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ABSTRACT

The distribution of hydrophilic species, such as surfactants, in latex films is of critical importance
for the performance of adhesives, coatings and inks, among others. However, the evolution of this
distribution during the film formation process and in the resulting dried films remains
insufficiently elucidated. Here, we present in situ (wet) and ex situ (dry) SANS experiments that
follow the film formation of two types of latex particles, which differ in their stabilizer: either a
covalently bonded poly(methacrylic acid) (PMAA) segment or a physically adsorbed surfactant
(sodium dodecyl sulfate, SDS). By fitting the experimental SANS data and combining with
gravimetry experiments, we have ascertained the hydrophilic species distribution within the drying
film and followed its evolution by correlating the size and shape of stabilizer clusters with the
drying time. The evolution of the SDS distribution over drying time is being driven by a reduction
in the interfacial free energy. However, the PMAA-based stabilizer macromolecules are restricted
by their covalent bonding to core polymer chains and hence form high surface-area disc-like phases
at the common boundary between particles and PMAA micelles. Contrary to an idealized view of
film formation, the PMAA does nof remain in the walls of a continuous honeycomb structure. The
results presented here shed new light on the nanoscale distribution of hydrophilic species in drying
and ageing latex films. We provide valuable insights into the influence of the stabilizer mobility

on the final structure of latex films.



INTRODUCTION

When colloidal polymer particles in water (also known as latex) are deposited onto a substrate to
form a film, the complex process that takes place can be divided into several steps. First, water
evaporates to bring the particles into close packing. Then, in order to reduce the interfacial free
energy and under the action of capillary pressure, particles deform to fill the gaps between them.
Finally, the boundaries between the particles disappear as a result of the polymer chain diffusion,
ideally resulting in a homogeneous film. Although extensive work has been carried out to
understand and control latex film formation,' there are aspects of the process that remain
insufficiently explored.

One poorly understood topic is the final distribution of particle stabilizers, such as
surfactants, and their evolution during the film formation process. These hydrophilic molecules
are physically adsorbed to the surface of the latex particle and therefore can migrate during film
formation, resulting in an inhomogeneous distribution throughout the dried film. Such
inhomogeneities can be detrimental to certain film properties. For example, the accumulation of
surfactant at the top of the film increases its tackiness and reduces gloss.> Adhesive properties,
such as peel strength, are strongly dependent on the surfactant type and concentration,>* and
surfactants are found at the locus of failure.> Moreover, the presence of surfactants has been found
to have a negative impact on films’ barrier properties when exposed to liquid water® or vapor.’

As a result of the relevance of this problem, many works have been devoted to the study
of the distribution of surfactant in dried latex films. Vertical profiles acquired using Rutherford
backscattering® and confocal Raman spectroscopy,”'? as well as surface measurements using
Fourier transform infra-red-attenuated total reflection (FTIR-ATR),!! have provided evidence for

an enrichment of surfactant at the top film layer when compared with the bulk. However, these



techniques do not usually provide information about the size and morphology of the surfactant
aggregates. At a local scale, they have been observed using confocal Raman spectroscopy,'?
atomic force microscopy (AFM)!? and transmission electron microscopy (TEM)'4. To obtain
representative information of the overall film, it is best to employ scattering techniques, which in
transmission can provide information over areas on the order of mm? and throughout the whole
thickness of the film under study. In addition, scattering can be used to follow in situ formation of
the latex film. Hu et al. used small-angle X-ray scattering (SAXS) to monitor the first two stages
of latex film formation, i.e. water evaporation/particle packing and particle deformation." In
another work by the same group, they followed the annealing process, identifying a percolating
cellular structure that they attributed to emulsifier and salts located at the outer layer of the
particles. As the annealing temperature increased, cell wall disruption started to take place,
eventually leading to expulsion of emulsifier and salts and agglomeration in clusters.!® In a later
work on annealed latex films, Chen ef al.'” proposed a sphere model to describe the surfactant
aggregates. However, this representation did not fit adequately the data in the range of low
scattering vector, ¢, indicating that a more complete model is needed for describing the different
(nano)structures present in latex films.

The use of contrast variation in small-angle neutron scattering (SANS) allows changing
the contrast of different components of the ensemble through deuteration. In particular it has been
proved very useful to increase the contrast of the surfactant, allowing researchers to ascertain its
distribution in latex films. Joanicot et al.'® performed SANS experiments on dried films made from
latex with a hydrophilic poly(acrylic acid) (PAA) shell, which led to a cellular structure. After they
annealed the films at different temperatures and then rehydrated with D20, they found that the cell

walls become fragmented as the annealing temperature increases above the PAA glass transition



temperature. The shells were expelled and formed aggregates within the polymer matrix. When
monitoring the formation of partially dried films containing deuterated surfactants, Belaroui et al.
likewise detected the disappearance of the cellular structure, which they interpreted as surfactant
desorption.!” Nevertheless, their analysis does not provide information about the distribution of
surfactant after the cellular structure disruption.

