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ABSTRACT

Cellulose nanofibrils (CNF) are one-dimensional semicrystalline nanomaterials liberated
from native cellulose through chemical or mechanical processes, or some combination thereof.
Individually, they possess high mechanical strength, with estimated tensile strength and Young’s
modulus as high as 7.5 GPa and 150 GPa, respectively. They also serve as a diverse platform for
further chemical modification due to their abundant surface hydroxyl groups, which can be
functionalized through a wide array of chemical reactions. Isolating CNF from cellulose can be an
energy intensive process and chemical pretreatments are often utilized to reduce the required

energy expenditure.

Herein a streamlined scheme for producing sulfated cellulose nanofibrils (SCNF) is
proposed and optimized, utilizing chlorosulfonic acid to simultaneously functionalize cellulose
while also acting as a pretreatment to facilitate defibrillation into nanofibrils. Through careful
manipulation of reaction conditions, SCNF are produced with a wide range of sulfation levels

without destroying the underlying cellulose 1B crystalline structure.

Utilizing wet-spinning, SCNF was spun into fibers with a tensile strength and Young’s
modulus of 675 MPa and 26 GPa, respectively. It was also demonstrated that SCNF could serve
as host polyelectrolytes for the conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT)
to create dispersible polyelectrolyte complexes, with shear-mediated alignment of nanofibrils
allowing for the creation of fibers with a conductivity of more than 6000 S/cm. Additionally, SCNF
were able to aid in aqueous exfoliation of graphite flakes and dispersion of graphene, producing

exclusively monolayers and bilayers.
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INTRODUCTION

Nanocellulose is a term that encompasses a variety of nanomaterials that can be isolated
from cellulose produced by various plants, animals, and bacteria. Cellulose nanofibrils (CNF) are
a type of nanocellulose that is obtained by liberating the elementary fibrils in native cellulose
through chemical and/or mechanical means. CNF are of interest due to their high inherent tensile
strength and modulus and the ease with which their surface hydroxyls may be transformed to a
wide variety of moieties. However, interest in CNF and nanocelluloses in general is still largely
relegated to academia, and the production of CNF economically and at scale is an ongoing
challenge. This dissertation details a streamlined process by which sulfated cellulose nanofibrils
(SCNF) may be produced from plant cellulose through a combined chemical/mechanical

treatment, and demonstrates several uses and applications thereof.

Chapter 1 consists of a review of the scientific literature surrounding relevant topics,
including cellulose, nanocelluloses, polymer wet-spinning, intrinsically conducting polymers,
poly(3,4-ethylenedioxythiophene) (PEDOT) and its polyelectrolyte complexes with poly(styrene

sulfonate) (PSS), and graphene.

Chapter 2 discusses the simultaneous functionalization and pretreatment of cellulose
with chlorosulfonic acid in anhydrous N,N-dimethylformamide (DMF), followed by mechanical
blending to produce SCNF in yields exceeding 90 wt%. Varying reaction times (30-60 minutes)
and quantities of acid used (0.75-1.5 moles per mole of anhydroglucose) allowed for the creation
of SCNF with variable charges in the range of 1.0 — 2.2 mmol/g. Aqueous SCNF suspensions

exhibited thixotropy, as well as shear thinning behavior that closely followed power law models.



SCNF dispersions were wet-spun into organic or mixed organic/ionic coagulants, producing
continuous fibers possessing a tensile strength and Young’s modulus of up to 675 + 120 MPa and

26 + 5 GPa, respectively.

Chapter 3 demonstrates the use of SCNF alongside poly(styrene sulfonate) (PSS) as a host
polyelectrolyte for the intrinsically conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDQT), allowing for the creation of stable agueous PEDOT dispersions. PEDOT is polymerized
in the presence of varying ratios of PSS and SCNF. PEDOT synthesized in conjunction with a
polyanion containing 30 wt% SCNF and 70 wt% PSS exhibited a conductivity of 0.14 S/cm, nearly
a threefold increase over that synthesized with no SCNF. Utilizing ethylene glycol (EG) as a
secondary dopant, PEDOT synthesized with a 10% SCNF polyanion exhibited a conductivity of
37.5 S/cm, 58% higher than that synthesized with PSS alone. PEDOT:PSS/SCNF complexes with
up to 50 wt% PEDOT fractions were aqueous dispersible at any composition of PSS and SCNF in
the polyanion, though no substantial increase in conductivity was observed when the PEDOT
contents were elevated beyond the commonly reported 29 wt%. Fibers wet-spun from
PEDOT:PSS/SCNF dispersions containing 30% SCNF in the polyanion boasted impressive
conductivities of 40 + 4 S/cm, which increased to 6150 + 1000 S/cm after treatment with EG

vapor.

Chapter 4 showcases the use of SCNF for both exfoliating and dispersing graphene from
graphite through blending in aqueous media. This process converted up to 3.9 wt% graphite to
graphene: a relatively low yield. However, the graphene produced consisted exclusively of mono-
and bilayers, with 42% being desirable monolayers. Produced graphene sheets had widths

ranging from 76 to 353 nm, with the majority being between 150-200 nm. The graphene/SCNF

2



dispersions, containing 19.5 wt% graphene, could be formed into free-standing films through

vacuum filtration, possessing a conductivity of 0.60 + 0.05 S/cm.



CHAPTER 1. Background and Review of Literature

Cellulose

Cellulose is the most abundant biopolymer on the planet, with an approximate 10! tons
produced annually from plants, bacteria, algae, and even animals such as tunicates.? It has been
utilized extensively in the papermaking and textiles industries, first in native form and later as
cellulose derivatives.? Chemically, cellulose consists of B(1,4) linked anhydro d-glucose units, with
each repeat unit—cellobiose—consisting of two anhydroglucose units (AGU) in alternating chair
configurations (Figure 1.1).! Its chain lengths can vary considerably based on source, with wood
pulp having degrees of polymerization (DPs) typically between 300 and 1700 while cotton and
other plant fibers can have DPs anywhere from 800 to 10,000.? Cellulose is a semicrystalline
polymer, and it is known to structure itself into a variety of crystalline polymorphs depending on
the source and processing. The crystalline domains in native cellulose from plants and animals
possess a structure referred to as cellulose |, which itself consists of two crystalline phases: la
and IB. Cellulose la is predominantly bacterial in origin, and consists of a triclinic unit cell with
one chain. If is the form found predominantly in plants, and consists of a monoclinic unit cell
with two parallel chains.? When cellulose is dissolved and regenerated from solution, it forms a

structure known as cellulose Il, with an antiparallel chain configuration.?

- OH
H
% w °
HO O
OH O
= OH n/2

Figure 1.1 Cellulose chain structure
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A number of solvent systems have been utilized to dissolve cellulose, either for
regeneration or for derivatization. It is known to dissolve in solutions of N,N-dimethyl acetamide
(DMAC) containing small amounts (ca. 5 wt%) of lithium chloride.* N-methylmorpholine-N-oxide
(NMMO) is also utilized industrially in the Lyocell process.? Other more niche solvent systems
include concentrated phosphoric acid, ammonium thiocyanate in liquid ammonia, and

tetrabutylammonium fluoride trihydrate in dimethyl sulfoxide (DMSO).2

Cellulose has been extensively derivatized to suit specific applications. Often,
derivatization renders the product soluble in one or more common solvents, aiding in processing.
Cellulose esters and ethers?, phosphates®, aldehydes®, and carboxylates’ have all been produced.
Of particular interest to this work are cellulose sulfates. Sulfation of cellulose has been carried
out through the use of a two-step process involving the cleavage of the cellulose ring between
C2 and C3 through the use of sodium metaperiodate to produce a dialdehyde, followed by
treatment with sodium bisulfite to produce cellulose decorated with C2 and C3 sulfonate
groups.®? On cotton, this treatment was able to introduce up to 0.947 mmol/g charged sulfonate
groups.'® Complexes between SO3; and pyridine have been used to directly sulfate cellulose
dissolved in DMAc and LiCl.1! Sulfoethyl cellulose ethers with degrees of substitution (DS) of up
to 0.65 sulfoethyl groups per AGU have been synthesized by using sodium vinylsulfonate in a
mixture of isopropanol (IPA) and sodium hydroxide (NaOH).1? Deep eutectic solvents consisting
of sulfamic acid and urea have been shown to add up to 3 mmol/g of sulfate groups to cellulose,
though a carbamation side reaction is believed to occur during this process as well.!3
Chlorosulfonic acid has also been utilized in the creation of cellulose decorated with sulfate half-

ester groups through bimolecular substitution (Sn2)'*, most commonly using N,N-



dimethylformamide as a solvent.'>'®* NMR studies have shown that this reaction can heavily favor
substitution of cellulose’s primary C6 hydroxyl, following expected reaction rate trends for
bimolecular substitution.'” Treatment with concentrated sulfuric acid can add a small number of
sulfate half-ester groups to cellulose, though this process leads to significant hydrolysis of

amorphous regions and is not typically utilized for the purposes of sulfation.

Sulfation processes have a number of documented ramifications for the properties of
resulting cellulose sulfates. Sulfate half-ester groups can undergo self-catalyzed de-esterification
at temperatures above 50 °C.*8 This occurs only when the sulfated cellulose is kept in free acid
form and can be avoided by neutralization to form the corresponding cellulose sulfate salts. The
presence of sulfate groups consistently diminishes the thermal stability of cellulose sulfate
compared to native forms, with initial decomposition temperatures measured by
thermogravimetric analysis (TGA) at around 150 °C.*> Additionally, the hydrophilicity of sulfate
groups leads cellulose sulfates to both absorb more moisture than native cellulose and have
mechanical properties that can vary strongly with moisture level.?

Nanocellulose

In native lignocellulosic materials, cellulose chains are arranged in crystalline bundles
known as elementary fibrils.2 These relatively pristine and crystalline groups of cellulose chains
exhibit impressive mechanical performance, with a Young’s modulus of approximately 140 GPa.'?
Dissolution of cellulose destroys the cellulose | structure, with regeneration into cellulose Il
significantly reducing the tensile modulus to 88 GPa.'® Several strategies have been developed in
order to liberate the elementary fibrils present in native cellulose without compromising their

crystalline structure. These processes produce various types of cellulose nanomaterials, or



nanocelluloses, which leverage the inherent strength of elementary fibrils to possess impressive

mechanical strength and modulus.?°

Treatment of cellulose with concentrated acid causes hydrolysis of the B(1,4) glycosidic
linkages, leading to depolymerization. This process preferentially attacks amorphous regions,
leaving behind pristine cellulose nanocrystals (CNC). Sulfuric acid is the most commonly utilized
reagent, although others such as hydrochloric acid and phosphoric acid have also been
demonstrated.??? Sulfuric and phosphoric acid hydrolysis lead to CNCs decorated with small
guantities of sulfate and phosphate groups, respectively. While CNCs are often produced in low
yields, they are highly crystalline and their mechanical strength and modulus approach the
theoretical level predicted for pristine cellulose crystals.2> CNC generally appear as nanorods,
with dimensions that vary based on and correspond to the elementary fibril size for a particular
cellulose source.?*#?> Typical sizes range from between 50-1000 nm long and 3-50 nm wide.?! It is
extremely well documented that dispersions of CNC in water and nonpolar solvents can exhibit
chiral nematic liquid crystalline behavior?®=* and can be aligned under magnetic fields.3 This
chirality is likely a result of the right-handed chirality of cellulose itself.36 CNC dispersions can also
exhibit thixotropy and shear thinning behavior as a result of the high aspect ratio of the
nanocrystals.?® This has been leveraged in order to align CNCs through the use of mechanical
shearing, as in the case of blade coating.3” Including CNC into composite materials has been
shown to increase their tensile strength and Young’s modulus with CNC loadings as low as 1

Wt%.38’39

As an alternative to harsh and low-yielding acid hydrolysis, a combination of chemical

and/or mechanical treatments can be used to separate inter-crystalline chains, yielding cellulose
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nanofibrils (CNF). When produced through entirely mechanical means, such as homogenization*°
or aqueous counter-collision*!, nanofibrils of unfunctionalized cellulose can be produced. These
fibrils can have typical lateral dimensions on the order of 4-20 nm and lengths of 500-2000 nm.
In order to reduce the amount of energy needed to liberate nanofibrils, mechanical disintegration
is often preceded by chemical pretreatment. The most common of these treatments is
carboxylation mediated by the aminoxyl radical 2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO).*?
A hallmark of TEMPO-mediated oxidation is the specificity to primary alcohols, ensuring that
carboxylation occurs exclusively at the cellulose C6 hydroxyl group.*® Easy conversion of
carboxylated cellulose into nanofibrils was found to require carboxylate contents of at least 0.8
mmol/g.*> TEMPO CNF, like most anionic CNF produced through a combined chemical-
mechanical process, tend to have finer dimensions than those produced through exclusively
mechanical means. Nominally, TEMPO CNF can have lateral dimensions of 1.5-2 nm and lengths
of up to a micron.** It is important to note that a loss of crystallinity often accompanies chemical
treatment; TEMPO CNF can see a ca. 25% reduction in crystallinity compared to the cellulose
source.*? Despite this reduction in crystalline ordering, the nanofibrils can still retain impressive

mechanical strength, with Young’s Modulus as high as 150 GPa being observed.®

While TEMPO oxidation is the most commonly variant, other reactions and schemes have
been employed to produce CNF functionalized with a wide variety of groups, including
carboxymethyl*, aldehyde®, and phosphate*® moieties. Sulfated and sulfonated cellulose
nanofibrils (SCNF) have also been created, relying on several different reaction systems. Most
expansively, the periodate-bisulfite scheme described previously has been applied to create

cellulose nanofibrils with between 0.18-0.51 mmol/g anionic sulfonate*’; this charge is



significantly lower than the range typically observed for TEMPO-oxidized CNF.*?> However, only a
portion of aldehyde groups (15-30%) are successfully sulfonated by this scheme, and residual
aldehydes weaken the resulting materials by exposing the cellulose chains to depolymerization
reactions through B-alkoxy fragmentation.*” The sulfamic acid/urea deep eutectic solvent system
has also been used to create SCNF, producing high sulfate group concentrations ranging from
1.44-3.00 mmol/g, while also bearing 1.61-4.46 mmol/g of carbamate groups due to side reaction
with urea.'? Chlorosulfonic acid has been utilized to add additional sulfate groups to both CNC*?
and to unfunctionalized CNF produced through mechanical refining.® Prior to the current work,
chlorosulfonic acid has not been explored as a pretreatment to simultaneously functionalize and
pretreat cellulose to facilitate defibrillation into SCNF.
Polymer Spinning of CNF

Translating the impressive mechanical properties of nanocellulose into useful
macroscopic structures remains a challenge. It is important to note that the majority of the
mechanical strength of cellulose 1B, and in turn CNF and CNC, lies in the direction parallel to the
polymer chain. 1° Therefore, an effective means of drawing out this potential is to align the
nanomaterials during processing into bulk form. The simplest way of carrying out alignment is
through the application of shear force to nanocellulose dispersions. Leveraging this effect,
nanocellulose dispersions may be spun into macroscopic fibers of high strength and modulus.*®
A number of different spinning techniques may be applied. Dry-spinning involves extruding the
dispersion, or spin dope, directly into air and evaporating the solvent, forming a continuous
filament. Dry-spinning can be applied to viscous CNF dispersions without any other polymers

present, and has been utilized to produce fibers with a tensile strength of up to 220 MPa and



