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ABSTRACT

The effect of the acidic hairy layer length on the interdiffusion of polymer between
particles and as a consequence on the mechanical properties of the films produced from
waterborne coatings has been studied. In order to isolate this effect, latexes with the same
particle diameter and molecular weight but stabilized with poly(acrylic acid)-block-
poly(butyl acrylate) (PAA-b-PBA) block copolymers of controlled and different lengths
were prepared. Tensile strength measurements showed at the macroscopic level that the
presence of AA chains in the particle surface reduced the mechanical properties of the
films dried at room temperature, being its effect worse the longer the AA chain length.
Higher annealing temperatures erased the negative effect of the acidic hairy layer on
mechanical properties. The neutralization with NaOH instead of with NH4OH also led to
worse mechanical properties. These macroscopic results were supported by Fluorescence
Resonance Energy Transfer (FRET) experiments that showed that at the microscopic
level, the extent of interdiffusion occurred slower when the AA chains in the particles
surface increased, the annealing temperature was lower and when NaOH was used as

neutralizing agent instead of NH4OH.
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INTRODUCTION

Surfactants are the necessary evil in emulsion polymers. They are necessary to
impart colloidal stability to the polymer particles but, on the other hand, they may present
serious drawbacks in the final film applications. During the film formation, most
commonly used anionic surfactants may migrate to the film interfaces or form aggregates
in the interior of the films reducing properties such as gloss or adhesion and increasing
water sensitivity [1-7]. A strategy to avoid this negative influence is to use
macromolecular surfactants with reduced mobility. Among different macromolecular
surfactants, amphiphilic polyelectrolyte block copolymers are particularly interesting.
The hydrophobic blocks of the block copolymers can anchor onto the particle surface
while the hydrophilic blocks extend into the water-phase and create a well-defined
hydrophilic shell named hairy layer. Amphiphilic polyelectrolyte block copolymers offer
significant advantages for their use as surfactants, as they have proved to be powerful
stabilizers in emulsion polymerization [8-11] and they confer electrosteric stabilization
to the latex which is a combination of the usual steric and electrostatic stabilizations [12].
Even if amphiphilic polyelectrolyte block copolymers have been used as emulsifiers in
emulsion polymerization reactions in several works [8-11], not much about the film

properties of those latexes was reported.

The hydrophilic blocks of these amphiphilic block copolymers are usually
composed by acidic comonomers, such as acrylic acid (AA) or methacrylic acid (MAA).
Apart from conferring colloidal stability to the dispersed polymers, these monomers may
improve application properties of the latex films such as freeze-thaw and pigment mixing
stability, as well as promote the adhesion of the film to the substrate, which are of primary

importance in polymer coatings.



On the other side, the use of acidic comonomers has been reported to produce
polymer diffusion retardation [13-17] in the last step of the film formation, which is an
essential step to obtain high performance coatings. It has been found that if the amount
of carboxylic groups on the particle surface is large enough, it may form a hydrophilic
membrane during film formation that could act as a barrier and could prevent or retard
polymer interdiffusion between particles. As a consequence, the mechanical properties of
the films might be affected since a good cohesion of a latex film is not achieved until the
polymers from neighbouring particles have interdiffused across the particle boundaries
[18-20]. This continuous membrane can be disrupted by annealing the films at higher

temperatures and therefore by increasing the mobility of the polymer chains [13, 17].

According to previous works on these cellular films [13, 14], interdiffusion of
polymer chains between neighbour particles was suppressed or retarded until the
membranes were broken up by annealing the films at temperatures higher than the 7, of
shell polymer, i.e. the PAA chains on the surface of the polymer particles. Further works
of Winnik et al. [15, 16] revealed that neutralization of the carboxylic acid groups in the
particles surface retarded even more the interparticle polymer diffusion and divalent salts
retarded interdiffusion more than monovalent ones. It must be pointed out that, even if all
these works studied the effect of the presence of acidic monomers in the particles surface,
all of them used the acidic monomers as a comonomer in the initial reaction recipe. Thus,
none of these works have controlled the exact length nor the composition of the hairy

layer on the particles surface.

