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Cellulose and chitin nanomaterials are promising sustainable materials
that exhibit attractive mechanical, optical, thermal, and chemical prop-
erties. Cellulose nanofibers (CNFs) have found applications to the field
of packaging, reinforced composite or biomedical applications. Intro-
ducing charged functional groups onto these nanomaterials is a proven
strategy to improve their dispersibility and processability, as well as
their properties, such as adsorption capacity. The use of high energy
defibrillators has remained necessary to access CNFs despite the
introduction of surface charges prior to increase the efficiency of
nanomaterial extraction. To date, there is no known synthesis of
cationic CNFs (CCNFs) that is both energy efficient in the defibrillation,
and chemically efficient in material modification. Herein we report a
strategy to access CCNFs directly from once-dried wood pulp through
mechanochemical and aging-based nucleophilic substitution, followed
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New concepts

This work introduces a breakthrough in nanocellulose synthesis by
leveraging mechanochemistry to directly graft tertiary amines onto
once-dried pulp, enabling unprecedentedly low-energy defibrillation.
Unlike conventional methods that rely on high-pressure homogenization
or extensive chemical pretreatment, our approach achieves high degrees
of substitution (up to 3.29 mmol g ') through a brief ball-milling and
aging process, followed by minimal sonication. This strategy not only
preserves crystallinity but also yields individualized, high-aspect-ratio
cationic cellulose nanofibers (CCNFs) with record-high (-potentials,
promoting colloidal stability and pH responsiveness. The innovation lies
in the direct solid-state functionalization of native biomass, bypassing
energy-intensive steps and unlocking scalable access to CCNFs and chitin
nanocrystals. By demonstrating that mechanochemistry can drive effi-
cient Sy2-type reactions in complex polysaccharide matrices, this work
expands the toolbox of sustainable materials processing and opens new
avenues for functional nanomaterials in water treatment, responsive
hydrogels, and bio-based composites.

by a short sonication. This treatment introduces pH-responsive cationic
diethylethylamine (DEEA) groups with a degree of substitution (DS) as
high as 0.80 (amine content of 3.29 mmol g !) without the use of
excess reagents. The combination of short mechanochemical treat-
ment (10 min), with aging (3 h) and sonication (5 min) allows rapid
access to high quality, 2-nm-wide, 1-pm-long CCNFs with high crystal-
linity of 56.6% and high {-potential of 68.10 + 1.43 mV from sheets of
pulp. The method was also applied to powder microcrystalline cellulose
and chitin, to afford cationic nanocrystals of cellulose and chitin.

Introduction

Cellulose nanofibers (CNFs) are a class of materials produced
by the mechanical disentanglement of cellulose microfibrils
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that exist, bundled, in the cell walls of plants or the extra-
cellular cellulose of bacteria."™ It is a sustainable material
obtained from a regenerative feedstock with an annual avail-
ability over 1.5 trillion tonnes.* CNFs are composed of crystal-
line polymeric chains of cellulose, made of repeated (1 — 4)
linked p-glucose units, either in its pristine form or chemically
modified,>® and feature attractive properties,® for example
flame retardancy for phosphorylated CNFs,” high hydrophobi-
city for acetylated CNFs,® and widely reported ability in facil-
itating organic reactions.” They are lightweight yet physically
strong and stiff with a theoretical strength of 4.7 GPa,
higher than most synthetic materials including polymers,
metal alloys, and ceramics.'®"> CNFs can also be processed
into transparent structural materials with great thermal dimen-
sional stability."*** Furthermore, individual CNFs have great
colloidal stability and are able to form a homogenous suspen-
sion when dispersed in water." CNFs are generally hydrophilic,
thanks to native and process-acquired functional groups
(hydroxyl, carboxylic, phosphoryl, sulfonyl etc.), yet the (2 0 0)
crystalline planes of CNFs enable hydrophobic-hydrophobic
interactions, providing CNFs with remarkable emulsification
capacity in Pickering emulsions."®"” In addition, CNFs also
exhibit great potential in water treatment as either an adsor-
bent or flocculant.'®'® Therefore, CNFs are regarded as a key
material for sustainable technologies.”*>*

CNFs are typically produced by high-pressure (HP) homo-
genization. While it is a very effective method to yield long
and well defined CNFs, it often requires an energy intensive
process, with over 1000 bar of pressure necessary to break
the interfacial hydrogen bonds between cellulose fibrils,*>*
and overcome dispersion interactions.>> CNFs synthesis
can be effectively facilitated through chemical modification
prior to defibrillation. TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxylradical) oxidation is the benchmark method for preparing
fibrillated, anionic CNFs from native cellulose.! The oxidation
of cellulose surface C6 hydroxyl group to carboxylate groups
occur during TEMPO-oxidation, with B-elimination of the alde-
hyde intermediate under alkaline condition taking place
simultaneously and causing shortening of resulting cellulose
fibrils.>® Electric double layer repulsion governed by the anio-
nic surface carboxylates generated during TEMPO-oxidation
promotes fiber separation, allowing defibrillation to take place
by ultrasonication with significantly reduced mechanical
force.”” TEMPO-oxidation provided a simple yet reliable pro-
cess for anionic TEMPO-oxidized CNFs, making up 54.1% of
the global CNFs production at a value of US$2.4 billion in
2023.® Similar approaches for the modification of cellulose
with anionic functional groups include phosphorylation,>®
phosphite esterification,>® carboxymethyl etherification,*"
xanthate esterification,®” alkenylsuccinate esterification,®® and
sulfate esterification.**