Young’s modulus of 12.6 GPa.*® However, the fact that water is the predominant solvent for CNF
makes dry-spinning tedious to perform on the laboratory scale, as drying requires significant heat
or time. Far more common are wet-spinning techniques, where the CNF dope is instead extruded
into an antisolvent that causes nanofibrils to rapidly coagulate, forming a filament.*® A wide
variety of organic solvents have been utilized for CNF wet-spinning including ethanol®°, dioxane°,
tetrahydrofuran® (THF), and acetone.®® Aside from organic solvents, another coagulation
strategy that has been employed for spinning anionic CNF is to utilize an aqueous solution of salts
with multivalent cations, wherein coagulation occurs due to both the screening of electrostatic
double-layer repulsion between charged fibrils and ionic crosslinking of the fibrils with the
cations.”? Employing this strategy, TEMPO CNF has been spun into 5 wt% aqueous CaCl,,
producing fibers with a tensile strength and Young’s modulus 543.1 MPa and 37.5 GPa,
respectively. Additionally, the calcium coagulated fibers were found to be less susceptible to
moisture than ones coagulated through the organic solvent route. This addresses a key flaw in
many materials fabricated solely from nanocellulose: the primary means by which cellulose
nanofibrils interact is through hydrogen bonding, and the addition of moisture disrupts this
hydrogen bonding, causing a significant drop in strength.>3
Conducting polymers

The vast majority of polymers are electrical insulators, but a subset of polymers can
conduct electricity as semiconductors or, under certain conditions, metallic conductors. These
are referred to as intrinsically conducting polymers (ICPs). The differentiating factor between
semiconductors and metallic conductors lies in how conductivity fluctuates with a change in

temperature. In semiconductors, conductivity increases as temperature is raised; in metallic
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conductors, the opposite is true. Semiconductors with very low electrical conductivity are termed
insulators, but it should be noted that this classification is one of convenience, and is not
indicative of any other significant differences between the two groups.>* The conductivity of a
polymer can be understood by looking at its chain structure and molecular orbitals. While the
various ICPs may vary in chain structure, molecular weight, or the incorporation of heteroatoms,
they all contain a conjugated rt systems along the backbone. The chain structure of common ICPs

is shown in Figure 1.2.

Polyacetylene Polypyrrole Polyaniline
S
X S W/
A
O O
n \ /
Poly(p-phenylene vinylene) Polythiophene PEDOT

Figure 1.2 Structure of common conducting polymers

It is the band gap—the energy difference between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)—that determines conductivity.>® As
an example, consider the simplest polymer, polyethylene, with a backbone consisting entirely of
single bonded, SP3 hybridized carbons. Due to the single, o bonds between carbons on the
backbone, the molecular orbitals for the polymer are spread into bands. The HOMO in
polyethylene would be at the top of the band formed by o bonding orbitals—referred to as the

valence band—whereas the LUMO is at the bottom of the band formed by ¢ antibonding (o*)
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orbitals—called the conduction band. In this case, the band gap is large and gives rise to insulating

behavior.

Next, consider polyacetylene, the simplest intrinsically conducting polymer (ICP), which
has a backbone that instead consists of SP> hybridized carbons with alternating double bonds and
a conjugated system of it electrons delocalized throughout the length of the chain. The valence
band for this polymer consists of m bonding orbitals, which have a higher energy level than the
o orbitals. The conduction band consists of m antibonding (rt*) orbitals, which are at a lower
energy level than o* orbitals. This makes the band gap for polyacetylene significantly smaller

than for polyethylene, giving rise to intrinsic conductivity.>*

The conductivity of ICPs in their pristine molecular state, while many orders of magnitude
above that of insulating polymers, is often still too low to be useful. This issue can be resolved
through modification with various dopants. This process can be analogous to p- and n-type
doping in inorganic semiconductors, creating additional energy levels within the bandgap.> The
exact process of doping for ICPs varies with the particular polymer, but they in general involve
redox reactions of the polymer chain. Oxidation of the chain leads to the abstraction of electrons,
and is analogous to p-type doping, whereas reduction is similar to n-type doping. In either case,
the polymeric chain is no longer a neutral polymer but a polymeric ion. For ICPs, doping via
oxidation is far more common, with the “n-type” doping being relatively rare. The abstraction of
an electron from an ICP leads to the formation of a radical cation, or polaron (charge +1, spin %).
As a second electron is abstracted during further oxidation, abstraction can occur either at a
different point, forming another polaron, or at the same site, forming a bipolaron (charge +2,

spin 0). Bipolarons are favored in the case that the energy gained by interaction with the lattice
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is greater than the Coulomb repulsion between two charges being confined together.>® The
presence of polarons or bipolarons is specific to each ICP and can be explored by measuring and
comparing both charge and spin for a polymer.>®> Doping has a profound effect on the
conductivity of ICPs, increasing it by many orders of magnitude. As an example, in trans-
polyacetylene, doping can be carried out through reaction with halogen vapors, with iodine being
the most effective, increasing conductivity by as much as seven orders of magnitude.>’ In this
case, charge-transfer m complexes were formed between the polyacetylene and halogens,
leaving the chain cationic (p-type).
PEDOT

Central to the present work is the ICP Poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT
is a polythiophene derivative developed by Bayer AG in the 1980s.°® Its monomer, 3,4-
ethylenedioxythiophene (EDOT), consists of polythiophene that is disubstituted with an ethylene
glycol unit at the C3 and C4 positions, forming a second six-membered ring. This particular
substitution provides a number of advantages. Firstly, it prevents undesirable linkages at the C3
and C4 sites, meaning that polymerization proceeds uniformly between the C2 and C5 sites.
Having the C3 and C4 substitutions linked together to form a bicyclic structure leads to more
uniform packing of chains compared to thiophene derivatives with individual C3 and C4
substitutions. Finally, The presence of electronegative oxygen atoms adjacent to the thiophene
ring stabilizes protonated EDOT and PEDOT species that form during polymerization and doping,
rendering EDOT and PEDOT less liable to degradation and undesirable side reactions, particularly

in the presence of oxygen and moisture.>>>°

13



The mechanism by which EDOT is polymerized into PEDOT does not adhere strictly to the
conventions of step and chain polymerization, but instead proceeds by way of acid catalyzed
formation of EDOT dimers and trimers with subsequent oxidation into PEDOT. EDOT dimer and
trimer formation proceeds initially by protonation in the a position in the presence of strong

acids (Figure 1.3).>°> These dimers and trimers exist in equilibrium with the monomeric form and

- 4 - —
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Figure 1.3 Acid catalyzed dimer- and trimerization of EDOT

play an important role in poylermization, as they are more succeptible to oxidation than EDOT
itself. Oxidation is carried out either chemically®® or electrochemically®?, with common chemical
oxidants being Iron salts like Iron(lll)-tosylate®? or persulfate salts>®, often activated catalytic
amounts of iron or other metals.®® During PEDOT polymerization, doping occurs as a result of
excess oxidants in the system, which lead to the abstraction of electrons from the neutral PEDOT
chain. Typical doping levels for PEDOT peak at one positive charge per three thiophene units; as
PEDOT favors the formation of bipolarons, this is equivalent to one bipolaron delocalized across

six thiophene units.®*
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PEDOT possesses a number of characteristics that have led to its relevance in industry.
Pristine crystals of PEDOT can boast conductivities of up to 8797 S/cm® only falling behind
polyacetylene in terms of electrical performance. However, unlike polyacetylene, PEDOT is stable
when exposed to air for extended periods of time. Additionally, it can withstand elevated
temperatures of up to 250 °C, allowing it to be integrated into parts that utilize high-temperature
lead-free solders.>> A major commercial uze of PEDOT is as an electrode in solid electrolyte
capacitors. PEDOT is coated on top of an oxide dielectric layer, often tantalum or aluminum, to
form a self-healing electrode.®® Defects in the dielectric that would lead to a short cause an influx
of current that locally destroys the PEDOT around the defect, cutting off the short circuit and
allowing the capacitor to function. Additionally, thin films of PEDOT exhibit high optrical
transparency (>75%°’) in the visible region. This has led to them being investigated as
replacements to transparent conductive oxides like indium-tin-oxide (ITO) for photovoltaics,
organic LEDs, or other similar applications.®® PEDOT is also more flexible than traditional
inorganic semiconductors, and has been utilized in applications requiring flexible circuits, such as
in triboelectric generators.®® Finally, PEDOT possesses a high Seebeck coefficient, making it a

promising thermoelectric material. 7°

PEDOT, particularly in its doped form, is not soluble in any known solvents. This means
that fabrication with PEDOT can be a tedious process, often involving polymerizing the polymer
directly onto the desired substrate through techniques like chemical vapor deposition.”t A
workaround to this was found when it was noted that cationic, doped PEDOT can form
polyelectrolyte complexes that are dispersible in aqueous media.”?> Because PEDOT precipitates

rapidly during polymerization, these complexes must be formed in-situ during EDOT
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polymerization by adding the anionic host polyelectrolyte (HPE) to the reaction mixture. The first
polyanion used for complexation with PEDOT was poly(styrene sulfonate) (PSS), and it has also
remained the most popular choice in commercial PEDOT dispersions®>, referred to as PEDOT:PSS
and sold under a variety of trade names including Baytron™, Clevios™, and Orgacon™. A wide
variety of other polyanions have been used to create dispersible PEDOT complexes, including but
not limited to pectin, hyaluronate, dextran sulfate, poly(4-styrenesulfonyl
trifluoromethsulfulfonyl)imide, poly(4-styrenesulfonyl methylsulfonyl)imide, and poly(4-
styrenesulfonyl phenylsulfonyl)imide, poly(methacrylsulfonyl trifluoromethylsulfonyl)imide.”
Complexes have also been formed between PEDOT and the anionic conducting polymer poly[2-
(3-thienyl)-ethoxy-4-butylsulfonate].”* While most of these alternative host polyelectrolytes
have failed provide significant advantages over PEDOT:PSS, those formed between PEDOT and
cellulose sulfate showed promise, producing a nearly four-fold increase in conductivity over
PEDOT:PSS.” This may be attributed in part to the similarity in charge spacing between doped
PEDOT and the cellulose sulfate used, which is known to contribute to an increased degree of
ordering in polyelectrolyte complexes.’®
Secondary Doping of PEDOT:PSS

One factor that has led to the success of PEDOT:PSS is the discovery that certain
compounds can be added to the conducting dispersions to yield dramatically increased
conductivity. These compounds are broadly referred to in the literature as conductivity enhancers
or, more commonly, secondary dopants.”” It is important to note that the term secondary dopant,
while widespread, is somewhat of a misnomer, representing an entirely different set of

phenomena than the doping of conducting polymers described in previously (i.e. redox reactions
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on an ICP chain leading to a change in electronic structure). Secondary dopants can be a wide
range of low molecular weight compounds added to dispersions either prior to or after
processing. The most commonly reported secondary dopants are ethylene glycol (EG)’®’° and
dimethyl sulfoxide (DMSQ)’8289, both of which can yield conductivity increases of more than three
orders of magnitude when added to PEDOT:PSS dispersions. Other solvents that can act as
secondary dopants include N-methyl-2-pyrrolidone (NMP)3-82, diethylene glycol®3, N,N-
dimethylformamide (DMF), tetrahydrofuran (THF) &9, 2-nitroethanol”®, and glycerol.8* What is
notable about these compounds is that they are generally evaporated by oven-drying the PEDOT
dispersion after processing, meaning their conductivity enhancement occurs without their actual
presence in the final material. Other compounds that do remain embedded in the PEDOT:PSS
matrix have been shown to bring about increased conductivity as well, including sorbitol®1-8485,
meso-erythritol”®, imidazolium-based ionic liquids®®®’, copper(ll) chloride®, and various anionic
surfactants®. Treatment of PEDOT:PSS with strong acids has also yielded significant increases in
conductivity.’®°? The mechanism behind the increase in conductivity upon addition of these
various additives has been debated in the literature, with a number of explanations being
proposed. It has been proposed additives act by screening electrostatic interactions binding
PEDOT to PSS, allowing PEDOT to aggregate into larger more cohesive domains that transfer
charge more effectively.?? Others have suggested that solvent-based secondary dopants induce
phase separation between PEDOT and PSS, reducing the prevalence and thickness of insulating
PSS layers between PEDOT-rich regions.’? Another school of thought is that treatment with

secondary dopants simply washes away insulating PSS.%° Regardless of the specific mechanisms,
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the use of secondary doping has brought PEDOT:PSS dispersions into the spotlight, bridging the
gap between their conductivity and that of PEDOT itself.
Templating PEDOT using cellulose nanomaterials

It should be evident from the previous examples that the conductivity of PEDOT and
PEDOT dispersions is a complex function of many experimental and process variables. The
inherent heterogeneity of PEDOT:PSS systems means that their conductivity is as much
dependent on supramolecular structure and ordering as it is on molecular factors such as degree
of polymerization or chain oxidation level. One strategy that has been utilized to induce
organization of PEDOT on a molecular scale is to template it with 1D nanomaterials, including

nanocelluloses.

It has been observed that straight mixing of TEMPO CNF with commercial PEDOT:PSS led
to a twofold increase in the conductivity of cast films with CNF loadings of up to 50 wt%, from
18.8 to 40.8 S/m. This increase occurred despite the inclusion of additional insulating material
into the matrix. In this case it was noted that PEDOT in the composite material showed changes
in its x-ray diffraction (XRD) pattern that suggest that more PEDOT chains were adopting a
quinoid form, with increasing double-bond character on the links between thiophene units. It
has been demonstrated that the nanoscale dimensions of CNF appear to play an important role
in its interactions with PEDOT and PEDOT:PSS. When carboxymethylated CNF was mixed with a
commercial PEDOT:PSS blend, PEDOT:PSS was observed to organize itself into bead-like
structures along the nanofibril surface, with a high degree of n-stacking between PEDOT chains
measured through wide-angle XRD (WAXD). However, dissolved carboxymethylcellulose (CMC)

produced no such organization, and instead led to films with a high degree of phase separation

18



between the different components. It is particularly telling that the films incorporating
carboxymethyl CNF had conductivities nearly three times higher than those made with CMC.%
Several other works have reported on the mixing of commercial PEDOT:PSS blends with

unfunctionalized nanocellulose®>°® and cellulose nanocrystals®’ to similar effect.

Apart from mixing nanocellulose into commercial PEDOT:PSS blends, an alternative
strategy that has been employed is the polymerization of EDOT in the presence of nanocelluloses.
Polymerizing EDOT with hydrogels of unfunctionalized bacterial nanocellulose with either ferric
chloride®® or ferric tosylate®® has produced PEDOT coated hydrogels that have explored for their
capacitive properties and as biocompatible electrodes. Others have created similar hydrogels
incorporating PSS into the reaction mixture as well.2®® Analogously, EDOT has been chemically®!
and electrochemically®¥19! polymerized onto CNCs to produce films with high specific surface

area, suggested for use in supercapacitors and catalytic applications.