In our previous work [21] we used poly(acrylic acid) homopolymers and block
copolymers of different lengths as emulsifier during emulsion polymerization reactions
with the objective to investigate the effect of the length of electrosteric stabilizers on latex

stabilization and film properties. It was observed that longer PAA chains led to worse
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mechanical properties, likely as a consequence of the slower interdiffusion between
polymer particles in the last step of film formation. However, in those experiments the
latexes had not only different hairy layers but also different particle diameters and

polymer molecular weights, which in turn could also affect the final film properties.

Therefore, in order to isolate both effects, the one of the polymer microstructure
and the one of the length of the acidic hairy layer, in the present work, latexes were
prepared by adsorbing the block copolymers of different lengths on a surfactant-free latex.
To this end, first, poly(acrylic acid)-block-poly(butyl acrylate) (PAA-b-PBA) block
copolymers of different and controlled lengths were synthesised to later be used as
surfactant of a conventional film forming latex, with the objective to obtain latexes with
hairy layers of different and controlled lengths. The use of an asymmetric RAFT molecule
that leads to the formation of asymmetric block copolymers, which would adopt an
extended configuration, was chosen in this work in contrast to the symmetric RAFT
molecule used in our previous work [21]. Interdiffusion between particles was analysed
performing two different experiments; on the one hand, tensile strength of the films was
measured as indicator of the cohesive strength of the films. On the other hand, the extent
of interdiffusion was measured at microscopic level by Fluorescence Resonance Energy
Transfer (FRET) experiments. Even if the post-addition of different surfactants on clean
latexes has been carried out before [5], it should be remarked that, up to our knowledge,
this is the first time that tensile strength and FRET experiments are performed with latexes
of the same molecular weight and particle diameter but with AA hairy layers of different

and controlled lengths.

MATERIALS AND METHODS



Materials

2-([(butylsulfanyl) carbonothioyl] sulfanyl) propanoic acid (BCPA) was used as
RAFT agent and it was synthesized following the work carried out by Ferguson and co-
workers [22]. Trimethylsilyldiazomethane 2 M in hexane solution (TMS-diazomethane,
Sigma-Aldrich) was used for the methylation of the carboxylic acid groups of the block
copolymers before Size Exclusion Chromatography (SEC) measurements. Deuterium
oxide (D0, Sigma-Aldrich) was used as solvent for Nuclear Magnetic Resonance (NMR)
sample preparation. Methyl methacrylate (MMA, Quimidroga), butyl acrylate (BA,
Quimidroga) and acrylic acid (AA, Fluka) were all used as supplied. 4,4 -azobis(4-
cyanopentanoic acid) (V-501, Fluka) and sodium dodecyl sulfate (SDS, Aldrich) were
used as initiator and emulsifier respectively. (9-Phenanthryl)methyl methacrylate (Phe-
MMA, Toronto Research Chemicals) and [1-(4-nitrophenyl)-2-pyrrolidinmethyl]
acrylate (NNP-A, Aldrich) [23] were used as donor/acceptor pair for FRET experiments.
GPC grade tetrahydrofuran (THF, Scharlab), sodium hydroxide (NaOH, Panreac) and
ammonium hydroxide 5N solution (NH4OH, Fluka) were used as received. Deionized

water was used in all the reactions.

The PAA-b-PBA block copolymers of different and controlled lengths used in this
work were synthesized by solution polymerization in ethanol using BCPA as RAFT agent
and V501 as initiator. Figure 1 shows the structure of the used RAFT agent as well as of

the expected block copolymers.
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Figure 1 Scheme of the formation of PAA-b-PBA block copolymer using BCPA as RAFT
agent.

Table 1 shows the number average molecular weight (Mn) and molar mass
dispersity (D) of the final block copolymers obtained, analysed by Size Exclusion
Chromatography equipped with a Refractive Index detector (SEC/RI) (after methylation
of carboxylic acid groups [24]) and using polystyrene standards. Absolute molecular
weight measured by SEC coupled with Multiangle Light Scattering detector
(SEC/MALS) and number of monomer units measured by NMR (the experimental
procedure is shown in the Supporting Information). The name of each copolymer has
been selected as the abbreviation of the monomer used with the number of designed
monomer units in it.

Table 1 Characterization of the block copolymers synthesized by RAFT polymerization:
Number average molecular weight and molar mass dispersity by SEC/RI, monomer units by
NMR and absolute molecular weight by SEC/MALS.

