 minutes under nitrogen.
Ethanolamine (3.7 g, 61 mmol) was then added to the flask and the reaction refluxed
overnight in the dark to prevent photoactivation of the product. For the purification process,
100 mL deionized (DI) water was added and the resulting solution was extracted against
chloroform. The chloroform solution was collected, dried over sodium sulfate overnight,
then the chloroform was removed via rotary evaporation. The recovered Rhodamine-
ethanolamine (RhB-ethanolamine) was dissolved with a minimum amount of ethyl acetate,
and the solution was passed through a neutral alumna column to remove unreacted
Rhodamine-B. Ethyl acetate was removed via rotary evaporation and the product was dried
in a vacuum oven. The product was isolated as a white powder; proton nuclear magnetic

resonance (‘H NMR) is shown in Figure 3.2.
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3.2.3. Synthesis of Rhodamine-Methyl Methacrylate (RhB-MMA)

In a 100 mL round-bottomed flask, RhB-ethanolamine (0.09 g, 0.18 mmol), 15 mL of
anhydrous dichloromethane (DCM), and triethylamine (TEA, 0.26 g, 2.6 mmol) were
added and stirred for 15 minutes under nitrogen. A dilute solution of methacryloyl chloride
(0.21 g, 2 mmol) in 3 mL DCM was added dropwise to the reaction solution that had been
placed in an ice bath. The ice bath was removed after the addition was completed, and the
reaction was conducted at room temperature overnight. To purify the product, the reaction
solution was diluted with DCM and washed with saturated sodium bicarbonate, a 0.5 M
NaOH solution, and then rinsed with water. The organic phase was dried with MgSO4 and
the DCM was removed via rotary evaporation. Rhodamine-MMA (RhB-MMA) was
dissolved in a minimum amount of ethyl acetate, and the solution passed through neutral
alumina column. Ethyl acetate was removed via rotary evaporation and the product was
dried in a vacuum oven. The product was a clear and viscous oil; "H NMR and ESI-TOF

are shown in Figure 3.3.
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Figure 3.3. *H NMR (left) and ESI-TOF of RhB-MMA (right)
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3.2.4. Copolymerization of MEO2MA with RhB-MMA

Diethylene glycol methyl ether methacrylate (MEO:MA) was passed through basic
alumina column to remove inhibitors before polymerization. In a 20 mL reaction vial, 3
mL of MEO2MA, 3 mL anhydrous anisole, CuBr2 (0.0024g, 0.011 mmol), and CuBr (0.016
g, 0.11 mmol) were added and purged with nitrogen. The ligand (PMDETA, 0.023 g, 0.13
mmol), the initiator (EBriB 0.016 ml, 0.11 mmol), and a solution of RhB-MMA in anisole
(0.03 g, 0.055 mmol) were then added. The reaction solution was heated to 70 °C for 7
hours. To terminate the polymerization, the reaction solution was placed in an ice bath then
exposed to air. The solution was then diluted using a minimum amount of acetone and
passed through basic alumina column to remove the copper species before precipitating the
polymer in hexanes. The poly((diethylene glycol methacrylate)-co-RhB-MMA)
(PMEO2MA-RhB) had a number average relative molecular mass (M) of 19,900 g/mol
with B = 1.3 based on dimethylformamide-gel permeation chromatography (DMF-GPC)
with polymethylmethacrylate (PMMA) standards. The polymer was also analyzed by
another DMF-GPC equipped with a UV detector at 254 nm to ensure that the water-
sensitive dye was incorporated to the polymer chains and there is no free dye present at

low molecular mass, show in Figure 3.4.
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Figure 3.4. Molecular mass of PMEO;MARHB using DMF-GPC with PMMA standards (left)
and DMF-GPC with both refractive index and UV detectors with PEG standards (right).

3.2.5. Experimental Conditions

The PMEO2,MA-RhB-CNCs films were cast via evaporation induced self-assembly
following the same procedure as mentioned in Section 2.3. Since the water-sensitive dye
is UV-sensitive, the Rhodamine-based water-sensitive dye PMEO2MA solution was placed
in amber vials to prevent activation. The room where the casting took place also had amber
lighting. For FLIM measurements, the PMEO>MA-RhB-CNCs films were placed in a
humidity chamber at 55 % relative humidity overnight to ensure all the films were
equilibrated before imaging. To activate the RhB dye, films were placed under an UV-
lamp (365 nm) until they turned pink. A Nikon A1 Spectral Detector Confocal with FLIM
module was used to measure fluorescence lifetime in time domain with 40X objective with
0.6 numerical aperture and 488 nm laser pulse at 50 kHz. For FLIM measurements, the
dwell time per pixel was 27.2 ns, with a scan size of 512 pixels x 512 pixels and a 0.39 um

pixel size. Images were taken under laser raster mode. The fluorescence was monitored by

56



binning events over time to construct a decay curve. The decay curves can be fitted as an

exponential decay, using either single or multicomponent exponential fit.
3.3. Results and Discussion

3.3.1. Optical and Structural Characterization
To synthesize the water-sensitive dye, rhodamine-B was reacted with ethanolamine to

form a spirolactam intermediate, RhB-ethanolamine, see Figure 3.1A. The RhB dye is
non-fluorescent until activated with 365 nm light and water to open the spirolactam ring,
see Figure 3.1B. The RhB cation forms a complex with "OH that emits fluorescence
around 590 nm. This ring-opening process can be reversed when heated above 80 °C,
Figure 3.1B.! The RhB-ethanolamine intermediate is further reacted with methacryloyl
chloride to form the methacrylated monomer (RhB-MMA), the synthesis schematic is
shown in Figure 3.1A. The RhB-MMA was attached to PMEO>MA via ATRP. Based on
absorbance of RhB-ethanolamine, roughly one out of every ten polymer chains have RhB-

MMA molecule attached (A4 & A5).

Separate aqueous solutions containing 2 mass % of PMEO,MARhB and 2 mass %
of Na-CNCs were combined in respective quantities to yield different polymer loading.
The films were prepared by evaporation induced self-assembly (EISA) with varying mass
fractions of PMEO>MARhB [(0, 5, 10, 15, 20, 30, 100) mass % of PMEO,MARhB] at a
constant drying rate. Previous efforts have shown that EISA of CNCs is affected by the
rate of evaporation, thus it was crucial to maintain the same drying rate for all the samples
to avoid major structural differences.??

Characterizing polymer confinements between the CNC rods can be assessed by

observing the change in CNC pitch. Since the pitch is the height of a single helicoidal layer
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in the Bouligand CNC structure,*® a comparison between the polymer loading and pitch
can be measured using polarized optical microscopy (POM), ultraviolet-visible (UV-vis)
spectroscopy, and scanning electron microscopy (SEM).

The POM images in reflection mode record the structural coloration of the
PMEO2MARNB-CNC films, shown in Figure 3.5. The self-organized films indicate chiral-
nematic ordering and form iridescent films that influence the photonic properties in the
visible light spectrum.®” As the PMEO>MARB loading increased, the films transitioned
from blue to red due to polymer infiltration. This observation was also seen in the literature
that has blended CNCs with polymer and surfactant systems.” '° Structural and photonic
properties can be tuned by incorporating polymers to expand the chiral-nematic pitch so as
to scatter light from the visible to the near-IR. To quantify the reflective colors of the films,
a UV-vis spectroscopy equipped with an integrating sphere spectrophotometer was used to
measure average reflectance wavelength from different angles.® UV-vis spectra showed the
peak reflectance maxima increased in wavelength linearly from 505 nm to 730 nm, as is
shown in Figure 3.6. Interestingly, the 30 % PMEO>MARhB-CNC has a very broad
reflectance peak of 660 nm * 97 nm. The broad reflectance range indicates some
inhomogeneity in the film, with some regions being polymer rich resulting in higher
reflectance wavelength. Polymer saturation in CNC Bouligand structures has been
observed in literature for CNC-polymer blend films where there is an upper-limit of
polymer content of 30 to 40 mass % in CNC matrix before it becomes phase separated.””’
There is a possible discrepancy in polymer distribution dependent on the region of the film
due to the drying process that starts from the center and cascades outward.>> To minimize

this effect, POM and UV-vis measurements were analyzed at the center region of the film.
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Figure 3.5. POM images of nanocomposite films of PMEO,MARhB-CNC with [(0, 5, 10, 15,
20, 30, 100) mass % of PMEO;MARHB] prepared via evaporation-induced self-assembly.
Scale bar is 800 pm.
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Figure 3.6. Reflectance measurements of pure CNCs and nanocomposite films of
PMEO;MARhB-CNC with [(0, 5, 10, 15, 20, 30, 100) mass % of PMEO,MARhB].
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CNC pitch can also be measured by looking at the films’ cross-sections via SEM
(Figure 3.7) and then compared to the results from UV-vis, Table 3.1. Based on the SEM
measurements, the pitch from each sample exhibited the layered helical structure. The
increasing distance between layered structure corresponds with the increasing polymer
loading, which has been observed in other polymer-CNC blended systems.”® To capture
the variation in pitch within a sample, multiple measurements were taken at four different
sections: top quartile, middle-top quartile, middle-bottom quartile, bottom quartile. Since
the measured pitch via SEM and reflectance wavelength are complimentary, there is a
linear correlation with both results showing polymer infiltration that intercalated between
the CNC Bouligand structures. The pitch expansion results in longer reflectance
wavelength and pitch length. With the physical polymer characterized, polymer dynamics

was examined to correlate with this spatial restriction.
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Figure 3.7. SEM images for the cross-sections of PMEO;MARB-CNC with [(0, 5, 10, 15, 20,
30, 100) mass % of PMEO;MARhB] (top). Scale bar is 5 pm. Comparison between pitch
measurements from UV-Vis and SEM for the PMEO;MARhOB-CNC films (bottom).