It has also been demonstrated that stable PEDOT dispersions can be created by
polymerizing EDOT in the presence of sulfated cellulose nanofibrils, with the anionic nanofibrils
acting as host polyelectrolyte for PEDOT chains.'%? For this work, sulfated CNF were produced
through treatment with sulfamic acid in urea, followed by homogenization. The degree of
substitution of sulfate groups was measured at 0.497, although the previously described
carbamation side reaction involved with this reaction scheme'3 means that other functionality
was likely present. It was observed that the PEDOT/nanocellulose dispersion could be made with
a higher fraction of PEDOT than commercial dispersions, possibly owing to the hydroxyl groups

on cellulose aiding in aqueous dispersions. However, the use of secondary dopants was not
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examined in this work and the properties, behavior, and utility of PEDOT dispersions with
nanofibrillar host polyelectrolytes is still not well examined or understood.
Graphene

Graphene consists of planar sheets of SP? hybridized carbons. It is lauded for an
impressive array of impressive in-plane physical, thermal, and electrical properties, including an
electron carrier mobility of up to 200,000 cm?-V1-s, thermal conductivity of 3000 W-m 2K, and
a tensile modulus of 1 TPa; among the highest ever measured.1®® Producing large quantities of

high-quality graphene remains a challenge.

The production of graphene can proceed through either top-down or bottom-up
approaches. Top-down approaches generally involve exfoliating graphene from graphite. The
simplest method of doing so is by applying cellophane tape to graphite and lifting it off, a process
which removes a sheet of graphene but is neither scalable nor efficient.1®® For larger scale
production, the focus has been on exfoliating graphene in solution through the use of chemical
modification, such as oxidation to form graphene oxide followed by ultrasonication in DMF and
reduction into graphene with hydrazine.%* Other strategies include mechanical treatment (often
sonication) in organic liquids with surface energies close to that of graphite (ca. 70-80 mJ/m?)10>
such as DMF¥, N-methyl-2-pyrrolidone (NMP)%’, and 1,2-dichloroethane.'®® Bottom up

strategies for fabricating graphene can involve growing it directly from organic precursors such

109 110

as hexa-peri-hexabenzocoronene!?”” and hexaphenylbenzene!!® or catalyzing its growth directly

on substrates.111
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CHAPTER 2. Sulfated Cellulose Nanofibrils from Chlorosulfonic Acid Treatment and Their Wet-
Spinning into High-Strength Fibers

INTRODUCTION

With growing concerns about the impact of human behavior on the environment, global
interest in improving the sustainability of engineering materials and manufacturing practices has
intensified. From a polymer standpoint, much of this interest has focused on eschewing
synthetic, petroleum derived materials in favor of biopolymers. Cellulose—the most abundant
biopolymer on the planet'—has been widely utilized in its native form in textiles and paper for
millennia. For over a century, additional commercial uses have involved dissolution and
derivatization of cellulose that fundamentally change the crystalline structure from the native
cellulose | to the regenerated cellulose Il polymorph, accompanied by a loss in mechanical
strength.? In the last two decades, there has been significant interest in the development of 1D
cellulose nanomaterials or nanocelluloses that retain many of the remarkable mechanical
properties of cellulose I, especially desirable for high-strength applications.

Nanocelluloses represent an alternative approach to processing in which macroscopic
cellulose is separated into nanoscale fragments while retaining some or most of its crystalline
structure, often relying on some form of chemical pretreatment or modification. Nanocelluloses
can fall into several subcategories, with the first being cellulose nanocrystals (CNC) produced by
acid hydrolysis of cellulose, most commonly using concentrated sulfuric acid. Hydrolysis breaks
the B(1,4) glycosidic links in cellulose to remove the easily accessible chains in the less ordered
amorphous regions, leaving rod-like CNC with 3-50 nm widths and several hundred nm lengths,

depending on the source and hydrolysis conditions.! The pristine and highly crystalline CNC are
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predicted to have a tensile strength and Young’s modulus as high as 7.5 GPa and ~150 GPa,
respectively.> The second major category of nanocelluloses are the thinner and longer
semicrystalline cellulose nanofibrils (CNF) with much higher length-to-width aspect ratios. CNF
can be produced by subjecting cellulose to shear force processes, chemical treatments, or a
combination thereof to improve quality and productivity. For instance, carboxylation of cellulose
mediated by the aminoxyl radical 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) breaks hydrogen
bonding in the less ordered domains and introduces anionic carboxylate groups to facilitate
subsequent mechanical defibrillation while deterring aggregation of the dispersed nanofibrils
through electrostatic double-layer repulsion. While non-hydrolytic approaches have been
explored for CNC generation, large scale production still relies on hydrolysis and is accompanied
by significant loss of mass. The much higher yields of CNF—particularly TEMPO oxidized CNF
(TCNF)—make them more commercially attractive, and they have reviewed extensively*~”’ for
applications including gas membranes, packaging materials, composites, aerogels,
superabsorbent materials, biomedical scaffolds, printed electronics, and energy storage devices.

As is the case for any nanomaterials, translating the ultra-high mechanical strength of CNF
on the nano-scale into macroscopic structures remains a significant engineering challenge.
Alignment of CNF during processing is critical for allowing bulk materials to inherit the
longitudinal strength of the nanofibrils. An effective method of alignment is wet-spinning, which
has been demonstrated for both TCNF3-%> and unmodified!®” CNF; several reviews explore the
topic.'82% During the wet-spinning of a polymer solution, the dissolved polymer is extruded into
a coagulation bath containing an antisolvent, which causes the polymer to fall out of solution and

solidify into a continuous filament. In CNF wet-spinning, the most reported coagulants have
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included acetone® 11621 ethanol**1417, THF'4!> and dioxane.'* Aqueous calcium chloride
solutions have also been utilized as coagulants for TCNF™13, with multivalent Ca?*ions screening
electrostatic repulsion among the carboxylated nanofibrils to induce aggregation and ionic
crosslinking.

To advance CNF into fibers, scalable reactions and engineering processes must be
considered, and the high cost of reagents like TEMPO is called into question. Other routes to CNF
can also diversify the range of nanofibril chemistries available and may offer cost-effective
solutions beyond the benchtop. Sulfation, while well-established for regenerated cellulose, is a
less-explored alternative to produce anionic CNF. A variety of sulfating agents have been applied
to cellulose. Chlorosulfonic acid, which reacts readily with alcohols to give the corresponding
alkyl sulfates, has been used to produce water-soluble cellulose sulfates.???3 It has also been
performed under milder conditions to add additional sulfate functionality to CNC produced from
sulfuric acid hydrolysis?* and CNF produced by homogenization?>, yielding respective charges of
0.4 mmol/g and 0.56-1.79 mmol/g. Sulfonated CNF has been produced by a two-step reaction
involving the periodate cleavage of cellulose’s 2,3 vicinal diol to produce 2,3-dialdehyde cellulose,
followed by reaction with bisulfite and homogenization to a 91 % yield with 0.51 mmol/g of
hydroxy sulfonate groups.?® Using a deep eutectic solvent of sulfamic acid and urea at 150 °C in
conjunction with microfluidization has also produced 4.4 nm wide sulfated CNF with 1.44-3.00
mmol/g sulfate contents.?” However, a possible carbamation side reaction may complicate this
process by generating additional functional groups. Regardless of the reactions and processes
involved, sulfated cellulose or nanocellulose variants have typically been lauded for their

aqueous solubility/dispersibility and superior absorbent properties imparted by the introduction
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of hygroscopic sulfate groups.???%2° None have been exploited for more diverse functional
applications, including those building upon the unique intrinsic strength and anisotropy of CNF.

This study aimed at a direct approach of functionalizing cellulose followed by mechanical
disintegration to generate functional nanocelluloses, specifically sulfated cellulose nanofibrils
(SCNF), in the same manner as TEMPO CNF. The premise is that chlorosulfonic acid, acting as a
robust sulfating agent, is able to simultaneously pretreat and functionalize cellulose for the
purpose of maximizing sulfation in the amorphous regions without destroying the crystalline
domains. In doing so, sufficient charge is generated to facilitate disintegration of sulfated
cellulose into SCNF that remain stably dispersed in aqueous media while avoiding dissolution.
Cellulose was heterogeneously sulfated with chlorosulfonic acid in anhydrous N,N-
dimethylformamide and defibrillated into SCNF through high-speed blending. The degree of
sulfation was controlled by varying the stoichiometric ratio of chlorosulfonic acid per
anhydroglucose unit (AGU) and the length of reaction at ambient temperature. SCNF charge
determined by conductometric titration and nanofibrillar structure and dimensions assessed
using atomic force and transmission electron microscopy were evaluated to determine the
relationship between necessary sulfation levels and the range of SCNF products. The assembly of
SCNF into fibers was investigated by wet-spinning agqueous SNF dispersions into varied

coagulants of acetone, isopropanol, and mixtures of calcium chloride and isopropanol.

32



EXPERIMENTAL

Materials

Sodium hydroxide (NaOH, 97.0%), toluene (99.9%), hydrochloric acid (HCI, 1.0 M), and
Dowex Marathon C (H-form) acidic ion exchange resin beads were purchased from Fisher
Scientific. Reagent grade ethanol, calcium chloride (CaClz, 99%), potassium bromide (KBr, 99%),
and anhydrous N,N-dimethylformamide (DMF) were purchased from Sigma Aldrich.
Chlorosulfonic acid (HSOsCl, 99%), toluene (99.5%) and sodium chlorite (NaClOz, 80% purity)
were purchased from Alfa Aesar. Potassium hydroxide (KOH, 85%) was purchased from Acros.
Reagent grade isopropanol (IPA) and acetone were purchased from Spectrum Chemical. Purified
water was obtained from a Milli-g Advantage A10 water purification system. All dialysis steps
were performed using regenerated cellulose dialysis tubing with a nominal molecular weight
cutoff of 12-14 kDa purchased from Fisher Scientific. All chemicals were used as received without
further purification. Cellulose was isolated from Calrose variety rice straw using a previously
reported procedure®’; dewaxing by Soxhlet extraction with a 2:1 v/v mixture of refluxing
toluene/ethanol, delignification with 1.4 wt% acidified NaClO, and hemicellulose removal with 5
wt% KOH.

Sulfation of cellulose via chlorosulfonic acid

Cellulose and all glassware used were oven dried prior to use to eliminate moisture. For
a typical sulfation run, 0.5 g of cellulose was placed in a stoppered 50 mL Erlenmeyer flask to
which 22 mL of anhydrous DMF were added. The mixture was allowed to stir for a period of
approximately 10 min. Chlorosulfonic acid in varied quantities of 0.10-0.31 mL, or 0.5 to 1.5
HSOsCl per anhydroglucose unit (AGU) molar ratios, was added dropwise to 3 mL of anhydrous

DMF chilled in an ice bath. This HSO3Cl/DMF mixture was then added to cellulose/DMF to begin
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the reaction. All reactions were performed at ambient temperature for 30 to 60 min. Termination
was carried out by the addition of 10 mL purified water. The sulfated cellulose was centrifuged
and washed with purified water. Remaining acid and DMF were removed through dialysis against
purified water for approximately seven days, until no change in the conductivity of the water was
observed.
Defibrillation into SCNF

Following dialysis, the sulfated cellulose was dispersed at a concentration of 0.2 wt% in
250 mL of purified water and blended at 37,000 rpm in a high-speed blender (Vitamix 5200) for
a total of 30 min in 5-minute increments to avoid overheating. The aqueous suspension was then
centrifuged (Eppendorf 5804R, 5,000 rpm, 15 min) to separate out large fragments that did not
defibrillate. A known volume of supernatant and the precipitate were oven dried in tared vessels
to determine their mass and concentration, respectively. The wt% of the product that remained
dispersed in the supernatant relative to the original sulfated cellulose was reported as the SCNF
yield.
SCNF Characterization

The height and length of SCNF were determined through atomic force microscopy (AFM)
(Asylum Research MFP-3D AFM) with OMCL-AC160TS standard silicon probes (nominal tip radius
of 7 nm, spring constant of 26 N/m). Several drops of diluted SCNF dispersion (ca. 0.0001 wt%)
were deposited on freshly cleaved mica discs and allowed to dry. Images were collected in
tapping mode under ambient conditions and processed using the open-source software

Gwyddion and Imagel to derive the fibril heights and lengths, respectively.
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SCNF widths were determined using transmission electron microscopy (TEM) (JEOL JSM-
1230). Samples were prepared by placing a drop of diluted SCNF dispersion (ca. 0.0001 wt%) on
a glow discharged carbon grid and blotting away the excess after 10 min. Samples were
negatively stained with 2 wt% uranyl acetate to enhance contrast. Micrographs were taken with
a LaBe electron source using an accelerating voltage of 100 kV. Analysis was performed using
Imagel.

The surface charges of SCNF samples were determined by conductometric titration. To
obtain pristine CNF for titration, aliquots of SCNF were dialyzed again against purified water for
several days to remove small-molecule contaminants. They were then run through an ion
exchange column packed with an acidic ion exchange resin (Dowex marathon C, H-form) that
exchanges metallic cations for protons to ensure the sulfate half-ester groups on the SCNF were
in their acid forms. The SCNF samples (50 mL, diluted to ca. 0.05 wt%) were titrated with 0.01 M
sodium hydroxide while measuring the conductivity using a pH meter (Oakton pH/CON 510). The
surface tension of SCNF dispersions was measured on a Kruss K100 tensiometer using the
Wilhelmy plate method.

Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo-Nicolet
6700 infrared spectrometer. Aqueous SCNF samples were freeze-dried and then mixed with
ground potassium bromide and pressed into pellets. Spectra were collected in transmittance
mode from an accumulation of 64 scans 2 cm™ resolution over the range of 4000-400 cm™.
Rheological Measurements

The rheology of aqueous SCNF dispersions was measured using a Brookfield DV3T

rheometer with a concentric cylinder geometry. Samples of SCNF with charges of 1.3, 1.8, and
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2.2 mmol/g were degassed for several seconds in a bath sonicator (Branson 2510) prior to
analysis. Viscosity measurements were taken at 25 °C in a water bath, at concentrations from
0.3-0.6 wt% and shear rates from 0.1-100 s%.

Wet-spinning of SCNF

Aqueous dispersions of 1.3 and 1.8 mmol/g SCNF were concentrated to 0.65 wt% using a rotary
evaporator. Aqueous SCNF spin dope was dispensed via a syringe pump fitted with a 27-gauge
needle with 210 um inner diameter (ID) and its tip submerged in a 60 cm long horizontal channel
filled with a coagulant of either acetone, IPA, or IPA with 0.1 wt% CaCl,. The extrusion rate,
controlled via syringe pump, was approximately 144 cm/min. After moving through the
coagulation bath, fibers were pulled through an air gap to dry before being wound onto a
cylindrical collector driven by a DC motor at a rate of approximately 170 cm/min.