SEC/RI NMR SEC/MALS
Mn P AA BA | Calculated Mn P

(g/mol) units | units | Mn (g/mol) | (g/mol)
AA10-BA20 | 3010 1.1 9 17 3062 3200 1.1
AA20-BA40 | 5010 1.2 17 27 4918 5100 1.1
AA30-BAS0 | 6580 1.3 26 33 6334 6800 1.1

As it can be seen in Table 1, the coincidence between the number of AA units
designed to be in the homopolymer and those really present is quite good. However, the
amount of BA units in the copolymer is less than the ones initially desired. Nevertheless,
all the techniques show a good coincidence in the final molecular weight of the

copolymers and very low molar mass dispersities of the block copolymers. Furthermore,
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it can be pointed out that these block copolymers were water soluble, which could not be
said for copolymers with the same AA length and longer BA chain length. Finally, it
should be pointed out that even if both, the PAA and PBA chain lengths changed among
the different block copolymers in order to maintain a similar hydrophobic/hydrophilic
balance, in this work just the effect of the PAA chain length has been considered. While
the PAA chains of the block copolymers are expected to be located outside the polymer
particle forming the hairy layer, the hydrophobic PBA tails are assumed to be completely
buried and mixed with the polymer inside particles, not having any significant influence

on the film formation.

Preparation of latexes with hairy layers of controlled and different lengths

The MMA/BA (50/50 wt %) latex was produced using SDS as emulsifier (the
experimental procedure is shown in the Supporting Information). The obtained latex was
dialyzed against distilled water in order to remove all the emulsifier (SDS) and to obtain
a surfactant-free latex. Spectra/Por (MwCO: 12,000-14,000) was used as membrane.
Dialysis was allowed to run until the conductivity of the dialysate was close to that of the
DDI water (2 uS/cm). Final properties of the dialyzed latex were the following ones;
average particle diameter: 273nm, THF insoluble fraction: 20 %, weight average molar

mass: 6 10° g/mol and P: 3.3.

Water solutions of the block copolymers were prepared under basic conditions
(pH~10) using two different neutralizing agents, NaOH or NH4OH. Then, the emulsifier
solutions were added to the clean latex. In this case 8 wt % of block copolymers was
added. This corresponds to around 2 wt % of AA with respect to the total amount of
polymer, which is the amount of AA usually used in conventional formulations [3, 5, 25].

Additions were carried out at room temperature and dropwise. Finally, the mixtures were



stirred overnight. Some previous tests performed at higher temperatures did not show

different emulsifier absorption efficiencies.

Mechanical properties: tensile test

In order to carry out the tensile texts, the latexes were dried in Teflon moulds
during one week under controlled conditions (23 + 2 °C and 50 + 5 % of humidity). Some
of the films were later annealed at 60 °C for two days more. Tensile test measurements
were carried out in a universal testing machine (TA.HD plus Texture Analyzer) at 23 +2
°C and 50 + 5 % relative humidity, applying a crosshead speed of 25 mm/min to an
approximately 0.5 mm thick latex film. At least five specimens per sample were tested

and the average values are reported. Reproducibility between samples was good.

Preparation of dye labelled latexes

Donor and acceptor dye labelled latexes with similar characteristics to the latex
presented above were synthesized. The same polymerization strategy and recipe as the
one used for the synthesis of the above latex were used, except for the fact that, in this
case, during the semibatch step 1 mol % of dye monomers was added to the preemulsion.
The semibatch emulsion polymerization reactions were performed using a Multiplant
M100 (Chemspeed Technologies) reactor of 100 mL and using the same initial unlabelled

seed as the one used for the previous latex.

As a second step, the dye labelled latexes were dialyzed against distilled water in
order to remove all the anionic emulsifier (SDS) and 8 wt % of the different block
copolymers were adsorbed onto different fractions of the cleaned latexes using the same

procedure as the one followed previously.

FRET data acquisition and analysis



Mixtures of 1:1 weight ratio of donor and acceptor labelled particles stabilized by
the same block copolymer surfactant were prepared and few drops of the mixture were
spread on a small quartz plate (25 x 25 cm) to form a film. The films were allowed to dry
at23 +2°C and 50 = 5 % relative humidity. The time at which the films appeared dry and
transparent was considered as time zero (within 35 minutes in the samples of this work).
After this period, two different drying protocols were followed; room temperature drying

or higher temperature drying (60 °C and 100 °C).

