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Introduction

Influence of cellulose nanocrystal surface
chemistry and dispersion quality on latex
nanocomposite stability, film formation and
adhesive propertiest

2 Vida A. Gabriel,? Michael V. Kiriakou,® Marc A. Dubé, (2

*a,ef

Julia M. Antoniw,
Michael F. Cunningham® and Emily D. Cranston

Cellulose nanocrystals (CNCs) are sustainably sourced, non-toxic, high-strength nanoparticles most often
derived from wood pulp. The incorporation of CNCs into latexes via in situ semi-batch emulsion polymer-
ization has been shown to improve the performance of latex nanocomposites, specifically latex-based
pressure sensitive adhesives (PSAs). A bench-scale study was designed to compare the effect of incorpor-
ating CNCs with different surface chemistries and dispersion quality on the final latex properties, film for-
mation, and adhesive performance. Poly(butyl acrylate/methyl methacrylate)-CNC latex nanocomposites
(at 40 wt% solids) were successfully synthesized with 1 wt% sulfated CNCs and carboxylated CNCs
(DextraCel™) with different storage methods (never-dried suspension vs. dried powder). All CNCs were
well-dispersed in water using probe sonication prior to being incorporated into the latex polymerization
reactions. Extensive characterization revealed differences in the latex and PSA film properties, with never-
dried carboxylated CNCs and dried sulfated CNCs having the highest viscosities, lowest relative colloidal
stabilities by visual inspection, and most enhanced adhesive performance. Additionally, PSA films contain-
ing dried carboxylated CNCs exhibited the greatest latex particle coalescence, as measured by atomic
force microscopy, which correlated to improved cohesive strength. The ability to tune latex properties
with CNCs may facilitate the widespread use of “greener” water-based polymerization methods, even for
applications outside of adhesives, such as paints, coatings, inks, toners and rubbers.

polymer processability.”> Bio-based nanomaterials are of
growing interest as they are renewable, abundant and their

Polymer nanocomposites are heterogeneous systems consist-
ing of one or more nanoparticle types dispersed in a polymer
matrix. Nanoparticles can impart desirable thermal, mecha-
nical, optical and rheological properties without degrading
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use supports efforts to eliminate the global dependency on
fossil fuels. Cellulose nanocrystals (CNCs) are plant-derived
nanoparticles that can serve as reinforcing fillers for rubber,
cement, coating and adhesive applications.®> CNCs have a
high aspect ratio, a high tensile strength, and are highly
stable in aqueous media which makes them particularly
appealing for use in latex-based nanocomposites.”” In
addition to replacing petroleum-derived fillers, the hydro-
philic nature of CNCs allows for their incorporation into
hybrid acrylate-based materials using emulsion®"® and
miniemulsion'®™° polymerization (i.e., water-based synthetic
routes) as opposed to solvent-based polymerization methods —
eliminating the requirement for evaporation of environmentally
taxing solvents.

Pressure sensitive adhesives (PSAs) are a class of polymeric
materials that instantaneously adhere to a surface upon the
application of light pressure, most commonly they form a tem-
porary bond which should be removable without leaving a
residue.”® As industries move towards implementing “greener”
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chemistry practices, water-based PSAs have become more pro-
minent in the market. Research efforts to incorporate CNCs
into nanocomposites using emulsion polymerization have
intensified, with the goal of achieving bond durability and
bond strength proportionate to solvent-based PSAs.°™ In
2018, we first reported that the incorporation of CNCs into
nanocomposites for PSA applications caused simultaneous
improvement of all three PSA performance metrics (tack, peel
strength, and shear strength).” This was unprecedented as gen-
erally reinforcing fillers which promote the improvement of
one property (i.e., shear strength) cause deterioration of others
(i.e., tack or peel strength) due to different mechanisms gov-
erning the properties. While we have suggested multiple
mechanisms for the observed improvement in PSA properties
the work is ongoing and the full range of “input parameters”
has yet to be explored.

Emulsion polymers are complex, multi-phase systems con-
sisting of aqueous dispersions of stabilized polymer particles;
they are also referred to as latexes.”' The properties of latex
nanocomposites can be affected by many factors including the
glass transition temperature (7,), gel content, molecular
weight, particle size, particle size distribution, dispersion
quality of the particles, and other additives.>* When incorpor-
ating CNCs into latexes, in situ addition has outperformed
simple blending post latex synthesis. When CNCs are added
in situ they are better dispersed which allows for increased
interaction between the CNCs and the polymer particles.® It is
also speculated that when incorporated in situ, the CNCs may
be lightly tethered to some polymer chains depending on the
radical initiator used in the synthesis.” CNCs are sensitive to
PH and ionic strength which is an important consideration as
emulsion polymerization contains other ionic species, includ-
ing surfactants and initiators.'**%>

Other additives which can affect the latex properties
include crosslinker, buffer and chain transfer agents. A
sequential design study of acrylic latex nanocomposites, which
incorporated 0.5 wt% CNCs, demonstrated that adhesion
decreases with high loadings of surfactant but tack and peel
strength can be improved by the addition of chain transfer
agents.'" In addition, CNCs can be incorporated up to 4 wt%
without aggregation,'® though depending on the monomer
system, the greatest improvement of all PSA properties occurs
at fairly low loadings; with more hydrophilic monomers able
to tolerate higher CNC loadings before aggregation than hydro-
phobic monomer systems.®

Latex nanocomposites targeting adhesive applications gen-
erally require a combination of hard (i.e., methyl methacrylate
(MMA), polymer T, = 105 °C) and soft (i.e., butyl acrylate (BA),
polymer T, = —54 °C) monomers to attain a low 7,.** Based on
previous work, BA and MMA combined in a 90:10 ratio by
mass, produces latexes with T, values around —39 °C.%”'%!3
Another important formulation consideration is the target
solids content, as it is time, energy and cost efficient to store
and use latexes with high solids contents. One method of
achieving industrially relevant latexes (>40 wt% solids content)
is to use a seeded starved feed approach during the emulsion
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polymerization. This is when the majority of the monomer is
fed to the reactor slowly, after the latex seed particles have
already formed, which yields high solids content latexes with
small-sized particles.*!

