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Introduction

Tailoring adhesion of anionic surfaces using
cationic PISA-latexes — towards tough
nanocellulose materials in the wet statey

J. Engstrom, @ 2° T Benselfelt, © 2P L. Wagberg,®® F. D'Agosto, (2 € M. Lansalot,
A. Carlmark © *$2 and E. Malmstrom*?

Cationic latexes with Tgs ranging between —40 °C and 120 °C were synthesised using n-butyl acrylate
(BA) and/or methyl methacrylate (MMA) as the core polymers. Reversible addition—fragmentation chain
transfer (RAFT) combined with polymerisation-induced self-assembly (PISA) allowed for in situ chain-
extension of a cationic macromolecular RAFT agent (macroRAFT) of poly(N-[3-(dimethylamino)propyl]
methacrylamide) (PDMAPMA), used as stabiliser in so-called surfactant-free emulsion polymerisation. The
resulting narrowly distributed nanosized latexes adsorbed readily onto silica surfaces and to model sur-
faces of cellulose nanofibrils, as demonstrated by quartz crystal microbalance with dissipation monitoring
(QCM-D) measurements. Adsorption to anionic surfaces increased when increasing ionic strength to
10 mM, indicating the influence of the polyelectrolyte effect exerted by the corona. The polyelectrolyte
corona affected the interactions in the wet state, the stability of the latex and re-dispersibility after drying.
The QCM-D measurements showed that a lower Ty of the core results in a more strongly interacting
adsorbed layer at the solid-liquid interface, despite a comparable adsorbed mass, indicating structural
differences of the investigated latexes in the wet state. The two latexes with Ty below room temperature
(i.e. PBArg-40 and P(BA-co-MMA)143) exhibited film formation in the wet state, as shown by AFM colloidal
probe measurements. It was observed that P(BA-co-MMA)ry3 latex resulted in the largest pull-off force,
above 200 m Nm™ after 120 s in contact. The strongest wet adhesion was achieved with PDMAPMA-
stabilized latexes soft enough to allow for interparticle diffusion of polymer chains, and stiff enough to
create a strong adhesive joint. Fundamental understanding of interfacial properties of latexes and cellulose
enables controlled and predictive strategies to produce strong and tough materials with high nanocellu-
lose content, both in the wet and dry state.

and nanofibrils (CNFs), have attracted significant interest as
sustainable materials for bio-nanocomposite applications,®’

Cellulose is a natural choice for new materials research due to
its abundance and promising material properties.’” Cellulosic
materials often suffer from incompatibility and mixing issues
with synthetic polymers, due to their inherent hydrophilic
nature. Nanosized cellulose materials, nanocrystals (CNCs)
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functional materials in aero- or hydrogels,*® and strong and
stiff films.” In several strategies, CNFs or CNCs are combined
with synthetic polymer matrices to increase stiffness and
strength, as well as the content of renewables in the final
material.'® In order to increase the compatibility, methods
such as grafting-to or grafting-from of small molecules or poly-
mers have been employed, as well as physisorption of either
homopolymers or block copolymers.’®"® Irrespective of the
aim being functionalisation in dispersion or compatibilisation
for composites, the understanding of wet and dry state nano-
scale interactions between a polymer and cellulose is crucial,
and an extended fundamental knowledge is desirable.
Polymers, including polyelectrolytes, can be designed to
interact with celluloses of low charge density (such as filter
paper and cotton) or high charge density (oxidised cellulose,
carrying negatively charged groups such as carboxylate or sul-
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phate ester); the former requiring strong affinity through non-
ionic interactions whereas the latter is due to the entropy gain
when counter-ions are released upon adsorption.'®° There
are still unresolved questions regarding nanoscale interactions
between polyelectrolytes and surfaces, such as wet state inter-
actions, the drying mechanisms and the influence of the
surface properties. Different high resolution and in situ charac-
terisation techniques can provide interesting, valuable insights
into some of the remaining questions. Two examples are col-
loidal probe atomic force microscopy (AFM) and quartz crystal
microbalance with dissipation monitoring (QCM-D). AFM can
able to image the surface but also to measure adhesion
between two surfaces in the wet state, whereas the adsorption
kinetics and adsorbed amount onto different substrates can be
quantified in detail with the aid of the QCM-D.>' "

Given the increasing expectations of greener chemistry, it is
attractive to use water-borne chemistry to produce hydrophobic
polymers for direct mixing with nanocellulose dispersions.
Inspired by the well-established industrial and academic pro-
duction of latexes, emulsion polymerization®®>® has received
intensified interest lately. The adsorption of commercially
available cationic latexes of polystyrene and a poly(styrene-
butadiene) copolymer onto cellulose substrates has also
already been studied.”®*°' However, these earlier studies
involve latexes stabilised by a low molecular weight surfactant,
such as sodium dodecyl sulphate (SDS), or non-covalently
bonded polymeric stabilisers.”®?'*? With the rapid develop-
ment of controlled polymerisations a range of novel amphiphi-
lic polymers are now available and applicable as stabilisers for
colloidal dispersions.

One example is the use of reversible addition-fragmenta-
tion chain transfer (RAFT) polymerisation®*™® together with
polymerisation-induced self-assembly (PISA)**~** that creates a
platform to produce tailored polymers and block copolymers
as latexes.

PISA and macroRAFT agents allow easy access to latexes
with adjustable particle sizes and low polydispersities and are
hypothesised to result in better film properties due to the
absence of stabiliser migration.*>** If the chosen macroRAFT
is a polyelectrolyte, the stabilized PISA-inspired latex system is
anticipated to result in a larger adsorption to oppositely
charged surfaces compared to conventional physisorbed poly-
meric- or small molecule (such as SDS) stabilized latexes.

Previously in our group, we have shown examples of cell-
ulose modification using PISA-inspired latex systems, compris-
ing a cationic poly(2-dimethyl aminoethyl methacrylate)
PDMAEMA-based corona.?** Despite the interesting adsorp-
tion properties of PDMAEMA,"®™*° one of the observed chal-
lenges is the hydrolysis of the monomer in aqueous media,
even at neutral pH, resulting in methacrylic acid-residues
along the polymer backbone.?” Anionic residues in the back-
bone give rise to lower cationic charge, thus resulting in lower
adsorption to anionic surfaces. To circumvent this challenge,
the hydrolytically more stable acrylamide analogue, N-[3-(di-
methylamino)propyl] methacrylamide (DMAPMA), and its
resulting polymer, PDMAPMA, was utilized in this work.>
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Structurally similar polyacrylamides, such as commercial
C-PAM, are well-known retention aids and dry strength addi-
tives in papermaking and have been used in many studies in
conjunction with cellulose.”* PDMAPMA has been extensively
investigated by McCormick et al. for biomedical applications
and successful RAFT was demonstrated in buffer at pH below
7.>27% It was hypothesised that PDMAPMA macroRAFT can be
successfully used to stabilize latexes and at the same time
provide a strong affinity to cellulose surfaces due to the higher
cationic charge density, as compared to the previously
reported PDMAEMA-stabilized latexes.>" To the best of our
knowledge, this is the first investigation using PDMAPMA
macroRAFT as a stabiliser for the synthesis of surfactant-free
latexes and their applicability for cellulose modification.

In the present contribution, we focused on interfacial inter-
actions and structural change upon adsorption to surfaces at
the nanoscale. Fundamental questions, such as if the latex par-
ticle can deform and/or coalesce upon adsorption in aqueous
media (wet state) and how physico-chemical properties of the
latex can affect this process will be addressed. PDMAPMA-
stabilised latexes with three different core polymers and Ty,
PMMArg10, P(BA-c0O-MMA)rg; and PBAr, 40, Were synthesized.
Adsorption measurements were performed in situ using
QCM-D (on silica or CNF surfaces) and ex situ on cellulose
filter papers, silica, CNF or glass substrates, to investigate the
importance of surface roughness and charge density. The wet
adhesion was assessed using AFM colloidal probe measure-
ments. The results indeed show that latex nanoparticles consti-
tute a promising toolbox to tailor nanoscale interactions in the
wet or dry state.