Fluorescence decay profiles were determined by Time Correlated Single Photon
Counting (TCSPC) measurements carried out using the Fluoromax-4 apparatus (Horiba
Jobin—Yvon) equipped with a single photon counting controller (FluoroHub, Horiba
Jobin—Yvon) and a pulsed diode light source NanoLED emitting at 300 nm. Emission
from the sample was detected at 360 nm. Each measurement was continued until 10000

counts were acquired in the maximum channel.

The polymer interdiffusion process was monitored following the evolution of the
fluorescence decay profile. As polymer diffused across particles boundaries, donor and
acceptor dyes get into proximity leading to an increment in the extent of energy transfer
and therefore to a faster decrease in the fluorescence decay profile [26-29]. In our
experiments, each fluorescence decay profile was standardized to unit intensity and t=0

and fitted to the following equation: [30-34]

Ip(t) = Ajexp [—% - 26 (é)o.s] + Ayexp (—é) (1)

The first term of the equation corresponds to the region where donor and acceptor
molecules are mixed, whereas the second corresponds to the unmixed region where
energy transfer does not occur. Fixed values for T3 (7} is the donor fluorescence lifetime

in the absence of acceptor which was experimentally measured for Phe-MMA labelled
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latex film as 43.5 ns) and & (constant parameter proportional to the concentration of
acceptor and the Foster distance which in our work was taken as 0.45) [23, 35] were used.
Parameters A and A> were obtained from the fitting of each decay profile. Parameterized
expressions were later used to integrate Ip(t) analytically and to calculate the quantum

efficiency of energy transfer.

The area under each standardized fluorescence decay profile is equal to the total
fluorescence intensity from the sample, which is proportional to the quantum efficiency
of fluorescence. The quantum efficiency of energy transfer (@gr) can be calculated from
the changes in the area under the decay profiles. Thus, @gr can be related to the fraction
of molecular mixing in a system of labelled particles and it is defined as shown in equation
2[31, 33, 36-38].

I Ip(tat
I 13 ®at

$er(t) =1- 2)

where Ip(t) and [°p (?) represent the donor fluorescence decay functions in the presence

and absence of acceptors. Considering that | Ooo IS (t)dt =19, equation 2 can be rewritten

as:

I Ip(®)at

Gpr(t) =1 - =—— (3)

D

In our analysis of donor fluorescence decay data, we assumed that all deviations

from a strictly exponential donor decay profile are due to energy transfer.

Another useful parameter is the extent of mixing, fn(?), expressed in terms of the
increase in energy transfer, normalized by the maximum change associated with complete

mixing [31, 33, 36-38].

_ ¢er()—gr(0)
fn () = ¢eT(0)—pET(0) )
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Where [¢ppr(t) — ¢ppr(0)] represents the change in the efficiency of energy transfer

between the initially prepared film and a film annealed for time 7.

RESULTS AND DISCUSSION

Effect of the hairy layer length

Figure 2 shows the stress-strain curves of latexes stabilized by block copolymers
of different lengths neutralized by using NaOH. When the films were dried at room
temperature during one week, it was found that the higher the length of the AA hairy layer
(i.e. the higher the AA chain length of the block copolymer used as stabilizer) the lower
the elongation at break of the final film. Thus, it can be inferred that the shortest hairy
layer on the particles surface created a weaker barrier between particles during the film
formation, making interdiffusion between particles easier and therefore leading to tougher

films.
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Figure 2 Stress-strain curves for the films containing block copolymers and SDS. (a) Films
dried during one week at room temperature and (b) their strain at break.
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Figure 3 Stress-strain curves for the films containing block copolymers and SDS. Films dried
during one week at room temperature and later annealed at 60 °C for two days more

When the films were annealed for two days at 60 °C (Figure 3), the elongation at
break and the breaking stress of the latexes stabilized by block copolymers increased
remarkably, whereas the curve corresponding to the latex stabilized by SDS did not
change too much. Moreover, all the curves became more similar among them. It can be
inferred that at high temperatures the mobility of polymer chains increased, enhancing

the interdiffusion of the core polymers and causing the disruption of the AA chains barrier
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between particles. As a consequence, the mechanical properties of the films were
improved. The lack of improvement when annealing at 60°C in the case of the latex
stabilized with SDS, is related to the lack of interdiffusion retardation of SDS, which
produced already well interdiffused polymer films when drying at room temperature for
one week.