The role of CNC surface group functionality on the latex
synthesis and nanocomposite performance is not well-under-
stood as sulfated CNCs (sCNCs) have been used in the majority
of PSA nanocomposite research.>* Surface group functionality
is primarily determined by the isolation method (ie., the
process for extracting nanoparticles from cellulosic materials
such as acid hydrolysis, oxidation or enzymatic treatment)*
but can also be altered post-production.>® CNCs are commonly
extracted through acid hydrolysis, whereby, the less ordered
regions of cellulose are preferentially degraded, producing
highly crystalline nanoparticles; when sulfuric acid is used,
the CNCs possess surface sulfate half-ester groups which
impart colloidal stability. In this work, sCNCs were provided
by Celluforce Inc. (Montreal, Canada), a company with tonne-
per-day production capacity. Anomera Inc. (Montreal, Canada)
produces carboxylated CNCs (cCNCs) under the tradename
DextraCel™ which have carboxylate surface groups and are
produced using a more environmentally benign hydrogen per-
oxide oxidation method.”” Anomera Inc. produces ¢cCNCs at
pilot and demonstration plant scales up to 150 tonnes per
year. Whereas sCNCs have strong acid surface groups and high
surface charge densities, cCNCs have weak acid surface groups
and relatively low surface charge densities.*®*® Work by our
group has demonstrated that surface charge density exerts the
greatest influence on CNC colloidal stability (and salt sensi-
tivity) likely affecting networking and self-interaction capabili-
ties of CNCs; herein ¢cCNCs have a lower surface charge than
SCNCs and are considered less colloidally stable.”* In this
study, we examine how the different surface functional groups
on cCNCs and sCNCs translate to latex CNC-polymer inter-
actions, specifically as it relates to the adhesive performance of
the latex.

The dispersion quality of nanoparticles has been correlated
to their effect on the properties of nanocomposites, with
enhanced material performance often attributed to good nano-
particle dispersion.” ¢cCNCs and sCNCs are commercially dis-
tributed as neutralized sodium-form suspensions in water,
henceforth referred to as never-dried cCNCs and never-dried
SCNCs. From a transportation and storage perspective, it is
more economical to dry the suspensions into powders through
spray or freeze drying, which can be later redispersed in water,
as needed.? Storage of CNCs in a dried form may also preserve
their shelf-life by hindering the loss of surface charge groups
following auto-catalyzed reactions.* In this study, cCNCs and
SCNCs received as powders were fully redispersed in water
prior to use but are henceforth referred to as dried cCNCs and
dried sCNCs referring to their storage/shipping form. Recent
work has demonstrated that for cCNCs, better dispersion does
not strictly equate to better performance.'®> Never-dried cCNCs
which were not ultrasonicated prior to their incorporation into
latex nanocomposites were reported to have a higher “appar-
ent” aspect ratio which translated to improved PSA pro-
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perties.'* It has also been reported that the never-dried sCNCs
have a needle-like structure (with a particle length in the nm
range), whereas the structure of dried SCNCs are more flake-
like (with a particle length in the pm range),®* which high-
lights that sometimes the drying process can permanently
alter the morphology of the nanoparticles. The storage method
of commercial CNCs, never-dried in suspension versus dried
powder, and how this translates to their behaviour and dis-
persion quality within latex nanocomposites has yet to be
explored.

This paper represents a comprehensive study of the semi-
batch emulsion polymerization of BA/MMA latexes incorporat-
ing carboxylated/sulfated CNCs for adhesive applications at a
bench scale (100 mL). Bench-scale testing is important to
develop new understanding and overcome challenges (specifi-
cally in stability) without wasting large volumes of material.
This work provides the framework for future scale-up studies,
as prior investigations into PSA nanocomposites with CNCs
have focused on larger volumes (>1 L) in a reactor.® >'*"
Following the successful synthesis of latexes, extensive charac-
terization was performed to elucidate the influence that CNC
surface chemistry and dispersion quality have on latex and
cast film material properties which will ideally inform
decisions on how to leverage CNCs to tailor PSA nano-
composites for specific applications.

Experimental
Materials

Butyl acrylate (BA), methyl methacrylate (MMA) monomers
(both >99% pure and stabilized by 10-60 ppm monomethyl
ether hydroquinone) and aluminum oxide (activated, basic)
were purchased from Sigma Aldrich (St Louis, MO). Each
monomer was passed through a packed column of aluminum
oxide to remove the hydroquinone inhibitor prior to use in
emulsion polymerizations. Sodium dodecyl sulfate (SDS) sur-
factant and potassium persulfate (KPS) initiator were pur-
chased from Sigma Aldrich and used as received. DextraCel™
carboxylated CNCs (cCNCs) were acquired from Anomera Inc.
(Montreal, Canada) in a never-dried form (4.6 wt% suspension
in water) and in a dried form (spray-dried powder). The sul-
fated CNCs (sCNCs) were acquired from CelluForce Inc.
(Montreal, Canada) in a never-dried form (6.4 wt% suspension
in water) and in a dried form (spray-dried powder). The never-
dried ¢CNCs, dried c¢CNCs, never-dried sCNCs, and dried
SCNCs were received in sodium-salt form and were not puri-
fied. MilliQ-grade water with a resistivity of 18.2 MQ cm was
used for all experiments and characterization.

Cellulose nanocrystal sample preparation

Redispersing cellulose nanocrystals. The CNCs were redis-
persed in water prior to their incorporation into the latex for-
mulation. There was a total of 0.4 g of each type of CNC
(corresponding to a 1 wt% or 1 part per hundred monomer by
mass loading) added to each of the latexes produced: never-
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dried ¢CNCs, dried c¢CNCs, never-dried sCNCs, and dried
SCNCs. The seed and feed solutions contained different
amounts of CNCs and needed to be prepared separately. The
seed solution contained 0.04 g CNCs (10% of total CNCs
added to the emulsion) while the feed solution contained
0.36 g CNCs (90% of total CNCs added to the emulsion). The
seed and feed CNC dispersions were prepared to final concen-
trations of 0.14 wt% and 1.7 wt% in water, respectively. The
specific procedure for the redispersion of the dried cCNCs/
SCNCs and the never-dried cCNCs/sCNCs is detailed below.

Dispersing dried ¢cCNCs or sCNCs. Dried cCNCs (as received)
in sodium form, were slowly added to water at room tempera-
ture under vigorous stirring until no visible aggregates
remained. The resulting suspension was left to sit undisturbed
for 1 h at room temperature. Next, the suspension was probe
sonicated using a Sonifier 550 from Branson Ultrasonics
(Brookfield, CT) at 60% amplitude for 15 min total (3 x 5 min)
in an ice bath (8250 kJ g~*).*>* To remove any contaminants the
suspensions were filtered through glass microfiber filter paper
with a 2.7 pm pore size. The dried sCNCs were treated follow-
ing the same protocol.

Dispersing never-dried ¢cCNCs or sCNCs. Never-dried cCNCs
(4.6 wt% dispersion, as received) were diluted with water at
room temperature and mixed vigorously on a magnetic plate
with a stir bar for 5 min. The resulting suspension was left to
sit undisturbed for 1 h at room temperature prior to being
ultrasonicated. Next, the suspension was probe sonicated at
60% amplitude for 1.5 min total (3 x 0.5 min) in an ice bath
(825 kJ g7").** To remove any contaminants the suspensions
were filtered through glass microfiber filter paper with a
2.7 pm pore size. The never-dried sCNCs (6.4 wt% dispersion,
as received) were treated following the same protocol.