Experimental section

Materials

N-[3-(Dimethylamino)propylJmethacrylamide (DMAPMA,
Aldrich, 98%), methyl methacrylate (MMA, 99%), n-butyl acry-
late (BA, 99%) 2,2-azobis(2-methylpropionamidine) di-
hydrochloride (AIBA, 97%), 1,3,5-trioxane (Aldrich, >99%), pot-
assium chloride (Merck), cetyltrimethylammonium chloride
(CTAC) (25 wt% water solution) were all purchased from Sigma
Aldrich and used as received, the monomers were activated
passing through aluminum oxide columns. Hydrochloric acid
(HCl, VWR Prolabo, 35 wt%, technical grade) and sodium
chloride (VWR) were used as received. Poly(ethylene imine)
(PEI, M, = 60000 g mol™") was purchased from Acros. The
water used was either deionised or Milli-Q water. RAFT agent
4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA) was
synthesised according to literature procedure.’>>’ Munktell
filter paper grade 3 was used for adsorption on filter paper
(Ahlstrom, Munktell). The QCM-D crystals used were AT-cut
crystals (5 MHz resonance frequency) with an active surface of
sputtered silica (50 nm thickness) supplied by Q-sense AB.
Silica wafers were supplied from Addison Engineering Inc.
(San Jose, CA, US, single-side polished). Microscopy slides
(Diameter 30 mm, Menzel Gliser, Thermo Scientific) were
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used for contact angle measurements. The surfaces were
cleaned with sodium dodecyl sulphate solution (2 wt% in
water) for 12 h and left in a sonication bath for 10 min fol-
lowed by the careful rinsing sequence Milli-Q water, acetone
and Milli-Q water prior to adsorption of dispersions. A cell-
ulose nanofibril (CNF) gel (600 peq g~') was kindly received
from RISE Bioeconomy (Formerly Innventia AB, Sweden).’®
The gel with a solids content around 2 wt% was treated with
one passage through a Microfluidizer (Microfluidizer
M-110EH, MicrofluidicsCorp) using 1650 bar, 200 and 100 pm
chambers in series. CNF dispersions were diluted to 0.2 wt%
and sonicated (Sonication probe VCX Vibra-Cell, Sonics and
Materials Inc.) for 15 min at 30% amplitude in an ice bath and
centrifuged for 60 min at 4800 rpm (Beckman Coulter Avanti
J-E) centrifuge to remove any agglomerates. The supernatant,
consisting of free CNFs, was used for further analysis.

Instrumentation and methods

More information and details about conventional instrumenta-
tion and methods used for this study can be found in ESI;
NMR, Maldi-ToF MS, Gravimetric analysis (conversion during
latex synthesis), SEC, DSC, PET (polyelectrolyte titration) and
FTIR-spectroscopy.

Dynamic light scattering (DLS). The hydrodynamic diameter
(D) given as Z-average, Polydispersity Index (PdI) and electro-
phoretic mobility (zeta potential ({)) of the latex particles were
determined using a Malvern Zetasizer NanoZS at 25 °C. For
the particle size measurements (Dy and PdI) two concen-
trations were used (3 ¢ L™ and 0.1 ¢ L™") and the dispersions
were diluted in either pure Milli-Q water, 10 mM KCl, or
10 mM NaCl. For the measurement of zeta potential, the con-
centration of the latex was kept at 0.1 ¢ L™" diluted in 10 mM
KCl in Milli-Q water or pure Milli-Q.

The number of particles per unit volume of the aqueous
phase (N,) was calculated using the diameter obtained from
DLS (Dy, nm) according to the equation below:

67
~ pnDy3

Np (1)
with 7 the solids content of the latex (z = (Mmacrorarr + CONVer-
sion x mmonomer)/vwaten with MmacroRAFT and Mmonomer the
initial weight of hydrophilic macroRAFT and MMA or nBA,
respectively, Viawer the initial volume of water) and p the
density of PMMA (1.20 ¢ cm™>) or PBA (1.087 g cm™3).

Transmission electron microscopy (TEM). Thin liquid films
of the latex suspension were deposited onto 300 mesh holey
carbon films (AgarScientific, UK) and quenched in liquid
ethane using a cryo-plunge workstation (LPS Orsay). The speci-
mens were then mounted on a precooled Gatan 626 specimen
holder, transferred into the Philips CM120 microscope operat-
ing at an accelerating voltage of 120 kV (Centre Technologique
des Microstructures (CTy), the platform of the Claude Bernard
Lyon 1 University, Villeurbanne, France).

Silica wafers. The silica wafers, used for adsorption coverage
analysis and colloidal probe measurements were first oxidised
in an oven at 1000 °C, followed by activation in 10 wt% NaOH
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solution for 30 seconds and then rinsed with Milli-Q/ethanol/
Milli-Q before treatment in an air plasma cleaner (Model PDC
002, Harrick Scientific Corporation, NY, USA) under vacuum
for 120 s at 30 W.

Silica coated quartz crystals. The silica coated quartz crys-
tals, used as both reference silica and in situ preparation of
CNF surfaces, were first rinsed with Milli-Q water, ethanol and
finally again with Milli-Q water and thereafter dried under N,.
The crystals were then placed in air plasma cleaner (Model
PDC 002, Harrick Scientific Corporation, NY, USA) under
reduced air pressure for 120 s at 30 W.

Quartz crystal microbalance with dissipation (QCM-D). A
QCM-E4 from Q-sense AB with a continuous flow rate of
0.15 mL min~' was used. This instrument measures the
change in resonance frequency of the crystal, corresponding to
a change in the mass attached to the surface. To convert the
change in frequency to the corresponding change in adsorbed
mass per area unit, the Sauerbrey model®® can be used for
firmly anchored adsorbed layers:

m= C(%) (2)

where C is a sensitivity constant, —0.177 ((mg m™?) Hz '), Af
the change in resonance frequency (Hz), and n the overtone
number. The so calculated mass includes both the solid
adsorbed amount and the immobilized solvent in the
adsorbed layer.

The QCM-D also detects the energy dissipation in the
adsorbed layer which is related to the viscoelastic properties of
the adsorbed layer. A thin, rigid film results in a low change in
dissipation while a water-rich and viscoelastic film result in a
larger change in dissipation. The dissipation factor, D, is
defined as:

_ Edissipated (3)
27 stored

where Egjssipatea 1S the energy dissipated during one oscillation
period, and Egoreq, the energy stored in the oscillating system.
Earlier investigations have shown that Sauerbrey model is also
valid for layers with higher dissipations and comparable to the
results achieved with more advanced models.*°

Atomic force microscopy (AFM). A MultiMode 8 (Bruker,
Santa Barbara, CA) was used to acquire images of the adsorbed
latex nanoparticles on a silica wafer in the dried state, using
SCANASYST liquid+ cantilevers.

Field emission scanning electron microscope (FE-SEM).
Latex saturated QCM-D crystals, silica wafers and filter papers
were analyzed with FE-SEM performed with a Hitachi
S-4800 microscope to investigate the surfaces. The FE-SEM was
conducted at 1.0 kV or 3.0 kV acceleration voltage if nothing
else was stated and images were acquired at different magnifi-
cations, as stated in each image. The samples were mounted
on a metal stub with carbon tape and coated with a 5 nm layer
of Pt/Pd with a Cressington 208HR sputter coater.
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Contact angle measurements (CAM). Contact angle measure-
ments were performed at 50% relative humidity (RH) and
23 °C with a KSV instrument CAM 200 equipped with a Basler
A602f camera, using 3 pL droplets of Milli-Q water. A Young-
Laplace fitting mode, supplied by KSV was used to process the
images. The contact angle values reported were those observed
after 20 s of measurement when the drop had reached its equi-
librium spreading on the substrates. Latex reference thin films
were analyzed with the CAM after deposition at 2 ¢ L™" on pre-
cleaned microscopy glass slides (cleaning of glass slides was
done with SDS solution at 2 wt% for 24 h and rinsed with
Milli-Q followed by treatment with 10 wt% NaOH solution and
lastly Milli-Q rinse).