FRET experiments were carried out in order to check the hypothesis drawn on the
effect of the AA hairy layer on the interdiffusion between particles. FRET experiments
(Figure 4) show that when films were dried at room temperature the quantum efficiency
energy transfer (¢pzr) values were maintained constant over the time range studied (it
must be taken into account that the experimental uncertainty of quantum efficiency is +
0.02 [39]). What it is remarkable from these results is that the values of the energy transfer
were lower for the latexes stabilized by block copolymers than for the latex stabilized by
SDS. These results indicate that the interdiffusion degree was higher in the latex stabilized
by SDS from the very beginning of film formation. Furthermore, even if the differences
are very small, ¢pr values were lower as the length of the AA chain on the particle surface
increased. Thus, the longer the hairy layer length, the stronger the created barrier between
particles during the film formation and the lower the interdiffusion degree of polymer
chains between neighbour particles. These results support the ones observed in tensile
strength measurements where lower elongations were achieved as the length of the hairy
layer increased and a tougher film was obtained when the polymer particles were

stabilized by the shortest hairy layer.
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Figure 4 (a) Evolution of quantum efficiency energy transfer (¢pgr) for films dried at
room temperature. (b) Evolution of fraction of mixing for films annealed at 60 °C

In the case of films annealed at 60 °C, the evolution of the fraction of mixing (f:(?))
of each sample was also measured (Figure 4 (b)). As fn(?) is a measurement of the extent
of mixing in the system, a value for ¢z (0) was needed (see equation 4). ¢gr(o0) should
describe the maximum interdiffusion that can be achieved in the polymer system and
should not be influenced by the effect of the block copolymers [31, 32, 34]. For this
reason, the value chosen was the one obtained for the latex stabilized by SDS annealed at
90 °C for two days; ¢gr(0)=0.42. As it can be observed in Figure 4 (b), the longer the
length of the hairy layer on the particle surface, fu(?) increased slower and reached lower
values indicating that interdiffusion between particles was more retarded. It could be
argued that these FRET measurements do not match the tensile strengths measured after
annealing at 60°C, which were similar for all the films. But it has to be mentioned that
FRET measurements were carried out during 4 hours at 60°C and tensile strength was
measured after 48 hours at 60°C. Therefore FRET shows interdiffusion rate, which is
faster for the particles having shorter AA hairy lengths, while tensile strength had

probably shown the equilibrium stage after 48h at 60°C.
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Effect of the neutralizing agent
Figure 5 compares the stress-strain curves of the films of the latexes stabilized by

block copolymers neutralized either by NH4OH or NaOH.
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Figure S Stress-strain curves for the films in which NaOH or NH4OH were used as
neutralizing agent

It can be clearly observed that the used neutralizing agent had a substantial effect
on the mechanical properties of the final films. Stronger films were obtained when
NH4OH was used as neutralizing agent, which is an indication of the enhanced polymer

interdiffusion in these samples.

Figure 6 shows the evolution of f,(?) vs annealing time for films annealed at 60
°C, when different neutralizing agents had been used for the solubilisation of the block
copolymers. In all the cases, fn(?) increased faster and reached higher values when
NH4OH was used as neutralizing agent than when NaOH was used. These results

demonstrate that interdiffusion between neighbour particles was more retarded when
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NaOH was used as neutralizing agent instead of NH4OH and explains why the mechanical

properties of the films containing NaOH are worse.
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Figure 6 Evolution of f,, along the annealing time for films stabilized by block
copolymers neutralized with NaOH or NH4OH, annealed at 60 °C

One of the main differences between using NH4OH or NaOH as neutralizing agent
is the volatility of NH3. Since NH4OH is a weak base there will be an equilibrium between
ammonium cation (NH4") and ammonia (NH3) in aqueous solution. As NH3 is a volatile
compound, during the film drying process it will evaporate shifting the equilibrium
toward the ammonia formation and decreasing the concentration of NH4OH. The effect
of NH3 evaporation leads to a pH drop and to the protonation of the carboxylate groups
of the hairy layer as the film dries [30]. As a consequence, in our system, when NH4OH
was used as neutralizing agent, most of the acid groups of the hairy layer were in their
protonated form once the film was formed. On the contrary, when NaOH was used as
neutralizing agent, there was not any change on the protonation of the carboxylic acid
groups of the hairy layer during the film formation. Thus, once the film was formed the
acid groups present in the surface of the polymer particles continued being deprotonated.
Taking into account that the 7, for pure poly(acrylic acid) is 105 °C, whereas the one for
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poly(sodium acrylate) is 230 °C [13], it can be concluded that the use of NaOH as
neutralizing agent led to particles surrounded by a harder polymer shell making more
difficult the interdiffusion of core polymer chains between neighbour particles, worsening
the mechanical properties of the final films. Differences in the interdiffusion by the use
of different neutralizing agent have already been observed by other authors [15, 16, 40],
even if in those cases the acidic moieties had been introduced as comonomers in the

formulation and not as a controlled chain block copolymer as in this study.