Assessing cellulose nanocrystal dispersion quality. The
apparent particle size and colloidal stability of CNCs in sus-
pension were determined using a Malvern Zetasizer Nano ZS
(Malvern, United Kingdom). The apparent particle size
(z-average hydrodynamic size) of the CNCs was measured by
dynamic light scattering (DLS) on dilute CNCs suspensions at
0.025 wt%, with no added salt. The particle size measure-
ment using DLS is termed ‘apparent’ because CNCs are rod-
like, not spherical as assumed by the method.** It is accepted
in our field that DLS measurements provide a relative particle
size value for CNCs, which allows for inter sample compari-
son of the level of dispersion. The colloidal stability of the
CNC suspensions was assessed by measuring the electrophor-
etic mobility of dilute, 0.01 wt% suspensions with 5 mM
NaCl. The zeta potential was then calculated assuming
Smoluchowski behaviour. For both techniques each measure-
ment was performed in triplicate and average values are
presented.

Poly(butyl acrylate/methyl methacrylate)-CNC latex synthesis

Emulsion polymerization. The set-up for the emulsion
polymerization of 90:10 BA/MMA latexes was adapted from
previous work where a reactor was used and the scale of the
reactions was between 0.5-1 L. In this work, 100 mL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BA/MMA 40 wt% solids content latexes, combined in a 90: 10
ratio by mass of BA to MMA, were synthesized by semi-batch
emulsion polymerization. The reaction was carried out in a
250 mL three neck round-bottom flask (RBF) with a 24/40
center joint, equipped with a polished glass stir shaft and a
half-moon stir blade, and two 19/22 side joints. The stir shaft
was rotated by a Fisherbrand™ Overhead Stirrer (Hampton,
NH) which delivered constant mixing at 275 rpm. The pre-feed
emulsion and initiator solution were fed separately into the
RBF through needles connected to syringes which were driven
by a Chemyx Fusion 4000 independent dual-channel syringe
pump (Stafford, TX). In addition to synthesizing latexes which
incorporated CNCs, a 40 wt% control and a 50 wt% control
latex were synthesized with no CNCs.

A seeded starved feed approach was employed, where
10% of the monomer was added during the seed stage and
90% of the monomer was added during the feed stage of
the reaction. The formulation and method to produce 90: 10
BA/MMA latexes is described in detail in Table 1. Briefly,
water, surfactant, and CNCs were added to the RBF. The
RBF was made airtight by securing the stir shaft and blade
through the center joint using an adapter and sealing both
side joints with rubber stoppers. The sealed RBF was sus-
pended in an oil bath at 60 °C and the suspension of water,
CNCs and surfactant were stirred for 5 min. The stirring was
stopped, and two needles were punctured through one of
the rubber stoppers, the first to connect a nitrogen (N,) gas
line and the second to provide a vent. The tip of the needle
connected to the N, line was submerged in the suspension,
which was then bubbled with N, for 30 min. Once the sus-
pension was sufficiently purged of oxygen, the needle con-
nected to the N, line was moved to the headspace; where it
supplied N, for the duration of the reaction and the stirring
was restarted.

At this point, 10% of the total monomer was injected into
the RBF and water, CNCs, surfactant, and monomer was
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mixed. After 10 min of stirring, a KPS initiator solution
(0.012 g in 2 g water) was injected into the RBF to initiate the
seeding reaction. This seeding was allowed to progress for 1 h.
Concurrently, a pre-emulsion was made by combining water,
CNCs, and SDS using a magnetic stir bar and then slowly
adding mixed BA/MMA monomer and stirring until the
mixture was white in colour and opaque. A second initiator
solution was also prepared during this time by combining KPS
and water using a magnetic stir bar until no visible solids
remained. After the 1 h seeding reaction had completed, the
pre-emulsion feed and the initiator solution were fed to the
reactor via needles, punctured through the second rubber
stopper and connected to 60 mL syringes secured on a syringe
pump. The pre-emulsion was fed to the RBF for 55 min at a
rate of 1.1 mL min~" and the initiator solution was fed for
59 min at a rate of 0.17 mL min~". After the pre-emulsion and
initiator solution were fed to the RBF, it was left to stir for an
additional 1 h. To stop the reaction, the rubber stoppers on
the RBF were removed and the emulsion was exposed to air
quenching the KPS initiator.

Poly(butyl acrylate/methyl methacrylate)-CNC latex
characterization

Solids content and monomer conversion. Gravimetry was
used to determine the solids content of the latexes and overall
monomer conversion. This analysis was used to establish
whether the reaction was successful and had gone to com-
pletion. The protocol for gravimetric analysis is routine and is
described elsewhere.®

Particle size, polydispersity index and colloidal stability. The
particle size, polydispersity index (PDI), and the colloidal stabi-
lity of the latex particles in suspension was determined using a
Malvern Zetasizer Nano ZS. The particle size and PDI of the
latexes was measured by DLS on samples, which were diluted
to a CNC concentration of 0.025 wt%, with no added salt. The
colloidal stability of the latexes was assessed by measuring the

Table 1 Semi-batch emulsion polymerization formulation and method to produce 40 wt% 90 : 10 BA/MMA latexes which incorporate 1 wt% CNCs

(or 1 part per hundred monomer) in situ

Mixture Description Component Amount (g)
Seed stage  Seed emulsifier At 60 °C the suspension of CNCs with water was mixed with SDS and was then Water 28
bubbled with nitrogen for 30 min. SDs 0.070
CNC 0.040
Seed monomer While stirring at 275 rpm, the seed monomer (10% of total monomer) was BA 3.6
injected into the RBF and the headspace was purged with nitrogen for 10 min. MMA 0.40
Seed initiator Initiator dispersed in water was injected into the RBF. The seed stage is an Water 2
additional hour and is under a blanket of nitrogen with stirring at 275 rpm. KPS 0.012
Feed stage  Pre-emulsion feed The CNCs in suspension were mixed with SDS. The combined monomers were Water 20
added and stirred vigorously with a magnetic stirrer to emulsify. This mixture was ~ SDS 0.63
fed into the reactor at a rate of 1.1 mL min~" for 55 min. CNC 0.36
BA 32.4
MMA 3.8
Initiator feed KPS was mixed with water using a magnetic stirrer. The solution was fed into the Water 10
reactor at a rate of 0.17 mL min ™" for 59 min. KPS 0.11

Cook stage

RBF was left to stir at 60 °C for one additional hour.

Abbreviations: BA, butyl acrylate; CNC, cellulose nanocrystal; KPS, potassium persulfate; MMA, methyl methacrylate; RBF, round bottom flask;

rpm, revolutions per minute; SDS, sodium dodecyl sulfate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrophoretic mobility of the latex particles in suspension.
The samples were prepared by diluting the latexes to a CNC
concentration of 0.01 wt% with 5 mM NacCl. The zeta potential
was then calculated assuming Smoluchowski behaviour. For
both techniques, each measurement was performed in tripli-
cate and average values are presented.

Assessing the change in pH over the emulsion polymeriz-
ation. The pH of the latexes was tested at two different points
during the 4 h reaction using an Orion Star™ A215 pH/
Conductivity Benchtop Multiparameter Meter from Thermo
Scientific™ (Waltham, MA). The first pH measurement was
performed on an aliquot removed prior to the start of the feed
stage and the second pH measurement was performed on an
aliquot removed once the reaction was complete. For both
measurements, the pH probe was inserted into the sample
and allowed to equilibrate for 30 s prior to recording the pH
value.