In contrast to anionic CNFs, the cationic CNFs (CCNFs)
synthesis has yet to see its eureka moment (see discussion S1
in SI). The existing CCNFs syntheses can be categorized as
either the pre-functionalization approach, where pulp is grafted
with cationic amine group, before mechanical defibrillation;****
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or the post-functionalization approach, where the amine-
modification is made on already formed CNFs.***® To the
best of our knowledge, all studies related to the pre-
functionalization approach reference to the work by Pei et al.
from 2013.%° In the method described, beaten, never-dried
softwood sulphite pulp in a 5 wt% NaOH solution mixed with
glycidyltrimethylammonium chloride (GTMAC) at 65 °C for 8 h
led to Sy2-attack on surface hydroxyl groups. After reaction and
purification, the cationic pulp was dispersed in water at
0.5% (w/v) and underwent HP homogenization of 1600 bar.
The process resulted in CCNFs with fiber width in the range of
1.6-2.1 nm, fiber length in the range of 1.3-2.0 um, and a
crystallinity index (Crl) in the range of 61-65%. Although the
authors provided quantified trimethylammonium chloride con-
tents as high as 2.3 mmol g7, the reaction efficiency could not
be calculated as the amount of GTMAC used was not disclosed.
In spite of its low reaction efficiency exposed in the follow-up
studies where the synthesis was employed, the resulting CCNFs
have been shown to be effective in pollutant removal
studies,®>™** including for perfluoroalkyl and polyfluoroalkyl
substances (PFAS) adsorption, a notoriously challenging sub-
strate to trap.’® Therefore, a pre-functionalized CCNFs synth-
esis that exhibits both high reaction efficiency in chemical
modification and does not require energy intensive HP homo-
genization is urgently needed.

Beside CNFs materials, polysaccharide nanocrystals are
another important class of nanomaterials directly accessible
from biomass. Both cellulose and chitin nanocrystals (CNC and
ChNC) can be accessed by the chemical selective depolymeriza-
tion of cellulose pulp or chitin, respectively, and are character-
ized by smaller aspect ratio compared to nanofibers, with
typical width of 5-10 nm and length of 100-300 nm. While
the defibrillation of unmodified polysaccharides is easier to
achieve than in the case of CNFs due to the smaller adhesion
surfaces between strands of crystals vs. longer fibers,"”*® sur-
face modification such as TEMPO-oxidation remains an effec-
tive strategy for the design, synthesis and stability of CNCs and
ChNCs.*® What is unique about ChNCs is that partial deacety-
lation can lead to the formation of cationic chitosan nanocrys-
tals (ChsNCs), which possess surface amine functionalities.”**
In contrast, introducing analogous amine functionalities onto
CNCs typically requires less efficient post-functionalization
approach, such as heterogeneous Sy2 reactions in DMSO
dispersions.>* Yet other possibilities such as organosilanization
with aminotrimethoxysilanes,> reductive amination of oxida-
tive ring-opened dialdehyde cellulose,”* or EDC/NHS coupling
of oxidized cellulose with diamines have only been applied on
bulk cellulose.>

Mechanochemical reactions are defined as a chemical reac-
tions that are induced by the direct absorption of mechanical
energy,>*® and rely on equipment such as conventional mor-
tar and pestle,*® ball mills,**®' extruders,®*®® and resonant
acoustic mixing (RAM).°*®> On the other hand, aging, or
accelerated aging, is a strategy used in conjunction to mechano-
chemistry in a scheme in which ball-milled materials is let to
age at room temperature (RT) or moderate heating, under dry

This journal is © The Royal Society of Chemistry 2025
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atmosphere, high humidity or the presence of vapours of a
reagent of choice.®®”" These techniques have been applied to
the production and functionalization of nanopolysaccharides.
Our group has demonstrated their efficacy in obtaining
ChsNCs,”" as well as carboxylated CNCs, and ChNCs through
mechanochemical grinding, followed by stationary or high-
humidity shaker aging, and finalized with low-energy
ultrasonication.”> The mechanochemical functionalization of
CNCs has also been shown in our work on phosphorylated
CNCs, prepared by 30 min ball-milling with phosphorus pent-
oxide and urea.”> More demanding grafting reactions require
longer milling times, such as the 6 h treatment reported by Wei
and coworkers for the esterification of CNFs with acylimida-
zoles to obtain lipophilic CNFs.”* Aging, however, has shown
promise in reducing milling requirements: Langerreiter and
coworkers synthesized amine-modified CNCs with modest
amine contents (0.3 mmol g~ ') via two milling steps (65 min
total) followed by aging, using tosylation and nucleophilic
substitution on acid-hydrolyzed CNCs.”” While these strategies
are successful in affording good functionalization, prolonged
ball-milling of crystalline polysaccharides has the propensity
to cause significant amorphization or damage to the
crystals,”>’®”” which can negatively affect the properties of
polysaccharide nanomaterials made with this technique.”
More recently, our group developed synthetic strategies using
bulk polysaccharide substrates in which the milling step is
minimized to favor aging as the main reaction step.”®”® This
was very effective for the functionalization of bulk chitosan
with aldehydes® as well as with electrophiles.®’ In the latter
case, aging after 30 min milling enabled the same high degree
of substitution (DS) in the Sy2-type aminoalkylation reaction
with only 30 min of milling instead of 3 h, effectively affording
the synthesis of highly loaded positively charged chitosan. With
further optimization, this process appeared as a great starting
point for accessing from cellulose novel CCNFs with high
charge, high quality and a reduced energy demand.

Herein, we present a method of synthesizing CCNFs with
high amine content, through low energy mechanochemistry,
aging and sonication steps. This method provides access to
high aspect ratio CCNFs and cationic ChNCs with average
particle width of 2 nm and length depending on the substrate
(~1 pm with wood pulp, ~400 nm with practical grade chitin).
Record-high amine contents over 3 mmol g~ " provided the
nanopolysaccharides with strong electric double layer repul-
sion and colloidal stability. We then examined the pH respon-
siveness of CCNFs and found high pH over 8.5 reduced the
repulsion by deprotonating the surface amines and afforded
rigid hydrogels.

Results and discussion
Solid-phase Sn2 type functionalization of cellulose and chitin

In earlier work,®' we developed a mechanochemical and aging-
based nucleophilic substitution reaction on chitosan with 2-
chloro-N,N-dimethylethylamine (CDMEA) as the electrophile.