To avoid the deleterious effects of surfactants on the final film properties, different
synthesis strategies to produce surfactant-free latex particles have been proposed, including the
use of polymerizable surfactants.?>?! One of the most recent and successful approaches relies on
polymerization-induced self-assembly (PISA), associated with reversible addition-fragmentation
chain transfer (RAFT) to mediate emulsion polymerization.?>* In this approach, well-defined
hydrophilic polymers synthesized by RAFT (macroRAFT) carrying a reactive chain-end are used
for the polymerization of hydrophobic monomers in water to produce in sifu amphiphilic block
copolymers able to act as stabilizers. We recently reported the synthesis of latex particles inspired
by this method and minimized the amount of hydrophilic macroRAFT down to 1 wt.%.%>2¢ In a
subsequent publication, we also proved that films made from poly(methyl methacrylate-co-n-butyl
acrylate) particles stabilized by poly(methacrylic acid) (PMAA) chains have better water barrier
properties when compared with films obtained from particles with the same monomer composition
but stabilized by charges coming from methacrylic acid introduced as a comonomer.?” This stands
as strong evidence for considering the bonding and mobility of the particle stabilizers to be key in
the development of their final distribution in the dried film, which then determines the final
properties. In an idealized view of film formation from core-shell particles, the shell creates the
walls of a percolating honeycomb structure in the final film.! Surprisingly, the internal structure

of films made from this new type of surfactant-free particle has not been explored in detail yet.



The exception is a SAXS study by Chenal et al., which showed how the cellular structure created
by particles of self-assembled amphiphilic block copolymers undergoes a phase inversion into
isolated domains upon annealing.?® A key question is whether the hydrophilic macroRAFT particle
stabilizers will create a percolating honeycomb-like structure upon film formation.

Here, we have performed in situ SANS experiments to follow the latex film formation of
two types of latex particles. For that purpose, deuterated PMAA (d-PMAA) macroRAFT was first
synthesized and used to mediate the emulsion copolymerization of n-butyl acrylate (BA) and
methyl methacrylate (MMA). The stabilizer in this case is the in situ formed d-PMAA-b-P(BA-
co-MMA) amphiphilic block copolymers thus covalently anchored to the core polymer chains. A
similar latex was also produced using deuterated SDS (d-SDS) that is only physically adsorbed on
the final particles, and thus expected to have a larger degree of mobility when compared with the
d-PMAA chains in the self-stabilized latex. For these two latexes, we present a thorough study of
the structural evolution that takes place during all stages of the film formation process (both wet
and dry films), providing quantitative information about the morphology of the stabilizer
aggregates. We propose a model to fit the experimental results in a more complete way than
presented in previous studies on similar systems. This work provides valuable insights into the
influence of the stabilizer mobility on the final structure of latex films and, by extension, on their

properties.

EXPERIMENTAL

Materials.
n-Butyl acrylate (BA, Acros Organics, 99%), methyl methacrylate (MMA, Acros Organics, 99%),

methacrylic acid-ds (d-MAA, Polymer Source, > 98 atom % D), sodium dodecyl-d2s sulfate (d-



SDS, Aldrich, > 98 atom % D, > 98%) and ammonium persulfate (APS, Acros Organics, 98%)

were used as received. Water was deionized before use (Purelab Classic UV, ElgalLab Water).

Syntheses of deuterated latexes. In order to investigate the evolution of the stabilizer distribution
during film formation and to correlate it with the enhanced water barrier properties that a less
mobile stabilizer provides,”’ two deuterated latexes were synthesized using stabilizers with
different degrees of mobility. The first one was a self-stabilized latex (dIPMAA), obtained from
macroRAFT-mediated emulsion polymerization as reported elsewhere,?® which leads to particles
stabilized with deuterated PMAA chains (d-PMAA) that are covalently bonded to the core. The
second latex (dSDS) was synthesized via conventional emulsion polymerization using deuterated
SDS (d-SDS) as a stabilizer. The stabilizers in both materials were deuterated to increase the
contrast with the polymer matrix and follow their structural evolution during the drying process
using small-angle neutron scattering (SANS). The procedures of the latex syntheses are presented

below and their characteristics are listed in Table 1.

Procedure for the emulsion copolymerizations of BA and MMA mediated by hydrophilic
deuterated PMAA macroRAFT agent (APMAA). The deuterated PMAA macroRAFT agent (d-
PMAA, My = 2600 g mol!, D = 1.12) was synthesized using deuterated methacrylic acid as
described in the literature.?>*° The aqueous macroRAFT agent solution was used in the following
without further purification. The emulsion polymerization mediated by hydrophilic d-PMAA
macroRAFT was performed at 70 °C in a 100 mL reactor equipped with a condenser and an
anchor-blade stirrer. APS (8.1 mg, 3.57 x 10 mol) was added to a solution of previously
synthesized d-PMAA macroRAFT agent (9.7 wt% aqueous solution, 1.05 wt% of d-PMAA based

on monomer, bom). Water content was adjusted so that the solids content of the final latex T was

~40 wt% (with T = (mo (BA) + mo (MMA)) / mo (latex)). The pH of this solution was adjusted to



7 with a 1 mol L' NaOH aqueous solution. BA (7.2 g, 5.62 x 102 mol, 60 wt% bom) and MMA
(4.8 g, 4.80 x 1072 mol, 40 wt% bom) were added and the resulting mixture was degassed for 30
min under nitrogen. The polymerization was stopped after 6 h of stirring and a conversion of 100%

was determined by gravimetry (see Supporting Information).

Procedure for the conventional emulsion copolymerizations of BA and MMA in the presence
of deuterated SDS (dSDS). dSDS was performed at 70 °C in a 250 mL reactor equipped with a
condenser and an anchor-blade stirrer. APS (12.5 mg, 5.48 x 107> mol) and deuterated SDS (200.0
mg, 6.38 x 107* mol) were diluted in water (27.4 g). The pH of this aqueous solution was adjusted
to 7 with 1 mol L 'and 0.1 mol L™! NaOH aqueous solutions. BA (11.0 g, 8.61 x 102 mol, 60 wt%
bom) and MMA (7.4 g, 7.35 x 1072 mol, 40 wt% bom) were added and the resulting mixture was
degassed for 30 min under nitrogen. The polymerization was stopped after 4 h of stirring and a

conversion of 100% was determined by gravimetry.