Centrifugation treatment. Centrifugation was performed
with the aid of an Avanti J-E centrifuge (Beckman Coulter Inc.)
using 48300g (20000 rpm) with plastic containers at 5 °C
cooling. Deionised water was added to the latexes before cen-
trifugation to ease the separation of supernatant and the cen-
trifuged pellet. The supernatant was collected separately and
the pellet was re-dispersed using shaker table overnight.

Ultra-turrax disintegration. Cellulose nanofibril gels were
dispersed in deionised water at target concentration of 0.1 g
L7, or 0.2 wt%, (250-500 mL) prior to use with a T 25 digital
ULTRA-TURRAX® using 10000 rpm for 0.1 g L™" concen-
trations and 13 000 rpm for 0.2 wt%, respectively, for 20 min.
The disintegration was performed with regular glass flasks.

RAFT polymerisation of DMAPMA in water using CTPPA

The synthesis of the macroRAFT agent PDMAPMA was per-
formed in water, acidified to pH 6 using concentrated hydro-
chloric acid (HCl). In a typical experiment, RAFT agent
(CTPPA) (0.4 g, 1.4 mmol) was added to a 50 mL round bottom
flask. De-stabilised DMAPMA (6.15 g, 36.1 mmol) monomer
was added to the flask and the RAFT agent was allowed to dis-
solve in monomer before addition of deionised water (22.08 g),
targeting a monomer concentration of 1.63 M and a degree of
polymerisation of 25. The reaction mixture was left stirring for
10 min in an ice-water bath. Addition of HCl was conducted
carefully while monitoring the pH to reach pH = 6. The radical
initiator AIBA (78.3 mg, 0.29 mmol and concentration ratio
CTPPA : AIBA of 5:1) was added subsequently together with
trioxane (0.272 g, added as an internal reference for NMR).
The reaction mixture was degassed for 30 min under argon,
and the polymerisation was then started by immersing the
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flask in an oil bath pre-heated to 70 °C. Aliquots were taken
for "H-NMR analysis every 20 min and full conversion was
reached after 60 min (ESI Fig. S27). The polymer was precipi-
tated from water into ice-cold acetone 3 times, dried with a
rotavapor and finally dried in a vacuum oven for 24 h at 50 °C.
The precipitated polymer was analyzed with "H-NMR in D,0,
SEC in DMSO and in water (0.3 M sodium acetate/acetic acid
buffer), MALDI-ToF and glass transition temperature was
determined using DSC, ESI Fig. S1 and S2.1 The final polymer
was also analyzed for adsorption on QCM-D silica crystals at
0.1 g L™" (ESI Fig. S31). The established calibration curve for
determining unknown concentrations of PDMAPMA in the
latex water phase was performed as described in the NMR
method section (ESI Table S4 and Fig. S67).

Synthesis of PISA-inspired and conventional latexes

All latexes using PDMAPMA macroRAFT agent were syn-
thesised targeting DP 400 for the hydrophobic core (ESI
Table S1t). In a typical experiment, macroRAFT PDMAPMA
(100 mg, 0.022 mmol) was dissolved in deionised water for
10 min in a round bottom flask under magnetic stirring. For
poly(methyl methacrylate) (PMMA) latex, MMA (0.9 g,
8.90 mmol) was added dropwise to the flask, targeting a DP of
400 and final dry content of 15.3 wt%. The flask was kept in
an ice water bath and radical initiator AIBA (0.74 mg, 217 pL of
a 3.4 g L™" aqueous solution) was added during stirring. The
mixture was degassed for 30 min under argon and sub-
sequently immersed in an oil bath pre-heated to 70 °C. All
reactions were left to proceed for 120 min. Samples were regu-
larly collected during the polymerisation, and conversion was
determined by gravimetric analysis by drying the samples in
an oven at 100 °C overnight. PBA latex was prepared from the
same protocol using butyl acrylate (BA) instead of MMA. The
copolymer of BA and MMA was synthesised from a 60/40 BA/
MMA mixture (molar ratio). The resulting latexes were abbre-
viated PMMArg120, PBA1g.40 and P(BA-co-MMA)r3, respectively.
In all cases, the latexes were stored in the fridge and analyzed
by cryo-TEM and DLS, while freeze-dried samples were ana-
lyzed by '"H-NMR in CDCl;, SEC in DMF and DSC (Table 1,
Fig. 1, and ESI Tables S1-S2 and Fig. S4t). Two reference
latexes were synthesised using AIBA as initiator and MMA as
the monomer; one without PDMAPMA or any surfactant
(abbreviated PMMA, g, ), and the second one using a commer-
cial cationic surfactant (CTAC) (latex abbreviated PMMAcrac)-

Table 1 Results from surfactant-free emulsion polymerisations at 70 °C using macroRAFT PDMAPMA, AIBA as initiator and two different monomers
(MMA and/or BA). All reactions were targeted at 15.3 or 17.3 wt% final solids content

Latex (dry wt%)* M, " [g mol™] M, °[g mol™] Dy pdr? Dy [nm] Dygy € [nm] T,/ [°C] Charge® [peq g7']
PMMArg150 (15.3%) 39000 260 000 1.5 0.01 215 180 + 10 120 54 (+4)
P(BA-c0-MMA)rg; (17.3%) 37500 217 000 1.6 0.01 124 130 + 15 3 140 (+2)

PBArg.40 (15.3%) 42000 240 000 1.5 0.03 76 70 +20 —40 130 (+4)

“Targeted dry content in brackets assuming 100% monomer conversion. ” Estimation of molar mass from experimental determined conversions
(86%, 73% and 79% for PMMA, P(BA-co-MMA) and PBA, respectively) and added macroRAFT agent. “Molar mass from DMF-SEC using PMMA
standards. “ Polydispersity index (PdI) and hydrodynamic diameter (Dy;) (Z-average) from DLS measurements in 10 mM KCl prior to work-up.
¢ Average diameter of 10 particles in cryo-TEM. T, from DSC. € Charge density measurement in Milli-Q water using PET.
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Fig. 1 Cryo-TEM images for (a) PMMAq4150 latex (b) P(BA-co-MMA)143 latex (c) PBArg.40 latex.

Both latexes were produced using the protocol described above
(ESI for more details and Tables S1 and S37).