Table 3.1. Summary of PMEO;MARhAB-CNC films with thickness, pitch, and reflectance
measurements

Sample Thickness (um) Pitch average (um) Reflectance (nm)
5% PMEO:MARhB-CNC 108 + 2.8 0.338 £ 0.09 510 + 44
10% PMEO:MARNhB-CNC 67.1+15 0.355 £ 0.06 545 + 64
15% PMEO;MARhB-CNC 67.4+1.8 0.380 + 0.08 577+ 73
20% PMEO;MARhB-CNC 609+ 0.71 0.399 £ 0.05 595 + 61
30% PMEOMARhB-CNC 64.5+ 29 041+0.11 660 + 97

3.3.2. Fluorescence Lifetime Imaging Microscopy to Probe Chains Dynamics

Utilizing time-resolved fluorescence lifetime imaging microscopy (FLIM), the
fluorescence decay was measured to probe the dynamics of the labelled PMEO2MA. The
fluorescence lifetime is defined as the average time that a fluorophore remains in an excited
state before returning to the ground state by emitting a photon. Fluorescence lifetime of
the fluorophore is sensitive to the nano-environment and interactions with other molecules
that cause non-radiative energy losses. FLIM provides the spatial distributions of the
fluorophores and information about the molecular environment of the fluorophore at the

nanosecond timescale.
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Tanaka et al. used FLIM to study dynamics of confined polymers. They observed that
fluorescence lifetime was dependent on molecular motion of the chains.!! In general, a
longer lifetime means that the decay is slow and the fluorophores are in a mobility restricted
region. Conversely, a shorter lifetime is a result of non-radiative pathways present for
fluorophores to decay quickly due to mobility in the surrounding environment. 112 FLIM
images were captured to reveal the distribution of fluorescence lifetimes within the sample,
Figure 3.8 (top). The images were scaled to the same color scheme for comparison,
showing 5 and 10 mass % samples having more confinements while 30 mass % sample
having more mobility. The average fluorescence lifetimes distribution (tm) for the
PMEO2MARhOB-CNC films were plotted to reveal a decrease in tm With increasing polymer
loading. The 5 % PMEO2MARhKB-CNC had a longer fluorescence lifetime since most of
the polymer chains appeared to be confined CNCs surface due to physical absorption and
attractive interactions. As more polymer is incorporated, the fluorescence lifetime
shortened with fewer polymer chains being confined and instead having more mobility as
polymer saturation was reached. This was explored in work by Seethamraju et al. where
the fluorescence lifetime of the dye is more influenced by polymer dynamics than the

nonradiative energy transfer to water molecules.!

However, while a single exponential is sufficient to obtain a good fit for the pure
polymer or a uniform sample, all of the CNC films require two-component exponential
fitting (t1 and 12) to capture the different local dynamics existing in CNC nanocomposites.
Fluorescence lifetime distribution were offset and normalized for different polymer
loadings in Figure 3.8. The three postulated environments are: i) polymer confined at the

CNC interface, i1) polymer in-between the CNC structures where they are not confined at
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the CNC interface, iii) polymer that is interacting with the water phase present in the

composite films. All of the CNC nanocomposite films exhibit two or three environments

where 11 and 1> represent short and long lifetimes, respectively. For 11, there is a bimodal

distribution where 1.5 ns peak might relate to polymer chains in the water phase while 2.3

ns to 2.4 ns peak might represent polymer in-between CNC structures. The distribution for

T2 centers at 3.5 ns, corresponding to polymer chains in confinement or restricted at the

CNC interface due to interactions between polymer chains and CNC surfaces.
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Figure 3.8. FLIM images of the PMEO.MARhOB-CNC series (top) were scaled on the sample
color scheme for tm comparison within the sample. Normalized fluorescence lifetime for
PMEO;MARHOB-CNC series (bottom) where solid lines represent the average fluorescence
lifetime and the dashes and dots show t:1 and 1, are short and long lifetimes, respectively.
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Interestingly, pure PMEO2MARIB had the longest average fluorescence lifetime
in comparison to the nanocomposite films. This observation indicates there are two
opposing parameters that influence the fluorescence lifetimes: polymer confinement and
water content. When polymer loading increases, polymer confinement decreases as the
CNC structure is expanding, resulting in shorter fluorescence lifetimes. To further
understand whether water content or confinement has a larger role in influencing the
fluorescence lifetime, a dynamic study of 10 % PMEO2MARhB-CNC was conducted.
Water reversible absorption/desorption process was shown to expand/contract CNCs pitch
by infiltrating the helical structure.® In the presence of water, fluorescence lifetime is
shortened due to chain mobility and water is acting like a plasticizer. The lack of water
would have the opposite effect and shift the fluorescence lifetime to a longer time. The 10
% PMEO2MARhAB-CNC sample was exposed to 95 % RH then FLIM acquisition took
place as the water evaporated over time, Figure 3.9. When comparing the normalized
fluorescence lifetime from 2.5 hours to 3 days after the film is removed from the humidified
environment, there is a significant shift to longer lifetime for t1 than in t2. This supports
the assignment of 11 peak between 0.5 ns to 1.5 ns where polymer chains are likely in the
mobile water phase. The shift for 2 is less affected by the water evaporation since polymer
confined at CNC interface is not exposed to water aside from the intrinsic water

surrounding the CNC rods.
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Figure 3.9. Normalized FLIM images and fluorescence lifetime of 10% PMEO,MARhB-CNC
after 2.5 hours to 3 days outside of 95% RH environment with 7, (dashes) and T, (dots) are
short and long lifetimes, respectively.

Thermogravimetric analysis was used to estimate water present in PMEO,MARhB-
CNC films at different humidities. The films were first equilibrated at 55% RH and 75%
RH at 20 °C overnight. Based on the results, pure CNCs had the highest percent of water
and the pure PMEO2MARhB had the least at both relative humidities. This was expected
due to CNCs hydrophilic nature. Even though PMEO>,MARHhB is below its LCST (26 °C)

at room temperature (21 °C) it does pick up 1% to 2% water but the polymer is still more

65



hydrophobic than CNCs. Water content is decreased with increase in polymer loading,
explaining the longer fluorescence lifetime observed for PMEO.MARAB homopolymer in
Figure 3.10. The measured water content for 10% PMEO2MARAhB-CNC decreased over
time as the sample was allowed to re-equilibrate to ambient condition of 45% RH, aligning

with the observed shift to longer fluorescence lifetime.
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Figure 3.10. Water content for PMEO.MARhB-CNC films at 55 % RH and 75 % RH (left).
Water content for 10% PMEO;MARhB-CNC that was allowed to equilibrate at 95 % RH
overnight then allowed to re-equilibrate to ambient at 45 % RH (right).

The water measurements provided insights on how the opposing forces of polymer
attraction to CNCs and water influenced the t; and 12 that ultimately leads to tm. The shorter
lifetimes (t1) indicated a more mobile environment with higher water content while the
longer fluorescence lifetimes (12) suggested a more restricted environment than
PMEO>MARhB polymer matrix due to polymer attracted to the CNC interfaces. Together,
the contribution of 11 and 12 are summarized in tm, showing an overall shift to shorter

fluorescence lifetime with increasing polymer loading.
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3.3.3. Probing Water and Polymer Chains Dynamics via Solid-State NMR

While FLIM provided information about polymer chain dynamics, the technique
could not probe the dynamic of the water component. Hence, H solid-state NMR was
explored to examine both the water and polymer through variation of water content and
temperature range. In general, the water signal is narrow in the CNCs nanocomposites and
reveals that the water is separated from CNCs. The average separation distance between
the CNCs and water domains is 10 nm. This demonstrated that the PMEO>.MA has

molecular-level miscibility with cellulose nanocrystals.