Table 1. Emulsion Copolymerizations of n-Butyl Acrylate (BA) and Methyl Methacrylate (MMA)
Mediated by Hydrophilic Deuterated PMAA (d-PMAA) MacroRAFT Agent or in the presence of
Deuterated SDS (d-SDS).

e
Wt.% t Conve ga  C0adT D(nmi Ll

Latex =~ Monomers? (wt.% Poly

ilizer® (h % .9 g °
stabilizer (h) (%) (wt.%) ) value' °C)
BA/MMA 1.05 (d- -22.5/
dPMAA (60/40) PMAAY) 6.0 100 40.7 0.25 193/0.02 6.7 6.9
BA/MMA 1.09 (d- i
dSDS (60/40) SDS) 4.0 100 40.0 90/0.05 3.7 2.9

All the experiments were performed at 70 °C, using 2 mmol L. of ammonium persulfate (APS). The pH was initially adjusted to 7 by addition
of a1 M and 0.1 M NaOH solutions. @ Composition of the initial mixture of hydrophobic monomers. Weight fractions are given in brackets. ® With
respect to the monomers. ¢ Determined by gravimetry. ¢ Solids content t (%) = (Mo + Mo.stasitizer) / Mo-totals With mom = Mo.sa + Mo.vma aNd Mo_sgabitizer
= Mo-a-pmaa OF Mogsps® ON the basis of the total latex mass. "D, is the z-average particle diameter and Poly value the dispersity factor determined
by dynamic light scattering. 9 Final pH of the latex. " Glass transition temperature measured at the midpoint, at 20 °C mint. The dPMAA sample
presents two glass transition temperatures. ' My a.pmaa = 2600 g mol™ P = 1.12, determined by MALDI-TOF. It was not possible to determine the
amount of coagulum because of the too high viscosity of this latex.



Water loss measurements. The water loss process of dAPMAA and dSDS samples was recorded
using a digital balance (Sartorius Entris2241-1S) with a resolution of 0.1 mg, which was interfaced
with a personal computer to register the readings via the SartoCollect software. 400 pL of
dispersion was cast with a micropipette on quartz substrates (25.4 mm X 25.4 mm % 1 mm) and
left to dry in a temperature-controlled room at 21 °C and a relative humidity of approximately
50%. The mass of the drying films was recorded every 30 s until there was no significant change
in the value. Film thicknesses at different drying times were calculated using the mass obtained by
gravimetry at a specific time and the quartz substrate dimensions. The latex films had thicknesses
which varied from typically 500 microns in the initial wet state to 200 microns in the final dry
state.

Small-angle neutron scattering (SANS). Neutron scattering experiments were performed at the
SANS2D instrument at the ISIS Neutron and Muon Source (Rutherford Appleton Laboratory,
Didcot, U.K.). A simultaneous g-range of 0.0015 — 0.25 A-! was achieved utilizing an incident
wavelength of 1.75 — 12.5 A and employing an instrument set up of L1 (sample to detector
distance) = L2 (collimation length) = 12m, with a 1m? detector offset vertically 60 mm and

sideways 100 mm. qis defined as the modulus of the scattering vector g:

4nsing
=77

where 0 is the scattered angle and A is the incident neutron wavelength. The beam diameter was 8
mm. Each raw scattering data set was corrected for the detector efficiencies, sample transmission
and background scattering and converted to scattering cross-section data (0X/0Q versus q) using
instrument-specific software.’! These data were placed on an absolute scale (cm™) using the

scattering from a standard sample (a solid blend of hydrogenous and perdeuterated polystyrene) in



accordance with established procedures.’? The initial latex dispersions were measured as a
reference in Hellma quartz banjo cells of 1 mm path length.

In Situ Experiments. Wet latex films were cast on quartz substrates (25.4 mm x 25.4 mm x 1 mm)
following the same procedure as used in the water loss measurements. When the film was dry
enough to stay vertical without flowing (typically a solids content of ca. 50 wt.% or more), it was
placed vertically in an aluminum sachet on the beamline and data acquisition started. The average
solids content (by mass), obtained via gravimetry, was recorded at the start of the SANS
experiment.

Ex Situ Experiments. Whereas some films were formed in sifu during SANS experiments, other
films were formed before being measured at the beamline. Some films on quartz slides were film-
formed horizontally for three days a temperature-controlled room at 21 °C and relative humidity
of 50%. Other films (film formed on quartz substrates at room temperature) were placed in an oven

(name of manufacturer, model) and annealed in air at 100 °C for 3 h and 24 h.

SANS Data Modelling. The fitting of the SANS profiles was performed using SasView.** In the
first drying stages, the latex particles were described using a hard sphere structure factor. The
scattering length density (SLD) of the sphere was calculated according to the monomer
composition (0.82 x 10 A-2), whereas the SLD of the solvent was constrained between that of
H>0 (-0.56 x 10% A2) and deuterated PMAA (4.55 x 10°° A-2) or deuterated SDS (5.36 x 10 A-
2). That is, the layer of stabilizing molecules was not modelled as a separate shell on the particles
but instead as part of the surrounding medium. In the in sifu experiments, as film formation
progressed and the stabilizers accumulated in clusters, they were modelled by a combination of

spheres and oblate spheroids for the dPMAA latex and solely as oblate spheroids for the dSDS
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latex (see Supporting information for a fitting comparison between possible models). A scheme
showing the different scatterer populations included in the model is presented in Figure 1. It was
found that using oblate spheroids (lentil shapes) in the model was adequate, but other shapes, such
as prolate spheroids (rugby ball shape), were not adequate. The SLDs of these spherical or oblate
spheroidal clusters were always set between the SLD of the polymer core and the SLD of d-PMAA
or d-SDS. The scattered intensity was normalized to absolute units by dividing by the wet film

thickness at each solids content, as was calculated using the gravimetry data.