The diameter, tensile strength, and Young’s modulus of wet-spun fibers were determined
using a Zellweger-Uster Mantis single fiber tensile tester designed for testing cotton fibers.3!
Fibers were conditioned at 21 °C and 65% relative humidity for at least 24 hours prior to tensile
tests. SEM images of wet-spun fibers were taken on a Thermo Fisher Quattro S Environmental
SEM. Fibers were sputtered with circa 1.5 nm of gold prior to imaging. Optical microscopy images

of fibers were taken under crossed polars at a 45° angle with respect to the polarization plane.

RESULTS & DISCUSSION

Functionalization and Defibrillation of SCNF

Sulfation of cellulose with chlorosulfonic acid is a typical Sn2 reaction and exhibits
stereoselectivity for primary C6 hydroxyls over secondary C2 and C3 hydroxyls; this has been

previously confirmed by NMR.32 The repulsive charge induced by sulfation helps facilitate the
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disintegration of sulfated cellulose into sulfated cellulose nanofibrils (SCNF), allowing the SCNFs
to be stably dispersed (Scheme 2.1). Due to the complete solubility of cellulose sulfates at higher
degrees of substitution, success of the scheme pivots on identifying reaction conditions that
minimize dissolution while providing sufficient sulfation to disintegrate macroscale sulfated

cellulose into sulfated nanocelluloses.

OH OH
HO o HSO,CLAG HO o Blending 4
o 0.5-1.5 o 30,000 rpm
30-60 min 30 min
OH 0S0y
Cellulose Sulfated Cellulose Sulfated CNF

Scheme 2.1 Sulfation of cellulose through combined pretreatment and functionalization with
chlorosulfonic acid followed by high-speed blending (37k rpm, 30 min) of aqueous dispersion
into sulfated cellulose nanofibrils (SCNF).

By varying the HSO3Cl/AGU molar ratio from 0.5 to 1.5 for 30 to 60 min, sulfated cellulose with
charges ranging from 0.45 + 0.10 to 2.20 + 0.10 mmol/g were produced (Figure 2.1a). The
HSO3CI/AGU ratio was found to be the most significant determiner of charge, with the effect of
reaction time being smaller over the ranges studied. The skew in the 30- and 60-minute
trendlines in Figure 2.1a indicates a two-factor interaction between time and HSOsCI/AGU ratio,

wherein longer reaction times magnify the effect of acid ratio.
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Figure 2.1 Effect of sulfation reaction conditions followed by high speed blending (30k rpm, 30
min): (a) surface charge as a function of HSO3CI/AGU molar ratio and reaction time; (b) SCNF
yield as a function of surface charge (30 min blending); (c-d) SCNF with a charge of 1.0 mmol/g,
showing branching fibrils.

The reaction performed at the lowest 0.5 HSO3CI/AGU ratio, for an extended 60 min,
produced a charge of 0.45 mmol/g that proved insufficient for effective defibrillation, yielding
only 20% nanofibrils (Figure 2.1b). Sulfated cellulose produced under all other reaction
conditions could be effectively disintegrated to disperse at least 90% in the supernatants. AFM
on the supernatant of 1.0 mmol/g SCNF (1.25 HSO3CI/AGU, 45 min) showed some highly
branched fibrillated and entangled fibrillar structures (Figures 2.1c, d) which were not found in

any other sample. This observation, along with the second-lowest yield of 90%, was taken as an
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indication that 1.0 mmol/g is just below the sulfation threshold required to permit full
disintegration of macroscale sulfated cellulose into SCNF. SCNF produced under the harshest
conditions (1.5 HSOsCI/AGU, 60 min) maintained a 94% vyield, indicating that dissolution of the
cellulose had been largely avoided for all reactions.

Morphology and Properties of SCNF

Three SCNF representing three different levels of charges and from different reaction
conditions—1.3 mmol/g (1.0 HSOsCI/AGU, 30 min), 1.8 mmol/g (1.25 HSO3CI/AGU, 45 min), and
2.2 mmol/g (1.5 HSO3CI/AGU, 60 min)—were chosen for more in-depth analyses. The average
SCNF length (L) decreased with increasing levels of sulfation, from 1.24 um at a 1.3 mmol/g to
1.08 um at 1.8 mmol/g and 0.75 um at 2.2 mmol/g (Figure 2.2a-c). A progressive reduction in
fibril width (W) from 5.9 nm to 4.2 nm and 3.9 nm was also observed with increasing sulfation.
The height (H) values of all SCNFs varied little from 1.23 t01.32 nm. Progressive sulfation not only
decreased SCNF width and length, but also lowered their anisotropy. With increasing extents of
sulfation, the W/H ratio decreased from 4.7 to 3.3 and 3.0 and the L/H ratio lowered from 984 to
843 and 568. AFM is known to underestimate the height of nanoscale features; this is sometimes
attributed to sample deformation by the tip33 or the presence of salts or other deposits on the
substrate surface.3* Heights can also be compromised when the lateral dimensions of the
features being measured are smaller than the effective interaction area of the tip on the
surface,? as is the case in the present study. Nevertheless, the SCNF cross sections were more
anisotropic and rectangular compared to TCNF produced from the same cellulose (1.4 W/H, with
width and height of 2.09 and 1.52 nm, respectively).?® It is evident that sulfation even under the

harshest condition produced wider SCNF than TEMPO oxidation. However, yields for the two
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schemes were similar (i.e. 90-97% for SCNF and 96.8% TCNF), affirming that the sulfation of

cellulose by chlorosulfonic acid is robust and highly effective at producing SCNF over a wide range

of charges.
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Figure 2.2 Characterization of SCNF: (a-c) AFM (top) and TEM (bottom) micrographs of SCNF
with 1.3, 1.8, and 2.2 mmol/g charges; (d) FTIR spectra.

FTIR transmittance spectra of SCNF samples show all major peaks characteristic of
cellulose; broad OH stretching around 3500 cm™, CH stretching at 2900 cm™, and C-O-C
stretching of the B-1,4 glycosidic linkage at 898 cm™ (Figure 2.2d). In addition, two new peaks
characteristic of sulfate half-ester groups appeared at 811 cm™ and 1230 cm™ that can be
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attributed to the S-O and S=0 stretching vibrations, respectively. While the intensity of these two
sulfate ester peaks showed no clear trend with the levels of sulfation, the water scissoring peak
at 1641 cm?intensified in all three SCNF. This intensification could be attributed to an increase
in hygroscopicity brought about by sulfation and has been observed previously for cellulose
sulfates.? The most charged 2.2 mmol/g SCNF also showed sharpened OH stretching peak and a
decrease in the prominence of the CH; stretching peak compared to the less sulfated SCNF. Both
of these traits are more characteristic of amorphous celluloses,?” indicating possible reduction in
crystallinity brought about by the harsh reaction conditions.

All SCNF dispersions exhibited thixotropy, as is typical for TCNF.3638 To account for this,
viscosity measurements were taken after steady state was established for a particular shear rate.
SCNF dispersions exhibited shear thinning behavior between shear rates of 0.1 and 100 s that
fit well to power law kinetics, also similar to TCNF.3® Harsher reaction conditions generated SCNF
that exhibited lower effective viscosities (Figure 2.3a). The decrease in viscosity may be
attributed to both a decrease in nanofibril lengths as well as the higher charges, leading to
increased electrostatic repulsion between fibrils and decreased propensity for entanglement.
The viscosity of the most highly charged 2.2 mmol/g SCNF was significantly lower than the others,
being approximately an order of magnitude below the 1.3 and 1.8 mmol/g SCNF at most shear
rates tested. At 0.5 wt%, The viscosities obtained for 1.3 mmol/g SCNF dispersions are similar to
those reported for SCNF produced from softwood pulp using sulfamic acid and urea,?” indicating
similarity in nanofibrillar characteristics between the two reaction schemes. Ageuous SCNF also
showed amphiphilicity, reducing the surface tension of water with increasing concentrations

(Figure 2.3c). This reduction was more pronounced for 1.3 mmol/g SCNF as compared to the
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higher charged 1.8 mmol/g SCNF, which only showed a reduction at higher concentrations of 0.6-
0.7%. This behavior is, once again, similar to TCNF, which exhibited a similar reduction in surface

tension with 1.29 mmol/g charge at ca. 0.3%.3°
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Figure 2.3 Aqueous SCH properties: (a) effective viscosities as a function of shear rate; (b)
viscosities as a function of concentration; (c) surface tension as a function of concentration.

SCNF Cross Section and Surface Functionalization

Due to their semicrystalline and insoluble nature, many of the cellulose chains that
constitute CNF are buried within crystalline domains and not accessible to chemical modification.
Representing the degree of substitution on a basis of total anhydroglucose units is therefore of
limited use. Instead, it is meaningful to look at the fraction of accessible hydroxyl groups that
have been functionalized. A model can be developed based on AFM and TEM data about cross-
sectional dimensions and under several assumptions. The idealized model assumed the exposed
CNF surfaces to consist of the hydrophilic (110) and (110) planes and the treats nanofibrils as
crystals considering of the cellulose 1B crystalline polymorph (Figure 2.4). The lattice parameters
used for cellulose 1B are a =B =90°y=96.5 °,a=7.78 A, b=8.20 A, c = 10.38 A.%° The relevant
d-spacings calculated from these parameters are d;;9 = d;7, = 5.65A. It is also assumed that

chlorosulfonic acid targets the hydroxyl groups exposed on those planes.
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Figure 2.4 Cross-sectional model of SCNF with cellulose 1b unit cell and d-spacings indicated.

Treating cellulose chains as points on a lattice, the number of chains in the width and
height directions can be represented by H/d 7, + 1and W /d 1o + 1, where H and W are the
fibril height and width as determined from AFM and TEM, respectively. The total number of

cellulose chains in the cross section, N, is given by

N = <L+1>(W +1). (2)
dﬁo di10

The number of cellulose chains on the fibril surface along the (110) and (110) planes, Ns, is

expressed as

[(H ) w W+ H (2)
Ny =2x||—+1 +( +1) —2=2< o+1>
di7o d110 5.65A

where the -2 is necessary to avoid double counting the corner chains and d;19 = d;7, = 5.65A.

The number of surface hydroxyls or OHs per AGU (¢) can be expressed as
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W+ H
1.5 N, 3( +1)

110
s )
d110 d110

by dividing Ns by N to get the ratio of surface cellulose chains to total chains and multiplying by

(3)

1.5 (3 OH groups facing either the either the 110 or 110 plane surfaces per 2 AGU in each
cellobiose).
Finally, the percentage of exposed hydroxyls that are sulfated is expressed by dividing the charge

of each sample by the moles of AGU multiplied ¢ as follows:

Moles of Sulfate Groups

4
Moles of Total AGU * ¢ “

% Exposed OH Sulfated =

This fraction is shown alongside overall degree of substitution (DS, the average number of sulfate

groups per total anhydroglucose unit) for SCNF samples in Table 2.1.

Table 2.1 Functionalization of SCNF Surface Hydroxyls.

SCNF Charge DS Fraction of
(mmol/g) (AGU basis) Sulfated Surface
OH Groups
1.3 0.24 19%
1.8 0.34 24%
2.2 0.43 31%

While it is expected that the exposed surfaces are covered in an even split of C2, C3, and
C6 cellulose hydroxyls, it may be assumed that C6 substitution is dominant. Previous work found
no measurable substitution of the secondary hydroxyls when chlorosulfonic acid was applied to
cellulose dissolved in N,N-dimethylacetamide and lithium chloride at 2 mol of acid per AGU for 5
hours.3? As the reaction conditions explored in the present study are milder, being both

heterogeneous and utilizing lower times and acid quantities, a similar result is expected. With

44



assumed C6 stereoselectivity, complete sulfation of exposed C6 hydroxyls would be 33% surface
sulfation; the 2.2 mmol/g SCNF approaches this value at 31%. The selectivity of chlorosulfonic
acid reaction under relatively mild conditions is particularly compelling in the context of
competing with carboxylated TEMPO CNF, which is lauded for its specificity for C6 carboxylation.
It may also lend a degree of surface regularity to SCNF produced via chlorosulfonic acid as
opposed to other sulfation schemes such as periodate/bisulfite (which is stereospecific but
cleaves the C2-C3 vicinal diol open, creating an irregular surface).

Wet-spinning of SCNF

SCNF was wet-spun from 0.65 wt% aqg. SCNF with 1.3 mmol/g or 1.8 mmol/g charge
through 210 um ID needle at 140 cm/min extrusion rate and 170 cm/min take-up rate. Several
different coagulants were used, including acetone and IPA as organic coagulants and a mixed
ionic/organic coagulant consisting of 0.1 wt% CaCl, in IPA. The removal of water from the
coagulated fiber in systems with aqueous CaCl; as the coagulant was very time consuming,
requiring long drying times and temperature controls that were complicated to implement in a
continuous spinning process and at the laboratory scale. The mixed ionic/organic system was
chosen to alleviate this problem; the high vapor pressure of IPA facilitates faster drying.

SCNF spinnability was found to vary with respect to charge. The 1.3 mmol/g SCNF could
be successfully spun into fibers in all coagulants tested. Continuous spinning of the higher
charged 1.8 mmol/g SCNF into organic coagulants of either pure IPA or acetone was impossible;
the extruded dope did not coagulate into a coherent fiber under the same spinning conditions
but instead fragmented and was too delicate to be handled or collected. This slower coagulation

behavior may be attributed to several factors. The higher charge of the SCNF leads to increased
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inter-fibrillar electrostatic double-layer repulsion, hampering their association during
coagulation. The higher quantities of hygroscopic sulfate groups in the 1.8 mmol/g SCNF may
also correspond to an increase in bound water molecules that further hinders interfibrillar
association and slows coagulation. In contrast, this 1.8 mmol/g SCNF could be easily spun into
IPA with 0.1 wt% CaCl,. With calcium ions screening electrostatic repulsion and higher charge
facilitating ionic cross-linking, this system is well suited for spinning fibers from highly substituted
SCNF.

Microscopy on wet-spun fibers showed indications of nanofibrillar alignment during wet-
spinning, a necessary step for achieving strong fibers. Striations along the fibrillar axis were
observed in lateral SEM images (Figure 2.5a-d). The optical microscopy of fibers viewed under
crossed polars showed bright birefringence in all cases (Figure 2.5a-d, insets), further confirming
the alignment of SCNF. SEM of a tensile fractured end of a fiber coagulated in CaCl,/IPA showed
lamellar structures aligned along the fibrillar axis (Figure 2.5e-f). While these oriented fibrillar
structures showed clear SCNF alignment or assembly at the nanofibril level, there are visible
inter-fibrillar spacings. Combined with the larger diameter of the fiber coagulated in CaCly/IPA,
ionic coagulation of the more highly charged SCNF produced fibers with a greater degree of

porosity than coagulation in pristine organic solvents.
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Figure 2.5 SEM of wet-spun SCNF fibers: (a-d) longitudinal images with charges and
coagulants indicated; (e-f) fractured surface of SCNF in d. Insets in a-d: optical microscopy
under crossed polars.