Work-up protocol for removal of free PDMAPMA-chains

To remove any remaining PDMAPMA homopolymer chains
from the water phase after latex formation, the crude reaction
mixture was purified by successive centrifugation and re-dis-
persion steps. All latexes were diluted to half the reaction con-
centration with deionised water prior to centrifugation.
Centrifugation (1 h at 48300g and 20000 rpm at 5 °C) was
used to separate the latex nanoparticles from the water phase,
sedimenting in the bottom of the plastic centrifuge tubes. The
supernatant was freeze-dried before adding a known amount
of D,O for analysis by '"H-NMR, observing the intensity of
methylene protons at 2.8 ppm and 3.1 ppm (ESI Table S47}). To
quantify the residual amount of PDMAPMA homopolymer, a
calibration curve was constructed; using known concentrations
of PDMAPMA using integral values from protons at 3.1 ppm
(2.8 ppm gave same correlation) (ESI Fig. S6t). The pellet was
re-dispersed by stirring on shaking table to reach similar to
starting dry content (between 15 and 20 wt%), followed by
characterization with DLS (ESI Tables S2 and S3t) and SEC in
THF or DMF, Table 1. This sequence was up to 3 times to
ensure efficient removal of any free polymer. The final latex
fraction after 3 rounds of centrifugations was used for all ana-
lysis if nothing else is stated. Re-dispersion of the latex at for
example 3 g L' in D,0 did not give sufficient signal in
"H-NMR, hence no contribution in the results of calculating
free soluble PDMAPMA. Results from centrifugation cycles can
be seen from DLS, "H-NMR data, QCM-D and SEM imaging in
ESI Tables S2-S4 and Fig. S5-S8.F

Adsorption of latexes onto silica surface with the aid of QCM-D

The adsorption of latexes onto reference silica surfaces was
monitored by QCM-D using a flow of 0.15 mL min~'. The
latexes were introduced as dispersions at a concentration of
0.1 g L', diluted in either Milli-Q water or 10 mM NaCl, and
adsorbed until saturation, followed by rinsing with Milli-Q
water. After the adsorption experiment, the crystals were
removed from the chamber and left to dry under in a Petri

This journal is © The Royal Society of Chemistry 2019

dish with an added wet tissue to supply humidity during
drying, hence decreasing the rate of water evaporation to
prevent the development of the “coffee ring” effect on the crys-
tals. The effect of drying conditions was investigated by SEM
(ESI Fig. S9 and S107).

Adsorption of latexes on a CNF layer formed in situ with the
aid of QCM-D

The adsorption of latexes onto CNF surfaces was monitored by
QCM-D at a flow rate of 0.15 mL min~". The CNF surfaces were
formed in situ by a two-step process. In the first step, an
anchoring layer of poly(ethylene imine) (PEI) at 0.1 g L™" (set
to pH 10 with 10 mM NaOH in 10 mM NacCl) was adsorbed
until saturation, followed by rinsing with Milli-Q water. In the
second step, a layer of a CNF dispersion (0.1 g L") was
adsorbed at pH 7, followed by rinsing with Milli-Q water in
accordance with previous procedures.*®®® The latex (0.1 g L™")
was thereafter introduced until saturation adsorption, followed
by rinsing with Milli-Q water. Reference crystals with only PEI
and CNF layers were analysed without the adsorption of
latexes in previous research.”’ The crystals were subsequently
analyzed by SEM for particle surface properties. QCM-D data
for the in situ formed CNF layers are shown in Fig. 6 and CAM
images are displayed in ESI Fig. S11 and Table S5.}

Adsorption of latexes on a CNF layer formed ex situ on silica
wafers

The adsorption of latexes onto silica wafer surfaces was also
performed ex situ by simply saturating the surface with each
component. In analogy to the QCM-D layer build up in situ,
the CNF surfaces were formed by a two-step process. The first
step was the introduction of an anchoring layer of PEI at
0.1 g L™" (set to pH 10 with 10 mM NaOH) and 10 mM NaCl
for 10 min, followed by rinsing step with Milli-Q. In the
second step, a layer of a CNF dispersion was adsorbed at
neutral pH 7, at a concentration 0.1 g L™, and was left to
adsorb for 20 min, followed by rinsing with Milli-Q water, in
accordance to previous procedures.’®®® After rinsing with
Milli-Q water, the latexes were adsorbed to the CNF coated
wafer at a concentration of 0.5 g L™" for 30 min, followed by a
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rinsing step with Milli-Q. A reference wafer with only the pre-
formed PEI and CNF layer was also produced with the same
procedure. The crystals were analyzed by CAM and SEM for
particle surface properties. CAM measurements and SEM
images of the ex situ layers are shown in ESI Fig. S12-S15 and
ESI Table S6.7

Adsorption of latexes onto filter papers

The latexes were also adsorbed onto Munktell cellulose filter
paper grade 3 (2 x 3 cm?®) using the following procedure: the
latex was diluted to a concentration of 0.1 ¢ L™" in 10 mM
NaCl (Milli-Q water) or in pure Milli-Q water in a 10 mL vial
after which a filter paper was immersed in the dispersion. The
vial was left on a shaker table for 24 h to ensure complete
adsorption. The paper was thoroughly rinsed with Milli-Q
water and left in Milli-Q water for 24 h on a shaking table
where after the paper was rinsed again with Milli-Q water, left
to dry at room temperature overnight and stored in a con-
ditioned room at 23 °C and 50% RH for 24 h prior to analysis.
Some of the samples were annealed in an oven at 160 °C for 3
or 12 h. The modified papers were characterized using SEM
(Fig. 8), CAM and FTIR (ESI Table S8 and Fig. S177).

Measuring wet adhesion between silica surfaces treated with
latexes using the AFM colloidal probe technique

The wet mechanical properties of the latex particles were inves-
tigated with the AFM colloidal probe technique using a
MultiMode IIla AFM (Veeco Instruments Inc. Santa Barbara,
CA) with a PicoForce extension. Borosilicate microspheres with
the radius 4.7-5.2 pm (Duke Standards, Thermo Scientific)
were attached to tipless rectangular cantilevers (CLFC-NOCAL,
Bruker) using a melting glue (Epikote 1001, Shell Chemical
Co.) and a manual micromanipulator (HS 6 Manuell,
Marzhauser Wetzlar GmbH & Co. KG). Each AFM probe had
two cantilevers with spring constants of <1.4 N m™" and >9.5 N
m™", respectively which were determined using AFM Tune IT
version 2.7 (Force IT, Sweden). The different cantilevers were
used to investigate how the applied load and the deflection
sensitivity affected the adhesive properties. The latex particles
(1 wt% in 10 mM NaCl solution) were adsorbed onto oxidised
silicon wafers and the silica probe in situ for 1 h. The force-
curves were measured in Milli-Q with or without 120 s surface
delay and were further analysed using the software AFM force
IT version 2.6 (Force IT, Sweden). Typical force measurements
are shown in Fig. 9.

Results and discussion

To lower the risk of monomer hydrolysis during the aqueous
polymerisation we used DMAPMA as a monomer for the
macroRAFT synthesis, compared to the previously published
DMAEMA-based macroRAFT.*"*> PDMAPMA macroRAFT was
then utilized for the chain-extension of hydrophobic mono-
mers in surfactant-free emulsion polymerisation. In the pre-
vious study with PDMAEMA, the T, was chosen to either 30 °C
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or 120 °C (nBMA or MMA), and here we tailored the T, of the
core in the range of —40 °C to more than 120 °C (BA, MMA
and mixtures of them both). In this work, the synthesis and
characterization of produced latexes have been studied, as well
as the adsorption of the latexes to surfaces and the adhesion
of adsorbed latex layers in the wet state using AFM colloidal
probe force measurements.

RAFT polymerisation of DMAPMA in water using CTPPA

The monomer conversion during RAFT polymerisation of
DMAPMA was monitored by 'H-NMR (ESI Fig. S1 and S2cft).
The isolated macroRAFT PDMAPMA, target degree of poly-
merisation (DP) of 25, was analyzed by SEC using DMSO or
water as eluent (ESI Fig. S2at) and MALDI-ToF MS (ESI
Fig. S2bt). There was a good agreement between the M,, value
obtained from MALDI-ToF MS (4700 g mol™') and the value
calculated based on the targeted molar mass and the conver-
sion obtained by "H-NMR (4530 g mol'). However, the M,
values obtained by SEC performed in DMSO or water were sig-
nificantly lower, ie., 1700 g mol™ (Py = 1.28) and 2400 g
mol ™" (Py = 1.13), respectively. The justification for this behav-
iour may be the use of inapproriate standards (PEG and
Pullulan, respectively). To further characterize the livingness of
the resulting chains and to demonstrate the absence of hydro-
lysis of the RAFT moiety (pH set at 6 using the addition of
HCI) the detector traces for the UV and RI signals were overlaid
and showed that most of the chains comprised a trithiocarbo-
nate chain end (as supported by Fig. S2a in ESIT). The control
of the polymerisation was further verified by determining the
average DP by "H-NMR analysis of the obtained polymer, using
the integrals for the hydrogens on either one of the two
methylene peaks in the RAFT moiety close to the carboxyl
group, around 2.2-2.3 ppm or 2.65-2.7 ppm, and relating this
to the methylene group in the PDMAPMA repeating unit
(-CH,-, either at 2.9 ppm or 3.1 ppm). DP was found to be in
reasonable agreement with the targeted value of 25 and the
MALDI generated DP value of 27 (ESI Fig. S1,7 NMR).