Stabilizer clusters

Latex spheres Hydrophilic Hydrophilic
oblate spheroids  spheres

-~

er e

iRh

S

Vn's, d)ls Vho, d)ho Vhs, ¢hs

Figure 1. Scheme of the different scatterers in the SANS model: latex spheres (Is), and stabilizer
clusters in the form of hydrophilic oblate spheroids (ho) (lentil shaped) and/or hydrophilic spheres
(hs). Notation for their characteristic parameters is represented beside them: total volume fraction
occupied by a certain population of scatterers (¢i), as well as radius (Ri) and volume (Vi) of a single
scatterer. For the latex spheres, the stabilizer and water are treated as the surrounding phase. Both

the polar (p) and equatorial (e) radii of the spheroids are defined.

Thereafter, the scattered intensity was modelled using the expression:

1(@) = SEFE@) - Sis(@) + S22 Fi (@) + 22 FE @ + B (1)
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where Fis, Fio, and Fis are the form factors of latex spheres, hydrophilic oblate spheroids, and
hydrophilic spheres, respectively. Likewise, @i, dro, and ¢as represent their corresponding volume
fractions, and Vis, Vo, and Vis represent the volumes of the corresponding single scatterers. Sis s
the hard sphere structure factor for the latex particles, and B the background of the measurements.

The form factor of the spheres Fi ,; representing either the latex spheres or the hydrophilic

spheres is described by the spherical Bessel function:

Sin(qRis hs)—qRis,hsCOS(qRis hs
Fisns = 3Visns(Ap) - (aRus )(qu5th)3 (4Rus,hs) @)

Vis,ns 1s the volume of the scatterer, R, 5 the radius of the sphere, and 4p the difference between
the scattering length density of the particle and that of the surrounding medium formed by the
water and stabilizer. The hard sphere structure factor Sis is calculated using the Percus-Yevick
approximation, which assumes the following interparticle potential to solve the Ornstein-Zernike
equation:

_ o r< ZRlS
0=y 28, ©)

The form factor of the hydrophilic oblate spheroids can be written as:

sin[qr(Rp,Re,a)]—-qrcos[qr(Rp,Re,a)]
[qr (Rp;Re;a)] 3

Fro = 3Vio(Lp) - 4)

and
r(Rp, R, @) = [RZsin?a + Ricos®a]'?  (5)
where R, and R. are the polar and equatorial radii along the rotational axis of the spheroids or

perpendicular to it, respectively, and o is the angle between the ellipsoid axis and the vector G. For

randomly oriented spheroids,

2 .
< Fio(q) >= fon/ Ffy(q @) sinada  (6)
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RESULTS AND DISCUSSIONS

Water loss measurements. The water loss of the two latexes upon drying was monitored to correlate
the drying time with the total solids content of the samples. Figure 2a shows the solids content of
the dPMAA and dSDS samples as a function of time. The water contained in both latexes
evaporated initially at approximately the same rate: 4.87 x 10° + 0.02 g cm™ s°! for dPMAA and
494 x 10° + 0.01 g cm? s°! for dSDS. At this stage, the loss rate is determined by the free
evaporation of water, and the measured rate is comparable to values found in the literature for pure
water at similar temperatures and relative humidities: 5 x 10°® g cm? s7!';3 and 4 x 10% g cm? s
135 After this constant rate period, the water loss slows down after ca. 9000 s until the mass reaches
a constant value indicating total drying. This falling rate of water loss has been correlated in the
literature to the water going around or through the packed polymer particles.> From our results,
the drying of the latex stabilized with the PMAA macroRAFT agent is slowed down more
significantly than the SDS-stabilized latex. It has been reported that particles with a lower glass
transition temperature (7g) show larger reductions in water loss rate because of a skin formation
phenomenon.?” Therefore, one possible explanation might be based on the differences in Tg
between both materials (Table 1). Experimental and theoretical studies have proven that water
permeability in drying latex films scales roughly with the square of the radius of the particles,
predicting a more permeable structure in the case of dPMAA 3¢ However, the significantly lower
particle size of dSDS is expected to allow more pathways for water to evaporate. The
hydrophilicity of the PMAA and its hydrogen bonding to water is likely to be greater than for SDS.
These differences might explain a total drying time of ca. 9 h for dSDS and more than 2 days for

dPMAA. Our hypothesis is that there is trapped water at particle interfaces and pockets within the

13



polymer film formed by the stabilizer (d-PMAA) distribution that remains longer than those

present in the dSDS latex film.

In situ monitoring of latex film formation. To understand the process of latex film formation and
follow the stabilizer distribution during drying, in situ small-angle neutron scattering (SANS)
experiments were carried out. In preparation, latex dispersions were cast on quartz substrates and
dried partially until they were viscous enough to be placed in a vertical position. This condition
corresponds to a solids content of 58 wt.% for dPMAA and 49 wt.% for dSDS, as indicated in the
inset of Figure 2a by red and black arrows, respectively. The lower solids content of the SDS latex
to fulfill this condition can be attributed to the higher resistance to flow (i.e. viscosity) that this
dispersion presents, possibly related to the lower particle size of this latex. The partially dried films
were positioned in an aluminum sachet and placed in the beamline for SANS data acquisition

(Figure 2b).
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Figure 2. (a) Water loss measurements: solids content as a function of time for the dSPMAA and
dSDS latexes when drying in a temperature-controlled room at 21 °C. The inset shows the times
when samples were placed in the beamline, indicated by the red ({IPMAA) and black (dSDS)
arrows. (b) SANS setup to follow in situ the latex film formation. The wet latex film is placed

vertically in an aluminum sachet and the neutron beam transmits through it to reach the detector.