This journal is © The Royal Society of Chemistry 2025
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Importantly, both C2-primary amines and Cé6-primary alcohol
functionalities on chitosan were available for alkylation. We
applied this reaction to both cellulose and chitin, noting that
these polysaccharides would only have their Cé6-primary alcohol
available for reaction (and possibly less than 5% of deacetylated
amine present in native chitin). While both substrates share the
same C6 hydroxyl nucleophile for this transformation, the C2
acetamide groups in chitin engage in strong interchain hydro-
gen bonding, leading to higher crystallinity and reduced
susceptibility to chemical modification. By comparing these
two distinct polysaccharides, we aimed to evaluate the versati-
lity and general applicability of the Sx2-type aminoalkylation
method on crystalline polysaccharide substrates. For reaction
optimization, powdered microcrystalline cellulose (MCC) or
practical grade (PG) chitin were used as reagents, loaded along
with CDMEA-HCI and NaOH in polytetrafluoroethylene (PTFE)
jars with a 7 mm ZrO, ball. Tetrabutylammonium hydroxide
(TBAH) in solution was added to the powder, producing liquid-
assisted grinding (LAG) conditions for this reaction. The reac-
tion mixture was milled at 29.5 Hz for 30 min followed by 2 d of
RT aging. Such condition was chosen because in our previous
work, we found that ball-milling a tertiary ammonium hydro-
chloride salt with NaOH generates the volatile, reactive chloroalkyl
tertiary amine electrophile in situ, to react with chitosan with TBAH
as a catalyst.®’ The resulting reaction mixture after milling and
aging was purified by dialysis in deionized (DI) water and freeze-
dried for storage and characterization. The efficacy of the solid-
state modification in term of DS was evaluated with "*C magic
angle spinning nuclear magnetic resonance (ssNMR) spectroscopy.
Unlike amorphous chitosan, which afforded high DS (calculated
based on the average number of grafted structures per monosac-
charide rings) under these reaction conditions, crystalline MCC
and PG chitin were recovered virtually unreacted, with low DS of
0.02 and 0.00, respectively.

To improve the DS values, we explored other similar tertiary
amine-containing electrophiles including 3-chloro-N,N-dimethyl-
propylamine (CDMPA) and 2-chloro-N,N-diethylethylamine
(CDEEA) for reaction with MCC. Although CDMPA did not
afford any noticeable DS to MCC, when CDEEA was used as
the electrophile, we found the Sx2-type reaction proceeded well,
and DEEA were grafted onto the primary alcohol groups of MCC
under tested conditions.®" The resulting material was named
DEEA-MCC. We proceeded to optimize the reaction conditions
by varying milling time from 5, 10, and 30 min and aging time
between 3 and 48 h, for the synthesis of aminoalkylated crystal-
line polysaccharides (Scheme 1). To minimize water usage
during product purification, the work-up procedure focused
on centrifugation over classic dialysis. Through reaction opti-
mization, we found that while 5 min of ball-milling was
insufficient to thoroughly mix the substrates and produce a
uniform reaction mixture for characterization, 10 and 30 min
milling both led to the formation of aminoalkylated materials
with high DS after a brief aging period of 3 h.

The DS, calculated based on the number of anhydroglucose
unit of the reaction substrate (Fig. S1), was calculated at
0.80 (3.31 mmol g~' amine content), when the S\2-type
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Sn2-type aminoalkylation functionalization + ultrasonication
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Scheme 1 Mechanochemical and aging based synthesis of DEEA-MCC, DEEA-SBKP, and DEEA-chitin through Sy2-type aminoalkylation of poly-
saccharide substrate with in situ-generated CDEEA electrophile, followed by ultrasonication defibrillation to produce cationic nanopolysaccharides.
Typical experimental conditions: cellulose or chitin (1.3 mmol), 2-chloro-N,N-diethylethylamine hydrochloride (1.3 mmol), sodium hydroxide (1.3 mmol)
were loaded into a PTFE jar with a 7 mm ZrO, ball and milled for 10 min at 29.5 Hz under LAG condition with 100 pL TBAH solution (53.5-56.5 wt%). The
PTFE jar containing the reaction mixture was kept sealed and aged for 3 h at room temperature. For defibrillation, the purified dispersion after 4 rounds of
centrifugation in DI water was diluted to 0.5 wt% followed by ultrasonication.

aminoalkylation was performed on MCC using the condition
developed in our previous study with chitosan and CDMEA, i.e.
MCC milled with CDEEA for 30 min followed by 2 d of RT
aging.®" When CDEEA was used as the electrophile instead of
CDMEA, the DS of MCC was significantly improved, suggesting
the possibility of even milder reaction conditions. This could be
done by either minimizing the milling time to reduce amor-
phization of the polysaccharide substrate during mechano-
chemical functionalization, or by shortening the aging time
to enable faster synthesis of the desired products. This second
round of optimization yielded positive results: 30 min of
milling and 3 h of aging afforded a product with a DS of 0.75
or an amine content of 3.16 mmol g~ '. Attempts on further
shortened milling time of 10 min still managed to yield

Cl
NaCl, H,0O u\/\N/\

HO

Clao
H @

—
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or NHCOCH3

Scheme 2
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material with a DS of 0.84 (3.41 mmol ¢! amine content) with
48 h of aging, or a DS of 0.73 (3.11 mmol g ' amine content)
after 3 h of aging, all higher than any DS reported in the past
(2.31 mmol g~ ").* The reoptimization on the Sy2-type ami-
noalkylation with CDEEA delivered two major benefits to the
synthesis of amine-functionalized polysaccharide in: (1) redu-
cing the crystallinity loss due to extended ball-milling (see
SIS2.e),”® and (2) reducing the total time required to synthesize
the material from days to several hours that is usually required
in the conventional dispersion-based methods.

Based on our past work®" and considerations on the Sy2
mechanism of this reaction, we propose a mechanism shown in
Scheme 2. CDEEA-HCI is first deprotonated by the stoichio-
metric amount of NaOH, forming an electrophile. The primary

p/\ 3

Bu,N*OH"

*Cr+H,0 +
O

HO

Reaction mechanism proposal for the mechanochemical and aging based synthesis of DEEA-MCC, DEEA-SBKP, and DEEA-chitin.