Pure CNCs and 20 % PMEO>;MARNhB-CNC were compared against each other.
The water peak was targeted for the two samples at 50 % RH while being exposed to 2 °C
to 50 °C, shown in Figure 3.11. With increasing temperature, the water peak sharpened
and shifted upfield. The peak sharpening observation indicated the mobility of water while
the shifting upfield translated to a reduction in hydrogen bonding. This is a common

observation for water with increasing temperature.*®

Pure CNCs 20% PMEO,MARhB-CNC
LCST —
Increasing Increasing
Temperature Temperature
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62 60 58 56 54 52 50 48 4i6 4)A 4i2 40 38 36 34 32 3.0 6 6.2 5.8 54 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2
ppm,

Figure 3.11. 'H solid state NMR of water peak of pure CNCs (left) and 20 % PMEO.MARhB-
CNC (right) through a series of temperature from 2 °C to 50 °C at 50 % RH (2.5 kHz spin
rate).
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Using the same samples, 25 mass % of water was added then exposed to the same
temperature range, shown in Figure 3.12. Interestingly, the water peak increased in
broadness for both pure CNCs and 20 % PMEO>MARhB-CNC, which was associated with
a decrease in water dynamics in the system. The observation was counter-intuitive
considering the peak sharpening should be prominent with more water present and
indicated the CNCs component was contributing to the decreased mobility of water. As
water was extracted from 20 % PMEO,MARNhB-CNC in Figure 3.12 C, the water peak
appeared to revert back to decreasing in broadness, revealing the reversibility of the process

and how evaporation did not take place in the closed system.

The PMEO2MA mobility increased with high temperature and water content,
counterintuitive to the observed LCST process where polymer peak should broaden with
increasing temperature instead of becoming more prominent.>*> We hypothesized that in
the closed system, the water was trapped and forced to interact with the polymer
component, resulting in the water dynamics decreasing since it was in a more restricted
environment. Solid-state NMR also revealed PMEO2MA segmental dynamic was slowed
by CNCs with the polymer peak not noticeable in Figure 3.11. The observation
corresponds to the longer fluorescence lifetime (z,) in PMEO2MARhB-CNC samples. The
dynamics for these polymer chains could not be further extracted from solid-state NMR

because the events happen faster than the microseconds regime.

68



A Pure CNCs ~25 wt% H,0

—-» Increasing
Temperature

4.8 4.7
(ppm)

20% Polymer Loading
25 wt% H,0

— ——» Increasing
Temperature

53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33

C 20% Polymer Loading
15.7 wt% H,0

- ——=» Increasing
Temperature

AL e o S S S N B e S N SN LA B e e e e e 2 e e

Figure 3.12. *H solid state NMR of water peak and polymer peak from 2 °C to 50 °C (2.5
kHz spin rate) where A) pure CNCs with 25 mass % water B) 20 % PMEO;MARhB-CNC
with 25 mass % water, and C) 20 % PMEO;MARNB-CNC with 15.7 mass % water.
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3.3.4. Polymer Dynamics Response to Temperature

Taking advantage of PMEO2MA thermoresponsive capability, FLIM was used to
measure the polymer response in CNC nanocomposites and whether PMEO:MA
component would expel water content. From Chapter 2, the dry PMEO2MA-CNC films
did not exhibit optical change at temperatures above its LCST except when at least 50 mass
% of water was present. To examine the effects of temperature on polymer dynamics, the
10 % PMEO2MARhIB-CNC sample was investigated under dry and wet conditions at 20
°C and 40 °C, shown in Figure 3.13A. First, the effect of temperature was accounted for
by examining the sample in ambient (dry) conditions at 20 °C and 40 °C. The average
fluorescence lifetime had a narrow distribution at around 3.1 ns. The 0.1 ns difference in

lifetimes could be due to the PMEO>.MARhB chains having more mobility at 40 °C.

To observe the phase transition, a sufficient amount of water was added to 10 %
PMEO2MARhB-CNC sample and it was sealed with a cover slip to ensure water was not
evaporating during acquisition. In the wet conditions at 20 °C, 40 °C, and cooled back to
20 °C, they all exhibited longer and broader distribution of fluorescence lifetimes, around
4.0 ns and 4.2 ns, comparing to the dry conditions. The broadness could be accounted for
by the multiple environments the chains were experiencing. It is still unclear as why the
fluorescence shifted to longer fluorescence besides the possibility that the polymer chains
preferred to aggregate in the presence of water, as seen in the FLIM images where high

fluorescence intensity was, which resulted in restricted mobility.

To have a better depiction of polymer dynamics, the FLIM images of the wet
conditions were scaled to a color scheme ranged from 3.7 ns to 4.5 ns in Figure 3.13B.

When 10 % PMEO2MARhB-CNC was exposed to 20 °C, the PMEO2MARhB chains were

70



highly fluorescent with longer fluorescence times than the surrounding regions shown in
red. This revealed how the polymer did not prefer water even at temperature below LCST.
The observation was more prominent at 40 °C where the highly fluorescent polymer
regions shifted to longer lifetime (shown in blue) and the surrounding areas remained with
shorter lifetime where water resided. The sample demonstrated the reversible
thermoresponsiveness of the FLIM images and fluorescence distribution was similar to the
initial 20 °C condition after it was cooled down to 20 °C. The results from the temperature
experiments resembled work down by Okabe et al. where they observed labeled thermo-
sensitive polymer chains having an increase in fluorescence intensity and longer

fluorescence lifetime at elevated temperatures.®

In the presence of water, the PMEO,MARB chains transitioned from hydrophilic
coils to hydrophobic globules from 20 °C to 40 °C, respectively. The conformation change
was observed by the shift to longer lifetime as the polymer chains became more restricted
in the globular state. Despite the occurrence of the phase transition, the average
fluorescence lifetime distribution for the wet conditions in Figure 3.13A showed a 0.2 ns
difference at temperatures above and below LCST. This difference appeared insignificant
and did not represent the change in polymer configuration because the fluorescence
distribution took the average of the entire sample instead of the selected regions. Therefore,
a closer analysis of selected regions with distinct features was performed for the wet
condition experiments. At 20 °C, the highly fluorescent region (green) had a fluorescence
lifetime around 4.1 ns while the mobile regions (red) had 3.8 ns lifetime, providing a 0.3
ns difference between the two extremes. At 40 °C, the highly fluorescent regions (blue)

had an average of 4.5 ns lifetime while the surrounding shorter lifetime regions had around
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3.8 ns. Comparing the highly fluorescent (polymer rich regions), there was a 0.4 ns to
longer fluorescence lifetime at temperature below and above LCST that illustrated the
chains transitioning from coil to globule. Meanwhile, the mobile areas (red) had similar
lifetime of 3.8 ns, indicating how a portion of the water component was expelled from the
polymer system. This demonstrated the concept of polymer resistant to water but there is
work needed to be done on where the water goes and how it would affect the overall CNC

nanocomposites.

10 % PMEO,MARKB-CNC
——Dry,20 °C
5000000 - ——Dry,40°C
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Figure 3.13. FLIM temperature study of 10% PMEO,;MARhB-CNC where A) fluorescence
lifetime distribution and FLIM images with color scheme scaled to 2.9 ns to 4.5 ns of dry and
wet conditions at 20 °C and 40 °C while B) only shows the wet conditions with a color scheme
scaled to 3.7 ns to 4.5 ns to enhance contrast.
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3.3.5. Mechanical and Morphology Characterization

To connect interfacial polymer dynamics to mechanical properties, DMA was used
to measure in-plane uniaxial tensile properties of the nanocomposites, shown in Figure
3.14. Pure CNC:s film has the highest strength with low strain of 0.3 % because of the high
crystallinity content and the absence of energy-dissipating phase.” By blending
PMEO>MARB with CNCs, the low volume polymer phase acts as the energy-dissipating
portion to suppress brittleness. At low polymer loadings of 5 % and 10 % PMEO.MARhB,
the tensile strength and modulus decreased by about 50 % comparing to pure CNCs.
Polymer loadings above 10 mass % had similar strength and modulus while toughness and
strain continued to improve. The mechanical properties of 30 % PMEO>2MARKB-CNC had
a greater variation due to fracture mechanisms ranging from a brittle fracture to tearing.