SANS profiles of the initial bulk dispersions (before casting, empty black symbols) and the
partially dried films with increasing solids contents are presented in Figure 3. Best fits are also
presented as the solid lines, and all the relevant modelling parameters for the two latexes can be
found in Table 2 and Error! Reference source not found.. The initial bulk dispersion, at 40 wt.%,
of the latex stabilized with d-PMAA macroRAFT agent (IPMAA) shows clear features of
spherical scatterers whose size correlates well with that of the latex particles (Figure 3a and Table

1). The SANS profile was successfully fitted by a hard sphere model which - instead of including

15



a shell - considers a surrounding medium that is composed of the deuterated PMAA stabilizer and
water. As drying proceeds, the main peak located at ca. 4 x 103 A-! becomes narrower as a result
of the decreased particle spacing and particle packing, while the particle volume fraction increases
in this “wet state”. When the solids content reaches 68 wt.% (approximately equal to 76 vol.%,
which is only slightly above 74 vol.%, where mono-sized spheres are the most dense-packed), two
processes start to develop in parallel. In one process, packed latex particles deform to fill the empty
spaces between them. This process is driven by surface tension and capillary forces.*® As a result,
the peaks in the SANS profile shift to a lower ¢, and the average particle size and polydispersity
increase as the shape is distorted from a sphere to create a dimension larger than the initial
diameter. The onset of diffusion of polymer chains across particle boundaries leading to particle
coalescence is reached. When some particles coalesce and lose their initial spherical shape, the
volume fraction of the remaining spherical particles decreases. (This is why ¢is initially increases

during drying but then decreases for both latex types.)

In the second process, the stabilizers re-arrange themselves. The rise in intensity at low ¢ indicates
the appearance of a new population of larger-scale scatterers, which we model as deuterated
stabilizer aggregates in the shape of oblate spheroids (disc-like or lentil shaped). These clusters
presented SLDs in between that of the polymer core of the latex particles and the SLD of deuterated
PMAA. This fact indicates that they are not only composed of the PMAA stabilizer, but still
contain water. It was not possible to obtain adequate fits to the data using a model with spherical
aggregates. As film formation continues and the solids content increases, these aggregates increase
in dimensions up to 100 nm % 280 nm at a solids content of 78 wt.% and retain this size until the
end of the in situ experiment. From a solids content of 73 wt.% and above, a second type of

stabilizer aggregate, in the form of polydisperse spheres of 9.5 nm in radius, appears and retains

16



its shape and size until the end of the in situ experiment. This radius is about the length of the
PMAA block in the stabilizer, which is composed of 30 MAA units of approximately two times
the length of a C-C bond (0.154 nm): 2 x 0.154 x 30 = 9.2 nm. (A geometric model will be

presented in a later section.)
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Figure 3. SANS profiles of latex dispersions acquired in sifu as they dry at different solids
contents: particles stabilized with (a) d-PMAA macroRAFT agent (dAPMAA) and (b) d-SDS
(dSDS). Solid lines represent best fits to experimental data using the parameters presented in Table

1 and Table 2. The intensity axis has been shifted by an arbitrary scale factor.
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Table 2. Modelling parameters for SANS profiles of dAPMAA at different solids content during film formation: model used, volume
fraction of latex spheres (gis), scattering length densities of their core (b”:) and solvent (b%;), radius of latex spheres (Ris) and
polydispersity (PDI), volume fraction of hydrophilic oblate spheroids (¢no), scattering length densities of their core (b"°c) and
surroundings (b"%), polar and equatorial radii of oblate spheroids (Rp and Rc), volume fraction and radius of hydrophilic spheres (¢hs and

Rus), scattering length densities of their core ("¢) and their surroundings (b"%), and total volume fraction of hydrophilic species (¢n).

blsc

bhoC

bhos

Rp

Re

bhsC

bhsS

o Model gy (10 (10?;};\2) RO g a0 10 (m)  (m) e 10 (10 0 g
5/1A2) A% A%  /PDI /PDI 1A% 612

i s 044 08 246 8901 - - - : : - - : :

58 s 057 08 246 8901 - - - : : S : :

63 Is 05 08 27 801 - - - : : S : :

68 Is+ho 045 08 27  94/012 0019 4 1  17/0 55/0 - - - - 0019
73 hoths - - : . 0010 45 08 30/05 60/05 0003 45 08 95/09 0013
78 hoths - - : . 0005 45 08 50/0 140/0 0001 45 08 95/08 0006
88 hoths - - : . 0003 45 08 50/0 140/0 0001 45 08 95/1 0004
85 ho+ths - - : . 0004 45 08 50/0 140/0 0001 45 08 95/1 0005
89 hoths - - : . 0006 45 08 50/0 140/0 0002 45 08 95/1 0008
000 ho+hs - - : . 0005 45 08 42/0 140/0 0008 45 08 55/09 0012
100 ho+hs - - : . 0006 45 08 42/0 140/0 0007 45 08 55/09 0013
100 ho+hs - - : - 0005 45 08 42/0 140/0 0008 45 08 55/09 0013
100 ho+hs - - : - 0006 45 08 42/0 140/0 0010 45 08 55/09 0.016