Stability (accelerated shelf-life testing of latexes). After
synthesizing the latexes, they were left on the benchtop for
more than 6 months at room temperature; only very minor
changes were observed by eye. To determine the relative stabi-
lity to coalescence under extreme conditions, each aged latex
was agitated in its storage container for 1 min using a vortex
mixer at 3200 rpm. The presence of large aggregates in the
latexes following agitation made it difficult to quantify stabi-
lity. The latexes were poured onto and then decanted from
Petri dishes, and the residue of the latex that remained was
assessed qualitatively, by eye, to study the effect of the large
energy input on the latexes.

Viscosity. Viscosity measurements were performed using the
viscosity sweep method on an Anton Paar MDR Rheometer
(Graz, Austria). The rheometer was fitted with two plates
in parallel (PP50, 49.966 mm diameter) separated by a set
gap (0.01 mm)*® which was filled with sample (0.3 mL) prior
to the start of the measurement. The lower plate is stationary,
and the upper plate rotates at a prescribed angular velocity.
The upper plate was lowered to the zero-gap height and the
viscosity was measured over an applied shear rate from
0.01-100 Hz.

Poly(butyl acrylate/methyl methacrylate)-CNC film
characterization

Atomic force microscopy. AFM images were taken of spin-
coated poly(butyl acrylate/methyl methacrylate)-CNC films on
Si wafers to assess trends in latex film coalescence with
different CNC types. The latex samples for AFM were prepared
by diluting stock latex suspensions to 0.37 wt% with water to
be able to visualize individual latex particles (we note that past
attempts to visualize latex nanocomposite films by AFM, SEM
or TEM, cast from the high concentrations used for adhesive
property testing, has not been helpful to understand CNC dis-
tribution or composite microstructure but highly dilute
systems are insightful in regards to CNC location, aggregation
and latex coalescence).'>'3¢

The Si wafers were first cleaned with piranha solution, a
mixture of concentrated sulfuric acid and hydrogen peroxide
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at 3:1, then rinsed with purified water and then spin coated
using a WS-650-23 Spin Coater, from Laurell Technologies
(North Whales, PA) with the diluted latex samples. Each film
was spin coated at 3000 rpm with 2300 rpm per s acceleration
for 30 s. Height images were acquired using a Bruker
Multimode 8 AFM (Santa Barbara, CA), in tapping mode at
room temperature, using Al coated silicon probes with a 42 N
m™" spring constant and 350 kHz resonance frequency from
NCHR probes from Asylum Research - Oxford Instruments
(Santa Barbara, CA). Imaging was carried out at a scan rate of
0.25 Hz with a resolution of 512 measurements per line (512
lines). All images were processed with a standard third order
polynomial flattening using the NanoScope analysis software
v.8.10.

Pressure sensitive adhesive testing. The protocols described
below were performed following a previously published
method by Gabriel et al.™® An Instron 3000 Universal Testing
machine was used and measurements were processed on
Bluehill 2 Materials Testing Software. Pressure Sensitive Tape
Council (PSTC) standard methods were used for peel
strength, loop tack, and shear strength measurements.?” For
the tack, peel, and shear strength testing, the values and stan-
dard deviation represent n > 3 repeats (ESI Table S17) as irre-
gularities in the cast films cause some to be discarded, result-
ing in variations in the number of repeats per sample per
test.

Casting the latexes into films. To prepare adhesive films for
PSA testing and characterization, approximately 18 g of latex
was cast using a Meyer rod (no. 50) to produce films of
approximately 39 ¢ m™". Films were dried for 48 h at 50 + 5%
relative humidity at 23 + 2 °C, and films were tested under
these same conditions.

Peel strength. The PSTC-101 standard was employed for the
peel strength test.>” Specifically, test A for 180° peel, was
used. Prepared films were cut into 1 in x 12 in strips and
applied along the center of a stainless-steel testing plate,
adhesive side down. The strips were applied to the testing
panel at approximately 10 mm s~* and were firmly adhered to
the plate using a weighted steel roller (2040 + 45 g) by rolling
the film twice in each lengthwise direction. All samples dis-
played adhesive, as opposed to cohesive, failure leaving no
residue on the panel.

Loop tack. The PSTC-16 standard was employed for the loop
tack test.>” To form a loop, the prepared films were cut into 1
in x 5 in strips and shaped with the adhesive side facing
outward. The loop was secured with a 1 in piece of masking
tape and this had the dual benefit of creating a thicker edge
for the Instron tester grips. During the test, the loop was
lowered, at a rate of 2 mm s, on the stainless-steel testing
panel until there was 1 in of contact. The strip was lifted by
the tester, at a rate of 5 mm s~ ', and the maximum force
required to remove the strip was recorded. All samples dis-
played adhesive, as opposed to cohesive, failure leaving no
residue on the panel.

Shear strength. For the shear strength test, the PSTC-107A
standard was modified, as using a 1 in x 1 in adhesive strip

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited unreasonably long failure times.*” Instead strips
with 0.5 in x 0.5 in testing areas were used. Adhesive strips
were cut into 0.5 in x 5 in strips and placed in such a way that
a 0.5 in x 0.5 in adhesive surface was in contact with the
testing panel. To apply the adhesive strips to the test plate a
weighted steel roller (2040 + 45 g) was used and each strip was
rolled twice in each lengthwise direction at a rate of approxi-
mately 10 mm s, A 500 g mass was affixed to each tape and
the time to shear failure was recorded. All samples displayed
cohesive, as opposed to adhesive, failure where residue
remained on the panel.

Results and discussion

This work presents a bench-scale (100 mL) semi-batch emul-
sion polymerization study whereby 90 : 10 BA/MMA latexes for
PSA applications were synthesized. In total, six latexes were
synthesized: a 40 wt% control, a 50 wt% control, and four
latexes which incorporated different CNC types - never-dried
¢CNCs, dried cCNCs, never-dried sCNCs, and dried sCNCs.
The 40 wt% control latex is presented in all the characteriz-
ations, excluding the PSA testing, as it is a direct comparative
benchmark with the 40 wt% latexes incorporating CNCs. The
synthesis of the 50 wt% latex was necessitated by the obser-
vation that the 40 wt% control latex, when cast, yielded a non-
uniform film, rendering it unsuitable for PSA testing. By
opting for a film composition at 50 wt%, we effectively miti-
gated this issue and successfully cast uniform films suitable
for PSA testing. We attributed this to the higher viscosity
afforded by the increased number of solid particles in the
50 wt% control latex. Consequently, the results of the 50 wt%
control are also incorporated into the viscosity and base
characterization for a comprehensive analysis. The choice of
employing a 50 wt% latex as a baseline for comparison with
the other 40 wt% latexes is justifiable, because the size of the
latex particles was similar (180-190 nm) and the films were
cast to the same thickness (39 g m™).