This journal is © The Royal Society of Chemistry 2025
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alcohol of the polysaccharide is activated by the catalytic
amount of TBAH, and reacts with the electrophile, realizing
the etherification of the polysaccharide. TBAH is then regener-
ated through the protonation of the aminated polysaccharide.

Following reaction optimization on MCC, we turned to PG
chitin and wood pulp as starting materials to produce cationic
nanomaterials. Specifically, 10 min milling (29.5 Hz) of PG
chitin along CDEEA-HCI and NaOH under LAG condition with
TBAH solution, followed by 3 h of RT aging gave DEEA-chitin
with DS of 0.79 (2.79 mmol g~ ammine content, Fig. S3). For
wood pulp, we selected once-dried soft bleached kraft pulp
(SBKP) as our substrate. Conventional dispersion-based synthe-
ses typically use never-dried pulp,®* but mechanochemical
synthesis requires access to high surface-to-volume ratio,
solid-state starting materials. Further treatment, namely dis-
persion and freeze-drying turned the dense, once-dried SBKP
into a fluffy material conducive to efficient ball-milling (see
Fig. S5). We then milled this pretreated SBKP with CDEEA-HCI
and NaOH under LAG condition with TBAH solution at 29.5 Hz
for 10 min, followed by 3 h RT aging in the grinding jars. The
reaction mixture obtained from the synthesis prior to purifica-
tion was a uniform powder mixture with no distinct SBKP fiber
left. Furthermore, the successful synthesis of DEEA-SBKP with
DS of 0.70 (3.02 mmol g~ * amine content) was confirmed by
ssNMR spectroscopy (Fig. S2). It is worth noting that we have
not been able to perform direct degree of polymerization (DP)
measurement on our products, as the introduction of high
amine content onto the polysaccharide substrates significantly
alters the polysaccharide’s behavior under gel permeation
chromatography, preventing a reliable measurement in
absence of standards. We can however infer that depolymeriza-
tion is probably minimal since comparable and unreactive
milling conditions resulted in minimal chain scission on
chitosan,”® suggesting that the combined process of mild
ball-milling and the non-hydrolyzing Sy2-type reaction is un-
likely to cause extensive molecular weight reduction in the
substrates.

DEEA-cellulose and chitin defibrillation

The DEEA-functionalized polysaccharides contain 2-(diethyl-
amino)ethoxy groups with an estimated pK, of 7.5.%* The high
DS obtained in our synthesis suggests high levels of
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protonation when dispersed in neutral water. This was
hypothesized to be the key feature that could facilitate strong
electric double layer repulsion, and thus low-energy defibrilla-
tion by ultrasonication. The high amine content of the mechano-
chemically produced material therefore makes them good
candidates for cationic nanopolysaccharide synthesis. We used
a modified method of defibrillation previously reported for
TEMPO-oxidized pulp to defibrillate DEEA-cellulose and
chitin.*® 1t was found that the original morphology of the
polymer substrate had a profound impact on the resulting
products. A 0.5 wt% water dispersion of DEEA-MCC was
sonicated with an ultrasonic homogenizer equipped with a
probe with a tip diameter of 12.7 mm (1/2”) and a power output
of 111.6 W. The DEEA-MCC dispersion became a non-viscous
transparent fluid after 5 min, while the 0.5 wt% water disper-
sion of DEEA-SBKP gained significant viscosity following 5 min
of ultrasonication treatment. These samples were coined DEEA-
substrate’”. The transparency of the ultrasonicated material
was reported by others as a sign of compete defibrillation.
Meanwhile, DEEA-chitin did not disintegrate as easily as DEEA-
MCC and DEEA-SBK. The water dispersion remained opaque
after 5 min of ultrasonication, suggesting insufficient defibril-
lation of the starting material. Extending the duration of
sonication only had a marginal effect on improving the extent
of DEEA-chitin defibrillation. We attribute this lower defibrilla-
tion efficiency and poorer water-dispersibility of tertiary amine-
modified chitin compared to cellulose. Despite their similar
DS, the hydrophobic character, strong interstrand hydrogen
bonding and potentially higher crystallinity of DEEA-chitin
arising from the retention of C2 acetamide groups under this
non-deacetylative modification. All sample dispersions after
defibrillation by ultrasonication were centrifuged to remove
metal contaminants from ultrasonication, and any remain-
ing, sedimented un-defibrillated material. Fully trans-
parent viscous supernatants of ultrasonication-treated DEEA-
MCC (DEEA-MCC""), DEEA-SBKP (DEEA-SBKPY"), and DEEA-
chitin (DEEA-chitin”") dispersion were diluted to 0.1 wt% in
water and analyzed by dynamic light scattering (DLS) and
{-potential measurement. The dispersion was further diluted to
2 x 10~* wt% water dispersions for microscopic characteriza-
tion by transmission electron microscopy (TEM) and atomic
force microscopy (AFM).

e ST

Fig. 1 TEM images of defibrillated samples (A) DEEA-MCCVT, (B) DEEA-SBKPVT, (C) DEEA-chitinT.