The tensile properties and fiber sizes of the wet-spun SCNF fibers also showed strong
dependence on the coagulant (Figure 2.6a). With 1.3 mmol/g SCNF, the highest Young’s modulus
of 26.0 4.8 GPa and tensile strength of 675 £+ 120 MPa were achieved in fibers coagulated in
acetone, followed by those coagulated in IPA and IPA/CaCl, with respective mean tensile
modulus of 16.1 and 8.5 GPa and tensile strength of 422 and 188 MPa. (Table 2.2). The fibers

coagulated in IPA and IPA + CaCl; also showed increased porosity as compared to those
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coagulated in acetone, as evidenced by the larger fiber diameter for equal spinning/take-up
rates.

The mechanical performance of wet-spun SCNF fibers was found to correlate with the
relative speeds at which each solvent system is expected to coagulate. Coagulation in acetone is
visibly faster than in IPA, possibly due to the absence of acetone interaction with SCNF in
comparison to the hydrogen bonding ability of IPA with SCNF. The IPA/CaCl; system coagulates
even more slowly, as the ionic cross-linking and coagulating of the fiber’s surface forming a skin
that hampers ion diffusion to and from the core and water diffusion out of the fiber. This may
also contribute to the increased porosity observed in fibers coagulated from the IPA/CaCl;
system. The fibers spun from 1.8 mmol/g SCNF were same in diameter and similar in tensile
strength and modulus (ca. 200 MPa and 9 GPa, respectively) as those from 1.3 mmol/g SCNF,
both spun into IPA/CaCl,. However, the toughness was significantly lower, driven by the lower
strain at break.

When compared to fibers wet-spun from a variety of CNF—both TEMPO®120 and
unmodified!®!”20—in the literature (Figure 2.6b), all four fibers from SCNF showed higher tensile
strength at corresponding modulus, with the acetone coagulated fiber having the highest tensile
strength and modulus only lower than two others. The other fibers used for comparison were
mostly spun under similar conditions to the SCNF fibers in the present study; coagulated
predominantly in acetone or aqueous CaCl, with no polymeric additives. Overall, SCNF fibers wet-
spun in acetone are among the strongest CNF fibers made through traditional wet spinning—
even without additional drawing steps or treatments—highlighting the potential of SCNF as a

structural material.

48



800

700

600

500

B
o
o

Stress (MPa)

w
o
o

N
o
o

100

a 1.3 mmol/g

Acetone

1.3 mmol/g
IPA

1.8 mmol/g
IPA + CaCl,

1.3 mmol/g
IPA + CaCl,

Strain (%) 10

800

@ Present Work (SCNF)
700 OTEMPO CNF
O Unmodified CNF *
. 600
&
2 500 °
= o)
<
2
I3 400 o o,
ﬁ 0@ e}
2 300 o o
v )
b o®
F 200 A2
100 &
0
0 10 30 40

20
Young's Modulus (GPa)

Figure 2.6 Tensile strength of wet-spun SCNF fibers: (a) representative stress strain curves;
(b) comparison of with other wet-spun CNF fibers in the literature.

Table 2. Properties of wet-spun SCNF fibers. All fibers were spun at 0.05 mL/min from a g27
needle (ID=210 um) with a 0.65 wt% spinning dope.

SCNF Fiber . Tensile
. Strain at break Young’s Modulus
Charge Coagulant Diameter (%) Strength (GPa)

(mmol/g) (nm) (MPa)

1.3 Acetone 10.1+1.2 6.6+1.2 675+ 120 26.0+4.8

1.3 IPA 15.2+3.0 8.4+1.1 422 + 160 16.1+6.1

1.3 IPA+0.1% CaCl2 163124 12.6+1.6 188 + 53 85+25

1.8 IPA+0.1% CaCl2 16.4+3.6 7.0+2.5 219+ 60 9.3+23

CONCLUSIONS

The production of sulfated CNF was achieved through simultaneous functionalization and

pretreatment of cellulose with chlorosulfonic acid. By varying molar ratio of chlorosulfonic acid

per AGU from 1.0-1.5 and reaction time from 30-60 min, SCNF could be produced with variable

sulfation levels ranging between 1.0 and 2.2 mmol/g while maintaining yields in excess of 90%.

Nanofibrils exhibited a ribbon-like shape, with widths that were several times larger than

observed heights, and having average lengths of 0.75-1.24 um, decreasing with harsher
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treatment. SCNF was both thixotropic and shear thinning, with a two order of magnitude
reduction in viscosity between shear rates of 0.1 and 100 s, Additionally, it was demonstrated
that SCNF with a charge of 1.3 mmol/g could be wet-spun into fibers bearing comparable or
greater strength to those produced from other CNFs, without extensive drawing or additional
treatments.

By making use of sulfation chemistry that is established in industry for the preparation of
alkyl sulfates, this scheme provides a scalable alternative to TEMPO oxidation, without the need
for costly oxoammonium catalysts. The conclusions drawn in this work about the generation and
properties of SCNF from chlorosulfonic acid may also prove generalizable to other prominent
sulfation methods such as SOs/amine complexes, which proceed by way of a similar bimolecular
substitution mechanism to that of chlorosulfonic acid. These advances further the goal of

bringing nanocellulose beyond the benchtop and into the commercial sector.
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CHAPTER 3. Hybrid Polyelectrolyte Complexes of PEDOT with PSS and Sulfated Cellulose
Nanofibrils Through in-situ Polymerization

INTRODUCTION
Poly(3,4-ethylene dioxythiophene) (PEDOT) is a 3,4-disubstituted polythiophene

conducting polymer. Since its initial discovery by Bayer AG in 1988,1 PEDOT has attracted
intensive attention for research from both academia and industry and has gained a significant
degree of commercial success. A number of factors differentiate PEDOT from other intrinsically
conducting polymers. While polyacetylene boasts significantly higher conductivity than PEDOT—
on the order of 10° S/cm?—the inherent instability of polyacetylene hampers its commercial
utility. PEDOT itself has higher conductivity than poly(p-phenylene vinylene) and other
polyphenylenes, exceeding the latter by approximately an order of magnitude.? The EDOT
monomer is less toxic and volatile than pyrrole—the precursor to polypyrrole—facilitating safer
manufacturing.? PEDOT exhibits stable conductivity up to temperatures of 280 °C, significantly
higher than the stable range for polypyrrole and polyaniline and above the temperatures needed
when using lead free solder.? This allows PEDOT to be incorporated into components such as

electrolytic capacitors without risking thermal degradation due to soldering.*

Another major advantage of PEDOT is its ability to form stable polyelectrolyte complexes
to be aqueous dispersible, which facilitates processing. PEDOT on its own is insoluble in any
known solvent, thus cannot be directly processed into films unless either chemically or
electrochemically polymerized onto a surface to form a PEDOT layer. With the discovery that
PEDOT can be polymerized in the presence of a host polyelectrolyte, typically poly(styrene

sulfonate) (PSS), to form stable aqueous dispersions, this issue was circumvented. In these
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PEDOT:PSS polyelectrolyte complexes, positive charges formed during oxidation of the PEDOT
chain—analogous to p-type doping in traditional semiconductors—are electrostatically bound to
the PSS anionic sulfonate groups.? These dispersions are attractive from an engineering point of
view because they allow PEDOT be processed using a myriad of well-established solution-based
techniques, including spin coating,® doctor blading,® dip coating,” drop casting,® ink-jetting,® and
wet spinning.’® However, the quantity of PSS included is significant, with dispersions typically
having a 2.5:1 PSS:PEDOT mass ratio. This represents 71 wt% of insulating PSS that has a profound

effect on the resulting conductivity.

Various strategies have been implemented to improve both the conductivity and
dispersibility of PEDOT:PSS. The most prolific is the use of so-called secondary dopants'! or
conductivity enhancement agents.® These are chemicals—commonly high boiling point solvents,
such as dimethyl sulfoxide (DMSO) or ethylene glycol (EG)—which are added to PEDOT:PSS
dispersions prior to processing and are often (but not always%*3) removed from the final product
during curing.'* In truth, the term secondary dopant, while widely used, is somewhat of a
misnomer. In traditional semiconductors, doping refers to the inclusion of foreign atoms into a
lattice to bring about a change in electrical structure. In conducting polymers, doping generally
refers to redox reactions that bring about positive or negative charges along the polymeric chain.?
The species created in these redox reactions—predominantly bipolarons in the case of PEDOT—
lead to additional valid energy levels in the band gap of the polymer that dramatically increase
conductivity.'®> In PEDOT:PSS, secondary dopants bring about no oxidative nor electronic change
and, in many cases, aren’t even present in the final material; it is therefore somewhat misleading

to refer to the process as doping. Despite this fact, the application of so-called secondary dopants
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is known to bring about drastic increases in conductivity, as large as 2-3 order of magnitude.
The exact mechanism of this enhancement has been a topic of great debate. One proposed
explanation is that the enhancement results from of small amounts of the secondary dopant
remaining in the film and screening interactions between PEDOT and PSS with their polar
moieties.’® Another postulated that the additives acted as plasticizers, facilitating the
reorganization of PEDOT chains and their phase-separation from PSS in a manner that leads to
larger PEDOT-rich domains with reduced resistance and, in turn, higher conductivity.!” Other
explanations include the washing away of the non-conductive PSS during secondary doping?® or
the conformational change in PEDOT from a benzoid to a planar quinoid structure whose

conjugated backbone is favored for higher conductivity.*?

Another method that has been examined for improving the conductivity of PEDOT
dispersions is by manipulating the morphology of PEDOT:PSS materials through templating.
PEDOT:PSS complexes are inherently heterogeneous materials whose conductivity depends as
much on ordering and supramolecular structure of both PEDOT and PSS as it does on factors like
degree of polymerization or doping level. It has been shown that the inclusion of cellulose
nanofibrils (CNF), 1D nanomaterials formed by breaking down cellulose through a combination
of chemical and mechanical treatments?°, into a PEDOT:PSS matrix can lead to enhanced p-
stacking of PEDOT along the nanofibrils and increased conductivity.?! This effect has been shown
to lead to a 2-fold increase in bulk conductivity, despite the fact that the insulating CNF dilutes
the overall fraction of conducting PEDOT present.??> While these works proceeded by mixing
commercial PEDOT:PSS (Clevios PH1000) dispersions with CNF, the fact that many CNF are

functionalized with anionic moieties leads to a second option: the in-situ polymerization of
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PEDOT in the direct presence of an anionic CNF to form dispersible complexes, cutting PSS out of
the system entirely. It has been demonstrated that stable aqueous dispersions can be formed by
polymerizing PEDOT in the presence of sulfated cellulose nanofibrils (SCNF).23 This work utilized
pretreatment with sulfamic acid in N,N-dimethylformamide (DMF) followed by homogenization
to produce nanofibrils from pine pulp with diameters of 2-5 nm, lengths of 100-600 nm, and a
degree of substitution of 0.497. Notably, these PEDOT:SCNF dispersions remained stable even at
relatively high concentrations of PEDOT up to 50 wt%. This was attributed to the unfunctionalized
hydroxyl groups of cellulose aiding in dispersion. Despite these preliminary successes, work in
this area is still limited, with many questions persisting about the behavior and properties of
systems in which PEDOT is complexed with nanocelluloses. One factor that can confound the
literature involving CNF, including the works utilizing CNF in conjunction with PEDOT, is that most
groups synthesize their nanofibrils in-house with different starting materials, reagents, and
synthesis procedures, leading to variability in nanofibril dimensions, crystallinity, and
functionalization. It is therefore imperative that work involving CNF includes adequate

dimensional and chemical characterization.

The present study aims to further explore the use of SCNF as host polyelectrolytes in
PEDOT dispersions and examine its effect when used in conjunction with secondary dopants.
Sulfated cellulose nanofibrils (SCNF) were produced from dissolving pulp by a previously
established method through the use of chlorosulfonic acid treatment in N,N-dimethylformamide
(DMF) followed by mechanical blending.?* EDOT was polymerized into PEDOT in the presence of
SCNF and PSS in varying ratios. Dispersion stability, morphology, and conductivity are examined

as functions of dispersion anion composition. The effect of secondary doping with EG and DMSO
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on PEDOT:SCNF and hybrid PEDOT:PSS/SCNF systems is examined with the goal of maximizing
dispersion conductivity. Fibers were wet spun from PEDOT:PSS/SCNF in order to induce shear-
mediated alignment of polymer chains and nanofibrils, leading to dramatically increased

conductivity.

EXPERIMENTAL

Materials

Anhydrous N,N-dimethylformamide (DMF), sodium persulfate, iron(lll) sulfate
monohydrate, and poly(styrene sulfonic acid) (75 kDa, aqueous, 18 wt%) were purchased from
Sigma-Aldrich. 3,4-ethylenedioxythiophene (99%) was purchased from Acros. Sodium hydroxide
(1.00 N solution) was purchased from Spectrum Chemical. Chlorosulfonic acid (99%) was
purchased from Alfa Aesar. Ethylene glycol (EG), dimethyl sulfoxide (DMSOQ), and acetone were
purchased from Fischer Scientific. Sheets of softwood dissolving pulp cellulose were received
from the US Forest Product Laboratory of the US Forest Service in Madison, WI. Ultra-pure water
was acquired from a Milli-Q Advantage A10 water purification system. Regenerated cellulose
dialysis tubing (3 kDa molecular weight cutoff) was purchased from Spectrum Laboratories. Silver
conductive epoxy was purchased form MG Chemicals. Unless otherwise specified, all chemicals
were utilized as-is.

Synthesis and characterization of SCNF

SCNF was produced from dissolving pulp cellulose through a previously reported
procedure.?* Cellulose pulp sheets (1.0 g) were torn into squares with sides of 1 cm or smaller
and placed in a 50 mL round-bottom flask. Anhydrous DMF (45 mL) was added to the flask and

the cellulose pulp was allowed to disperse under vigorous stirring for 2 hours. Chlorosulfonic acid
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(1.25 moles per mole of anhydroglucose, AGU) was added dropwise to 5 mL of anhydrous DMF
chilled in an ice bath to prevent excessive heating. This acid/DMF mixture was added to the
dispersed pulp and the reaction was allowed to proceed for 45 minutes. Termination was carried
out through the addition of 10 mL of purified water, after which the cellulose sulfate product was
washed with more water by repeated centrifugation and decanting. Residual DMF and acid was
removed through dialysis against purified water changed daily for a period of approximately one
week, until the conductivity of the dialyzing water plateaued below 1 uS/cm. Sulfated cellulose
was disintegrated by 10 minutes of high-speed blending (Vitamix 5200, 37,000 RPM) at a
concentration of 0.2 wt%. Blending was performed in 5-minute increments with cooldown
periods between to avoid excessive heating. SCNF was concentrated as needed using a rotary

evaporator.