As an overall conclusion it should be mentioned that short hairy layer lengths and
the use of NH4OH as neutralizing agent, lead to the formation of films with enhanced
interdiffusion of polymer chains between neighbouring particles and therefore to films

with better mechanical properties.

CONCLUSIONS

The objective of this article was to study the effect of the hairy layer length on the
interdiffusion of polymer between particles and as a consequence on the mechanical
properties of the films. To this end, latexes of the same particle diameter and molecular
weight but stabilized with PAA-b-PBA block copolymers of controlled and different
lengths were prepared. Two different experiments were performed. On the one hand,
interdiffusion was studied at a macroscopic level through tensile test measurements. On
the other hand, FRET experiments were performed, which allowed to measure
interdiffusion degree between particles at a molecular level. Furthermore, the effect of

the used neutralizing agent, NaOH or NH4OH, was also studied.

Tensile strength measurements showed that the presence of AA chains on the
particle surface reduced the mechanical properties of the films dried at room temperature.

Furthermore, as the AA chain length was increased, elongation at break of the films
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decreased. Higher fracture energies were obtained with the shortest hairy layer length.
These results were supported by FRET experiments that showed that extent of
interdiffusion occurred slower as the AA chain lengths in the particles surface increased.
Moreover, it was observed that interdiffusion of polymer chains between neighbour
particles was more retarded when NaOH was used as neutralizing agent instead of

NH4OH, leading to films with worse mechanical properties.

ACKNOWLEDGMENTS
We acknowledge the financial support provided by the Industrial Liaison Program of
POLYMAT, “Grupos Consolidados del Sistema Universitario Vasco” (IT-373-10), MEC

(CTQ2014-59016-P) and UPV/EHU (UFI11/56).

REFERENCES

1. Charmeau, J.Y., Gerin, P.A., Vovelle, L., Schirrer, R., Holl, Y., Adhesion of
latex films. Part III. Surfactant effects at various peel rates. Journal of Adhesion
Science and Technology, 1999. 13. 203-215.

2. Agarwal, N., Farris, R.J., Water absorption by acrylic-based latex blend films
and its effect on their properties. Journal of Applied Polymer Science, 1999. 72.
1407-1419.

3. Butler, L.N., Fellows, C.M., Gilbert, R.G., Effect of surfactant system on the
water sensitivity of latex films. Journal of Applied Polymer Science, 2004. 92.
1813-1823.

4, Aramendia, E., Barandiaran, M.J., Grade, J., Blease, T.,Asua, J.M., Improving
water sensitivity in acrylic films using surfmers. Langmuir, 2005. 21. 1428-
1435.

5. Butler, L.N., Fellows, C.M., Gilbert, R.G., Effect of surfactants used for binder
synthesis on the properties of latex paints. Progress in Organic Coatings, 2005.
53.112-118.

6. Al-Ghamdi, G.H., David Sudol, E., Dimonie, V.L.,El-Aasser, M.S., High PVC
film-forming composite latex particles via miniemulsification, part 3: Optical
properties. Journal of Applied Polymer Science, 2006. 101. 4526-4537.

7. Lee, W.P., Gundabala, V.R., Akpa, B.S., Johns, M.L., Jeynes, C.,Routh, A.F.,
Distribution of surfactants in latex films: A rutherford backscattering study.
Langmuir, 2006. 22. 5314-5320.

8. Burguicre, C., Pascual, S., Bui, C., Vairon, J.P., Charleux, B., Davis, K.A.,
Matyjaszewski, K., Bétremieux, I., Block copolymers of poly(styrene) and
poly(acrylic acid) of various molar masses, topologies, and compositions

18



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

prepared via controlled/living radical polymerization. Application as stabilizers
in emulsion polymerization. Macromolecules, 2001. 34. 4439-4450.