We sought to understand how the individual and coupled
effects of surface chemistry and storage method/dispersion
quality influence the latex quality, stability, film formation,
and PSA performance. Linking the emulsion polymerization
process conditions, the latex and cast film properties, and
final product performance is necessary for future develop-
ments and improvement of tailored nanocomposites.

Bench-scale emulsion polymerization

A bench-scale setup was designed for the synthesis of BA/
MMA latexes for PSA applications. The latexes were syn-
thesized in a 250 mL RBF and the final volume of the formu-
lation was 100 mL. The system design was adapted from BA/
MMA latex synthesis procedures which were performed in
both 1 L stainless steel and 0.5 L glass reactors.®”>'*'> The
monomer system chosen was to allow for direct comparison
to previous works which have investigated CNC-latex nano-
composites for PSA applications.*”'*'> When using an RBF,
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the introduction of oxygen into the system is more likely
because the openings cannot be sealed as efficiently as a
larger scale reactor. During the initial latex syntheses, the
monomer conversion was poor, and this was attributed to
contaminating oxygen quenching the KPS initiator. Instead
of only purging the system with N,, the protocol was modified
such that a constant stream of N, was flowing through the
RBF for the duration of the polymerization. This improve-
ment resulted in excellent monomer conversion (above 93%)
for all reported latexes. An additional consideration when
working with a bench-scale system is understanding the
energy input from stirring. When the system was stirred at
250 rpm, the latex synthesis was less reproducible. Once the
stir speed was increased to 275 rpm the synthesis was less
likely to coagulate or yield aggregated latexes. Increasing the
stir speed helped to improve the dispersion quality of the
numerous components in the system which was important
for maintaining colloidal stability.

This hybrid emulsion polymerization proceeds by a free-
radical polymerization mechanism, whereby after the initial
batch or “seeding” reaction, a slow feeding of the monomer to
the reactor drives high instantaneous overall monomer conver-
sion and minimizes preferential monomer consumption.*!
From our past work with CNC-nanocomposite polymer
systems, we anticipate that the CNCs play a fairly passive role
and remain in the water phase during emulsion polymeriz-
ation. Upon drying the latexes, the CNCs appear on, around or
in between polymer particles with no evidence that CNCs are
encapsulated, as discussed later. Miniemulsion polymerization
would also be suitable here and has been demonstrated in the
past, specifically with BA/EHA for PSA applications.'® However,
the additional sonication step required for miniemulsion
polymerization is preferably avoided due to issues with
scalability.

The formulation and method developed to produce latexes
on a bench-scale was highly reproducible. The system required
careful handling and a rigorous, systematic approach as it was
sensitive to minor deviations in the procedure. Each latex was
synthesized three times, with little variation in the character-
istics and quality of the latexes, which allowed for the three
latex runs to be mixed giving a final “combined” latex. A com-
parison of the average characterization values from the three
individual latex runs, compared to the final “combined” latex
highlights the low batch-to-batch variability, as shown in the
ESI, Table S2.1 Overall, the development of a reproducible
bench-scale semi-batch emulsion polymerization protocol was
the first step in studying latex nanocomposites which incor-
porated CNCs with different surface functionalities and
storage methods.

Assessing cellulose nanocrystal dispersion quality

The CNCs were dispersed in the total available water for
the polymerization reaction which allowed them to be
incorporated into the latex synthesis in situ. The size by
AFM, apparent (relative) particle size by DLS, and charge
content of the four CNC suspension “types” (never-dried
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Table 2 Physical properties of the four CNC types including size by
AFM, charge content, and dispersion quality

Never-dried Dried Never-dried Dried

¢CNCs ¢CNCs SCNCs SCNCs
Length (nm) “ 150 + 30 *° “ 180+ 90°%*
Cross section (nm) “ 5+2% “ 6+27%8
Aspect ratio a 30+10%° “ 3178
Charge content 160 +10%>  141+10%° 286+7% 250 +10°%*
(mmol kg™ CNC)
DLS apparent 71+0.3 78+3 79+2 90 +4

size” (nm)

“Not measured but the primary particle size is assumed to be the same as
the values reported for the CNCs stored as dried powders. ? Average value
from the seed and feed dispersion which were prepared separately, for the
three latex syntheses. Standard deviation is for n = 6 repeats.

cCNCs, dried ¢CNCs, never-dried sCNCs, and dried sCNCs)
are compared in Table 2. sCNCs are slightly larger than
c¢CNCs and have a higher surface charge density, however
the aspect ratio of all CNCs are within error which is a
crucial variable for rheological performance and reinforce-
ment potential.

A direct comparison of the apparent particle size by DLS
and the particle size measured by AFM illustrates the limits of
DLS with rod-like particles. Whereas DLS gives a value of
~80 nm for dried ¢cCNCs, by AFM their length is ~150 nm,
highlighting that DLS can give reasonable relative sizes and
serve as a measure of dispersion quality.>® Past work implied
that the dispersion quality of CNCs in a latex dictates the
extent of the property improvements afforded by their incor-
poration; specifically, if CNCs are not well-dispersed they can
trigger coagulation in the latex and the formation of hetero-
geneous films with reduced PSA performance.”* Therefore, all
four CNC types were probe sonicated and filtered until they
were deemed fully “nanodispersed”, with apparent particles
sizes under 100 nm prior to their incorporation into the latex
synthesis. Attaining size values under this 100 nm threshold
required different total energy inputs for dried compared to
the never-dried CNCs (3 x 5 min vs. 3 x 0.5 min). However,
this difference was justified, as effective CNC dispersion is
necessary to capitalize on the beneficial properties of CNCs,
specifically the high aspect ratio and high surface to volume
ratio, which render them effective property modifiers.**
Furthermore, this level of dispersion was needed to avoid
coagulation during emulsion polymerization. All CNCs were
colloidally stable with zeta potential values ca. —25 mV, in
agreement with past benchmarking studies.>®>° It should be
noted that the never-dried cCNCs and never-dried sCNCs are
considered well-dispersed as received but were probe sonicated
to ensure consistency between the treatment of the never-dried
and dried samples and to mitigate any effects of sample
ageing on agglomeration.

The dried sCNCs were noticeably harder to disperse in
water than the dried ¢cCNCs. When dispersing the dried
SCNCs the protocol of sonicating, filtering and checking the
apparent particle size was repeated more than twice to attain
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a suspension that was well-dispersed (particle size <100 nm).
The higher charge content of SCNCs should help with redis-
persion but did not appear to play a big role. Previous work
by Gabriel et al. noted similar difficulties where dried cCNCs
dispersed completely (by eye) after 30 min of mixing with a
stir bar at room temperature, whereas, dried sCNCs required
two (or more) hours of vigorous mixing.'” Rationally, the
sulfate half ester groups on the sCNCs are a better hydrogen
bond acceptor than the carboxylate groups on the cCNCs,
which creates stronger hydrogen bonding (and maybe more
hornification) between dried sSCNC nanoparticles - this
would support more irreversible aggregation during drying
for sSCNCs than cCNCs. Another possible explanation for why
dried sCNCs were more difficult to disperse is that they are
known to bind less water on their surface (i.e., are slightly
more hydrophobic) compared to their carboxylated counter-
parts,®® which could suggest a lower driving force for redis-
persion. Specifics of the drying processes to produce CNC
powders will also affect aggregation/redispersibility but was
outside of our control as all samples were commercially sup-
plied. Therefore, when working with dried CNCs it is rec-
ommended to confirm proper dispersion as this can contrib-
ute to batch-to-batch variability and performance differences
in the latexes.