As expected, DMAPMA was more hydrolytically stable com-
pared to previously used DMAEMA®"** and no hydrolysis (for-
mation of methacrylic acid and N,N-dimethylpropane-1,3-
diamine) was observed from 'H-NMR (D,O) analysis during
synthesis. Hence, positively charged PDMAPMA with a higher
charge density control compared to PDMAEMA can be pro-
duced. The charge density of the PDMAPMA measured by PET
at pH 7 was 5.6 meq g, (compared to 4.2 meq g~ " at pH 7 for
PDMAEMA).>* Differential scanning calorimetry (DSC) was
used to assess PDMAPMA'’s glass transition temperature, Ty,
and it was found to be 144 °C, in reasonable agreement with
the previously reported data (137 °C).**

Synthesis of PISA-inspired PMMA, P(BA-co-MMA), PBA latexes
and conventional PMMA latexes

Surfactant-free emulsion polymerisation of MMA, BA or a
mixture of both, mediated by PDMAPMA macroRAFT, resulted
in stable latexes, Table 1, denoted with their core polymer and
Ty, such as PMMArgq50. A high monomer conversion (ca. 80%)

This journal is © The Royal Society of Chemistry 2019
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was reached in all cases (ESI Fig. S41), and as expected, the
latexes were positively charged as determined by DLS (zeta
potential: +30 mV) and PET. The particle diameter measured
by DLS (Dy) significantly changed with monomer composition:
215 nm for PMMA latex, 124 nm for P(BA-co-MMA) latex and
76 nm for PBA latex (Table 1). These values are in relatively
good agreement with the particle diameter determined by stat-
istical analysis of cryo-TEM images (Table 1 and Fig. 1). The
contamination appearing as small particles in cryo-TEM
images is interpreted as ice, Fig. 1b. When using the PISA
strategy for the synthesis of block copolymer based nano-
particles,*® the resulting nano-objects usually show small sizes
correlated with a controlled evolution of molar masses and low
dispersity values (Py < 1.3). However, the M, values from
DMF-SEC were in all cases higher than expected, between
217000 and 260000 g mol ™' (targeted DP~400, ca. 40000 g
mol™), even if the Py values remained relatively low and
around 1.6 (Table 1 and ESI Fig. S47).

SEC analyses performed in this study are based on the con-
ventional calibration method using homopolymer standards
and thus give relative molar mass values. Nevertheless, the
large discrepancies between the theoretically calculated molar
masses and those determined by SEC suggest that fewer
PDMAPMA chains than anticipated were active in the chain
extension step. Besides, dispersity values were relatively large
for the final block copolymers (>1.5). Indeed, residual
PDMAPMA chains were found in the final synthesised latexes,
as shown by the small peak in the lower molar mass regions
around 5000 g mol™" in DMF-SEC analysis of a dried sample of
PBA latex (ESI Fig. S51). In order to remove PDMAPMA homo-
polymer chains, an efficient work-up protocol based on succes-
sive centrifugations was developed (ESI Table S4 and Fig. S6-
S87). The work-up did not affect the sizes of the latex particles
but was found to increase the dispersion stability by increasing
zeta potential (ESI, Table S2}). The work-up protocol was
applied to all latexes unless otherwise stated. The NMR ana-
lysis of the supernatant from centrifugation showed an incor-
poration efficiency of the macroRAFT in the crude latexes of
ca. 70-80% independent of the monomer type (BA or MMA)
(ESI Table S4f). This affects the final molar mass of the
PMMA-, P(BA-co-MMA)- and PBA-block with factors 1.3-1.4
(57 000-80 000 g mol™"), which is still much lower than the
values obtained by SEC. One explanation to the deviating SEC
results could be the amphiphilic nature of the copolymer,
giving rise to overestimated values from the applied calibration
curve. Comparing these data sets to previous studies using
PDMAEMA-based macroRAFT agents,*"** it can also be
explained by the cationic charge of the macroRAFT (both
PDMAEMA and PDMAPMA), which seems to disturb the
addition-fragmentation steps in water due to electrostatic
repulsion between the polymer chains. The subsequent self-
assembly process would thus also be disturbed, explaining
why the molar masses were higher than targeted and the pres-
ence of residual PDMAPMA chains in water. As this study
aimed at producing narrowly size-distributed nano-objects by
PISA, a full mechanistic understanding of this system was not
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further investigated, but the considerations mentioned above
are worth to be pointed out.

In order to evaluate the specific use of PDMAPMA in
macroRAFT-mediated emulsion polymerisation and how it
affects the characteristics of the final latexes, two reference
latexes without PDMAPMA were produced for the PMMA
system (ESI Tables S1 and S37). For latex PMMA iz, only AIBA
and MMA were used in water. For latex PMMAgrac a cationic
surfactant, CTAC, was also used. As expected, the particle size
was significantly smaller with surfactant than without (60 nm
compared to 300 nm). For both latexes, no control over the
MMA polymerisation (Dy 2.5-3.0 in DMF SEC) was observed,
as expected, while fairly narrow particle size distributions (PdI
< 0.07) were obtained. However, the PDMAPMA decorated
latexes re-dispersed readily after drying, which was not poss-
ible with the reference PMMA particles. The use of PDMAPMA
as macroRAFT results in the formation of very stable latexes
(high zeta potential and latex stable during centrifugation
cycles), shown by PMMAr,5, latex being able to re-disperse in
water, even after drying at room temperature (ESI Fig. S77).
This property emanates from the covalent anchoring of the
PDMAPMA chains to the particle surface via the expected
chain extension.

Ty's for the latexes show a good correlation with previously
reported values for homopolymers PMMA (120 °C)**®* and
PBA (—40 °C),** and the measured T, of the copolymer P(BA-
co-MMA) (3 °C) was in good agreement with Ty-values calcu-
lated using the Fox equation.®*

Adsorption dynamics and properties on silica surfaces

The adsorption and interactions of the different PDMAPMA-
stabilised latexes with silica surfaces were studied in situ with
QCM-D and ex situ. First, a solution containing only
PDMAPMA macroRAFT chains was analysed with QCM-D,
resulting in a shift of 2 Hz and 0.3 mg m™> according to the
Sauerbrey model (eqn (2)), ESI Fig. S3.f QCM-D was then used
to investigate the adsorption dynamics and the adsorbed
amount of the corresponding PDMAPMA-stabilised latexes,
and to establish adsorption data for silica surfaces, before the
colloidal probe measurements. Latexes having PDMAPMA in
the corona exhibit significant adsorption onto silica surfaces,
as shown in Fig. 2. However, it is noteworthy that it is crucial
to remove the main part of the homopolymer of PDMAPMA
since they otherwise hinder the latex adsorption, ESI Fig. S8t
(QCM-D analysis after work-up protocol).