2Solids content as determined by gravimetry. °Is = Latex (hard) spheres, ho = Hydrophilic oblate spheroids, and hs = Hydrophilic spheres. gn=
dnot dns. YDried for 3 days at room temperature. (Annealed at 100 °C for 1 h. fAnnealed at 100 °C for 3 h. 9Annealed at 100 °C for 24 h.
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SANS profiles for the latex dispersion stabilized with d-SDS (dSDS) are presented in Figure 3b.
Similarly, the profile of the initial dispersion can be fitted by a model of hard spheres surrounded
by a medium that is composed of the deuterated SDS stabilizer and water. The onset of particle
deformation, indicated by the shift to lower g of the SANS peaks, takes place earlier than for the
d-PMAA-stabilized latex (around 53 wt.%). This fact correlates with the faster drying observed
for dSDS in the water loss measurements (Figure 2). However, the particle identity in some regions
is retained for longer (up to 83 wt.%), which is a possible consequence of a higher polymer glass
transition temperature when compared with dPMAA (Table 1). A contribution arising at low ¢ is
detected from 62 wt.% onwards and associated with oblate spheroidal clusters of deuterated SDS.
These clusters presented SLDs in between that of the polymer core of the latex particles and the
SLD of deuterated SDS. The data cannot be described adequately by spherical clusters. The size
of the oblate spheroids increases up to 15 nm X% 118 nm at a solids content of 83 wt.%. These
dimensions are well over an order of magnitude greater than the dimensions of SDS molecules,

which have a tail length of 1.67 nm.*
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Table 3. Modelling parameters for SANS profiles of dSDS at different solids content during film formation: model used, volume fraction

of latex spheres (gis), scattering length densities of their core (b”;) and solvent (b%;), radius of latex spheres (Ris) and polydispersity

(PDI), volume fraction of oblate spheroids (ého), scattering length densities of their core (b"°¢) and surroundings (b"%), polar and

equatorial radii of oblate spheroids (Rp and Rc), and total volume fraction of hydrophilic species (@ht).

wt. blsc blss R|S bhoc bhO’S
o Model g 10982 (105/AY (nm)/PDI 1098 (1094 Rp (nm)/PDI Re (nm)/PDI Pt
40 Is 0.39 0.8 2.5 35/0.15 - - - - - -
49 Is 0.46 0.8 2.5 36/0.15 - - - - - -
53 Is 0.53 0.8 2.5 40/0.15 - - - - - -
57 Is 0.53 0.8 25 42/0.15 - - - - - -
62 Is + ho 0.5 0.8 2.5 42/0.15 0.007 5.36 0.56 7/0 30/0 0.007
67 Is+ ho 0.4 0.8 2.5 46/0.15 0.011 5.36 0.56 8/0 30/0 0.011
72 Is+ho 0.35 0.8 2.5 4470.15 0.007 5.36 0.56 8/0 50/0 0.007
78 Is+ho 0.2 0.8 2.5 4470.15 0.010 5.36 0.56 8/0 59/0 0.010
83 ho - - - - 0.005 4.5 0.8 8/0 59/0 0.005
100¢ ho - - - - 0.012 4.5 0.8 15/0.4 123/0 0.012
100¢ ho - - - - 0.002 45 0.8 25/0.4 170/0 0.002
100¢ ho - - - - 0.002 45 0.8 25/0.4 170/0 0.002
100 ho - - - - 0.001 4.5 0.8 20/0.4 80/0 0.001

3Solids content as determined by gravimetry. °Is = Latex (hard) spheres, ho = Hydrophilic oblate spheroids, and hs = Hydrophilic spheres. %pn=
ére. “Dried for 3 days at room temperature. ®Annealed at 100 °C for 1 h. fAnnealed at 100 °C for 3 h. YAnnealed at 100 °C for 24 h
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Structures of films prepared ex-situ. To shed light on the film structure evolution after complete
drying, a second round of SANS experiments was carried out on films aged ex situ at room
temperature or at a temperature of 100 °C. The elevated temperature was chosen to accelerate the
rate of any phase restructuring. The corresponding SANS profiles and best fits to the data are
presented in Figure 4. The last profile from the in situ experiment has been included in the figure

for comparison.

In dPMAA (Figure 4a, Table 2), after three days of film formation, the stabilizer remains
in the form of ellipsoidal aggregates of the same size as at the end of the in sifu experiment, but
the spheres shrink down from 9.5 nm to 5.5 nm in radius. The glass transition of the PMAA
macroRAFT has been measured to be ca. 140 °C (see Supporting Information). Although the
PMAA stabilizing layer will remain glassy, even at the annealing temperature of 100 °C, it is still
expected to be flexible. In other work,*® core-shell particles with a glassy shell were deformable
as a result of their viscous core and able to undergo film formation. During the drying stage, the

hydrophilic PMAA chains will be plasticized by water.

In contrast, the stabilizer distribution in the film cast from dSDS latex particles is less stable
over time. After three days of drying, the surfactant aggregates have doubled their size when
compared to the end of the in situ experiment, to reach dimensions of 15 nm x 123 nm. Upon
annealing at 100 °C they grow to 25 nm x 170 nm for annealing times of 1 h and 3 h, and then

finally shrink to 20 nm % 80 nm (while increasing in number) when annealed for 24 h (Table 3).
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Figure 4. SANS profiles from ex sifu experiments on dried and annealed films made of latex
particles stabilized with (a) d-PMAA macroRAFT (dPMAA) and (b) d-SDS (dSDS). Solid lines
represent best fits to experimental data using the parameters presented in Tables 2 and 3. The
dashed vertical line indicates the position of a broad peak that arises from scatters with a diameter

that varies from 9.5 to 5.5 nm.