Latex characterization

The latexes synthesized with the four CNC types were charac-
terized to compare monomer conversion, solids content, latex
particle size, polydispersity index (PDI), zeta potential and
pH (Table 3). The latexes were visually indistinguishable, and
all reactions proceeded similarly. The characterization data
shows only minor differences between the 40 wt% control
and the latexes which incorporated CNCs. Although the pkK,
of ¢cCNCs is 5.1, we have shown that colloidal stability can
still be maintained under the pH conditions employed
during the polymerization.”* The pH of the latex was tested at
two different time points during the 4 h reaction and it
remained within the stable range for cCNCs at low salt con-
centrations (i.e., pH 3-11).>> More specifically, the pH at the
end of the batch reaction was between 7-8 for all the latexes
and dropped to between 3-5 by the end of the polymeriz-
ation, likely due to KPS decomposition in the absence of
buffer. Based on our previous study,>> we chose not to use
buffer because of the extreme sensitivity of cCNCs and sCNCs
to ionic strength. For ¢cCNCs at <1.5 wt% the onset of col-
loidal instability is around 5 mM of added salt. Therefore, the
addition of 0.45 mM of KPS (initiator) and 2.43 mM of SDS
(anionic surfactant), which both contribute to the ionic
strength, was below this 5 mM limit. In addition, past work
on SDS-CNC interactions supports that this surfactant-addi-
tive combination does not contribute to instability below
100 mM for sCNCs and 20 mM for ¢cCNCs.'*'° Overall, achiev-
ing a stable polymerization without CNC aggregation or
polymer coagulation demands a fine balance of monomers,
stabilizers, initiators, additives and reaction conditions.
Consistent characteristics among the latexes based on Table 3
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Table 3 Characterization of 40 wt% BA/MMA latexes including conversion, solids content, particle size, polydispersity index (PDI), zeta potential
and pH of the liquid formulations. The latex pH was measured on an aliquot removed once the reaction was complete. Standard deviation is for n =

3 repeats

40 wt% control 50 wt% control Never-dried Dried Never-dried Dried

(no CNCs) (no CNCs) c¢CNCs c¢CNCs SCNCs SCNCs
Conversion (%) 98 +0.1 96 £ 0.8 93+0.1 93 +0.1 95+ 0.6 97 £0.9
Solids content (%) 39£0.1 48 £ 0.2 37+0.1 37+£0.5 38£0.2 39+0.4
Latex particle size (nm) 192 +2 179+ 1 185+1 186+ 7 180+ 3 182+2
Latex PDI 0.02 £ 0.01 0.03 +0.01 0.2 £0.04 0.2 £0.05 0.06 + 0.01 0.2 £0.02
Zeta potential (mV) —24+1 -18+6 -35+1 —42+2 —-49+2 -19+3
Latex pH 3.4 3.7 3.8 3.1 3.6 3.4

data allows us to infer that differences in the cast PSA films
arise from how CNCs influence latex stability, wettability,
film formation/coalescence, and drying, and not from
nuanced differences in the synthesis results.

The latex particle size by DLS was under 200 nm for all syn-
thesized latexes, which agrees with values reported in previous
BA/MMA latex work.® Interestingly, the PDI for the 40 wt%
control was monodispersed, whereas the PDI for latexes with
CNCs was larger with the exception of the never-dried sCNCs.
It is likely that interactions between CNCs and polymer par-
ticles are captured in this measurement as the broader PDI
implies the presence of individual CNCs, polymer particles
and polymer-CNC clusters. Similar PDI values have been
reported for BA/MMA control latexes (PDI = 0.04-0.05),°
however, the cCNC-latex composites had higher PDI values
than previously reported. Additionally, the zeta potential
values were around or above the threshold (-20 mvV) for latex
particles in suspension to be considered colloidally stable,>*
suggesting that the latexes remain stable in the presence of
1 wt% CNCs."* However, the zeta potential of the dried sSCNC
latexes was statistically different from the other CNC-contain-
ing latexes, which affected the performance and stability of the
latex.

All of the high-solids content latexes produced were shelf
stable and remained well-dispersed for more than 6 months at
room temperature by visual inspection. To compare relative
stability however, the latexes were agitated using a vortex mixer
for 1 min (Fig. 1). This high energy/high shear affected the col-
loidal stability of the samples differently. The never-dried
c¢CNCs and the dried sCNCs (Fig. 1A and D) were visually
observed to completely destabilize and became coagulated/
aggregated, whereas, the dried ¢cCNCs and never-dried sCNCs

and 40 wt% control (Fig. 1B, C and E) remained fairly well-dis-
persed. The zeta potential of the dried sCNC latex (Table 3)
was the closest to zero compared to the other CNC-containing
latexes which correlates to this latex displaying the most sig-
nificant coagulation. Qualitative observations were used
because it was difficult to capture this information quantitat-
ively as the coagulated latex could not be sampled for optical
size measurements.

Using a parallel-plate rheometer, the viscosities of the
latexes were measured over a range of shear rates (0.01-100
Hz); all of the latexes containing CNCs had higher viscosities
than the 40 wt% control (Fig. 2). The latexes exhibited non-
Newtonian shear thinning behavior, where the viscosity
decreased with increasing shear rate. The latex with never-

1E+6 —e— 40 wt.% control
—e— 50 wt.% control
—e— never-dried cCNC
1E+5 - © =dried cCNC
_ & —e— never-dried sSCNC
g 1E+4 — © —dried sCNC
o
3
> 1E+3 1
‘»
3
2 1E+2 A
>
1E+1 1
1E+0 T ) )
0.01 0.1 1 10 100

Shear Rate (Hz)

Fig. 2 Viscosity as a function of angular frequency of BA/MMA liquid
latexes containing CNCs with different surface functionalities (carboxy-
lated vs. sulfated) and storage methods (never-dried vs. dried).

e

Fig. 1 Visual comparison of BA/MMA latex stability following 60 s of vortex mixing for (A) never-dried cCNCs, (B) dried cCNCs, (C) never-dried

sCNCs, (D) dried sCNCs and (E) 40 wt% control.
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dried cCNCs had the highest viscosity which was significantly
larger than all other CNC-containing latexes and even sur-
passed the 50 wt% control. From an application perspective,
this is highly advantageous because it correlates improved
surface coverage of the cast films which can translate into
increased marginal value of the product. The other latex visc-
osities fell between the 40 and 50 wt% controls with essentially
overlaid viscosity profiles at low shear values.