This journal is © The Royal Society of Chemistry 2025
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Microscopic characterization of synthesized DEEA-cellulose
and chitin nanomaterials

The morphology of the defibrillated nanomaterials was char-
acterized by TEM (Fig. 1). The TEM images of DEEA-MCC""
showed rod-like nanowhiskers with an average length of
225.9 + 34.2 nm. An average width of 2.3 + 0.6 nm was
measured by AFM, using particle height (Fig. S6 and
Table S1). In contrast, DEEA-SBKP"" were densely distributed
long fibrils occupying the entire field in the TEM image. To
limit the overlap between fibrils and observe the nanomaterials
individually, the DEEA-SBKP"" water dispersion was two-fold
diluted to 1 x 10~* wt% for TEM observation, where we
confirmed the DEEA-SKBP"™ fibrils were de facto individually
dispersed, with an average length of 1196.4 £+ 120.0 nm. The
fibril width was measured by AFM to be 2.0 = 0.5 nm. The
length of nanocellulose produced via our mechanochemical
and aging method were 5 times longer for DEEA-SBKP”,
compared to DEEA-MCCY?, which correlates with what is
known of the typical DP of the starting materials. Existing
studies show that the DP of MCC is typically below 300 due
to acid hydrolysis during production.®*** In contrast, the DP of
wood pulp ranges from hundreds to 1700, about an order of
magnitude larger. On the other hand, the AFM-measured
widths were nearly identical, suggesting similar level of defi-
brillation was achieved with the same amount of ultrasonica-
tion, despite differences in the starting materials. The
difference between particle length between DEEA-MCC" and
DEEA-SBKP"" was also reflected by the viscosity of respected
dispersion at 0.5 wt% with DEEA-SBKP"" becoming a viscous
hydrogel, whereas the DEEA-MCCV” dispersion did not appear
to become viscous after ultrasonication.

Interestingly, DEEA-chitin" also had a rod-like whisker
morphology, like that of DEEA-MCC"". Its length, 425.1 =+
52.6 nm measured by TEM, is about double the one of DEEA-
MCC"T, while its width, measured by AFM, is comparable at
2.3 + 0.4 nm. DEEA-chitin"" prepared via this approach were
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longer than typical ChNCs, which are classically in the range of
100-300 nm. The larger particle size of DEEA-chitin”" was also
reflected by the high viscosity of its water dispersion. DEEA-
chitin®" dispersion contained the most amount of un-
defibrillated sediments that did not disintegrate with addi-
tional ultrasonication. The complex and tightly hydrogen-
bonded two- and three-dimensional structures of chitin likely
requires higher intensity and energy in the defibrillation pro-
cess than what ultrasonication can deliver, yet this method
uniquely affords access to pure nanomaterials with low
energy.*>®”

With a good understanding of the nanopolysaccharides
morphology from microscopy, we turned to the analysis of
crystallinity as an important parameter to monitor during the
synthesis of nanopolysaccharides because of its role in
enabling individualization of the fibers.*® Additionally, as
ball-milling is known to induce loss of crystallinity in polysac-
charide materials,”® we were keen to understand its potential
impact on produced nanomaterials.

Whereas powder X-ray diffraction (pXRD) is the most com-
mon approach for assessing material crystallinity via peak
deconvolution, the method is limited by X-ray penetration
depths (ranging from a few to a hundred microns) as well as
the semicrystalline nature of polysaccharides, which introduces
sampling bias and deconvolution errors.**** "*C magic angle
spinning sSNMR spectroscopy was thus first selected as a well-
established analytical method for cellulose crystallinity char-
acterization. In this method, crystalline (0 86-90 ppm) and
amorphous C4 (6 83-85 ppm) in cellulose can be resolved for
cellulose I and cellulose II polymorphs.®*™*° This method how-
ever does not apply to a-chitin as effectively as to cellulose
materials, so we will discuss pXRD for all samples subse-
quently. We acquired the >C ssNMR spectra of freeze-dried
DEEA-MCC"" and DEEA-SBKPY” with the same pulse sequence
as performed on DEEA-polysaccharides for DS calculation.

SsNMR spectra are presented in Fig. 2 and Crl calculated
from them are noted Crlyyg. Starting materials MCC and SBKP

(&)

I
;;

N
100 90 80 70 60 50
f1 (ppm)
—McCC ——MCC-BM10
——DEEA-MCC ——DEEA-MCCUT

®

100 90 80 70 60 50
f1 (ppm)
—SBKP ——SBKP-BM10
——DEEA-SBKP ——DEEA-SBKPUT

Fig. 2 SsNMR spectra of cellulose samples: starting materials, material milled neat for 10 min (BM10), aminoalkylated DEEA-substrates, and defibrillated

DEEA-substrate (A) MCC, (B) SBKP.
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featured a Crlymgr Of 52.1% and 47.4% respectively (Fig. 2),
aligning with previously reported value for soft wood pulp
around 45%.°* Crlyyr of DEEA-MCC and DEEA-SBKP were
53.3% and 46.5% respectively, with virtually no difference to
the unmodified substrate. This reveals that during the synthe-
sis of the DEEA-nanopolysaccharides, the overall crystallinity of
pristine polysaccharides was mostly preserved. This could be
attributed to the LAG condition and the reagents added to the
jars acting as lubricant during ball-milling, reducing the
extent of mechanical amorphization that would have been
induced in comparison to the neat milling controls. In contrast,
when MCC underwent 10 min of neat milling in the PTFE jar,
its CrIymr dropped to a low 35.0%. After ultrasonication, the
crystallinity dropped a little, reaching 51.7% and 39.8% for
DEEA-MCC"T and DEEA-SBKP"™ respectively. This decrease was
attributed to the removal of bundled crystalline surfaces during
defibrillation, as previously reported by Daicho et al.**

We performed the same analysis with pXRD and provide a
full discussion of Crlxgp in Discussion S2 and Fig. S4. All Crlxgp
values are higher than Crlyyg, and show similar trends.
Reference MCC and SBKP had Crlggp values of 65.4% and
67.8%, respectively dropping to 53.0% and 60.3%, after 10 min
neat milling. DEEA-modification before ultrasonication
reduced Crlxgp of MCC by only 7.2 pt% to 58.2%, but DEEA-
SBKP fell more sharply to 41.0%. As discussed above, NMR
spectroscopy remains a more reliable method for this analysis.
For chitin, the only available crystallinity analysis method is pXRD
(Fig. 3). During defibrillation, DEEA-MCC saw the largest Crlxgp
drop (—10 pt% to 45.6%), while DEEA-SBKP hardly changed
(43.2%). Evolution of the XRD patterns suggests a partial transfor-
mation of cellulose I into cellulose II,°” possibly the consequence of
amine-assisted dissolution/reorganization.>>**

Starting material PG chitin had a relatively higher Crlxrp
value of 82.8%. Surprisingly and contrary to cellulose, 10 min
neat milling saw a small drop to 73.6%, while DEEA-