The observation corresponds well with other reported CNC/hydrophilic polymer
nanocomposites.”*!"!® The polymer phase allows the resulting material to improve
yielding and toughness but causes a drop in elastic modulus and tensile strength.*’ For the
PMEO:MARKB-CNC films, polymer confined at the CNC interfaces contributes to the
mechanical performance by increasing stress transfer efficiency between CNCs and
polymer.' However, additional polymer content has mobile dynamics that appears to have
diluting and yielding effects, providing dissipative movement of CNC rods against each
other that results in toughness.”?® Toughness and strain properties were inversely

proportional to the average fluorescence lifetime, seen in Figure 3.15.
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Figure 3.14. DMA curves for PMEO.MARHOB-CNC films where A) stress-strain curves, B)
tensile strength, C) strain to failure, D) modulus, and E) toughness as a function of
PMEO;MARhNB.
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Figure 3.15. Toughness (left) and strain (right) plotted with average fluorescence lifetimes of
various PMEO:MARhB-CNC nanocomposites.

Similar to Section 2.4, phase images were taken by AFM to analyze the morphology
of PMEO2MARNhB-CNC films top (sample-air interface) and bottom (sample-substrate
interface) interfaces, shown in Figure 3.16. The bottom interface of 15% PMEO,MARB-
CNC revealed structures that have distinct features that look like phase separation of the
polymer from the CNCs. For 20% and 30% polymer loading, the bottom interfaces had a
disordered structure that exhibit inhomogeneity. Phase separation can occur when
unfavorable changes in entropy for the polymer to fill spaces between CNC structures is
larger than entropy of mixing between the polymer system and the CNCs.?! The AFM
phase images showed the difference in morphology for various polymer loadings which
results in variation of polymer confinement depending on which interface and sample depth

that is being examined.
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20% PMEO,MARhB-CNC  30% PMEO,MARhB-CNC
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Figure 3.16. Phase AFM images for PMEO;MARhB-CNC films. The top side of the CNC
films (sample-air interface) are on top row and the bottom side of the films (sample-substrate
interface) are on the bottom row.

3.3.6. Improving Polymer-CNC Interactions by Increasing Polymer Hydrophilicity

To increase polymer-CNC interactions, another LCST polymer system was adopted
with a higher hydrophilicity compared to PMEO2MA called poly(oligo(ethylene glycol)
methyl ether methacrylate) (POEGMA300). The POEGMA300 has a LCST of 64 °C because
of the 4-5 repeating unit of PEO pendant group that makes it more hydrophilic, shown in
Figure 3.17.22 Their hydrophilic nature should be more compatible with CNCs, increasing
the interactions between the two components due to hydrogen bonding that would result in

better stress transfer.

IOEGNA ,;,

LCST
Values

Figure 3.17. The structures of the oligo (ethylene oxide) methacrylate family and their
corresponding polymers’ LCSTs are listed below the monomer. Figure was modified from
Ref. 22.
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For some preliminary studies, the POEGMA chains were labelled with the same water-
sensitive dye, yielding the resulting POEGMARNhB with M, = 12,300 g/mol and B = 1.2,
Figure 3.18. The free-standing film of 15 % POEGMARNhB-CNC was casted following
the same procedure as mentioned in Section 2.3. Once the film was obtained, FLIM
analysis revealed the average fluorescence lifetime to be around 3.1 ns, shown in Figure
3.19. The fluorescence lifetime for 15 % POEGMARIB-CNC was longer than the 15 %
PMEO2:MARhAB-CNC with tm of 2.8 ns. When both POEGMARhB and PMEO.MARNB
were compared, they had similar lifetime of 3.1 ns. This indicates that the POEGMARNhB
component in the 15 % sample had restricted mobility, which could be due to the attraction
force between POEGMARNKB and CNCs surfaces that caused the shift to longer
fluorescence lifetime. For the 15 % PMEO2MARhIB-CNC, the interaction with CNCs
component might not be as strong and resulted in a shorter fluorescence lifetime due to

more chain mobility.

M, = 12,300 g/mol, D=1.2
T T

15
Run Time (min)

Figure 3.18. Molecular weight and dispersity of POEGMARNB polymer measured by DMF-
GPC with PMMA standards.
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Figure 3.19. Comparison of fluorescence lifetimes between PMEO;MARhB-CNC and
POEGMARhAB-CNC homopolymer and the 15 % polymer loadings.

To examine how the longer fluorescence lifetime in 15 % POEGMARKB-CNC
translated to mechanical properties, the sample was analyzed via DMA with the same
constant strain rate of 0.09 mm/min then compared to 15 % PMEO2MARhB-CNC, Figure
3.20. Interestingly, there was an improvement in modulus and tensile strength with the
POEGMARNB-CNC film. The observation indicated that POEGMARhAB and CNCs have
better stress transfer due to the increased interactions. Work done by Zhu et al. has shown
the increase in hydrogen bonding in polymer systems leads to improved modulus for CNCs
films.2® However, the strain and toughness properties remained similar to the 15 %
PMEO2MARhOB-CNC because the two systems should have the same amount of mobile

polymer content that would aid in flexibility. The experiment provided insights on the
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sensitivity of fluorescence lifetime measurements having the capability to track polymer

interactions with CNCs component in the nanocomposites.
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Figure 3.20. Comparison of stress-strain curves between 15 % PMEO>;MARhB-CNC and 15
% POEGMARNB-CNC.

3.4. Conclusions

These studies demonstrated FLIM as a method to investigate and visualize
interfacial polymer nanosecond-dynamics in polymer-CNC nanocomposites. We observed
three different environments that polymer chains were exposed to in the Bouligand
structures. At ambient humidity, the shorter lifetimes (t1) are associated with more
hydrated polymer domains while the longer fluorescence lifetimes (t2) are presumably
associated with the polymer confined to the CNC interfaces. FLIM analysis was able to
detect polymer conformation change as it underwent phase transition by increasing in

fluorescence intensity and shift to longer fluorescence lifetime. There was a correlation
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observed between fluorescence lifetime and mechanical properties, revealing polymer
chains with high mobility aided in improvement in strain and toughness. When using
POEGMARAB polymer system with higher hydrophilicity, there was a shift to longer
lifetime and an improvement for modulus and tensile strength comparing to the
corresponding PMEO2MARhB-CNC film. From these studies, FLIM technique has
demonstrated as a powerful methodology to examine composite systems. Future
exploration could be pursued to combine FLIM acquisition with mechanical testing to
visualize the polymer dynamics in real-time. Fundamental understanding of chain mobility
will help us understand how polymer dynamics control material properties and provide

insights into tuning nanocomposites.
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CHAPTER 4. DYNAMICS OF GRAFTED THERMORESPONSIVE POLYMERS
ON CELLULOSE NANOCRYSTALS

4.1. Abstract

PMEO2MARhB chains were covalently bonded on CNCs surface and compared with
the blended PMEO>,MARhB-CNC system to understand how restricting polymer chains
will affect chain dynamics. Nanocomposite films containing 5% to 40 mass % of grafted
PMEO2MARhB were prepared via grafting-from technique then films were cast under
evaporation-induced self-assembly. FLIM was utilized to quantify the dynamics of the
grafted chains by measuring the fluorescence lifetime of the water-sensitive dye attached
on PMEO2MA. In the blended PMEO2MARNhB-CNC system, the fraction of confined
polymers at the CNCs interface decreases with increasing polymer loading, resulting in
shorter fluorescence lifetimes. On the contrary, longer fluorescence lifetimes were
observed for grafted PMEO>MARhB-CNC due to polymer chains being restricted to the
CNC rods’ surface. Observation of transient polymer dynamics was performed by exposing
the nanocomposite films to variations of relative humidity. Correlation between polymer
dynamics and mechanical performances were observed and allowed for optimization of

CNC nanocomposite films.

4.2. Experimental

Two common grafting approaches are “grafting-onto” and “grafting-from”. As
depicted in Figure 4.1, “grafting-onto” is when the polymer chain is synthesized with an
appropriate functionality that will then attach to a surface, substrate, or another
macromolecule. Through this technique, the molecular weight and dispersity of the

polymer chains are known before coupling to the substrate. Since the chains tend to have
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high molecular weight, steric hindrance generally leads to low grafting density. For the
“grafting-from” technique, an initiator is attached to the surface, from this point of
attachment, polymer chains can propagate outward from the substrate. This technique tends
to yield higher grafting densities since steric hindrance is minimized. Unless the grafting-
from chains can readily be cleaved, it is difficult to analyze the grafted polymer chain’s

molecular weight and dispersity.1?

Coupling || n m Polymerization || n )

Grafting onto Grafting from

Figure 4.1. Schematic of “grafting-onto” and “grafting from” techniques. Image was from
Ref. 1.