Gaillard, N., Guyot, A.,Claverie, J., Block copolymers of acrylic acid and butyl
acrylate prepared by reversible addition—fragmentation chain transfer
polymerization: Synthesis, characterization, and use in emulsion polymerization.
Journal of Polymer Science Part A: Polymer Chemistry, 2003. 41. 684-698.
Burguiere, C., Pascual, S., Coutin, B., Polton, A., Tardi, M., Charleux, B.,
Matyjaszewski, K.,Vairon, J.P., Amphiphilic block copolymers prepared via
controlled radical polymerization as surfactants for emulsion polymerization.
Macromolecular Symposia, 2000. 150. 39-44.

Rager, T., Meyer, W.H., Wegner, G., Mathauer, K., Méchtle, W., Schrof,
W.,Urban, D., Block copolymer micelles as seed in emulsion polymerization.
Macromolecular Chemistry and Physics, 1999. 200. 1681-1691.

Napper, D.H., Polymeric Stabilization of Colloidal Dispersions. 1983, London,
UK: Academic Press. 428

Joanicot, M., Wong, K., Richard, J., Maquet, J.,Cabane, B., Ripening of cellular
latex films. Macromolecules, 1993. 26. 3168-3175.

Kim, H.-B., Wang, Y., Winnik, M.A., Synthesis, structure and film-forming
properties of poly(butyl methacrylate)-poly(methacrylic acid) core-shell latex.
Polymer, 1994. 35. 1779-1786.

Kim, H.B., Winnik, M.A., Effect of surface acid group neutralization on
interdiffusion rates in latex films. Macromolecules, 1994. 27. 1007-1012.

Kim, H.-B., Winnik, M.A., Factors affecting interdiffusion rates in films
prepared from latex particles with a surface rich in acid groups and their salts.
Macromolecules, 1995. 28. 2033-2041.

Joanicot, M., Wong, K., Cabane, B., Interdiffusion in cellular latex films.
Macromolecules, 1996. 29. 4976-4984.

Yoo, J.N., Sperling, L.H., Glinka, C.J.,Klein, A., Characterization of film
formation from polystyrene latex particles via SANS [small-angle neutron
scattering]. 1. Moderate molecular weight. Macromolecules, 1990. 23. 3962-
3967.

Daniels, E.S., Klein, A., Development of cohesive strength in polymer films
from latices: effect of polymer chain interdiffusion and crosslinking. Progress in
Organic Coatings, 1991. 19. 359-378.

Keddie, J.L., Routh, A.F., Molecular diffusion across particle boundaries, in
Fundamentals of Latex Film Formation. Processes and Properties. 2010,
Springer. p. 95-120.

Gonzialez, E., Paulis, M., Barandiaran, M.J., Effect of controlled length acrylic
acid-based electrosteric stabilizers on latex film properties. European Polymer
Journal, 2014. 59. 122-128.

Ferguson, C.J., Hughes, R.J., Nguyen, D., Pham, B.T.T., Gilbert, R.G., Serelis,
A.K., Such, C.H.,Hawkett, B.S., Ab Initio emulsion polymerization by RAFT-
controlled self-assembly. Macromolecules, 2005. 38. 2191-2204.

Turshatov, A.,Adams, J., A new monomeric FRET-acceptor for polymer
interdiffusion experiments on polymer dispersions. Polymer, 2007. 48. 7444-
7448.

Couvreur, L., Lefay, C., Belleney, J., Charleux, B., Guerret, O.,Magnet, S., First
nitroxide-mediated controlled free-radical polymerization of acrylic acid.
Macromolecules, 2003. 36. 8260-8267.

19



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mariz, I.d.F.A., Millichamp, L.S., de la Cal, J.C.,Leiza, J.R., High performance
water-borne paints with high volume solids based on bimodal latexes. Progress
in Organic Coatings, 2010. 68. 225-233.

Zhao, C.-L., Wang, Y., Hruska, Z.,Winnik, M.A., Molecular aspects of latex
film formation: an energy-transfer study. Macromolecules, 1990. 23. 4082-4087.
Wang, Y., Zhao, C.-L.,Winnik, M.A., Molecular diffusion and latex film
formation: An analysis of direct nonradiative energy transfer experiments
Journal of Chemical Physics, 1991. 95. 2143-2153.