The higher-than-the-control viscosities resulting from
in situ incorporation of CNCs during the latex synthesis are
attributed to CNC rheological behavior and CNC-polymer net-
working.'® The increase is more than an additive effect of latex
viscosity plus CNC viscosity, since the viscosity of dispersions
is generally dominated by the continuous phase. The continu-
ous water phase here contains the CNCs, which are good rheo-
logical modifiers*® with viscosities ranging from 1-100 mPa s
at 1 wt%,*" such that the order of magnitude increase in vis-
cosity shown in Fig. 2 is reasonable. Furthermore, the viscosity
behavior supports that significant CNC aggregation does not
occur, as this would lead to profiles very similar to the 40 wt%
control as few nanoparticles would be present throughout the
suspension. Viscosity trends do not follow what would be
expected based on CNC surface charge or aspect ratio alone
(Table 2)*>*" which supports that CNCs may be tethered to the
polymer particles. During polymerization, the presence of the
KPS initiator can facilitate hydrogen abstraction on the surface
of the CNCs enabling grafting-from polymerization or chain
termination.*” The main contributions to viscosity are the new
networked structures and reduced free space between polymer
particles in the presence of CNCs.

The latexes with never-dried cCNCs and dried sCNCs have
the highest viscosities at high shear (Fig. 2) which suggests
that they experience the most “interactions” between CNCs
and polymer particles out of the four CNC types. Initial charac-
terization of the CNC suspensions prior to their addition to
the emulsion polymerization, confirmed they were fully dis-
persed after sonication (Table 2). Therefore, higher latex visc-
osities may indirectly point to systems where CNC dispersion
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was best maintained through the polymerization (as aggrega-
tion would necessarily reduce the number of CNC-polymer
interactions). Interestingly, the differences in the relative latex
stability (Fig. 1) align with the viscosity results, suggesting that
more particle-polymer interactions may also promote latex
coagulation. While there are many factors that dictate the
CNC-CNC and CNC-polymer interactions within the latex, the
significantly different behavior for never-dried cCNCs and
dried sCNCs imply dispersion and network differences. As
such, we sought to investigate the latex film morphologies by
AFM and the PSA performance of the nanocomposites prior to
drawing conclusions about the role of the CNC properties
listed in Table 2 and the solution conditions of the
formulations.

CNC-latex nanocomposite films

AFM was used to study the effects of CNC surface chemistry on
the film formation of CNC-latex nanocomposites. Height
images of spin coated, dilute BA/MMA latexes revealed that
CNC surface chemistry does affect film formation (Fig. 3). The
latex particles in the film containing dried cCNCs experienced
greater coalescence when compared to both the control and
the film containing dried sCNCs, this suggests more CNC-
polymer interactions with ¢cCNCs. We note that the external
forces exerted by spin coating can further flatten the soft latex
particles and change the natural film coalescence (compared
with bar coating generally used to produce PSA films),
however, this dilution and film preparation technique has
allowed us to elucidate interesting trends in past work.'?
Clearly, the cCNCs and sCNCs in the film are interacting with
the polymer particles, appearing on, within, and around the
particles (Fig. 3B and C, insets), in agreement with the
literature.®'%'%3¢ As Table 3 suggests that the particle size and
PDI of all three latexes was similar in suspension, the larger
polymer “islands” in Fig. 3B are interpreted to be coalesced
polymer particles where coalescence is facilitated by the pres-
ence of cCNCs. Therefore, we surmise that the onset of film
coalescence/formation is earlier, ultimately leading to a more

Fig. 3 AFM height images of BA/MMA latex films with (A) 40 wt% control (no CNCs), (B) 1 wt% dried cCNCs and (C) 1 wt% dried sCNCs. Image has a

height scale from —10 to 10 nm.
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cohesive film with cCNCs compared to sCNCs, attributed to a
greater degree of networking, discussed below.

The dried ¢cCNCs were reasoned to interact more with each
other in comparison to the sCNCs, because they have a lower
surface charge content (Table 2), which leads to weaker electro-
static repulsion between particles. Again, this is supported by
our past work showing the lower colloidal stability of these
cCNCs and their salt sensitivity compared to sCNCs.>* Higher
order structuring of the rigid, rod-like particles within the latex
may lead to the dried ¢cCNCs having an increased apparent
aspect ratio which would enable them to bridge the gap
between polymer particles and form a percolated (intercon-
nected) network more easily (as shown previously by AFM).'®
Even the addition of CNCs at 1 wt% (i.e.,, 1 part per hundred
monomer) appears to provide sufficient cellulose-cellulose
interactions to tether soft particles together, and promote par-
ticle coalescence during drying.'”> End-to-end assembly of
c¢CNCs has been reported when they are not fully redispersed
from dry,"”> however, here all CNCs were fully dispersed by
probe sonication initially, suggesting that the assembly and net-
working of cCNCs may occur during latex synthesis (where solu-
tion conditions promote some agglomeration) and/or during
film formation. Ultimately, this can be advantageous as it pro-
vides additional elasticity and strength to the polymer matrix
which translates to the nanocomposites having improved cohe-
sive strength (as seen in the PSA properties, discussed below).

PSA properties of BA/MMA CNC-latex nanocomposites

PSA films for performance testing were cast to the same thick-
ness instead of the same coating weight because the strength
of an adhesive is correlated with film thickness - thinner films
have higher adhesive strength.** Fig. 4 shows the tack, peel
strength, and shear strength results for CNC-latex films com-
pared to two controls: a film cast from a 50 wt% BA/MMA latex
without CNCs, and a post-it™ “super sticky big notes” film as
a commercially available adhesive product.

Unfortunately, the 40 wt% control latex was unable to form
a uniform film with the required thickness due to poor surface
wetting leading to the appearance of holes, hence the need for
the 50 wt% control. However, this exemplifies CNCs’ ability to
give a latex a higher “apparent” solids content as the 40 wt%
with CNCs, behaves more like a 50 wt% control latex in terms
of film casting (and viscosity, Fig. 2). Latex characterization
(Table 2) of the 40 wt% and 50 wt% control shows they are
equivalent in regard to conversion, particle size, PDI, zeta
potential and pH, and can therefore be reasonably inter-
changed for PSA performance metric testing. The CNC surface
chemistry and storage method clearly affected the adhesive
and cohesive PSA properties with moderate to substantial
improvements depending on the metric but without a clear
“winner”. Statistical analysis to determine the significance of
the PSA testing results was performed using an independent
Student’s t-test (ESI, Table S31) and was considered in the
interpretation of the results below.