Based on the advantages mentioned, the “grafting-from” technique was chosen to graft
PMEO2MA labelled with RhB-MMA to CNCs. This allowed higher grafting density to the
CNCs surface while avoiding limitations of steric hindrance. ATRP was used to control

the molecular weight as well as dispersity, the synthesis schematic is shown in Figure 4.2.
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Figure 4.2. Synthesis scheme for “grafting-from” technique to synthesize CNC-g-
PMEO;MARhNB.

4.2.1. Materials

12.1 mass % of sodium-neutralized sulfated wood cellulose nanocrystals (Na-
CNCs) by mass in aqueous suspensions were obtained from the University of Maine
Process Development Center. Di(ethylene glycol) methyl ether methacrylate (MEO2MA,
95 %), copper (I) bromide (CuBr, 99.999 %), a-bromoisobutyryl bromide (BiB, 98 %)
N,N,N’,N”’ N’’-pentamethyldiethylenetriamine (PMDETA, 99 %), 4-(dimethylamino)
pyridine (DMAP, > 99 %), rhodamine B (RhB, = 95 %), ethanolamine (= 95 %),
methacryloyl chloride (97 %), anisole, anhydrous (99.7 %) were purchased from Sigma-
Aldrich. Hexanes (95 %) dichloromethane (DCM), acetone, ethyl alcohol (EtOH, 200
proof), methanol (MeOH) were purchased from Fisher Scientific. N,N-
dimethylformamide, anhydrous AcroSeal (DMF, 99 %), Copper (I1) bromide (CuBr2, 99
%) and triethylamine (TEA, 99 %) were purchased from Alfa Aesar. The chemicals were

used as received.
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4.2.2. Preparation of CNCs and Attachment of Initiator

A 12.1 mass % cellulose nanocrystals in water was obtained from the University of
Maine. Roughly 2 g of dry CNCs mass was measured and diluted with DI water to 7 mass
%. The diluted CNCs solution was solvent exchanged with acetone five times by forming
a suspension, centrifuging, decanting excess solvent mixture of water and acetone. This
removed a majority of the water content without “drying” the CNCs. Dried CNCs form
irreversible aggregates that would limit solubility and accessible surface area for further
functionalization.

In a 500 mL round-bottomed flask, 4-(dimethylamino) pyridine (DMAP 0.8 g, 7 mmol)
was added. The CNC-acetone suspension was then added to the flask along with anhydrous
DMF (~70 mL) and stirred under nitrogen. Once a clear solution was obtained,
triethylamine (TEA 15 mL, 110 mmol) was added with stirring for 30 minutes. Dropwise
addition of 2-bromoisobutyryl bromide (BiB 9 mL, 74 mmol) was followed by placing the
reaction in an oil bath at 30 °C for at least 48 hours. The CNC-BiB suspension was isolated
by centrifuging and decanting with ethanol four times, and with methanol two times to

remove unreacted reagents.

4.2.3. Grafting MEO2MA and RhB-MMA

The CNC-BIB in methanol was solvent exchanged with anisole by doing one cycle of
centrifuging and decanting. The CNC-BIiB anisole suspension (~0.1 g of dry CNC-BiB)
was placed in a 20 mL reaction vial with CuBr2 (0.004 g, 0.017 mmol) and CuBr (0.028 g,
0.195 mmol) before closing the vial to purge with nitrogen. Anisole (5 mL) and PMDETA
(0.05 mL, 0.24 mmol) were added and stirred for 10 minutes. In the dark, MEO2MA (0.9

mL, 5 mmol) and RhB-MMA (0.01g, 0.02 mmol) were added to the reaction vial and the
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reaction was conducted for 15 hours at 70 °C. The suspension was washed with ethanol

and DI water by the centrifuging and decanting method to obtain CNC-g-PMEO>MARB.
4.2.4. Film Preparation for CNC-g-PMEO2MARNB

An aqueous suspension of 12.1 mass % Na-CNCs was diluted to 2 mass % with DI
water and sonicated for 45 minutes. The CNC-g-PMEO,MARB (74.4 % grafted polymer)
was dispersed in DMF and vortexed, followed by sonication for 45 minutes in an ice-filled
bath to maintain the temperature below the LCST. The CNCs and PMEO>MARAB
dispersions were mixed together at respective quantities and sonicated in the ice-filled bath
(45 minutes) to cast cholesteric films of varying CNC-g-PMEO>MARhIB mass fractions.
Each prepared CNC-g-PMEO2MARhB-CNC mixture ([5, 10, 15, 40] mass % CNC-g-
PMEO2MARhB) was poured into polystyrene petri-dish (diameter = 50 mm), which was
placed in the hood to dry. The films were formed via evaporation-induced self-assembly
with an average drying rate of —2 mg min’. The casting duration lasted until the film’s

mass remained constant.

4.3. Results and Discussions

4.3.1. Chemical Characterization of CNC-g-PMEO2MA

After multiple CNCs modifications, FT-IR and TGA were utilized to estimate the
amount of polymer being grafted on CNCs surface. The FT-IR spectra for pure CNCs,
CNC-BiB, and grafted CNCs are compared in Figure 4.3. Tracking the intensity of the
carbonyl band (1723 cm™) indicated the attachment of the initiator and the grafting of
PMEO2;MA and PMEO>MARhB. Pure CNCs did not have any carbonyl group present so

the presence of a carbonyl peak in CNC-BiB sample meant only a fraction of the hydroxyl
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groups on CNCs were attached with the 2-bromoisobutyryl bromide initiator. The carbonyl
peak increased significantly in the grafted CNCs with PMEO2MA and PMEO,MARNhB

samples due to the carbonyl group in MEO2MA monomer.

= Pure CNCs
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—— CNC-g-PMEO,MA
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Figure 4.3. FTIR spectra for pure CNCs, CNC-BiB, and grafted CNCs (left) and TGA curves
(right).

TGA of the grafted samples was acquired as a complimentary technique to determine
the quantity of grafted PMEO>.MARNB based on mass loss. After repeated washing with
ethanol and water to remove any unattached polymer, TGA was conducted for pure CNCs,
CNC-BiB, CNC-g-PMEO2MARNB, and PMEO2MA homopolymer, shown in Figure 4.3.
Pure CNCs began to degrade around 280 °C while CNC-BiB degraded closer to 200 °C.
This shift in degradation suggested the attachment of the initiator. PMEO.MA
homopolymer has the highest thermal stability, therefore, grafted CNCs were more thermal
stable than CNC-BIB. The difference in thermal properties showed that the CNCs were

functionalized with the initiator and PMEO>MA and PMEO>,MARhB.

The first derivative of mass loss curves provided an estimate of grafting ratio between
PMEO2MARhOB and CNCs. In Figure 4.4, the left plot showed the thermal curves for

CNC-g-PMEO2MARNhB at different polymer loadings. On the right plot, the first derivative
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of the thermal curves revealed two peaks. The first peak (250-300 °C) and the second peak
(300-450 °C) indicated the degradation of CNCs and PMEO>MARNhB, respectively. With
the two distinct degradation peaks, the grafting ratio was calculated by integrating the two
areas and using the equation below to obtain the estimated polymer grafted on CNCs
(Table 4.1). For the derivative mass curve of CNC-g-PMEO2MARhIB (74 mass %), there
is another peak present around 200 °C that could be the degradation of CNC-BiB that did
not have grafted PMEO2MARhB or excess solvent. VVarious grafting ratios of the polymer
could be obtained by tuning the MEO,MA feed. The CNC-g-PMEO>.MARhB (74 mass %)

sample was chosen to cast nanocomposite films with CNCs.

Area of PMEO,MA degration peak

Grafting Ratio =
Area of CNCs degradation peak
= CNC-g-PMEO,MARhB (58 wt%) L4 = CNC-g-PMEO,MARNB (58 wt%)
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Figure 4.4. TGA curves for grafted CNCs with PMEO>,MARhB at different polymer loading.
The left plot shows the thermal curve from 22 °C to 700 °C while the right plot shows the first
derivative of the thermal curves.