82.8%

90.0%
67:8%

654%I

substrate

80.0%
70.0%
60.0%

50.0%

Crlxrp

40.0%
30.0%
20.0%
10.0%

0.0%

il

DEEA-substrate
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modification before ultrasonication sharply reduced Crlxgp to
57.7% (Fig. 3). For DEEA-chitin”", Crlygp decreased modestly
(57.7% — 53.7%) but diffraction patterns also shifted, attrib-
uted to bulky DEEA groups causing partial crystal reorganiza-
tion akin to the one seen during chitin deacetylation.’®'°' The
Crlxgp Of DEEA-chitinV" was lower than the one of reported
ChNCs produced via ammonium persulfate (APS) oxidation in
solution at 75.9%'°" or by a high-humidity shaker aging (HHSA)
method at 68%.”> It is important to note though that DEEA-
chitin"" are significantly thinner (2.3 + 0.4 nm, AFM) than past
reports of solution-based APS-oxidized ChNCs (4.6 & 0.1 nm) or
solid-state-based one (8 + 3 nm).

It is important to note that both pXRD and ssSNMR spectro-
scopy are solid-state characterization techniques that assess
materials in their dried form. There may be structural
ordering here that differs from arrangement found in DEEA-
nanopolysaccharides as they exist in water dispersion. As Sy2-
type aminoalkylation functionalized native polysaccharide sub-
strates, it also disrupted interfacial hydrogen bonding within
the bulk material, altering the extent of structural ordering and
potential recrystallization upon drying. This behavior differs
from other existing nanopolysaccharide systems such as car-
boxylated or acid-hydrolyzed variants.”*>* Accordingly, the
crystallinity data presented in this study should be interpreted
primarily as a tool for tracking relative changes in the CrlI of
DEEA-nanopolysaccharides throughout the production pro-
cess, rather than as a basis for direct comparison with other
material types.

DLS and {-potential characterization of synthesized DEEA-
cellulose and chitin nanomaterials

The cationization through DEEA-functionalization was confirmed
by DLS and (-potential measurements (see Table 1). Since DEEA-
functionalization introduced 2-(diethylamino)ethoxy groups
along the polysaccharide backbone, poly(2-(diethylamino)ethyl

577
, 537%

43.2%
6%

PG chitin

DEEA-substrateUT

Fig. 3 Crlyxrp in polysaccharides (MCC, SBKP and PG chitin) prior reaction (substrate), after mechanochemical/aging-based DEEA functionalization and

after ultrasonication treatment.
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methacrylate), with a pK, of 7.5, was used as a reference compound
to estimate the pK, of the resulting nanomaterials.** The 0.5 wt%
water dispersion of DEEA-SBKP elevated the pH of DI water from
5.5 to 6.0, corresponding to over 95% protonation of the grafted
amine groups on the surface. The pH value was later increased to
6.2 after being defibrillated to afford the water dispersion of DEEA-
SBKP".

The water dispersion of defibrillated DEEA-nanopoly-
saccharides were diluted to 0.1 wt% for DLS characterization.
The {-potential measured with the DEEA-MCC"" was 58.64 +
1.27 mV, providing the sample with great electric double layer
repulsion between the CNFs. Upon ultrasonication, this inter-
facial repulsive force between strands of elementary fibrils
afforded colloidal stability for the DEEA-MCC" dispersions.
DEEA-MCC"” had the smallest apparent particle size of 226.3 +
2.6 nm among the three nanopolysaccharides, as per DLS
measurements, in agreement with the crystallite size measured
with TEM. DEEA-SBKPY" and DEEA-chitin"" had very similar (-
potential of 68.10 and 68.28 mV respectively, higher than that
measured for DEEA-MCC"™". The highest {-potential for CCNFs
at 56.4 mV was reported in 2021 by Tran-Ly et al.*® This new
record high {-potential measured across DEEA-MCC"”, DEEA-
SBKP"", and DEEA-chitin"" aligned with the high DS achieved
by mechanochemical nucleophilic substitution modification.
Like DEEA-MCC"", the apparent particle sizes of DEEA-SBKPY"
(1112.6 4+ 27.3 nm) and DEEA-chitin”" (560.3 + 38.5 nm)
measured by DLS are also consistent with dimensions obtained
by TEM.

Unlike the well-established method used in making indivi-
dualized TEMPO-oxidized CNFs, in this method, there was no
need to pretreat the DEEA-SBKP with a high shear homogenizer
to reduce the cellulose fibril’s particle size prior to defibrilla-
tion by ultrasonication.'® The optical microscopic images of
DEEA-SBKP featured swollen sections on the aminoalkylated
pulp fibers (Fig. S7) with partial defibrillation prior to complete
defibrillation by ultrasonication. This observation can be
explained as a ballooning effect caused by chemical modifica-
tion and mechanical beating during ball-milling,'**™'°> and
facilitating further defibrillation during ultrasonication. We
demonstrate that mechanochemistry allows for the function-
alization at the molecular level of complex matrices, such as
wood pulp, as seen in the strong correlation between the
measured DS and successful defibrillation. The yield of defi-
brillated nanopolysaccharides was calculated to be 60.7%,
63.7%, and 47.7% for DEEA-MCC"", DEEA-SBKP"", and
DEEA-chitin”", respectively. These results align with the

Table 1 DLS and {-potential measurements of DEEA-MCCYT, UT-DEEA-
SBKPVT, and DEEA-chitin’" in DI water (pH ~ 6.5)

Apparent particle Polydispersity ~ (-potential

Sample size (nm) index (PDI) (mv)

DEEA-MCCY" 226.3 + 2.6 0.109 + 0.028  58.64 + 1.27
DEEA-SBKPY" 1112.6 + 27.3 0.263 + 0.012  68.10 + 1.43
DEEA-chitin"" 560.3 + 38.5 0.276 + 0.016  68.28 + 5.09
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observation that DEEA-chitin yielded the highest amount of
undisintegrated sediment after ultrasonication.