The height and length of SCNF were assessed using atomic force microscopy (AFM)
(Asylum Research MFP-3D) using OMCL-AC160TS standard silicon probes with a nominal tip
radius of 7 nm and spring constant of 26 N/m. Several drops of SCNF diluted to 0.00003 wt% were
deposited on freshly cleaved mica disks and dried under ambient conditions. AFM surface profiles
were collected in AC mode and processed using the open-source programs Gwyddion and Image)
to determine fibril dimensions. The width of SCNF was additionally assessed using transmission
electron microscopy (TEM). Aqueous SCNF was diluted to 0.01 wt% and deposited on a glow
discharged TEM grid (carbon/formvar over 300 mesh copper). After 10 minutes the excess was
blotted off and the samples was repeatedly stained with 2 wt% uranyl acetate. Micrographs were

taken at 50,000x magnification on a JEOL JEM 2100F-AC TEM. Micrographs were analyzed with
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the program imagel, with SCNF widths being determined by finding the full width at half

maximum (FWHM) of the intensity profiles across fibrils.

SCNF charge was determined through conductometric titration. SCNF was dialyzed again
against purified water for several days to remove small-molecule contaminants, after which it
was run through an ion exchange column loaded with a strong acid exchange resin (DOWEX
Marathon C) to ensure that the sulfate half-ester groups were in their acid form. Titration was
carried out with 0.01 M NaOH, and the equivalence point was determined by finding the minima

in the conductivity curve where all acidic sulfate groups were neutralized.

The crystallinity of the dissolving pulp cellulose and all nanocellulose samples was
determined through X-ray diffraction (XRD). Films of SCNF approximately 10 um thick were made
by depositing 10 mL of SCNF at a concentration of 0.2 wt% in a glass dish and allowing it to dry
at 50 °C. The dissolving pulp was ground and deposited as a powder on an XRD sample stage
using a very small amount of high-vacuum grease. Scans were collected of the films/powder on
a Bruker D8 Advance Eco diffractometer with a Cu Ka radiation source. Samples were scanned at
20 values ranging from 5° to 40° with an angular increment of 0.03° and a scan time of 2.5 s per
increment. Crystallinity was estimated from XRD via a peak deconvolution with four crystalline
peaks and the fitting software Fityk,?> with each peak being modeled using a Voigt function.
Syntheses of PEDOT:PSS:SCNF Complexes

All PEDOT complexes were synthesized through the chemical polymerization of EDOT in
the presence of either SCNF, PSS, or some mixture thereof. The amount of EDOT in each reaction
was kept constant to maintain an aqueous concentration of 0.2 wt%, near its aqueous solubility

limit. The amount of either SCNF or PSS polyanion or total SCNF/PSS polyanions were varied to
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achieve 2.5:1, 1.5:1, or 1:1 polyanion:PEDOT w/w ratios. The composition of the polyanion was

also varied, consisting of 0, 10, 30, 50, 70, 90, or 100 wt% SCNF, with any remainder being PSS.

For a typical reaction, the polyanion or polyanions (0.1-0.25 g) were added to a 50 mL
round bottom flask and purified water was added to reach a total volume of 50 mL. EDOT (0.1 g)
was added and allowed to dissolve for two hours under magnetic stirring. The mixture was
degassed via 10 minutes of sonication (Branson 2510 bath sonicator) and the reaction was
initiated by adding sodium persulfate (0.234 g) as an oxidizing agent and a small amount of ferric
sulfate catalyst (10.5 mg). Reactions were allowed to proceed for a period of 24 hours, at which
point the PEDOT complexes were adjusted to neutral pH with 1 M NaOH and purified via dialysis
against ultra-pure water using regenerated cellulose dialysis tubing. Once the conductivity of the
dialyzing water plateaued, the complexes were concentrated using a rotary evaporator to 0.8
wt%.
Characterization of PEDOT complexes

PEDOT:SCNF and PEDOT:PSS:SCNF were imaged by AFM with a procedure similar to the
one detailed for SCNF. PEDOT complexes were diluted to 0.00008 wt%, deposited on mica, and
scanned using an Asylum Research MFP-3D atomic force microscope. TEM micrographs were
collected and analyzed for PEDOT:PSS and PEDOT:PSS:SCNF dispersions utilizing a procedure

analogous to that outlined previously for the analysis of SCNF.

The viscosity of aqueous PEDOT dispersions was measured using a Brookfield DV3T
rheometer with a concentric circle geometry. PEDOT dispersions were concentrated to 0.8 wt%

via rotary evaporation. Viscosity measurements were taken at 25 °C at shear rates of 0.1 to 200
st
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Films of PEDOT complexes were cast on glass substrates. Glass squares 2.5 cm on each
side were first cleaned through sonication in acetone, followed by a rinse in isopropanol.
Substrates were then soaked in 30% nitric acid for a period of at least 24 hours to increase surface
hydrophilicity. Films of PEDOT dispersions were deposited through drop casting 250 pL of
dispersion at a concentration of 0.8 wt%. Each dispersion was cast both as-is and with the
addition of 5 wt% EG or DMSO to act as conductivity enhancers. Films were allowed to dry in air

and then cured at 120 °C for 60 minutes.

The resistivity of films was measured using the four-point probe method with colinear
probes. One film was tested for each experimental condition, and at least 3 resistivity
measurements were taken for each film and averaged. Film thickness was measured by using
AFM as a stylus profilometer, measuring the height difference between the bulk of the film and
the substrate surface in several locations along a scored groove. Two height measurements were
taken for each film in different locations and averaged. Conductivity was calculated from
thickness and resistivity measurements according to the equation o = 1/(R't), where o is

conductivity, R is the sheet resistance of the film, and t is the film thickness.??

The thermal decomposition of PEDOT:PSS/SCNF complexes was assessed using
thermogravimetric analysis (TGA). Dispersions at 0.8 wt% were oven dried overnight at 50 °C.
Between 3 and 5 mg of these dispersions were placed in a platinum pan and analyzed using a
Shimadzu TGA-50 in a nitrogen environment with a heating rate of 10 °C/min and a maximum

temperature of 500 °C.
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Wet spinning of PEDOT:PSS/SCNF dispersions
A PEDOT:PSS/SCNF dispersion with 30 wt% PSS in the polyanion and a 2.5:1 w/w

polyanion:PEDOT ratio was concentrated to 1.38 wt% via rotary evaporation. The dispersion was
run through a syringe filter with 5 um pores to remove small particulates and degassed using a
bath sonicator for 5 minutes. Wet spinning was carried out by extruding the dispersion through
a g27 needle (ID = 210 um) and into a 1L beaker filled with acetone at a rate of 0.03 mL/min
controlled by a syringe pump. The coagulated fiber was wound onto a cylindrical collector using
a DC electric motor. Fibers were oven dried overnight at 50 °C. A portion of the dried fibers were
treated with EG vapor by placing them in a glass jar with an open dish of EG at 50 °C for 24 hours.

Both the EG treated and untreated fibers were cured at 120 °C for 60 minutes.

The diameter of the fibers was measured using optical microscopy. The conductivity of
the fibers was measured using the two-point probe method by first mounting the fibers using
conductive epoxy with a distance of 1 cm between epoxy electrodes and measuring the
resistance between points using a multimeter. Resistance (R) measurements were converted to
conductivity (o) with the equation o = L/(R-A), where A is the cross-sectional area of the fiber.

Multiple measurements were taken in different locations along each fiber and averaged.

RESULTS & DISCUSSION

SCNF Properties

Sulfated cellulose nanofibrils (SCNFs) were robustly produced by sulfation of dissolving pulp using
chlorosulfonic acid (1.25 moles per AGU, 45 min) and disintegration via high-speed blending
(37,000 RPM, 10 min) in 99 % yield. These SCNFs were 1.7 = 0.7 nm high (H) and 880 + 320 nm

long (L), measured by AFM, and 3.6 + 0.9 nm wide (W), measured by TEM (Figure 3.1). SCNFs
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were anisotropic in cross-section with a 2.1 W/H ratio and high aspect ratios of 244 L/W or 518
L/H. The degree of surface modification by sulfate half-ester groups (R-OSO3’) was 1.81 + 0.09
mmol per gram of SCNF. The nanofibrils had a crystallinity index of 0.58, down from 0.78 of the
starting dissolving pulp cellulose due to the effects of chlorosulfonic acid treatment. Prepared by
identical procedure and with the same charge, pulp SCNF are slightly less anisotropic than rice
straw SCNF that had a 2.9 W/H ratio, 257 L/W or 878 L/H ratio and similarly reduced Crl from

0.76 to 0.60.%*

Length Width Height Charge o
(nm) (nm) (nm) (mmol/g) Crystallinity
880 + 320 3.6+0.9 1.7 £0.7 1.81 £ 0.09 58%

Figure 3.1 AFM (left) and TEM (right) of SCNF with SCNF dimensions and properties (bottom)

Applying a previously documented?* model for determining the degree to with nanofibril
surfaces are functionalized by looking at fibril cross-sectional dimensions and predicting what
fraction of hydroxyl groups are internal or surface-facing estimates that ~28% of exposed surface
hydroxyl groups are sulfated. As sulfation via chlorosulfonic acid is known to occur preferentially

at the C6 position,?® it can be estimated that 84% of exposed C6 hydroxyls are sulfated. Adjacent
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C6 hydroxyls on a nanofibril’s outward facing surface are located every other anhydroglucose
unit 10.38 A apart (Figure 3.2). Factoring in unfunctionalized sites by dividing this spacing by the
estimated percentage of C6 surface sulfation, an average charge spacing for the SCNF used can
be estimated as 12.3 A. This charge spacing has ramifications for how SCNF forms polyelectrolyte
complexes with PEDOT. Two molecular arrangements for polyelectrolyte complexes are typically
discussed: the ladder type, where polycation and polyanion chains are paired more parallel to
each other and “scrambled egg” type based on more random pairing between multiple
polycation and polyanion chains.®> While most polyelectrolyte complexes exist somewhere
between these two extremes, similar charge spacing between the polycation and polyanion and
a large discrepancy between the molecular weights of the two polymers have shown to favor the
more organized ladder-like structure.?’” Doped PEDOT is found to carry approximately one
positive charge per three thiophene rings3 and has a repeating unit length of 3.963 A,28 leading
to an expected charge spacing of 11.89 A; reasonably similar to the spacings of SCNF. SCNF and
PEDOT possess a vast difference in molecular weights, as SCNF are hundreds of nanometers long
while PEDOT typically has very low molecular weights, on the order of several kDa, which
corresponds to only a few dozen monomeric units.3 Both of these factors favor the formation of

more ordered ladder-like complexes.
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Oxidized (doped) PEDOT

OH

Sulfated cellulose
Figure 3.2 Complex between doped PEDOT (top) and sulfated cellulose (bottom)

PEDOT:PSS/SCNF dispersions

PEDOT were synthesized by polymerization of EDOT (0.2 wt%) in the presence of various
SCNF/PSS polyanion ratios to produce PEDOT/PSS/SCNF complexes in 2.5:1, 1.5:1, or 1:1
polyanion:PEDOT mass ratios. The aqueous dispersion stability of these PEDOT/PSS/SCNF
complexes was assessed as a function of two experimental factors. First, the total PSS/SCNF
polyanions to PEDOT mass ratios, i.e., 2.5:1, 1.5:1, and 1:1 w/w, that correspond to 29%, 40%,
and 50% PEDOT wt% in the final dispersions of PEDOT/PSS/SCNF. Second, the amount of SCNF in
the polyanion was varied between 0%, 30%, and 100%, with the remainder in each case being
PSS. These dispersions were left in glass vials for 21 days at a concentration of 0.2 wt% and then

inverted for observation (Figure 3.3).
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Anion:PEDOT w/w ratio 2.5:1 1.5:1
100

PEDOT(Wt%) 29 40
30 100 30
S =
4.6 1.9 2.8 1.2

SCNF (% in anion) 0
Figure 3.3 PEDOT:PSS/SCNF complexes in varied SCNF/PSS anion and PEDOT

E |
5.8

1.9

Anion/cation ratio

At a 2.5:1 polyanion/PEDOT w/w ratio, the PEDOT:PSS complex containing 0% SCNF
showed very little sedimentation. This is to be expected, as this is the most commonly reported
PEDOT:PSS composition and has the total anion/cation ratio is 5.8. As the polyanion/PEDOT ratio
lowered to 1.5:1 and 1:1, still with 0% SCNF in the polyanion, significant amounts of sediment
were observed, more so than any other conditions tested, despite the fact that both of these
compositions still contained a significant excess of anionic charge with 3.5 and 2.3 respective
anion/cation charge ratios. With 30% SCNF in the polyanion, very little sediment was observed
across all three polyanion/PEDOT ratios, even for the dispersions with 1.5:1 or 1:1
polyanion/PEDOT ratios, despite the fact that these samples contained a smaller excess of cations
(4.6, 2.8, and 1.9 anion/cation charge ratios) compared to the corresponding dispersions with
only PSS (5.8, 3.5, and 2.3 anion/cation charge ratios). Similarly, the dispersions with 100% SCNF
and no PSS in the polyanion showed little sedimentation at polyanion/PEDOT w/w ratios of 2.5:1
and 1.5:1. However, the most PEDOT-rich sample at a 1:1 w/w polyanion/PEDOT ratio exhibited
a thick layer of grainy sediment. Notably, this is the only composition in which the anion/cation
charge ratio was below unity, being 0.77; poor dispersion stability is the expected result. The fact
that many of the PEDOT:PSS/SCNF dispersions showed reduced settling compared to analogous

PEDOT:PSS, despite the lower excess of anions, is attributed to the polar unfunctionalized
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hydroxyl groups remained on the SCNF surfaces that aid the dispersion of PEDOT:PSS/SCNF
complexes.
Properties of PEDOT:PSS/SCNF complexes

Further characterization was carried out on PEDOT:PSS/SCNF dispersions all synthesized
at 2.5:1 w/w polyanion/PEDOT ratios and with 0, 10, 30, 50, 70, 90, or 100% SCNF in the
polyanion. As expected, the rheology of 0.8 wt% PEDOT:PSS/SCNF dispersions was found to
display more characteristics typical of CNF as the nanofibril loading was increased. Specifically,
higher SCNF fractions led to an increase in overall viscosity coupled with stronger shear thinning
behavior (Figure 3.4a). Part of this shear thinning behavior can be attributed to the strong
tendency of SCNF to align themselves parallel to the direction of shearing. Certain processing
techniques that rely on or induce large amounts of shearing, such as doctor blading or wet
spinning, could leverage this tendency to intentionally induce anisotropy in fabricated materials.
In the case of PEDOT:PSS/SCNF dispersions, alignment of chains along an axis is expected to

significantly increase conductivity along that axis.

The thermal decomposition of PEDOT:PSS/SCNF complexes are shown in Figure 3.4b. As
the amount of nanofibrils increased, significant decomposition develops that can be attributed
to SCNF. One documented downside of sulfation processes is that sulfating nanocellulose is
reported to compromise their thermal stability.”® At 70% and above SCNF loading in the
polyanion, significant loss of mass is observed at around 250 °C, below the maximum
temperatures at which PEDOT is resistance stable (ca. 280°C),® reducing the viable operating

temperature range of these SCNF rich dispersions. With up to 50 % SCNF, the TGA curves of
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PEDOT:PSS/SCNF complexes were comparable to pure PEDOT:PSS with mass losses beginning

closer to 280-300 °C.