Table 4.1. Summary of the polymer loading of CNC-g-PMEO>;MARNB from TGA data

Sample g PMEO;MA/ g CNCs Mass % of PMEO;MA
CNC-g-PMEO;MARhB (58 mass %) 1.39 58.2 %
CNC-g-PMEO;MARhB (74 mass %) 2.91 74.4 %
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4.3.2. Optical and Structural Characterization of CNC-g-PMEO2MA Films

Optical properties of grafted-CNC films were examined via POM images for
samples with and without extensive sonication. The casted films without sonication Figure
4.5 (top) had the same blue reflected color despite the various grafted-CNC loadings. The
casted 30 % Grafted-CNC film exhibited heterogeneity where a section of the film had
cholesteric structure and the other region was opaque (phase). This indicated that the
opaque region was composed mostly of CNC-g-PMEO>MARhB. To ensure the grafted-
CNCs were well-mixed with pristine CNCs, the two solutions were sonicated for 1.5 hour
and cast, POM images shown in Figure 4.5 (bottom). There was a transition in color from
blue to yellow-green going from 5 % to 15 % Grafted-CNC, respectively. For the 40 %
Grafted-CNC sample, the film had an opaque appearance and POM image indicated some
cholesteric structures. Based on the different reflected colors, it revealed that sonication is
a crucial step to ensure the grafted-CNC is well incorporated within CNCs structures. The

POM images were similar to blended polymer-CNC films from Chapter 2 and 3.

5% Grafted CNCs 10% Grafted CNCs 15% Grafted CNCs 30% Grafted CNCs Phase

After sonication for 1.5 hr total before casting (drying rate of 1-2 mg/min)

5% Grafted CNCs 10% Grafted CNCs 15% Grafted CNCs 40% Grafted CNCs
(7. wt% polymer) ' ) 11 wt% polymer (30 wt% polymer)
3 ] &7 - ¥

Figure 4.5. POM images of casted grafted CNC films without sonication (top) and with 1.5
hour of sonication (bottom) before casting the films.
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Cross-sectional SEM images of the fractured films were taken for both the grafted-
CNC film series to measure the films’ thickness and pitch at multiple locations, Table 4.2.
The grafted-CNC films were self-assembled into the Bouligand structures through the
exhibition of the layered ordering. This has been observed in other grafted-CNC systems
that were cast from aqueous solution.® For the series without sonication, there were
polymer-rich regions and polymer aggregates, shown in Figure 4.6 (top). These
observations were not seen in the sonicated grafted-CNC films. The films were relatively
homogenous with ordering layers even at the highest grafted-CNCs loadings. The 40 %
Grafted-CNC sample did not have prominent CNC layers compared to the lower grafted-
CNC loadings. The CNCs pitch is not well ordered or defined, hence the film lacked the
vibrant reflected colors. When comparing the pitch measurements in Table 4.2, an increase
in pitch was observed for the sonicated series as more CNC-g-PMEO.MARhIB was
incorporated but not for the non-sonicated series. This further demonstrated how the CNC-

g-PMEO2MARhAB were not distributed homogeneously throughout the films.

5% Grafted - 40% Grafted CNCs

Figure 4.6. Cross-sectional SEM of the grafted CNC films without sonication (top) and with
1.5 hour of sonication (bottom) before film casting process.
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Table 4.2. Summary of the grafted CNC films’ thickness and pitch

5% Grafted CNCs 10% Grafted CNCs 15% Grafted CNCs
Thickness  Pitch (um) Thickness Pitch (um) J§ Thickness Pitch (um)
(nm) (nm) (nm)
.NO . 67 £ 1.6 0.31 £0.05 26 £3.1 0.34 £ 0.05 55+ 94 0.21 £ 0.03
Sonication

Sonication | 59 +0.64 0.32+0.03 851 0.48 0.35 +£0.05 69+1.2 0.44 £0.11

The pitch was further quantified by measuring the reflectance wavelength, shown
in Figure 4.7. At ambient conditions (45-50 % RH), the reflectance peak shifted to higher
wavelengths with the grafted-CNC loadings, going from 448 nm + 32 nm to 585 nm + 31
nm for the 5 % and 15 % Grafted-CNC samples, respectively. The reflectance peaks further
shifted 140 nm to 185 nm to longer wavelengths when exposed to 95 % RH. The full-width
at half height also increased when the samples were in higher relative humidity, going from
575 nm + 45 nm to 770 nm %+ 49 nm for the 5 % and 15 % Grafted-CNC. These
observations were similar to the blended PMEO,MA-CNC films shown in Figure 2.7
where the reflectance for pure CNCs aligned with 5 % Grafted-CNC (3.75 mass %
PMEO2MARhB), 5% PMEO2MA-CNC corresponded to 10 % Grafted-CNC (7.5 mass %),

and 10 % PMEO2MA-CNC to 15 % Grafted-CNC sample (11 mass %).
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Figure 4.7. UV-vis spectra of the CNC films at 55 % and 95 % RH. When the samples are
hydrated for at least 3 days, the wavelength shows an increase of about 130 nm — 185 nm with
increasing difference correlating with grafted CNC loadings.

In terms of the water adsorption at 45 % RH and 95 % RH, the grafted-CNC films,
in Figure 4.8, had similar trend as the blended system (Figure 2.8). All samples adsorbed
more water at 95 % RH than 45 % RH and samples with higher CNCs content retaining
water content. This observation is due to CNCs hydrophilic nature and the polymer not
being as hydrophilic at temperatures close to its LCST. The 40 % Grafted-CNC behaved

similar to the PMEO2-MA homopolymer by having a difference of 3 mass % water.
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Figure 4.8. Comparison of water content for pure CNCs, 5 % to 40 % CNC-g-
PMEO;MARhB at 45 % RH and 95 % RH.

To observe the thermoresponsive behavior of PMEO2MA, the procedure in section
2.3.2. was followed. In Figure 4.9, the 5 % and 18 % Grafted-CNC samples were soaked
with water and exposed to 0 °C to 50 °C but they did not show significant optical changes
within this temperature range. The observation differed from the blended PMEO2MA-CNC
films where the phase transition was apparent, going from clear to opaque with increasing
temperature. In literature that studied LCST polymers, poly(N-isopropylacrylamide),
poly(oligoethylene glycol methacrylate), and Jeffermine® polyetheramine, being grafted
on CNCs, the grafted materials underwent phase transition in aqueous solutions similar to
their homopolymer counterpart.*° To explore why the grafted-CNC films were not
responsive to temperature, the grafted-CNC film was added to a solution of water and
sonicated in an ice bath to break up any aggregates that prevented phase transition.
Unfortunately, those experiments were not successful in having the grafted-CNC films
being optically responsive to changes in temperature. Dynamic light scattering could be
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implemented to observe the difference in particle sizes for the blended and grafted-CNC
systems and determine whether phase transition might be occurring that could not be

detected optically.

Temperature Range: 0-50 °C

18% Grafted-
CNC

Figure 4.9. Images of 5 % and 18 % CNC-g-PMEO,;MA films after being exposed to 0 °C to
50 °C without significant change in optical properties.

4.3.3. Fluorescence lifetime imaging microscopy of CNC-g-PMEO2MA Films

Based on work done by Woodcock et al., they observed a difference in shift and
distribution of fluorescence lifetime between physically absorbed and covalently bonded
mechanophores to silk fibers, shown in Figure 4.10. The physically adsorbed dye had a
shorter lifetime and broader distribution than the covalently bonded dye. The longer
lifetime was due to the dye being restricted and bounded to the surface of the silk fiber,
having lower mobility to undergo fluorescence relaxation processes.!! We hypothesized
the grafted polymers would have a similar observation when compared to the blended

PMEO2MARhKB-CNC in Chapter 3.
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Figure 4.10. Two-photon-FLIM of a) physically absorbed and covalently attached
mechanophores to silk fiber lifetime distributions. The covalently attached dye has a narrow
and longer lifetime distribution than the physically absorbed dye. Data was taken from Ref.
11.

FLIM images revealed the distribution of lifetimes in the grafted-CNC films,
Figure 4.11 (top), with the images scaled to the same color scheme. Despite extensive
sonication, the grafted-CNC films exhibited more heterogeneity than blended
PMEO2MARhIB-CNC. The 5 % Grafted-CNC sample revealed shorter lifetimes while
100% CNC-g-PMEO,MARAB had mainly longer lifetimes. From 10 % to 40 % Grafted-
CNC, they were in the middle of the spectrum with lifetime around 3.1 ns. Since
PMEO2MARhB chains were anchored to the surface of CNCs, the fluorescence lifetime
did not vary greatly being around 2.9 ns to 3.1 ns. Despite more polymer content present,
confinement was the dominating factor that influenced chain mobility. The observation
aligned with the P2VP/SiO, matrix-free polymer nanocomposites work done by Holt et al.
where they examined the influence of grafted polymer chains molecular weight on
segmental dynamics.'? At lower My, the grafted chains have slower dynamics comparing

to bulk polymer at the same Mw. The difference in dynamics decreased at higher My, grafted
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chains and they exhibited similar dynamics to bulk polymer since interfacial effects were
not prominent when most polymer segments were far from the nanoparticles surface.?
Therefore, the fluorescence lifetime between grafted PMEO.MARNhB and PMEOMARB

homopolymer were similar due to the high molecular weight of the grafted polymer.