The three major differences between the latexes
(PMMArg120, P(BA-cO-MMA)r,3 and PBAr, 4) are the hydrodyn-
amic volume, their charge density and the T, of the core
polymer. Similarly to the first PDMAEMA-stabilised
systems,*"** the reported PDMAPMA-stabilised latexes also
show diffusion controlled kinetics of adsorption affected by
the size, where smaller size gives faster adsorption, inset in
Fig. 2i. From the adsorption patterns and difference between
the latexes shown by QCM-D, T, and size seem to contribute
the most, the influence of charge density being less pro-
nounced since no linear trend can be observed between the
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Fig. 2 QCM-D results for change in (a) frequency (left) and (b) dissipation (right), adsorption of the different latexes (0.1 g L™) on silica surfaces:
PMMArg120 (light blue), P(BA-co-MMA)14s (pink) and PBAry_40 (purple). Latex dispersed in either Milli-Q (solid lines) or in 10 mM NaCl as supporting
electrolyte (dashed lines). Inset (i) shows the adsorption kinetics during the first minutes (0—5 minutes) of the adsorption measurements in Milli-Q

water.

three latexes. To further investigate the polyelectrolyte pro-
perties of the PDMAPMA corona, salt (10 mM NaCl) was
added resulting in increased adsorption above 70 Hz for all
three latexes, see dashed lines in Fig. 2, in agreement with the-
ories of polyelectrolyte adsorption.®>®® The corresponding
masses show that the adsorbed amounts, including immobi-
lized liquid, were 12.9 mg m™> for PMMArg150, 18.6 mg m™>
for P(BA-co-MMA)ye; and 20.3 mg m~ for PBAr, 49 latex. Using
QCM-D, it is also possible to monitor the change in the dissi-
pation of the layer (eqn (3)) during adsorption, as shown in
Fig. 2b. The dissipation of the latex layer was lowest for the
PBArg.40 latex and highest for PMMAqy,, latex, correlating the
layer change in dissipation with the T, of the core. The

10.0um

b)

x5.00k SE(M)

$4800 1.0kV 7.6mm

PBArg.40 and P(BA-co-MMA)r,; latexes give more stiff layer than
PMMArg1,, thus corroborating with previous studies for softer
PBMA latex (T, 30 ©°C) compared with PMMA latex (T
128 °C).>! The layers of adsorbed PBAr,.4 latex and P(BA-co-
MMA)r,; latex give rise to comparable frequency shift using
salt, but PBArg_4 results in lower dissipation. The stiffer layer
could be explained by the structural and viscoelastic difference
between the different latexes, correlating to the T, of the core.
Possibly, the PBAr,.4o can adsorb flatter on the surface turning
the spherical shape into a more ellipsoidal shape. This would
effectively expose more polyelectrolyte chains to the surface,
neutralizing more surface charges and releasing counter-ions,
see the proposed schematic difference in Fig. 3, thus giving

Wet state interaction ©
PM MATg 120

P(BA-co-MMA)y, 5

Debye length

V 7.8mm x5.00k SE(M)

Fig. 3 SEM images of QCM-D crystals covered with latexes (0.1 g L™, Milli-Q); (a) PMMArg120, (b) P(BA-co-MMA)+rg3 and (d) PBAtg_s0, (c) shows a
schematic illustration of particles attached to the silica surface in wet state, prior to drying, adding also scaling estimate of Debye length in Milli-Q

water and.
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rise to a stiffer layer onto the crystal, as observed in QCM-D
data.

There is a large frequency shifts when rinsing with Milli-Q
water, as observed around 50 min. It is probably related to de-
sorption of latexes or change in the properties of the adsorbed
layer, i.e., conformational change, of the adsorbed layer. The
results clearly show that the adsorption of latex is higher in
the presence of salt and that it is possible to form monolayers
for all latexes as observed by SEM, Fig. 3 and 4.

SEM was used to analyse the surfaces after adsorption of
latexes both in situ during QCM-D measurements and ex situ
on silica wafers. The surface coverage, Fig. 3, of adsorbed
latexes from Milli-Q water is relatively low compared to the
theoretical surface coverage of charged spheres which is
around 50%.%” The SEM images also show accordingly with
QCM-D that the different latexes adsorb to a different extent.
Drying treatment and the T, of the core affect the nano-
structures formed on silica, resulting in deformation and
larger sizes of the spherical objects for P(BA-co-MMA)rg; and
PBAr, 40 latexes when dried, compared with DLS and cryo-TEM
in the wet state. The above phenomenon was also shown by
Granier et al. using high-resolution imaging AFM for latex par-
ticles on inorganic surfaces.®®

The surfaces were annealed at 140 °C for 3 h to investigate
how particle morphology and film formation change upon
temperature. No apparent changes were observed for the two
low T, latexes, but some visual difference appears before and
after heat treatment for the PMMAry,,, latex, Fig. 4a and c,
comparing the contrast of the latex spheres (see inset in
Fig. 4a and c). However, clearly no coalescence and film
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forming occur. PDMAPMA-stabilised latexes, visualized when
using PMMA in the core, are shown to be more structurally
stable upon drying and annealing, no coalescence, compared
with the PDMAEMA-stabilised latexes in previous studies.*'**
The T, of 144 °C for the macroRAFT PDMAPMA compared to
18 °C for PDMAEMA®’ is one contributing factor to the particle
stability. This corroborates previously discussed re-dispersibil-
ity of PMMAr, ;5 after drying in room temperature (ESI
Fig. S71), a property not seen for PDMAEMA-stabilised.
However, the thermal stability of the PDMAPMA corona is not
enough to prevent the low Ty, latexes from the film forming or
deforming upon drying already at room temperature, which is
shown by the observed clusters Fig. 4b and d.

Adsorption dynamics and properties of latexes on CNF surfaces

With the objective to utilize the latexes for modification of cell-
ulose fibres/nanofibrils for subsequent applications in nano-
composites, their adsorption onto cellulose nanofibril (CNF)
surfaces was also investigated using QCM-D. Some important
parameters to consider when comparing the adsorption of
latexes onto different surfaces, such as silica or CNFs, are;
roughness, charge density, sensitivity towards salt addition
and pH. A model surface of CNF has a charge density of
around 600 peq g~' and should be considered as a more
swollen three-dimensional layer compared to the smoother
and more two-dimensional silica surface, even though it is
well established that silica surfaces also have gel-like pro-
perties.”® Since the adsorption onto silica was found to be
more pronounced in 10 mM NacCl, the same conditions were
used for latex adsorption onto CNF surfaces. The results are

10.0um S4

b)

Fig. 4 SEM images of QCM-D crystals covered with latexes (0.1 g L™%, 10 mM NaCl); (a) PMMArg120, (b) P(BA-co-MMA)+gz, (c) PMMArg150 (annealed
at 140 °C for 3 h) (d) PBAr4.40. The insets in (a) and (c) are for the same surfaces but at higher magnification 25k and 50k, respectively and scale bar

show 150 nm.
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summarised in Fig. 5 and it was observed that the normalised
frequency shift (Fig. 5a) is significantly larger for CNF than for
silica. The inset in Fig. 5a shows similar adsorption kinetics as
for the silica surfaces, which means that the initial adsorption
dynamics are controlled by particle diffusion. For the CNF-sur-
faces, all latexes show a normalised change in frequency above
200 Hz, compared with silica surfaces which all had a shift
that did not exceed 125 Hz, most probably due to a higher
surface charge density of the CNF layer.

Another reason for the larger adsorption onto CNF com-
pared with silica could be the higher surface roughness of the
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swollen CNF layer, resulting in a larger available surface area.
This latter effect is shown by the different adsorption patterns
of the latex on the CNF surfaces, Fig. 6, comparing for
example, the patterns created for PBAqg 4, on CNF surfaces in
Fig. 6¢ and silica surfaces in Fig. 6d. This is especially appar-
ent for the two latexes with the lower T,. The larger surface
coverage for the latexes on the CNF surfaces corroborates with
the larger frequency shift, Fig. 5, for the CNF surfaces,
especially for the lower T, latexes.