Film formation model and interfacial free energy considerations. A scheme showing the evolution
of the distribution of hydrophilic species in the film during drying and after annealing is presented
in Figure 5. It is worth to recall here that for dPMAA, the stability of the latex particles is ensured

by the in situ formation of d-PMAA-b-P(BA-co-MMA) amphiphilic block copolymers resulting
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from chain extension of the d-PMAA macroRAFT block. As drying proceeds, these amphiphilic
block copolymers first form oblate spheroidal clusters, with d-PMAA segments in the core, that
are likely to be located at the boundaries between particles (Figure 5b). As the particles deform to
fill space, they will assume a polyhedral shape with flat faces at the points of contact between
neighboring spheres. Face-centered cubic-packed particles have 12 nearest neighbors and create
rhombic dodecahedra upon their deformation. Figure 6 depicts an idealized geometrical model of

the location of ellipsoidal stabilizer clusters along the faces of neighboring dodecahedra.

The short face diagonal in a rhombic dodecahedron is 2/v/3L, where L is the edge length.! To a
first approximation, the equatorial radius of an oblate spheroid, Re, at the boundary between
dodecahedral faces will be one-half of this distance, which is 1/v/3L. The radius of the originally

spherical latex particle, R, can be estimated to be equal to one-half of the long face diagonal, i.e.
R = 1/2-2v2/v/3L = \/2/4/3L. That makes the equatorial radius of the oblate spheroid related

to the particle radius as R, = R/+/2. At a solids content of 68 wt.%, the radius of the dPMAA
particles is 94 nm. At this stage, our SANS analysis found Re to be 55 nm, which is quite close to
the value of 66 nm (= 94/+/2) that is predicted with our simple geometrical model. Therefore, it
seems reasonable to say that the oblate spheroids are at the common face of two adjacent cells,
with some overhang. The formation of these oblate spheroids might be related to the heterogeneous
closure of interstices reported in particles smaller than 90 nm, where the closing of some interstices
leads to the enlarging of the remaining ones.*? These enlarged interstices can then become a
reservoir for hydrophilic species. At 73 wt.% solids, the oblate spheroids grow, while there is the
emergence of spheres, which we interpret as spherical aggregates of d-PMAA-b-P(BA-co-MMA)
macroRAFT agent, i.e. micelles with d-PMAA segments in the core (Figure 5c). These spheres

have a radius of 9.5 nm according to SANS, which is very close to the maximum expected radius
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determined by considering the length an extended d-PMAA chain of 2600 g mol (30 repeating
units leading to ca. 9.2 nm total length), possibly indicating the presence of remaining water within
them. In the next drying stage (78-89 wt.%, Figure 5d) neighboring oblate spheroids merge, while
the size and shape of spherical micelles remain unaffected. When the film is fully dried or
annealed, hydrophilic spheres reduce considerably in size, as a consequence of the water loss from
inside the micelles and the further coalescence and void closure. We expect some interfacial
broadening at the boundary between the PMAA micelles and the surrounding film, which can

explain why the radius is slightly larger than the extended chain PMAA chain length.

Whereas the deuterated PMAA chains form a stabilizing layer on the original latex
particles, these chains do not remain in continuous layers around the particles during film
formation. In a “classic” study of film formation of latex particles with poly(acrylic acid) (PAA)
enriched shells,** SANS and electron microscopy revealed that the PAA created the walls in a
cellular “honeycomb” structure in the film. A PAA honeycomb structure (in the acid form) was
stable during film formation and after annealing films up to temperatures of 110 °C. At a
temperature of 140 °C, however, when the core and PAA molecular mobility is greater, the PAA
honeycomb structure broke up. Fragments of the shells were expelled and formed clusters, much
like what we see in the present study. Whereas, the PAA constituted 5 wt.% in their system, the
PMAA in our latex is present at only 1 wt.%. This difference in the expected thickness of
stabilizing layers could explain why there is no indication of a continuous PMAA honeycomb
structure during film formation in our experiments. Two other possible contributions to the
breakup of the honeycomb structure are the polydispersity of the particles and the deformation that

the particle cores undergo, which can fracture the PMAA stabilizing layer.
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In the experiments of Joanicot et al., PAA-enriched boundaries between particles in films
were rehydrated with D20 to enable their analysis by SANS. The fact that scattering from the D20O-
highlighted honeycomb structure was possible indicates that PAA prevent particle coalescence and
the structures were not fragmented. We immersed dried films of the PMAA -stabilized and SDS-
stabilized latexes in D20 for prolonged times. However, we were not able to see characteristic
Bragg scattering from a cellular structure in SANS experiments. This result is an indirect indication

that the PMAA stabilizer layers were fragmented and present only in the ellipsoidal clusters.

We next consider reasons for the changes in the stabilizer structures over time. Our data
indicate that the evolution of surfactant distributions in latex films is driven by a reduction in the
interfacial free energy, which can be monitored by following the surface area-to-volume ratio
(A/V).12 We assume that there is a constant interfacial energy, y, between the stabilizer and the
polymer phases. A change in the interfacial area, AA, will lead to a change in the interfacial free
energy, AF = yAA. It is expected that A/V will tend to reduce its value to minimize the interfacial
free energy, F, and evolve towards a more thermodynamically favored system state.** The
structural rearrangement is opposed by the viscosity of the polymer, as flow requires energy

dissipation.