A single exponential was sufficient to fit the decay curves for Grafted-CNC
samples in contrary to the two-component needed for the blended polymer system. The
grafted polymer had longer lifetimes than the physically adsorbed polymer chains with the
difference between the two system being more prominent with increasing polymer
loadings, show in Figure 4.11 (bottom). The observation revealed that not all polymer
chains in the blended system were physically adsorbed to the CNCs surface. At high
polymer content, the unbounded polymers with high mobility have shortened average
fluorescence lifetime. Other investigators have also seen slower dynamics for covalently
bonded polymer system comparing to physically adsorbed chains using broadband

dielectric spectroscopy (BDS) and NMR techniques.34

5% grafted CNCs 10% grafted CNCs 15% grafted CNCs 40% grafted CNCs 100% grafted CNCs
T,2.9ns T,3.1ns T,3.13ns T,3.12ns T,3.2ns
FWHM =0.181 FWHM =0.149 FWHM =0.129 FWHM =0.128 FWHM =0.138

27ns R ST . ns
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Figure 4.11. The FLIM images of the CNC-g-PMEO;MARNhB series (top) and normalized
fluorescence lifetime for CNC-g-PMEO;MARhIB (bottom) shown in solid and the dashes
represents average fluorescence lifetimes of PMEO;MARB-CNC series.

To observe how 10 % Grafted-CNC responded to water, it was exposed in 95 %
RH environment then FLIM measurements were acquired as water evaporated from the
sample. The FLIM images of the sample re-equilibrating to ambient conditions showed a
shift in color and the tm shifted to longer lifetime by about 0.1 ns, Figure 4.12. Since there
is only a single lifetime, the change in fluorescence lifetime is not as prominent compared
to the two-component fitting in the blended system. The darker regions where most CNCs
content is concentrated appeared to have an affinity for water due to the shorter lifetime
residing there. This revealed that water retention was not homogeneous throughout the

sample and CNC-g-PMEO2.MARB content was helpful in water desorption.
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Figure 4.12. Normalized FLIM images and fluorescence lifetime of 10 % CNC-g-
PMEO:MARNhB after 3 and 4 hours outside of 95 % RH environment.
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4.3.4. Morphology and Mechanical Characterization of CNC-g-PMEO2MA Films
Studies done by Keten et al. looked at different parameters to optimize mechanical
stiffness and toughness. They discovered that grafting density and polymer chain length
are the influencing parameters to tune mechanical properties. According to their
computational work, CNC nanoparticles should be more than 60 mass % and the grafted
chains must be above the critical length to be in the semi-dilute brush regime.'® For our
grafted-CNC system, the 74 mass % grafted polymer sample was chosen to blend with
pristine CNCs to cast films. The mechanical performances were determined at ambient
conditions, shown in Figure 4.13 and compared to blended PMEO,MARhB-CNC films.
The grafted-CNC samples were plotted to reflect the actual mass fraction of
PMEO:;MARhB calculated from TGA results. Therefore, the 5 %, 15 %, and 40 % Grafted-

CNC films corresponded to 3.75, 11, and 30 mass % of PMEO,MARhB, respectively.

With polymer chains being restricted to CNCs, we expected the grafted-CNC films
to have higher stress-transfer efficiency comparing to the blended PMEO,MA-CNC. The
5 % and 15 % Grafted-CNC samples performed better than the 5 % to 15 %
PMEO2MARhB-CNC films in tensile strength and modulus with improvement for strain
and toughness. The increase in strength indicated how covalently bonding polymer
inhibited chain motions, resulted in improvement in stress transfer between CNCs and
polymer components. Increase in strength could also be due to chain entanglements or
intermolecular bonding that restricted polymer mobility. Specifically, covalent bonds and
even secondary intermolecular bonds, like van der Waals, could result in improvement in
tensile strength. An increase in modulus often occurs when secondary forces and chain

alignment contribute to mechanical performance.!®
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Interestingly, the 40 % Grafted-CNC sample behaved differently from the 5 % and
15 % Grafted-CNC samples. The 40 % Grafted-CNC has roughly 30 mass % of
PMEO2MARhB, making it comparable to the 30 % PMEO.MARhB-CNC. The tensile
strength and modulus were similar for both systems with no improvement in stress transfer
between CNCs and the grafted polymer. However, the strain and toughness dropped by a
factor of three for the Grafted-CNC comparing to the 30 % PMEO2MARhB-CNC. FLIM
provided insights to these observations. Due to being restricted to CNC surface, the 40 %
Grafted-CNC has an average fluorescence lifetime of 3.1 ns while 30 % PMEO,MARhB-
CNC has two-component fluorescence lifetimes with the average fluorescence lifetime
around 2.4 ns. The shorter fluorescence lifetime in 30 % PMEO>MARhB-CNC resulted
from polymer saturation and the mobile polymer component, represented as t1, allowed
CNC rods to glide pass one another. The unbounded polymer greatly improved the strain
and toughness of CNCs nanocomposites. Despite having the same amount of polymer
content, 40 % Grafted-CNC lacked the mobile polymer that would provide lubrication for

the CNC rods, therefore resulted in a drop in strain and toughness.
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Figure 4.13. Mechanical properties for blended (solid lines or close squares) and Grafted-
CNC films (dashed lines or open squares) were compared A) stress-strain curves, B) tensile
strength, C) strain to failure, D) modulus, and E) toughness as a function of PMEO.MARhB.

Phase images of films interfaces were obtained from AFM to gain insights on
mechanical performance. From Figure 4.14, the top (sample-air) and bottom (sample-
substrate) interfaces exhibited cholesteric assembly and were similar for samples at and
below 15 % CNC-g-PMEO2MARhB. The polymer content in 40 % Grafted-CNC sample
was not well incorporated into the CNC structures with some saturated at the surface.
Despite grafting polymer chains to CNCs, polymer saturation still occurred and was also
observed from the fractured films from SEM images. The polymer saturation might explain

why the 40% grafted-CNC sample did not perform as well in strain and toughness as
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expected. However, the mechanical performance could be different if CNC-g-

PMEO2MARhB sample was directly cast without the pure CNC.

5% Grafted-CNC

10% Grafted-CNC 15% Grafted-CNC 40% Grafted-CNC
¥ N PR
’ \: ‘N' \’ e \

T [Tt

yyyyyy

Phase (Top)

Phase (Bottom)

Figure 4.14. Phase images for 5 %, 10 %, 15 %, and 40 % Grafted-CNC films. The top side
of the films (sample-air interface) are on the top row and the bottom side (sample-substrate
interface) are on the bottom row. Scale bar is 1 pm.

4.4. Conclusions

We successfully grafted PMEO2MARNOB polymer chains to CNC and casted free-
standing films. The Grafted-CNC films had similar reflected colors trend and retained
responsive to relative humidity conditions like the blended system. Through FLIM
measurements, the Grafted-CNC films consistently had longer fluorescence lifetimes than
the blended polymer-CNC due to restricted mobility of polymer chains. We postulated that
polymer chains were mainly experiencing one environment within the CNC Bouligand
structures. It appeared that the Grafted-CNC had better stress-transfer in comparison to the
blended system because the polymer dynamics was confined to CNCs. However, this
resulted in a sacrifice in toughness and strain because there is no mobile polymer to help
the CNC rods slide pass one another and improve flexibility. The comparison between
blended and grafted PMEO.MARhB-CNC systems provided insights to how FLIM

measurements correlate with the mechanical properties of CNC nanocomposites.
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CHAPTER 5. CONCLUSIONS AND PERSPECTIVE

5.1. Introduction

This final chapter will present the significant findings from the three previous
chapters and how these studies have enhanced the understanding of CNCs nanocomposites.
Beyond these results, there is still work needed to explored to further the comprehension
of the structure-property relationship of nanocomposites, especially on local dynamic
responses and how they translate to mechanical performance. Some proposed future

directions will be introduced as a possible continuation of this body of work.