10,000 ©100% SCNF 100%
g 90% SCNF
[ 0,
. 70% SCNF 90%
50% SCNF
1 ® 80%
z 0 . 30% SCNF ’
3? i bt . 10% SCNF 70%
- 3% e ®0% SCNF &
£ 100 + L3832 o ) 2 60% 0% SCNF
= : s $, @ 10% SCNF
‘0 F S - = 0
8 | 50% 30% SCNF
g i 50% SCNF
> ol . 20% ——70% SCNF
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i I I ] 30% ——100% SCNF
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0 1 10 100 1,000 0 100 200 300 400 500
Shear rate (1/s) Temperature (C)

Figure 3.4 Characteristics of PEDOT:PSS/SCNF complexes with 2.5:1 polyanion ratio: (a)
Viscosity vs shear rate of 0.8 wt% dispersions; (b) TGA curves.

Morphology of PEDOT:PSS/SCNF complexes

The PEDOT:PSS/SCNF complexes observed under AFM and TEM showed stark differences
in behavior depending on whether PSS is included in the dispersion. With PEDOT synthesized
with SCNF as the sole polyanion in the system, the PEDOT/SCNF complex exhibited a string-of-
beads like morphology, with large aggregates that are presumed to be PEDOT-rich regions
interspersed and seemingly attached to individual SCNF (Figure 3.5a,d). With as little as 10 % PSS
in the SCNF/PSS polyanions, TEM and AFM both showed only nanofibrillar structures without
PEDOT aggregates interspersed (Figure 3.5b,e). In this case it stands to reason that PEDOT is well
dispersed among SCNF/PSS and likely located on the SCNF surfaces. Even increasing PSS to 70%
of the polyanion, similar fibrillar structures without aggregates are still observed (Figure 3.5¢,f).
TEM contrast for this sample was significantly poorer, possibly due to the presence of significant

amounts of PSS interfering with the uranyl acetate staining of SCNF. However, AFM reveals
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thicker nanofibrils covered in small spherical beads, presumably PEDOT and PSS sticking to the
SCNF surfaces. This same ordering of PEDOT/PSS along fibrils has also been observed in previous
work on mixing PEDOT:PSS with 33 wt% of carboxymethylated CNF, even when mixing was
carried out using commercial PEDOT dispersions that were already polymerized, indicating that
this morphology is constant regardless of whether nanofibrils are introduced before or after
polymerization.?!

0% PSS 10% PSS 70% PSS

J

Figure 3.5 AFM (a-c) and TEM (d-f) of PEDOT:PSS/SCNF complexes with varying amounts of
SCNF in the anion, all at a 2.5:1 polyanion ratio.

Conductivity of PEDOT:PSS/SCNF Complexes
Films cast from PEDOT:PSS with a 2.5:1 PSS/PEDOT w/w ratio exhibited a conductivity of

0.048 S/cm without any secondary doping. This conductivity remained unchanged when SCNF
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replaced 10 wt% of the polyanion. The conductivity increased at higher polyanion replacements
of 30 through 100 % SCNF (Figure 3.6a). The highest conductivity of 0.140 S/cm was observed at
30% SCNF replacement; a nearly 3-fold increase over the pure PEDOT:PSS. This could be
attributed to the PEDOT and PSS sticking to the fibrils surface and creating a longer, more
cohesive conductive pathway, as was observed by AFM (Figure 3.5c). When secondary dopants
were included—either EG or DMSO in this case—a different picture emerges. Adding 5 wt% of
either compound to PEDOT:PSS dispersions increased conductivity by more than two orders of
magnitude (Figure 3.6b), to 23.8 S/cm and 10.0 S/cm for EG and DMSO, respectively. This falls in
line with the enhancement factors that have been reported for CLEVIOS PH 1000 previously.!*
EG was found to give slightly higher conductivities than DMSO in many cases, although the
difference was small. Notably, PEDOT:PSS/SCNF with 10% SCNF loading was found to give a
higher conductivity than PEDOT:PSS—37.5 S/cm for the EG treated film, the highest conductivity
of all compositions tested in this work and 58% higher in conductivity than EG treated PEDOT:PSS.
As SCNF loading was increased to 30% and above, the conductivity of EG and DMSO treated films
steadily decreased, falling below the levels of EG treated PEDOT:PSS at loadings of 50-100% SCNF
in the polyanion. In particular, neither EG nor DMSO enhanced conductivity of PEDOT:PSS/SCNF
with 90-100% SCNF in the polyanion, evident by their enhancement factors that were, within the
bounds of uncertainty, unity. These observations support that the mechanism behind secondary
doping acts on the PSS in the system, rather than having a direct effect on the PEDOT. Of the
previously suggested explanations, this observation is most in line with the idea that secondary
dopants act as plasticizers, allowing PSS chains to flow and phase separate from PEDOT during

curing.!” Because the inclusion of significant amounts (i.e. 30 wt% or more) of SCNF in the
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Figure 3.6. Conductivity of PEDOT complexes with PSS, SCNF, or a combination thereof as the
host polyelectrolyte: (a) Conductivity of cast films with varying anion composition and
secondary doping; (b) Enhancement factor of secondary dopants; (c) Effect of increased
PEDOT fraction on cast film conductivity with and without secondary doping.

polyanion, and the resulting reduction in PSS, quenches the effect secondary doping, the two

effects must be balanced in order to maximize conductivity. Only small quantities of SCNF should

be used in conjunction with secondary dopants to improve the conductivity of hybrid

PEDOT:PSS/SCNF complexes. It can be postulated that this same principle applies to some of the

other works published that utilize similar strategies of including nanofibrils in commercial PEDOT

dispersions, though often the use of secondary dopants or their effect in relation to undoped

dispersions is not reported, so a broad generalization is difficult to make.
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The conductivity of PEDOT:PSS/SCNF films at varying polyanion/PEDOT w/w ratios was
also studied, both with and without EG treatment (Figure 3.6c); these are the same dispersions
pictured in Figure 3.3. Without secondary doping nor SCNF, the PEDOT:PSS controls showed a
nearly fourfold increase in conductivity as the polyanion/PEDOT w/w ratio was reduced from
2.5:1 to 1:1. The opposite trend was observed for the 30% SCNF samples, with conductivity of
the 1:1 PEDOT dispersion being 2/3 lower than at 2.5:1, despite there being more PEDOT in the
system. With EG, both films from PEDOT:PSS/SCNF with 0 and 30% SCNF showed diminishing
conductivity with increasing amounts of PEDOT in the dispersions. The dispersions made with
100% SCNF in the polyanion showed no clear trend, with more variability between samples,
particularly those with more PEDOT. This may be a result of increased heterogeneity, as these
dispersions appeared somewhat grainy (Figure 3.3). Regardless of the amount of PEDOT, EG
addition yielded no substantial changes in conductivity for the samples with no PSS. What these
results further emphasize is that PEDOT:PSS, PEDOT:PSS/SCNF, and all other dispersions based
off of PEDOT polyelectrolyte complexes lead to heterogeneous materials whose conductivity is
complex and depends heavily on supramolecular ordering, morphology, and other factors
beyond polymeric chain structure, the fraction of conducting material, and doping level.
Wet-spun PEDOT:PSS/SCNF fibers

A major advantage of 1D nanomaterials like SCNF is their ability to be oriented through
the use of shear force, creating anisotropic materials. When PEDOT/PSS are complexed with
SCNF, it is anticipated that orientation of the SCNF will lead to increased conductivity in along the
oriented direction as PEDOT/PSS are carried along. To demonstrate this effect, fibers were wet

spun from a PEDOT:PSS/SCNF dispersion with 30 wt% SCNF in the polyanion and a 2.5:1 w/w
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polyanion:PEDOT ratio (Figure 3.7). Fibers spun in this way boasted a conductivity of 40+ 4 S/cm
without secondary doping. The fibers were too delicate (10-14 um diameter) to withstand
submersion in EG, so treatment was instead carried out by exposing them to EG vapor in an over
for 24 hours. After EG vapor treatment, the fibers had a conductivity of 6150 + 1000 S/cm, a more
than 350-fold increase compared to EG treated films cast from the same dispersion (17.3 S/cm).
These are among the most conductive PEDOT fibers ever reported in the literature, showcasing

the efficacy of shear-mediated alignment for boosting electrical performance.

It isimportant to note that the rheology of the PEDOT:PSS/SCNF dispersions did introduce
some challenges for the wet-spinning process. SCNF exhibit significant thixotropy,?* a quality
which they imparted to the PEDOT:PSS/SCNF dispersion. The intense shearing that occurred
during filtration and degassing of the spin dope rendered it homogeneous and spinnable, yet as
spinning progressed the viscosity visibly increased as the dope began to gel. This led to fibers
becoming heterogeneous and breaking, making continuous wet-spinning challenging at the

laboratory scale.

Untreated, c =40 £4 S/cm

EG va

or treated, o = 6150 £ 1000 S/cm

100 pm

Figure 3.7 Fibers wet-spun from PEDOT:PSS/SCNF with 30 wt% SCNF in the polyanion and 2.5:1
polyanion:PEDOT w/w, shown with and without EG vapor treatment. Conductivity + standard
error shown.
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CONCLUSIONS
Hybrid PEDOT polyelectrolyte complexes were synthesized by polymerizing the EDOT

monomer in the presence of varying amounts of PSS and SCNF as co-polyanions. SCNF with a
surface charge of 1.8 mmol/g was found to be able to stably disperse PEDOT on its own. The
inclusion of SCNF into PEDOT dispersions led to increased base conductivity, up to a threefold
increase with 30% SCNF in the PSS/SCNF polyanion mixture. Upon treatment with ethylene
glycol, films from PEDOT synthesized with 10 % SCNF in the polyanion exhibited significantly
higher conductivities of 37.5 S/cm; an increase of more than two orders of magnitude compared

to untreated films and 58% higher than EG treated PEDOT:PSS synthesized without SCNF.

The application of cellulose nanofibrils as a means of increasing the conductivity of PEDOT
and PEDOT dispersions has been examined several times, but the effect of secondary doping has
largely been ignored. While the ability of functionalized nanofibrils to participate as the lone host
polyelectrolyte in a polyelectrolyte complex is intriguing in and of itself, the fact that this scheme
is unaffected by secondary doping renders PEDOT:SCNF complexes suboptimal on their own. Any
attempt to maximize PEDOT dispersion conductivity must examine the wider picture and not
overemphasize a singular strategy. The competing effects of secondary doping and the
enhancement brought about by the inclusion of nanofibrils highlights this important fact, while
also providing a route towards future development, wherein small amounts of nanofibrils can
provide tangible benefits without compromising other strategies that have been employed to
improve the performance of PEDOT:PSS. Judiciously employed, this technique is another tool

that could help push the boundaries of what conducting polymers are capable of.
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CHAPTER 4. Aqueous Exfoliation and Dispersion of Monolayer and Bilayer Graphene from
Graphite using Sulfated Cellulose Nanofibrils

INTRODUCTION

Since its originally discovery in 2004, graphene has been making waves throughout
scientific community. Consisting of single layers of sp? hybridized carbon, graphene possesses an
array of impressive electrical, mechanical, and thermal properties that have led to intensive
interest. It has a high electron carrier mobility of up to 200,000 cm?-V-1-s?, giving rise to a
correspondingly high in-plane electrical conductivity.! Its thermal conductivity is also high, on the
order of 3000 W-m™-K%; nearly an order of magnitude higher than that of copper.! Monolayers
of graphene possess a staggeringly high tensile modulus of 1 TPa, making it among the strongest
materials ever measured.? Despite these properties, graphene has not been widely implemented
throughout the industrial sector. This is largely due to an inability to produce producing high

quality graphene samples reliably and in bulk.3

The simplest top-down method to produce graphene is to mechanically exfoliate it from
graphite using cellophane tape.! Incidentally, this method also produces some of the highest
quality graphene sheets available. However, it is neither scalable nor high-yielding and is
unsuitable for any form of bulk production. Alternative top-down approaches have focused on
chemical methods of exfoliating graphene in solution such as chemical modification of graphite—
often to graphite oxide—followed by ultrasonication in various organic media such as N,N-
dimethylformamide (DMF)*, with subsequent reduction into graphene using hydrazine.> Other
strategies include mechanically shearing graphite in organic liquids with surface energies close

to that of graphene (ca. 70-80 mJ/m?)®, including DMF’, N-methyl-2-pyrrolidone (NMP)8, and
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1,2-dichloroethane.’ A number of dispersants have also been utilized to suspend graphene in
water, including porphyrins®?, sodium salts'!, 1-pyrenebutyrate!?, and poly(styrene sulfonate).
These dispersants act by building up electrical double layers on graphene, often requiring
significant quantities of dispersant and leading to a dramatic reduction in the conductivity of the
resulting product. As an example, 1-pyrenebutyrate was able to stabilize graphene at a

concentration of 0.1 mg/mL, but yielded a conductivity of only 2 S/cm.*?

It has been previously demonstrated that TEMPO-oxidized CNF, exhibiting amphiphilic
behavior'3 due to the presence of both hydrophilic crystalline planes with abundant hydroxyl
groups and hydrophobic (200) planes faced with carbon and hydrogen atoms, could act as both
an aid to the aqueous exfoliation of graphene by high-speed blending and a dispersant for the
resulting graphene, capable of dispersing high graphene concentrations of up to 1 mg/mL.%* The
current work expands upon this discovery by examining the use of sulfated cellulose nanofibrils
(SCNF), which can possess a wider degree of charges through tuning reaction conditions. The
relationship between the degree of sulfation and the exfoliation efficacy and optimizing
exfoliation conditions by mechanical blending to maximize graphene production and quality. The
effectiveness of SCNF at producing monolayer and bilayer graphene sheets is assessed, along
with the conductivity of films formed by vacuum filtering the graphene dispersions. Additionally,
it is shown that the defibrillation of sulfated cellulose into SCNF and graphene exfoliation may be

carried out simultaneously.
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EXPERIMENTAL

Materials

Anhydrous N,N-dimethylformamide (DMF) and graphite flakes (~50 um thickness) were
obtained from Sigma-Aldrich. Sodium hydroxide (1.00 N solution) was obtained from Spectrum
chemical. Chlorosulfonic acid (99%) was obtained from Alfa Aesar. Sheets of softwood dissolving
pulp cellulose were received from the US Forest Product Laboratory of the US Forest Service in
Madison, WI. Ultra-pure water was acquired from a Milli-Q Advantage A10 water purification
system. Regenerated cellulose dialysis tubing (12-14 kDa molecular weight cutoff) and
polycarbonate filters (47 mm diameter, 0.6 pum pores) were purchased from Spectrum
Laboratories. Dowex Marathon C (H-form) acidic ion exchange resin beads were purchased from
Fisher Scientific. Unless otherwise noted, all materials were utilized as-is.