The surfaces of the CNF and the formed latex layers on the
QCM-D crystals were analysed with CAM and resulted in the

b)

100
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a
1

Dissipation 3 overtone (*10°)
B 8

T
0 50 100 150
Time (min)

Fig. 5 A summary of the QCM-D results as a change in (a) frequency (left) and (b) dissipation (right), adsorption of the different latexes (0.1 g L%,
10 mM NaCl) on CNF surfaces; PMMArg;50 (teal), P(BA-co-MMA)rgs (pink) and PBArq 40 (purple). Inset (i) shows the adsorption kinetics (ca.

40-50 min).

Fig. 6 SEM images of QCM-D crystals covered with latexes (0.1 g L%, 10 mM NaCl); (a) PMMArg120, (b) P(BA-co-MMA)rgs, (c) PBArg.40 adsorbed on

CNF surfaces and (d) PBAr4.40 adsorbed on silica surface for comparison.
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following contact angles (CA) for Milli-Q water on the surfaces;
44° for PMMArgqz0, 93° for P(BA-co-MMA)re; and 85° for
PBAqg.4 respectively, before heat treatment. The reason why
the PMMAr,,,, surface showed as low contact angle as 44° is
probably due to the PMMAq,15, latex maintaining its spherical
shape with no hydrophobic core polymer being exposed to the
water droplet, without heat treatment.

Adsorption of the latexes was also performed ex situ on
silica wafers for comparison. The CAM analysis showed similar
values as in situ QCM-D crystals before annealing, ESI Fig. S11
and Table S5.f A complete coalescence was detected after
extensive annealing at 160 °C for 10 h, resulting in a more
hydrophobic surface even for PMMAqrgi5o layer (CA of 62°
which is closer to the reported reference value for PMMA films
of 68 °C (ref. 71)). To achieve accurate reference CA values for
the latexes, they were also cast onto clean microscopy slides,
without annealing, and analysed with CAM, as shown in ESI
Fig. S16 and Table S7.f The results show that the P(BA-co-
MMA)re; and the PBArg.40 had contact angles of 92° and 99°
respectively, whereas the PMMAr,15, latex shows a CA close to
0° and more spreading of the water droplet than on the refer-
ence glass, which is in agreement with the Wentzel-equation
for spreading of water droplets on surfaces showing contact
angles below 90°.”>

Adsorption of latexes onto filter papers

Filter papers were used to investigate the adsorption of the
latexes onto a cellulose surface with a low charge density and
large roughness. As for the previously reported cationic
PDMAEMA-stabilised latexes,”> PDMAPMA-stabilised latex
adsorbs readily on the rough fibre surfaces of the filter paper.
Latex dispersed in 10 mM NacCl resulted in a higher surface

View Article Online

Paper

coverage same as for the model surfaces (CNF and Silica),
shown by the SEM images in Fig. 7 and FTIR analysis (ESI
Fig. S177). Similar to the adsorption of the latex onto CNF and
silica substrates, the filter papers modified with PBAg, 4 and
P(BA-co-MMA)r,; latexes were hydrophobic (i.e. CA higher than
90°) after drying at room temperature, while the paper modi-
fied with PMMAqgi5, was hydrophilic prior to annealing,
Fig. 8(i)-(iii) and ESI Table S8.1

The CAs of about 112° for P(BA-c0o-MMA)r,; latex and 136°
for PBAr,4 latex, indicate that the particles coalesce to form
films on the surface of the fibres. The filter papers are micro-
scopically rough, why the resulting CAs can be exaggerated,
both due to the roughness per se but also due to the existence
of what is termed re-entrant surfaces.”® The CA’s produced on
the smoother microscopy glass (ESI Table S7t), also without
any heat treatment, is in relatively good agreement with the
paper surfaces, Fig. 7. Annealing for 3 h at 140 °C was insuffi-
cient for PMMAqg,50 to form a film on the fibres, why no
change in contact angle was observed for the two surfaces
shown in Fig. 7(i) and (iv). This was not the case for reference
PMMAcrac, resulting in a hydrophobic filter paper with CA
>90° already after annealing for 3 h at 140 °C (Fig. 8 and ESI
Table S8t) and further highlights the effect of the stabilizing
PDMAPMA-corona of the PMMAqr,5, latex. Not until the
annealing was performed at 160 °C for 10 h, the PMMAqg5,
finally resulted in CAs above 90° as a consequence of coales-
cing particles, Fig. 8 and ESI Table S8.}

Chevalier et al. have reported a similar, increased structural
stability against thermal treatment for grafted P(BA-co-styrene)
latex having a polymeric corona.”* The surfactant-stabilised
PMMAcrac latex also resulted in lower surface coverage on the
filter paper, compared to the PDMAPMA-stabilised latexes, as

Fig. 7 SEM images of filter papers covered with latexes (0.1 g L™, 10 mM NaCl); (a) PMMA+g120, (b) P(BA-co-MMA)143, (c) water CA measurements
prior to annealing (i) PMMAqrg;20 (ii) P(BA-co-MMA)+g3 and (iii) PBArg_40. Inset (iv) filter paper with PMMAg;,0 after annealing at 140 °C for 3 h and (d)

PBATg_40.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 SEM images of filter papers covered with latexes (0.1 g L%, 10 mM NaCl); (a) PMMAqg150 after annealing at 160 °C for 10 h, (b) PMMActac
reference latex at room temperature without heat treatment. The CAs are measured after (i) annealing for 10 h at 160 °C and (ii) annealing for 3 h at

140 °C.

observed in Fig. §(b) together with a lower relative intensity for
the carbonyl peak in PMMA at 1730 cm™" as assessed by FTIR,
ESI Fig. S17.+

Measuring wet adhesion between silica surfaces treated with
latexes using the AFM colloidal probe technique

Atomic force microscopy (AFM) colloidal probe was used to
investigate how the different T,’s (—40, 3 and 120 °C) of the
core polymers in the PDMAPMA-stabilized latexes affect the

wet state adhesion between treated silica surfaces. AFM
images of the coated dried silica surfaces were recorded to
image the coverage of silica surface (Fig. 92, h and i) and were
found to be in good agreement with the SEM images, where
the PMMAr,50 remains spherical on the surface while the
P(BA-co-MMA)r,; particles collapse slightly and the PBAqg.4
particles coalesce into a rather smooth film. When using the
AFM colloidal probe technique, it is possible to alter the
stiffness of the cantilever to investigate the effect from
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Fig. 9 AFM colloidal probe wet-adhesion measurements between a latex-coated silicon probe and a latex-coated silica wafer. The bottom row
shows AFM images after drying in room temperature. The force curves from the measurements (a—f) shows (i) an approach curve (ii) separation
curves without surface delay and (iii) separation curve after 120 seconds surface delay. First row shows measurements for softer spring constants

(<1.4 N m™) and second row for stiffer spring constants (>9.5 N m™).
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different pressures forcing the latex coated surfaces into
contact. One can also alter the time of contact between the
surface and the probe, results relating to chain mobility and
relaxation of the polymeric components in the latex coatings
(similar to the macro-scale use of a hot-press). Force curves
from the colloidal probe measurements were acquired at up to
a hundred different positions, and representative approach
and retraction curves are shown in Fig. 9(a—f). More than one
curve is displayed when there were significantly different beha-
viours at different positions on the surface. The approach
curves (black) for the PMMAry,,0, Fig. 92 and d, show a step-
wise increase in the repulsive force, which suggests that the
probe move around adsorbed particles on the wet surface due
to their inherent stiffness and weaker interaction with the
silica as a result of the low contact area for each particle,
Fig. 9d. For the P(BA-co-MMA)r,; latex, Fig. 9b and e, the
approach curve is smooth and gradually becomes more repul-
sive when the particles are compressed to form a film between
the probe and the silica surface. The PBAr, 40 latex shows the
most interesting approach behaviour in Fig. 9c and f where the
probe jumps into contact from a distance of 100-150 nm. This
suggests that it is highly favourable for surfaces coated with
this latex to form a contact zone in order to avoid an interface
against water. The observation further corroborates that these
latexes form hydrophobic surfaces (CAM) and form stiff layers
(QCM-D), Fig. 2, 5 and ESI Fig. $11-516.F