Overall, the in situ addition of 1 wt% CNCs to a 40 wt% BA/
MMA latex significantly improved the PSA properties (tack,
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Fig. 4 (A) Tack (B) peel strength and (C) shear strength measurements
of latex films with 1 wt% incorporated CNCs having different surface
chemistry (carboxylated vs. sulfated) and storage methods (never-dried
vs. dried). Error bars represent the standard deviation of n > 3 repeats.

peel and shear strength) of the films in comparison to the
50 wt% control (except for tack of never-dried sCNCs). This
agrees with previous work which incorporated ¢cCNCs'®> and
SCNCs®”° into BA/MMA latexes and reported (this unique!)**
simultaneous improvement of all PSA properties. In general,
¢CNCs outperformed sCNCs, and never-dried CNCs outper-
formed dried CNCs, with some exceptions. We note that PSA
improvements from CNCs in this work were less dramatic
compared to published studies,”'® attributed to the fact that
we emphasized sonicating the CNC suspensions and confirm-
ing they were fully dispersed prior to their incorporation in the
latex polymerization. This good starting dispersion resulted in
stable/reproducible syntheses and the production of very
uniform latexes (Table 3) (which are likely easier to control at
the bench-scale). Disappointingly, this suggests that highly dis-
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persed CNCs may not maximize the networking potential of
rod-like nanoparticles and that some self-assembly of CNCs is
an advantage. It also points to benefits emerging from larger
scale polymerization reactors with CNCs incorporated without
sonication, which is industrially favorable, as long as the latex
synthesis can proceed without instabilities.

More specifically, the never-dried cCNCs and dried sCNCs
had the highest tack (Fig. 4A) and the values were not statisti-
cally different from each other. The peel strength (Fig. 4B)
follows the same trend as the tack, with the dried sCNCs
having the highest tack followed closely by never-dried cCNCs
and then the dried ¢cCNCs and never-dried sCNCs. We specu-
late that the closer-to-zero zeta potential of the dried sCNC
latexes when compared to the other CNC-containing latexes
may have contributed to the improved tack and peel strength
of the films, as reduced repulsion between latex particles
could result in a more densely packed polymer network during
the drying process. In addition, these adhesive property
improvements link to the latex viscosity and shelf-life stability,
where these indirect measurements supporting more CNC-
polymer interactions (higher viscosity and lower relative stabi-
lity) support that never-dried ¢cCNC and dried sCNC latexes
experience the greatest improvement in adhesive performance
when compared to the control.

Both tack and peel strength performance are strongly
dependent on latex film uniformity, the wettability of the latex
on the substrate, and the ability for the dried film to have
good contact with the opposing surface.”® This suggests that
the never-dried cCNC and dried sCNC films are homogeneous
and uniform which is an indication of good nanoparticle dis-
persion.*® It is difficult to discern if the behaviour of never-
dried cCNCs and dried sCNCs is caused by their surface func-
tionality, the storage method of never-dried versus dried, or is
a compounded effect of both; likely, it is because these two
CNC types had the least CNC aggregation and most dispersed
CNCs throughout the PSA film. Unfortunately, fully assessing
the location of CNCs in real PSA films (not the dilute model
systems, like Fig. 3) has been found to be highly challenging
because of the small quantity of CNCs and lack of contrast
with the polymer in electron microscopy. Because the solution
conditions under which the latexes were synthesized were gen-
erally within the colloidal stability windows for cCNCs and
SCNCs we believe the surface chemistry plays a less dominant
role in CNC-polymer interactions than for CNC-CNC
interactions.

The shear strength (i.e., the cohesion within the film)
showed the largest improvement out of all PSA properties with
dried cCNCs significantly outperforming all other CNC types
(Fig. 4C). Specifically, c¢CNC-containing films had shear
strengths 5.3%, 4.4x and 5.6x higher than never-dried cCNCs,
never-dried sCNCs, and dried sCNCs, respectively. These
results are in line with the improved film formation/particle
coalescence suggested by AFM (Fig. 3). Particle coalescence
and the presence of networked structures within the film
impart strength and elasticity, which translates to high shear
strength.” The shear strength of the dried ¢cCNC nano-
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composite film was 96 + 33 h which is unprecedented, as pre-
vious work with dried cCNC-containing PSAs reported a shear
strength of less than 15 h.'> The highest shear strength that
has been achieved with sCNCs at 0.75 wt% is 160 h, for an
acrylic latex which incorporated polymerizable surfactant.*®
Surprisingly, there was no statistical difference between the
shear strength of the never-dried cCNCs, never-dried sCNCs
and dried sCNCs or the 50 wt% control implying the impress-
ive performance with dried cCNCs was a synergistic combi-
nation of CNC surface chemistry and tendency to self-
assemble.

Conclusions

This work detailed the set-up and protocol to study BA/MMA
latexes synthesized by semi-batch emulsion polymerization at
the bench-scale. The latexes were modified with either carboxy-
lated or sulfated CNCs, which had been stored as either a
never-dried suspension or as a dried powder. Prior to incorpor-
ation, the never-dried cCNCs, dried cCNCs, never-dried sCNCs,
and dried sCNCs were extensively probe sonicated and DLS
measurements confirmed they were similarly well-dispersed -
this led to highly stable and reproducible latexes. Despite the
similar starting degree of dispersion, it seems that CNCs are
irreversibly changed by drying processes and these nuanced
differences likely affect the tendency of nanoparticles to self-
assemble during in situ latex polymerization and/or during
PSA film formation.

As the CNCs and latexes were colloidally stable under the
conditions employed, it was difficult to pinpoint whether
changes in the latex properties were triggered by the surface
chemistry or the storage method; likely it was a compound
effect of both. The high latex viscosity and lower visually
observed relative stability suggests that the most CNC—polymer
interactions occurred for never-dried cCNCs and dried sCNCs
and this correlated to the most uniform PSA films with the
best tack and peel strength (i.e., adhesive properties). On the
other hand, dried ¢cCNCs were inferred to have more CNC-
CNC networking than dried sCNCs (attributed to their lower
surface charge density), which promoted latex particle coalesc-
ence, better film formation, and a huge spike in PSA shear
strength (i.e., cohesive properties). Unfortunately, without AFM
images of never-dried cCNCs we cannot make the same claims
for all cCNCs but PSA shear strength testing imply that never-
dried c¢CNCs were not as effective at promoting film
coalescence.

An understanding of how different CNCs alter the pro-
perties of latex nanocomposites can be leveraged to tailor PSAs
for a particular application. For example, a PSA for protective
films requires high cohesive strength but low adhesive
strength, so as not to leave a residue, in which case, dried
c¢CNCs would be best as they have a very high shear strength.
Similarly, PSAs for permanent labels would require good
adhesive strength but rely less on cohesive strength and so
never-dried cCNCs and dried sCNCs, which impart good tack

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and peel strength, would be preferred. If you required CNC for-
mulations with very high viscosities, then it would be advan-
tageous to use never-dried cCNCs as their viscosity at a 40 wt%
solids content mimics that of the 50 wt% solids content
control latex. These examples highlight that tailoring the pro-
perties of PSA nanocomposites will allow for more widespread
use of greener water-based polymerization methods, even for
applications outside of adhesives, such as paints, coatings,
inks, toners, and rubbers.
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