Wang, Y., Winnik, M.A., Polymer diffusion across interfaces in latex films. 7he
Journal of Physical Chemistry, 1993. 97. 2507-2515.

Liu, Y.S., Feng, J., Winnik, M.A., Study of polymer diffusion across the
interface in latex films through direct energy transfer experiments. The Journal
of Chemical Physics, 1994. 101. 9096-9103.

Feng, J., Winnik, M.A., Effect of water on polymer diffusion in latex films.
Macromolecules, 1997. 30. 4324-4331.

Kobayashi, M., Rharbi, Y.,Winnik, M.A., Effect of inorganic pigments on
polymer interdiffusion in a low-Tg latex film. Macromolecules, 2001. 34. 1855-
1863.

Wu, J., Winnik, M. A., Farwaha, R.,Rademacher, J., Effect of a water-soluble
polymer on polymer interdiffusion in P(MMA-co-BA) latex films.
Macromolecular Chemistry and Physics, 2003. 204. 1933-1940.

Wu, J., Li, H., Winnik, M.A., Farwaha, R.,Rademacher, J., Poly(vinyl acetate-
co-dibutyl maleate) latex films in the presence of grafted and post-added
poly(vinyl alcohol). Journal of Polymer Science Part A: Polymer Chemistry,
2004. 42. 5005-5020.

Schroeder, W.F., Liu, Y., Tomba, J.P., Soleimani, M., Lau, W.,Winnik, M.A.,
Effect of a coalescing aid on the earliest stages of polymer diffusion in
poly(butyl acrylate-co-methyl methacrylate) latex films. Polymer, 2011. 52.
3984-3993.

Turshatov, A., Adams, J., Johannsmann, D., Interparticle contact in drying
polymer dispersions probed by time resolved fluorescence. Macromolecules,
2008. 41. 5365-5372.

Oh, J. K., Tomba, P., Ye, X., Eley, R., Rademacher, J., Farwaha, R.,Winnik,
M.A., Film Formation and Polymer Diffusion in Poly(vinyl acetate-co-butyl
acrylate) Latex Films. Temperature Dependence. Macromolecules, 2003. 36.
5804-5814.

Liu, Y., Haley, J.C., Deng, K., Lau, W.,Winnik, M.A., Effect of Polymer
Composition on Polymer Diffusion in Poly(butyl acrylate-co-methyl
methacrylate) Latex Films. Macromolecules, 2007. 40. 6422-6431.

Hong, S., Soleimani, M., Liu, Y.,Winnik, M.A., Influence of a hydrogen-
bonding co-monomer on polymer diffusion in poly(butyl acrylate-co-methyl
methacrylate) latex films. Polymer, 2010. 51. 3006-3013.

Lakowicz, J.R., Topics in Fluorescence Spectroscopy. Vol. 2. 1991, New York:
Plenum.

Andersson, C.,Backfolk, K., Interdiffusion in carboxylated styrene/butyl acrylate
latex films studied by topographic and thermal analysis. Progress in Organic
Coatings, 2008. 63. 63-71.

20



	Figure 2 shows the stress-strain curves of latexes stabilized by block copolymers of different lengths neutralized by using NaOH. When the films were dried at room temperature during one week, it was found that the higher the length of the AA hairy la...
	When the films were annealed for two days at 60 ºC (Figure 3), the elongation at break and the breaking stress of the latexes stabilized by block copolymers increased remarkably, whereas the curve corresponding to the latex stabilized by SDS did not c...
	FRET experiments were carried out in order to check the hypothesis drawn on the effect of the AA hairy layer on the interdiffusion between particles. FRET experiments (Figure 4) show that when films were dried at room temperature the quantum efficienc...
	In the case of films annealed at 60 ºC, the evolution of the fraction of mixing (fm(t)) of each sample was also measured (Figure 4 (b)). As fm(t) is a measurement of the extent of mixing in the system, a value for ,𝜙-𝐸𝑇.(∞) was needed (see equation...
	It can be clearly observed that the used neutralizing agent had a substantial effect on the mechanical properties of the final films. Stronger films were obtained when NH4OH was used as neutralizing agent, which is an indication of the enhanced polyme...
	Figure 6 shows the evolution of fm(t) vs annealing time for films annealed at 60 ºC, when different neutralizing agents had been used for the solubilisation of the block copolymers. In all the cases, fm(t) increased faster and reached higher values wh...