The separation curves for the stiffest latex PMMAryq50 indi-
cate very little interaction during separation demonstrating
that essentially no coalescence occurs during contact between
the probe and the silica wafer. The possible reason may be due
to the repulsive properties of the cationic PDMAPMA-corona in
the wet state but is most likely due to the experienced rigidity
of the PMMAr50, shown when comparing to the other latexes
with lower T,. The T, of the core polymer can be lowered by
water, previously shown to change as much as 20 °C when
saturated (1.92 g H,O per 100 g PMMA),”> however, this effect
was clearly not sufficient for coalescence. Lowering of the T, of
the core, to below room temperature, largely increases the
interaction between the coated probe and the coated silica
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-
0
o
T
1
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surface, ie., the two latex layers. The P(BA-co-MMA)r.; latex
showed both longer interaction distances, above 2 um, and
force values above 200 mN m™", with 120 s surface delay time,
Fig. 9b and d. The force curves from the stiffer cantilever indi-
cate a significant pressure sensitivity. It is also important to
highlight the step-wise detachment where the force remains
constant over hundreds of nm until sufficient force is gener-
ated to pull-off the probe from the surface. We suggest that
coalesced particles and particle clusters at the edge of the
contact zone are responsible for the step-wise separation when
they release “one by one” as the distance between the probe
and the surface increases. Similar behaviour was described for
interacting polymer chains of cationic PDMAEMA in a PDMS
matrix, analysed with an anionic probe, giving rise to step-wise
separation.’® Lowering the T, of the core further, the PBAp, 40
reached separation distances of almost 3 pm and force values
above 150 mN m™" for the stiffest cantilever with 120 s surface
delay time. For the softer cantilever, there was no significant
difference between no surface delay and 120 s delay, which
indicates that the polymers in the core can re-arrange rapidly
due to high chain mobility to form strong adhesive joints in
the wet state. PBAg 40 with a diameter of 76 nm showed the
ability to form a film that retains adhesive contact up to 3 pm
of separation, which can be translated to around 3800%
elongation-at-break. The P(BA-co-MMA)r,; latex shows similar
properties, and it appears that a T, closer to room temperature
provides suitable viscoelasticity to form impressive adhesive
strength in the wet state. The considerable mobility of the
chains for PBAg,.40 will not result in strong adhesive contact,
comparing to the higher T, latex, (BA-co-MMA )3, which show
larger extent of non-reversible chain relaxation and strong
adhesive contact, corroborating results from adhesion
measurements performed on thin PBMA surfaces at different
temperatures above and below T, of PBMA.”®

The average pull-off force (peak value) and the work of
adhesion (area under the graph) can be calculated from the
AFM colloidal probe measurements, Fig. 10. It can be observed
that the pull-off force and work of adhesion increased after
120 s delay time for both the P(BA-co-MMA)r,; and the

o
%

B soft cantilever b)
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- [ stiff cantilever = e
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1 1 1

Work of adhesion (pJ)
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Fig. 10 AFM colloidal probe wet-adhesion measurements calculated as (a) pull-off force and (b) work of adhesion. Measurements correspond to
latex-coated silicon probes and latex-coated wafers (1 h, 10 g L™, 10 mM NaCl). Softer spring constants (<1.4 N m~) and stiffer spring constants

(>9.5 N m™) are used. Error bars showing 95% confidence intervals.
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PBAqg 4 latex. The resulting larger pull-off force, especially for
the stiffer cantilevers, shows that the polymer chains in the
particles require sufficient time to inter-diffuse between adja-
cent particles and disentangle at a low enough rate to give
high adhesive interactions. If the polymers are too mobile,
they will inter-diffuse but disentangle too quickly and thus
result in a weak adhesive interaction, as observed when com-
paring P(BA-cO-MMA)r; latex to the PBAr,.4 latex in Fig. 10.7°

The low work of adhesion observed for the PMMAr,5, latex
is in accordance with the previous discussion on the PMMA
rigidity and absence of film formation for this type of latex at
around room temperature due to the small chain mobility.

Previously investigated polymeric systems such as multi-
layers of hyaluronic acid and poly(allylamine hydrochloride)
(PAH) obtained by a layer-by-layer technique resulted in pull-
off forces up to 15 mN m™',”” without delay times. In this
study, a monolayer of P(BA-co-MMA)r,; latex results in a nearly
6 times larger pull-off force, approaching 100 mN m™.
Another reported layer-by-layer assembly, using tri-block copo-
lymer micelles, reach values as high as 180 mN m™ without
delay times (compared to 100 mN m™" for (P(BA-co-MMA)ry;
latex). However, the work of adhesion reported herein is
almost one magnitude higher for the (P(BA-co-MMA)r,; latex
than for the tri-block copolymer system, above 0.1 pJ without
delay.”® Fantner et al. showed that the work of adhesion of col-
lagen in bone was around 0.005 pJ (ref. 79) again, significantly
lower than the herein reported values of 0.1 pJ for both P(BA-
€0-MMA) 13 and PBArg.40.

The strongest wet adhesion is achieved with a strongly-
bonding cationic corona to adhere to the supporting surfaces
and a “soft enough” core polymer, such as P(BA-co-MMA)rg;
latex, that allows for inter-particle diffusion of chains, due to
coalescence, in water and at the same time stiff enough to
show strong mechanical properties at room temperature.
When the T, in the core is lower, PBAr, 4 latex, the strength of
the formed film is not sufficient to withstand as much pull-off
force before failure.

Conclusions

A polyelectrolyte PDMAPMA macroRAFT was efficiently used in
surfactant-free emulsion polymerisation for the formation of
latexes with particle core of tailored T,'s (=40, 3 and 120 °C).
These latexes adsorb readily onto both silica and CNF surfaces,
as shown by QCM-D measurements, and to cellulose filter
papers. The two lowest T, latexes give rise to hydrophobic sur-
faces already after drying at room temperature while the high
T, latex results in a hydrophilic surface. The surface inter-
actions between latex and treated surfaces show evident
benefits from having a polyelectrolyte corona. Increasing salt
concentration resulted in increased adsorbed mass and cover-
age of both silica and CNF surfaces. This was demonstrated
with QCM-D and SEM, and also shown on cellulose filter
paper using FTIR and SEM analyses. The PMMAqg,, latex
maintains its spherical shape until extensive annealing at

4300 | Nanoscale, 2019, 11, 4287-4302
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160 °C for more than 3 h whereas the lower T, latexes deform
and film form at room temperature. The effect of using a poly-
electrolyte corona (PDMAPMA) and particle cores of different
T, was investigated by colloidal probe measurements in AFM.
The P(BA-co-MMA)r,; latex showed very strong wet adhesion,
due to an optimal combination of coalescence under pressure
and polymer entanglement and disentanglement. The promis-
ing wet state interactions are assigned to the tailored combi-
nation of using cellulose-interacting polyelectrolyte PDMAPMA
with the core polymer of T, of around 3 °C. The strong adsorp-
tion to cellulose and the wet adhesion properties establish
these PISA-latexes as very promising tools for the production
of strong and tough materials with high nanocellulose
content, easily formed by mixing of water dispersions.
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