pH-Responsiveness and potential applications

Unlike quaternary ammonium-modified CCNFs,*"** which are

non-pH-responsive and remain water-dispersible across the
entire pH range, the tertiary amine-modified CCNFs produced
in present study exhibited pH-dependent behavior. The DEEA-
SBKPY" water dispersion at 0.5 wt% was taken for the pH-
responsiveness test. The pH value of the transparent dispersion
was adjusted by gradual addition of 1.0 M NaOH solution with
vigorous stirring with a magnetic stirrer. By bringing up the pH
value to 8.5 from the initial 6.2, stirring slowed and stopped as
dispersion came a rigid gel. This gelation behavior was con-
sistent with the assumption of the pkK, value of the 2-(diethyl-
amino)ethoxy groups grafted onto the substrate of DEEA-
SBKP"". Based on the estimated pK, of 7.5, the recorded pH
change corresponded to a steep decline of protonation degree
at the surface of the fibrils from over 90% to 9%, causing a drop
in colloidal stability. Therefore, the dispersion collapsed into a
hydrogel with long DEEA-SBKP" fibers heavily entangled
with others. Slowly adding 1.0 M HCIl solution loosened
the DEEA-SBKPY" hydrogel, allowing magnetic stirring to
resume, which gradually returned the water dispersion to
slightly acidic pH 6.0. However, the obtained water dispersion
after acidification was noticeably opaque and contained
residual hydrogel fragments in comparison to the freshly
defibrillated DEEA-SBKPY" water dispersion, likely due to the
agglomeration of the CNFs. Although not fully reversible, the
DEEA-SBKP"" prepared in this study by mechanochemistry and
aging demonstrated pH-responsive governed by the grafted
functional groups. Given the close proximity of the pK, values
of DMEA (7.4) and DEEA (7.5) when grafted onto
polysaccharides,®® the pH-regulated dispersibility and partially
reversible gelation of DEEA-nanopolysaccharides could also be
triggered by C0,.5"'° Unlike mineral acids or bases, CO,
does not cause salt accumulation between cycles.'”” The
pH-responsiveness of DEEA-nanopolysaccharides in water dis-
persions offers unique opportunities that are not accessible
with quaternized cationic nanopolysaccharides, which remain
permanently charged and therefore lack reversible dispersibil-
ity control. This tunable behavior enables potential applica-
tions as surfactants,'®® adsorbents,'®® or emulsifiers.’”**%1?
The high amine loading and pH-responsiveness of the synthe-
sized DEEA-nanopolysaccharides can also impart matrix affi-
nity in the design of on-demand biobased materials such
as membranes,®”*? or in composite materials either as
supports,'*® or fillers."** In the meantime, the variety of poly-
saccharide substrates available for this synthesis enables
application-oriented material design. For example, the shorter,
more rigid, and more hydrophobic ChNCs may provide higher
emulsification capacity,''® whereas the longer, more flexible,
and more hydrophilic CNFs are better suited as rheology
modifiers."'® Beyond DEEA-nanopolysaccharides, the surface
properties of the nanopolysaccharides obtained by this method

This journal is © The Royal Society of Chemistry 2025
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are tunable through the use of different chloroalkyl electro-
philes, enabling unlimited customizable design.

Conclusion

In this article, we showcase a pathway to produce pH respon-
sive cationic polysaccharides with high DS through mechan-
ochemistry and aging while preserving high crystallinity,
directly from native polysaccharide and without the need for
energy intense defibrillation. With the developed method, we
successfully synthesized tertiary aminated cellulose pulp (DEEA-
SBKP) achieving a DS of 0.70 (amine content 3.02 mmol g~ ). This
rapid and clean process afforded individualized CCNFs after simple
ultrasonication, requiring less than 4 h from starting material to
purified nanopolysaccharides. We characterized the CCNFs by
microscopy and DLS, revealing a high aspect ratio fibril morphol-
ogy with average length around 1.2 um and width of 2.0 nm. A
measured (-potential of 68.10 + 1.43 mV promoted defibrillation
during ultrasonication of DEEA-SBKP particles. With MCC and PG
chitin, two starting substrates in powder form, the method afforded
cationic CNCs and ChNCs with high {-potential like synthesized
CCNFs. The entire procedure produced crystalline nanopolysac-
charides with process mass intensity (PMI) around 4.0 if not
counting purification (~27 000 with dialysis, ~1000 with centrifu-
gation). This class of new cationic nanopolysaccharides opens new
investigation in their physicochemical properties including
mechanical, optical, adsorption, and self-assembly properties,
potentially providing a new route for polysaccharide biomass
valorization.

Experimental
Materials

Cellulose (microcrystalline, average particle size 50 pm) was
purchased from Thermo Fisher Scientific (Fair Lawn, NJ,
USA). Chitin (from shrimp shell, practical grade), 2-chloro-
N,N-dimethylethylamine hydrochloride (99%), 2-chloro-N,N-
diethylethylamine hydrochloride (99%), 3-dimethylamino-1-
propyl chloride hydrochloride (96%), tetrabutylammonium
hydroxide solution (53.5-56.5 wt% in H,0), were purchased
from Sigma-Aldrich Co. L.L.C. (St. Louis, MO, USA). Sodium
hydroxide (for analysis, micropearls) was purchased from
Fisher Scientific L.L.C. (Ottawa, ON, Canada). Soft bleached
kraft pulp was kindly provided by Nippon Paper Industries
(Tokyo, Japan).

Milling

In the following procedures, a Retsch MM 400 mixer mill was
used, with polytetrafluoroethylene (PTFE) SmartSnap Jars
(15 mL) manufactured by Form-Tech Scientific (Canada),
equipped with 7 mm balls made of zirconia.

Material purification

After milling and aging, the reaction mixture was dispersed in
40 mL of DI water and transferred to a Falcon™ 50 mL High

This journal is © The Royal Society of Chemistry 2025
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Clarity Conical Centrifuge Tubes. The samples were then
purified by 4 cycles of centrifugation with a Thermo Scientific™
Sorvall™ Legend™ XF Centrifuge. The resulting purified DEEA-
polysaccharides in the sediment were then freeze-dried for
characterization.