For each sample, we calculated A/V from the measurement of the dimensions of the oblate
spheroids or spheres and their number per unit volume. However, Figure 7 shows that the A/V for
dPMAA stays fairly constant throughout the in sifu experiment. This counter-intuitive result can
be explained by considering the reduced mobility of the PMAA chains, which are covalently
bonded to P(BA-co-MMA) segments in the core of the particles. Although the hydrophilic oblate
spheroids become larger in time by swelling and merging with neighboring oblate spheroids, thus

reducing the surface area-to-volume ratio, the appearance of hydrophilic spheres compensates this
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effect with their high surface area. The hydrophilic material contained in these spheres is spatially
confined due to the geometry of the interstices and the bonding to core polymer chains. When the
film is fully dried or annealed, a significant increase in 4/} is observed because of the reduction
in the radius of the hydrophilic spherical clusters, which do not have enough mobility to migrate
and are pushed together by further coalescence.

(a) (b) (c) (d) (e)

41-63 wt% 68 Wt% 73 wt% 78-89 wt% 100 wt% or annealed

at 100°C for 24h
dPMAA a

e “*-
-« ¥ EN VAN

40-57 wt% 62-78 wt% 83 wt% 100 wt% Annealed at
100°C for 24h

dSDS

Figure 5. Film formation model for dPMAA (upper row) and dSDS (lower row) at different solids
content during drying and after annealing. The green shapes represent clusters of hydrophilic

species within the drying or annealed film.
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Figure 6. Geometric model of packed latex particles deformed into thombic dodecahedra, with
oblate spheroidal clusters of stabilizers resting on the faces of the polyhedra. The edge of the face

has a length of L, as labelled.
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Figure 7. (a) Surface area-to-volume (A/V) ratio of hydrophilic clusters in films of d-SDS-
stabilized (left axis) and d-PMAA-stabilized (right axis) latexes as a function of their solids content
(and annealing time). (b) Number of MAA units in one oblate spheroid (filled triangle, left axis)
or one sphere (empty triangle, left axis) and number of SDS units (filled squares, right axis) as a

function of solids content (and annealing time).

Next, we consider the surfactant system. Our film formation model proposed for the latex
stabilized with SDS can be seen in Figure 5 (lower row). In films with a solids content of 62 wt.%
and higher, ellipsoidal clusters can be detected, which we presume to be formed at the polymer
particle boundaries. The dimensions of the ellipsoid are much greater than individual SDS

molecules, which indicates that the oblate spheroids are clusters of surfactant and not cylindrical
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micelles. The oblate spheroids grow in size and they eventually merge together near the end of the
in situ experiment (Figure 5d). Upon annealing, the structure is affected, and the clusters appear
to split into oblate spheroids (Figure Se). Furthermore, Joanicot et al.*® found that SDS surfactant
monolayers on particles were not able to prevent particle coalescence. The surfactant layers
fragmented during film formation and never created a honeycomb structure, which is in full

agreement with our results.

Figure 7 shows that the surface area-to-volume ratio decreases as the drying and film
formation proceeds, and finally reaches a plateau after 3 h of annealing at 100 °C. Hence, there is
evidence that the structural changes are being driven by the reduction of the interfacial free energy.
In contrast to the PMAA stabilizer, the SDS can move independently from the polymer phase to
find the structures that are thermodynamically favorable. Using a value for the molecular volume
of an SDS unit of 0.35 nm?3,3° and calculating that of MAA from its molar volume (67 cm?/mol) to
be 0.11 nm?, it is possible to plot the number of stabilizer units per hydrophilic cluster as a function
of the solids content and annealing time (Figure 7b). The graph shows how the number of SDS
units per cluster evolves in a steadier manner than the number of MAA units, which show two
main plateaus without a transition in between. This observation supports our interpretation of the
variations in MAA distribution as a change in configuration, in contrast with the migration of SDS

units to minimize interfacial energy.

CONCLUSIONS

We have performed both in situ and ex situ SANS experiments to follow the film formation of two
types of latex particles, which differ in their stabilizer: either a covalently bonded macroRAFT

agent (based on deuterated PMAA) or a physically adsorbed surfactant (using deuterated SDS).
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By fitting the SANS data and combining with gravimetry experiments, we have ascertained the

hydrophilic species distribution within the films and followed its evolution over drying time.

For the latex film stabilized with d-SDS, the surfactant restructures into oblate spheroidal
clusters, present at the common faces between adjacent particles, which increase in size and then
merge as drying progresses, reaching equatorial and polar radii of up to 170 nm and 25 nm,
respectively. This process decreases the surface area-to-volume ratio of the surfactant phase,
driven by a reduction in the interfacial free energy. Annealing of these films results in a breakup
of the oblate spheroids into smaller oblate spheroids of 20 nm in polar radius and 80 nm in

equatorial radius.

For the latex synthesized in the presence of d-PMAA-based macroRAFT agent, the
stabilizer initially arranges in oblate spheroidal clusters, which are most likely present at the
common face between two adjacent particles. With additional drying, the spheroids start increasing
in size, and a population of hydrophilic spheres (radius of 9.5 nm) appears, which are interpreted
as PMAA micelles. This process does not result in a decrease in the interfacial free energy, as the
stabilizer is covalently bonded to the particle core and cannot migrate to other areas, but to a change
in configuration. When fully dried, the hydrophilic spheres are reduced significantly in size (to a

radius of 5.5 nm). The structure of these films is unaffected by annealing at 100 °C for up to 24 h.

The results presented here shed light on the distribution of hydrophilic species in latex
films at the nanoscale, which has previously been insufficiently explored. Our work provides
valuable insights into the influence of the stabilizer mobility on the final structure of latex films

and, by extension, on their properties.

SUPPORTING INFORMATION
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Measurement of monomer conversion. Comparison of SANS fittings obtained with different
model geometries. Zoomed in SANS profiles. Differential scanning calorimetry (DSC) of the d-

PMAA macroRAFT agent. Atomic force microscopy of the top surface of the dried latex coatings.
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