5.2. Summary of Conclusions

In Chapter 2, there was the first reported study of phase transition via LCST that
occurred in a solid-state film. This was done by blending poly(diethylene glycol methyl
ether methacrylate) (LCST of 26 °C) with cellulose nanocrystals and forming
thermoresponsive films through controlled evaporation-induced self-assembly. The
structural coloration of the resulting CNC nanocomposite films can be tuned by polymer
loadings, humidity, and temperature conditions. Increasing polymer loading led to
reflected color transitioning from blue to red. Exposure to various relative humidity further
shift the peak of reflectance to higher wavelength due to water molecules expanding the
CNCG:s structures. The process is reverted when water is allowed to evaporate and the film’s
color returns to the initial state. The resulting films demonstrated additional reversible
dynamic responses with temperature, going from transparent to opaque with increasing
temperature. The transition is comparable to when PMEO2MA is in aqueous solution. The
optical responses were within the visible light spectrum, making the CNC nanocomposites

ideal as visual detectors for use in sensors and materials sensitive to human-contact.
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Utilizing the same polymer-CNCs system, Chapter 3 focused on the experimental
investigation of polymer chain dynamics via fluorescence lifetime measurements. Simply
by labelling PMEO2MA homopolymer with a Rhodamine B-based water-sensitive dye,
FLIM generated a fluorescence lifetime distribution within the film that probed different
polymer dynamics. From the results, there are three postulated environments the polymer
chains were experiencing in the CNCs composites. Longer fluorescence lifetimes are most
likely associated with the polymer confined at the CNC interface and/or with less hydrated
polymer domains while the shorter lifetimes are associated with more hydrated polymer
domains. FLIM technique could be implemented in other water-sensitive systems and/or
filler-matrix interfaces to study dynamic responses in the nanosecond regime. Fundamental
understanding of polymer mobility will provide insights on how microscopic responses

correlate to material properties.

Chapter 4 explored how the chain dynamics was altered when the polymer chains
were anchored to CNCs surface via grafting-from technique. The Grafted-CNC films
exhibited reflected colors and remained responsive to humidity conditions but not
thermally. From FLIM results, the Grafted-CNC films had longer fluorescence lifetimes
than the blended polymer-CNC due to one chain-end being restricted. There appeared to
be one dominant mode of polymer dynamics within the CNC Bouligand structures for the
Grafted-CNC films. For mechanical performance, the Grafted-CNCs films showed
improvement in stress-transfer in comparison to the blended system. This was based on the
higher strength the films exhibited likely due to the polymer being restricted to CNCs
interface. The increase in strength came as a sacrifice in terms of strain and toughness

because there was no excess polymer chain present to lubricate the CNC rods slide past
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one another. This revealed the important presence of non-covalently mobile polymer

component to improve flexibility in CNCs films.
5.3. Future Perspective

5.3.1. Explore Grafting Density and Polymer Loadings on CNCs Surface

For the grafted-CNCs system, the 74 % grafted polymer on CNCs was chosen to
blend with pure CNCs in order to cast cholesteric films. However, computational studies
done by Keten et al. have looked at different parameters to optimize mechanical stiffness
and toughness and discovered that grafting density and polymer chain length are the
influencing parameters to optimize mechanical properties. To achieve high mechanical
performance, the mass percent of CNC should be more than 60 % and the grafted chains
above the critical length needed for semi-dilute brush regime.! Due to these criteria, we
have synthesized another sample with 58 % polymer loading (42 mass % CNCs) that would
be interesting to study and compare with the lower CNCs content of the 74 % grafted

polymer (26 mass % CNCs).

To determine whether the grafted chains are above the critical length of semidilute
brush regime, a cleavable initiator should be used to examine polymer chains. The
“grafting-from” technique yields higher polymer grafting density but the challenge is to
quantify the chains length. In addition, the implemented ATRP initiator has similar
carbonyl chemical structure as MEO.MA monomer, which makes it difficult to selectively
cleave the initiator without also cleaving the polymer side chains. A solution is to adopt an
initiator with a different functional group that can be targeted without compromising the
grafted polymer. Work done by Wohlhauser et al. grafted polymethacrylates by using 4-

benzoylphenyl-(6-isocyanatohexyl) carbamate that could be selectively cleaved via
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chlorosilane-induced cleavage of the urethane bond, seem in Figure 5.1.2 By adopting the
initiator, one could analyze the grafting chains and able to tune the chain length based on

monomer feed.
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Figure 5.1. Surface functionalization of CNCs with 4-benzoylphenyl-(6-isocyanatohexyl)
carbamate and grafting polymethacrylates on CNCs surface. To cleave the grafted polymer
chains, chlorosilane-induced cleavage of urethane bond was done to obtain the polymer.
Image is taken from Ref. 2.
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5.3.2. Further Examinations with POEGMAaz00 and PNIPAM Systems

Other thermoresponsive polymers could be studied beyond the PMEO:MA
polymer that was examined in this dissertation. Since PMEO;MA belong in the
oligoethylene glycol methacrylate family of LCST polymers, POEGMA3p can be
explored. The POEGMAGzn has a LCST of 64 °C because of the 4-5 repeating units of the
PEO pendant group that makes it more hydrophilic in nature.® Based on preliminary results

in Chapter 3, the increase in hydrophilic character would be interesting to observe whether
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the interaction between POEGMA300 and CNCs is improved and how it would be reflected
in the fluorescence lifetime. Another well-known LCST polymer to explore is poly(N -
isopropylacrylamide) (PNIPAM) with an LCST of 32 °C (Figure 5.2).* Several polymer
parameters can influence polymer dynamics in nanocomposites, such as molecular weight,
architecture, and polymer stiffness.®> A recent simulation work done by Keten et al. looked
at the effects of polymer chemistry and chain conformation in CNC structures. By
examining common polymers, the rigidity of polymer chains has an effect on the critical
chain length that then relates back to achieving semi-dilute brush regime.® In comparison
to PMEO2MA and the oligoethylene glycol methacrylate family, PNIPAM has more chain
rigidity. The difference in rigidity and chemical structures within LCST polymers would
tune thermoresponsive polymer-CNCs interactions that leads to mechanical property

enhancements.

‘I’:(i:gtjlﬁ 5.2. Schematic of POEGMA3 with LCST of 64 °C (1) and PNIPAM with LCST of 32
5.3.3. Mechanical Performance in Various Relative Humidities

The CNC nanocomposites mechanical properties have been examined under
ambient conditions (45 to 50 % RH) but not many literature reports have explored the
films’ responses to higher % RH. Based on a work of blended PVOH/CNC films, the
samples were exposed to 99 % RH that ultimately caused plasticization of the interactions
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between PVOH and CNC interface. This resulted in a longer elongation of break of up to
100 % strain.” We would like to replicate this experiment at high relative humidity in
combination with temperatures above and below PMEO2MA LCST. Observing the films’
behavior at various water content and temperature provides crucial insights on how the

mechanical properties could be tuned dynamically.

5.3.4. Exploring Laser-Induced Projectile Impact Testing (LIPIT)

Uniaxial tensile-testing via DMA is often used to analyze the stress-strain curves
of CNC nanocomposite films at a constant strain-rate but that only probes how these films
behave in one configuration. The laser-induced projectile impacting testing (LIPIT) is a
microscopic ballistic test that mimics the impacts of micro-particles in nature, such as sand,
ice, and space particles, to determine the performance of thin films at ultra-high strain rate
of 107 s shown in Figure 5.3. To determine the impact energy of the material, LIPIT
measures the speed of micro-sized silica particle before and after impact.®® This would be
the first time CNC nanocomposites are being examined using two possible methodologies:
impacting surface and penetrating through. Impacting surface testing is when the silica
particle bounces off from the film’s surface to understand the mechanical integrity for
coating applications. The penetrating through test allows the silica particle to puncture
through the sample to measure the impact energy, which is more suitable to examine high-

impact materials.
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Figure 5.3. Schematic of DMA testing in comparison to the two LIPIT methodologies.

5.3.5. Correlating FLIM measurements to QENS studies

The FLIM measurements allowed polymer dynamics in CNC nanocomposites to
be indirectly probed through fluorescence lifetime of the water-sensitive dye. For a direct
measurements of polymer dynamics, quasi-elastic neutron scattering (QENS) could be
used to correlate with the fluorescence lifetimes measurements.'° The technique has been
adopted to study water transport and polymer chain dynamics in membranes on the
nanometers and nano- to picoseconds timescales.*! This would allow further understanding
to both the water diffusion within the CNC nanocomposite films and the chains motions
under various humidity and temperature conditions. Obtaining the dynamic values from
QENS will serve as reference points to connect the fluorescence lifetime to physical

motions in CNC nanocomposites.

5.4. Outlook

With the increasing interest in utilizing cellulose nanocrystals in advanced
applications, there are many explorations that has yet been done in the field to better
understand how to design these renewable materials. The dissertation work done here
should be extended and developed further in order to increase implementation of the

renewable CNCs into novel materials. There are other polymer systems and
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characterization techniques that should be examined to understand polymer interactions

with CNCs structures. Additional investigations would propel and expand the applications

to active coatings, smart-sensors, photonics, and high-impact materials.
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