Synthesis of SCNF

Sulfated cellulose nanofibrils (SCNF) were synthesized from dissolving pulp cellulose
following a previously reported procedure.® In brief, sheets of dissolving pulp cellulose (1 g) were
torn into small squares circa 1 cm on each side and dispersed under vigorous stirring in anhydrous
DMF (45 mL) for two hours. Chlorosulfonic acid was added dropwise to 5 mL of DMF chilled in an
ice bath (1.0, 1.25, or 1.5 moles of acid per mole of anhydroglucose units in the dispersing
cellulose, corresponding to volumes of approximately 0.41, 0.51, or 0.62 mL, respectively). The
acid/DMF mixture was added to the dispersed cellulose and allowed to react for 30, 45, or 60
minutes. The reaction was terminated by the addition of 10 mL purified water, followed by three
rounds of washing via centrifugation and resuspension. The washed sulfated cellulose (SCell) was
then dialyzed against purified water using regenerated cellulose dialysis membranes for

approximately one week, until the conductivity of the dialyzing water plateaued.
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To defibrillate the SCell into SCNF, the dialyzed SCell was blended for 30 minutes (Vitamix
5200) in 5-minute increments with cooldown periods between to prevent excessive heating. A
separate batch of the most highly substituted SCell sample (1.5 moles of acid per mole of AGU,
60-minute reaction time) was blended for a duration of only 5 minutes.
SCNF Characterization

The degree of sulfation for each reacted condition was determined through
conductometric titration. SCNF was diluted to below 0.2 wt% and run through a column packed
with Dowex Marathon C acidic ion exchange beads to ensure that the sulfate half-ester groups
were in their protonated form. The protonated SCNF was then titrated with NaOH while

measuring conductivity to determine the equivalence point.

Atomic force microscopy (AFM) was used to determine nanofibril height and length. SNF
samples were diluted to ca. 0.0001 wt%, deposited on freshly cleaved mica discs, and allowed to
dry. Samples were scanned using an Asylum Research MFP-3D AFM in tapping mode with OMCL-
AC160TS standard silicon probes with a nominal tip radius of 7 nm and force constant of 26 N/m.
The open-source software programs Gwyddion and Imagel were utilized to determine the height
and length of nanofibrils from collected scans.

Exfoliation of Graphene from Graphite using SCNF

SCNF and graphite flakes were mixed together in aqueous media in varying ratios and
blended similarly to a previously reported procedure applied to carboxylated, TEMPO-oxidized
CNF.'* Based on the findings of this prior work, two variables were examined; the aqueous
concentration of graphite and the weight ratio of graphite to SCNF in the feed. Graphite

concentrations of 5, 10, and 15 mg/mL and graphite/SCNF feed ratios of 2.5, 5, and 7.5 were
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examined. For a typical experimental run, SCNF was brought to neutral pH through the addition
of NaOH. SCNF and graphite flakes were mixed together with a total volume of 100 mL. This
mixture was blended (Vitamix 5200) at 37,000 RPM for 30 minutes in 10-minute increments with
cooldown periods between. After blending, the mixture was allowed to cool to room
temperature before being centrifuged (Eppendorf 5804R, 5,000 rpm, 15 min) to precipitate

unexfoliated graphite.

Several experimental runs were carried out using SCell in place of SCNF. These trials
otherwise proceeded through a procedure identical to the one detailed above, with 10 mg/mL
of aqueous graphite and a graphite/SCell feed ratio of 5.

Graphene Characterization

The composition of the supernatant of the SCNF/graphene mixtures were determined
through thermogravimetric analysis (TGA). Aliquots of the suspensions were dried at 50 °C and
ca. 5 mg of each dried sample tested using a Shimadzu TGA-50 in a nitrogen environment with a
heating rate of 10 °C/min and max temperature of 500 °C. Quantitative analysis was performed
using the free software package TRIOS (TA Instruments) by taking the first derivative of the TGA
scan and integrating the primary cellulose decomposition peak, occurring at approximately 250
°C. As graphene shows no appreciable decomposition at this point!4, the wt% of SCNF in each
sample was estimated by dividing this integral by the integrated decomposition peak of a pure

SCNF standard.

The quality of exfoliated graphene was assessed using AFM. Drops of diluted
SCNF/graphene suspension (0.0005 wt%) were deposited on mica and AFM was carried out

through an identical procedure to that highlighted for the analysis of SCNF. The height and lateral
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dimensions of the exfoliated graphene sheets were determined using Gwyddion. In the event

that a graphene sheet was rectangular or oblong the shorter lateral dimension was used.

SCNF/graphene films were made through vacuum filtration. 25 mL of 0.1 wt% aqueous
SCNF/graphene were filtered for 24 hours using polycarbonate filters with a diameter of 47 mm
and a 0.6 um pore size. The film conductivity was measured using the four-point probe method

with colinear probes.t®

RESULTS & DISCUSSION

SCNF Properties

SCNF with three different charges, or levels of sulfation, were produced: 1.49 mmol/g (30
min reaction time, 1.0 acid:AGU molar ratio), 1.81 mmol/g (45 min, 1.25 acid:AGU), and 2.23
mmol/g (60 min, 1.5 acid:AGU). When blended for 30 minutes, the 1.49 and 1.81 mmol/g SCNF
were found to have similar nanofibrillar dimensions, while the 2.23 mmol/g SCNF had
significantly shorter nanofibrils. To compensate for this, an additional run of 2.23 mmol/g SCNF
was blended for 5 minutes, leading to nanofibrils with sizes more comparable to the lower

charged SCNF. The properties of the SCNF samples used are summarized in Table 4.1.

Table 4.1. Summary of SCNF properties

SCNF Charge Blending Time

(mmol/g) (min) Length (nm) Height (nm)
1.49 30 690 + 330 1.17+£0.52
1.81 30 580 £ 29 1.48 £0.39
2.23 30 365+ 194 1.28 £ 0.32
2.23 5 501 £ 295 1.48 £ 0.46
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Graphene Exfoliation

An initial optimization of exfoliation conditions was carried out by examining two
experimental factors: the aqueous concentration of graphite and the weight ratio of
graphite/SCNF in the feed. A two-level full factorial with five replicate center points was carried
out to assess the effect of each variable on two responses of interest. For this experiment, 1.49
mmol/g SCNF was used; adding in the SCNF charge as a third variable at three levels would have
provided a more comprehensive view of the system, but the number of required experimental

runs made this design infeasible.

The first response examined was the composition of the supernatant following exfoliation
via blending and centrifugation, expressed as the wt% of graphene in the suspended solids, with
the remainder being SCNF. This serves as a measure of how efficiently SCNF was able to exfoliate
and suspend graphene, while also giving the graphene content of any materials made from the
graphene/SCNF dispersions. The second response of interest is the graphene yield, expressed as
the wt% of graphene which was exfoliated from the starting graphite. The main effects plots
(Figure 4.1) for the experiment shows that as the graphite/SCNF feed ratio is increased from 2.5
to 5, the graphene content of the supernatant shows an initial increase from 13.5 to 19.5 wt%
(Figure 4.1a). However, a further increase to a feed ratio of 10 shows no significant change.
Increasing the feed ratio from 2.5 to 5 and then 7.5 also leads to a continual decrease in the
graphite to graphene conversion from 4.8% to 3.9% and 2.1%, respectively (Figure 4.1b). This
falls within expectations, as higher feed ratios see more graphite added to the system without
any increase in SCNF. The effect of aqueous graphite concentration on the composition of the

supernatant closely aligns with that of the feed ratio, with an initial increase in graphene content
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Figure 4.1 Main effects plots for the effect of Graphite/SCNF feed ratio (a, b) and

aqueous graphite concentration (c, d) on supernatant composition (a, c) and graphite

to graphene conversion (b, d).
observed when moving from 5 to 10 mg/mL followed by a plateau (Figure 4.1c). Interestingly,
the conversion of graphite to graphene was improved by a small but statistically significant
margin as graphite concentration as increased (Figure 4.1d). The interaction plots for this
experiment appear parallel, indicating that no significant two-factor interaction is present (Figure
4.2). Based on these results, the exfoliation condition that gave the best overall performance for

1.49 mmol/g SCNF, balancing both the graphene composition in the supernatant and the graphite

to graphene conversion, was with a graphite:SCNF feed ratio of 5 and an aqueous graphite
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concentration of 10 mg/mL. At these conditions, graphene comprised 19.5 = 1.5 wt% of the

suspended solids and 3.9 + 0.3 wt% of graphite was exfoliated into graphene.
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Figure 4.2 Interaction plots showing the effect of varying graphite/SCNF feed ratio at
different aqueous graphite concentrations on the supernatant composition (a) and
graphite to graphene conversion (b).

The effect of SCNF charge on graphene exfoliation was also examined. Batches were
blended using SCNF with 1.49, 1.81, and 2.23 mmol/g of sulfate groups. For the 2.23 mmol/g
sample, the 5-minute blended sample was used in order to keep the nanofibrillar dimensions as
similar as possible between samples. Runs were done using 10 mg/mL of graphite and a
graphite/SCNF feed ratio of 5. As the level of charge increased, less graphene was exfoliated and
suspended, with the concentration of graphene in the supernatant falling from 19.5 wt% at 1.49

mmol/g to 8.9 and 8.2 wt% at 1.81 and 2.23 mmol/g, respectively (Figure 4.3).

Owing to the fact that both the defibrillation of SCell into SCNF and the exfoliation of
graphite into graphene were carried out by blending in agueous media, the prospect of
combining the two processes was examined. Unblended SCell was substituted in for SCNF at the
same conditions (10 mg/mL graphite, 5:1 feed ratio) for SCell of each charge level. In this case,

the effect of charge on the amount of graphene exfoliated was the opposite of when SCNF was
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utilized, with increased charge corresponding to a greater extent of exfoliation (Figure 4.3). In
particular, the 2.23 mmol/g SCell sample led to a higher fraction of graphene in the supernatant
(12.2 wt%) compared to when that same SCNF was used (8.2 wt%). This could be an indication
that the presence of graphite during blending changes the way in which SCell defibrillates (e.g.,
the proportion of breaks along hydrophilic versus hydrophobic planes). With further
experimentation and tuning of SCell charge and exfoliation conditions, it may be possible to
match the exfoliation efficiency observed with SCNF while reducing the required energy

expenditure by combining the two blending processes into one.
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Figure 4.3 Effect of cellulose charge on graphene exfoliation efficacy.

Graphene Quality

Further tests to assess graphene quality were carried out on the graphene/SCNF
dispersion that yielded the largest amount of graphene in the supernatant (19.5 wt% graphene
and 80.5 wt%% SCNF, exfoliated using 1.49 mmol/g SCNF, 10 mg/mL graphite, 5:1 feed ratio).
AFM of the dispersion shows visible graphene sheets amidst nanofibrils (Figure 4.4a), with
measured heights ranging between 0.20 and 0.49 nm. Based on a monolayer thickness for

graphene of 0.335 nm?’, it can be assumed that all the graphene observed consisted of either
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monolayer or bilayers. The distribution of graphene sheet thicknesses (Figure 4.4d) does not
appear obviously bimodal, so determining the relative abundance of mono- and bilayers requires
setting a threshold as the cutoff point. Taking a conservative estimate that monolayers should
have a thickness measured by AFM of no more than 0.335 nm yields the result that 42% of

observed graphene sheets are monolayers, with the remaining 58% being bilayers.

45%
40%
35%
> 30:4:
§ 25%
o 20%
o
w 15%
10%
5%
0%
N D N N N
L>0 @\(’,’Q Q’\f& @'f?g Q’b@ ﬂ’b@
R B R B
N NS Q (N
Graphene Sheet Width (nm)
30%
25%
- 20%
o
c
S 15%
o 0
o
% 10%
5%
0%

Graphene Sheet Thickness (nm)

Figure 4.4 AFM height profile of graphene/SCNF dispersion (a), histograms of graphene sheet
width (b) and thickness (d), vacuum filtered graphene/SCNF film (c).

This result differs significantly from the layer distribution found when using TEMPO CNF,
which resulted in graphene consisting of approximately 5% monolayers, 19% bilayers, 26% triple

layers, 47% with 4-9 layers, and 3% with 10+ layers.* A possible explanation for this phenomenon
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is that the hydrophobic interactions between (200) planes on SCNF and graphite are weaker
compared to TEMPO, either due to the difference in charge level (1.49 mmol/g compared to 1.33
mmol/g for TEMPO) or in the relative abundance of exposed (200) planes themselves. Weaker
hydrophobic interactions could lead to a gentler exfoliation process, wherein only smaller and
lighter mono- and bilayers could be removed from the bulk graphene flakes during blending. This
finding is significant, as monolayer graphene is generally considered more desirable than
multilayer samples. The width of graphene sheets ranged from 76 to 353 nm (Figure 4.4b), with
the highest fraction of sheets having widths on the order of 150-200 nm. This are similar to the
lateral dimensions measured for graphene exfoliated by TEMPO CNF, which had average sheet
widths of 248 + 121 nm.* Even the finest of the sheets measured have widths many times larger
than the radius of the AFM probe tip (nominally 7 nm), which means that height measurements
of graphene sheets should be unaffected by the peak broadening and height reduction that is
often observed when nanoscale features (such as SCNF themselves) are measured due to finite

tip sharpness.'®

The same graphene/SCNF dispersion was formed into a free-standing film with a thickness
of 18.8 + 0.8 um through vacuum filtration (Figure 4.4c). Like the prior films made from
graphene/TEMPO CNF*, the graphene/SCNF film showed sensitivity to moisture, curling when
exposed to a humid environment and straightening again once in a low-humidity setting. This
behavior can be explained by the absorption of water molecules causing asymmetric expansion
in SCNF on the side of the film exposed to moisture, leading to bending. The conductivity of the
graphene/SCNF film was 0.60 + 0.05 S/cm, dramatically reduced from the in-plane conductivity

of graphene or even graphite due to the very large amount of SCNF (ca. 80 wt%) still present in
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the film. One possible solution to this issue is to add an additional step to the processing of the
graphene/SCNF, wherein the thermal or chemical stability of graphene relative to SCNF is
leveraged to selectively remove SCNF from the system after exfoliation. Thermally, this could be
carried out pyrolysis of SCNF. Chemically through treatment with solvents like N-
methylmorpholine N-oxide (NMMO) that could selectively dissolve and destroy the SCNF and/or
other chemical reactions that could degrade or depolymerize cellulose and allow for its removal
from the system. Ultimately, the additional cost of any other treatments would have to be
weighed with the potential increases in graphene quality, but this strategy could allow for the

creation of large amounts of mono- and bilayer graphene.

Conclusion

The aqueous exfoliation of graphite using SCNF and mechanical blending was
demonstrated to be an effective strategy for producing graphene sheets. A 3.9% conversion of
graphite to graphene was achieved, with graphene comprising 19.5 wt% of the solids in the
graphene/SCNF dispersions. Compared to the previously demonstrated use of carboxylated
TEMPO-CNF, SCNF produced a dramatically higher fraction of high-quality monolayer graphene
(~42%), though the electrical performance of the dispersion was compromised by the high
amounts of SCNF present. Upon removal of SCNF through thermal or chemical means, this
scheme could allow for the creation of large amounts of graphene monolayers.
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