DEEA-polysaccharide defibrillation

Instead of drying, purified DEEA-polysaccharides were diluted
to 0.5 wt% water dispersion, and sonicated with an ultrasonic
homogenizer manufactured by Branson Ultrasonics (Shanghai)
Co., Ltd and a probe with a tip diameter of 12.7 mm (1/2")
at a power output of 111.6 W. All sample dispersions after
defibrillation by ultrasonication were centrifuged at 8000 rpm
to remove metal contaminants from ultrasonication, as well as
the remaining un-defibrillated material that sedimented
together.

Analysis - characterization - equipment details and methods.

13C magic angle spinning nuclear magnetic resonance (MAS-
NMR) spectroscopy. Experimental samples were freeze-dried on
a lab lyophilizer before characterization. NMR spectra were
recorded on a Varian VNMRS operating at 400 MHz for the
solid-state '*C acquisition using a 4 mm double-resonance
Varian Chemagnetics T3 probe. A contact time of 1000 us and
a recycle delay of 3 s were used to acquire quantitative spectra.
Five hundred scans were acquired of each sample for a total
time of 1.5 h.

Transmission electron microscopy. Samples were prepared
by solution suspension and drop casted onto a plasma cleaned
Cu grid with a carbon backing from Electron Microscopy
Sciences. Grids were plasma cleaned with a Pelco easiGlow
Glow Discharge Cleaning System, using a negative glow dis-
charge at 25 mA over 45 s. Brightfield micrograph images and
energy dispersive X-ray scans were taken on a Thermo Scientific
Talos F200X S/TEM operated at 200 keV, with high brightness
XFEG Schottky source. Energy dispersive spectroscopy (EDS)
was performed with a SuperX G2 energy dispersive spectro-
scopy detector comprising four windowless SSDs, dwell time
20 ps per pixel and probe current 236 pA. Data was collected
with and processed using Velox software; fiber dimensions
were measured using Image] software.

Atomic force microscopy. 10 uL of sample water dispersion
at 2 x 107" wt% was drop casted onto a freshly cleaved
Muscovite Mica (15 x 15 mm?, V-2 Quality, Electron Microscopy
Sciences, PA, USA), dried in a desiccator under vacuum for 48 h
prior to characterization. Surface morphology of samples was
analyzed using a Cypher VRS scanning probe microscope
equipped with an ARC2 controller (Asylum Research — Oxford
Instruments, Santa Barbara, USA) in tapping mode in air under
ambient conditions using ACTA probes (AppNano, Mountain
View, USA) with nominal spring constant, frequency and radius
of curvature of 37 N m ', 300 kHz and 6 nm, respectively. All
images were scanned over ranges of 5 x 5 or 10 x 10 um?” at a
scan rate of 1 Hz. Processing and data analysis was done using
MountainsSPIP v10.3.10931 (Digital Surf, Besancon, France).
Images were levelled a flattening operator with structure
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exclusion. A particle analysis study with threshold detection
identified and extracted fibers for feature-specific measure-
ments. Contiguous particles were segmented using a split
particle function and the average Z value of all points within
the particles were measured.

Powder X-ray diffraction. Experimental samples were freeze-
dried on a lab lyophilizer before characterization. The loose
fibril-like samples were loaded onto a Si low background
sample holder with minimal vacuum grease. X-ray diffraction
spectra were acquired using a Bruker D8 Advance X-ray dif-
fractometer equipped with a CuKua filament, scanned with a 20
range between 5-50° with an increment of 0.02°.

Dynamic light scattering (DLS) and phase analysis light
scattering (PALS). Dynamic light scattering and the zeta
potential ({-potential) of the samples (1 mg mL ') in water
were determined using a Zetasizer Nano-ZS (Malvern Instru-
ments, Malvern, UK) in triplicate. The DLS measurement was
taken at 90° at 25 °C with continuous size distribution for a
duration of 120 s each after an equilibration time of 300 s. The
PALS measurement was taken with a BI-SREL - solvent-
resistant electrode (1250 pL) at 25 °C for 30 cycles in
Smoluchowski model.

PDI is the standard deviation (or half-width max) compared
to the mean:

2
PDI — (std. dev.)

mean

Thus, for colloidal or nanomaterial suspensions, a ‘perfect’
monodisperse solution would be close to 0, with 0.1-0.4 PDI
being a generally monodisperse suspension with little to no
aggregation.
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Abbreviations

AFM Atomic force microscopy

APS Ammonium persulfate

CCNFs Cationic cellulose nanofibers
CDEEA 2-Chloro-N,N-diethylethylamine
CDMEA 2-Chloro-N,N-dimethylethylamine
CDMPA 3-Chloro-N,N-dimethylpropylamine
ChNC Chitin nanocrystal

ChsNCs Chitosan nanocrystals

CNC Cellulose nanocrystal

CNFs Cellulose nanofibers

Crl Crystallinity index
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Crlnmr C magic angle spinning nuclear magnetic
resonance calculated crystallinity index

Crlxrp Powder X-ray diffraction calculated crystallinity
index

DEEA Diethylethylamine

DI Deionized

DLS Dynamic light scattering

DP Degree of polymerization

DS Degree of substitution

GTMAC Glycidyltrimethylammonium chloride

HHSA High-humidity shaker aging

HP High-pressure

LAG Liquid-assisted grinding

MCC Microcrystalline cellulose

PALS Phase Analysis Light Scattering

PDI Polydispersity index

PFAS Perfluoroalkyl and polyfluoroalkyl substances

PG Practical grade

PTFE Polytetrafluoroethylene

PXRD Powder X-ray Diffraction

RAM Resonant acoustic mixing

RT Room temperature

SBKP Soft bleached kraft pulp

SSNMR 3C magic angle spinning nuclear magnetic
resonance

TBAH Tetrabutylammonium hydroxide

TEM Transmission electron microscopy

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxylradical

UT Ultrasonication-treated
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