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ADbstract

We demonstrate in this paper how polymerizationugadi self-assembly (PISA) using RAFT
can be used to synthesize very asymmetric but mspexse poly(acrylic acid)-poly(n-
butyl acrylate) block copolymers, PABPBA, with a short PAA block and a long PBA
block. In the course of the surfactant-free emulgolymerization, core-shell particles form
in water, with the short hydrophilic block locatatithe water-particle interface, and the long
hydrophobic block constituting the particle corayidg at room temperature creates films
possessing an out of equilibrium structure, where glassy PAA block generates a
percolating network of shells. When deformed inaxial elongation, these films combine a
high stiffness in small strains (considering the Molume fraction of PAA, of only 3 wt%), a
yield stress and a significant extensibility befdeglure. The modulus, yield stress and
extensibility can be tuned by modifying the comgiosi of the latex serum with cations or
positively charged low molar mass polymers, or bgnging the copolymer composition. Of
particular interest was the synthesis by PISA afiglas of triblock copolymer PA&-PBA-
b-PS. The out of equilibrium structure obtained laadery interesting combination of high

stiffness, extensibility and high fracture toughmes



I ntroduction

Obtaining stiffer rubbery materials without saaiifig extensibility and reversibility of the
deformation is a classical objective of polymeresce. A very efficient way to do so is to
design a percolating hard domain into a predominaaft materialt > At small deformations
the stress is carried by the stiff network whiletlas deformation increases, the percolating
structure breaks and the load is sustained bydftedemains which can be very extensible.
This general strategy has been used for exampt®uble interpenetrated networks where
two polymers are synthesized sequentfalfybut also in nanocomposit&s’ However for
processing reasons it would be desirable to magie stiff but extensible materials in a single
synthesis and drying step. One attractive stratedgp prepare materials through the self-
assembly of colloidal system3,synthesized by aqueous emulsion polymerizatiof to
create a percolating structure made of thin bud kealls between deformable particles. This
approach combines the attractiveness of replaciggnic solvent by water, with an easy,
efficient and straightforward method to create esell particles® *Although qualitatively
the principle is demonstrated, it remains challeggb combine a high degree of stiffening
(increase by one order of magnitude) while maimtgirseveral hundred percent extensibility,
using only a very low volume fraction of a hydrdghhard phase and little or no surfactants
to maintain water resistance.

We have recently shown that highly asymmetric @ayylic acid)b-poly(n-butyl acrylate)
block copolymers (PAA-PBA) of high molar mass can be synthesized in mti@nks to a
RAFT emulsion polymerization proceSsDuring the course of the polymerization, such
asymmetric and amphiphilic copolymers form and-asemblen situ into soft PBA core-
hard PAA shell particles, according to the PISAIyRwrization-Induced Self-Assembly)
principle!®® In a previous pap&rwe reported that these core-shell latexes coeldded to
prepare, at room temperature, soft materials etthgoian order of magnitude increase in
stiffness, compared to non-structured films maderafdom P(BA-co-AA) copolymers
latexes, while retaining an extensibility of sevehaindred percent. Small-Angle X-ray
Scattering experiments (SAXS) and microscopy shothad the core-shell structure of the
particles was retained in the film, giving risedgercolating network of connected glassy
shells. We proposédhat the high modulus of the films was controlldthe characteristics
of the shell network, such as the shell thickness$ strength, while the strain at break was

mainly controlled by the deformability of the palé cores.



In this paper we focus on the mechanical propedigbe films in the small and large strain
regime including not only simple tensile tests laiso step-cycle tests to study the
reversibility of the deformation, and fracture gestith notched samples to evaluate the
fracture toughness. Furthermore a variety of moaifons were performed both in the RAFT
emulsion polymerization step such as the incorpamatf a third, hard polystyrene block to
the copolymer (to yield PAA-PBA-b-PS), and in the film forming step by strengtherting
interactions between the shells through the addibibcationic additives (l§é or polymeric

amines) in the water phase.

Experimental Part

Materials. Anhydrous acrylic acid (AA, >99 %, Fluka),N-dimethylaminoethyle acrylate
(DMAEA, 98 %, Aldrich), 1,3,5-trioxane (>99 %, Flak ammonium hydroxide (N4®H, 30
wt% in water, Carlo Erba), AIBN (>9 %, Fluka) and-ioxane (from VWR Rectapur) were
used as received. 4,Azobis-4-cyanopentanoic acid (ACPA, >98 %, Flukas purified by
re-crystallization from 2-propanol. Deionized watevas used for all emulsion
polymerizationsn-Butyl acrylate (BA, 99 %, Acros Organics) and sty (S, 99 %, Aldrich)
were distilled under reduced pressure before ube. RAFT agent S-1-dodecyl-Gi,o'-
dimethyl-”-acetic acid) trithiocarbonate (TTCA) was synthedias described elsewhére.

Synthesis of PAA-b-PBA latexes. The PAADL-PBA core-shell particles were synthesized
as described elsewhereBriefly, a poly(acrylic acid) macroRAFT agent (PANC) is first
synthesized in 1,4-dioxane in presence of an asyritRAFT agent (TTCA®) and ACPA as
an initiator. In a second step, the polymerizatbbbutyl acrylate (23 wt%) is implemented in
batch conditions at pH 5.4 (NBH) using the macroRAFT agent as both a controhagad
stabilizer. Thus, poly(acrylic acidHpoly(n-butyl acrylate) copolymers (PAA-PBA) are
obtained (theoreticall,, of 100 kg.mof), which self-assemblim situ during polymerization
into core-shell particles. Latexes composed of RARBA core-shell particles with PAA= 3
kg.mol* and PBA = 100 kg.mdlare referred to as standard latexes.

Preparation of PAA-b-PBA-b-PS latexes. The PAAb-PBA-b-PS particles were
synthesized according to referert@éeStyrene (0.60 g, 5.76 x Ténol) and AIBN (1.53 x 18
g, 9.33 x 10 mol) are added into a degassed PBRBA latex (5.47 gMn, paa = 2.3 kg.mal
1 Mn, paaspea = 115 kg.mot, solid content = 15 wt%). After degassing for 1att0°C with
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argon bubbling, the polymerization is carried ou7@°C for 7 h in a septum-sealed flask
introduced in a thermostated oil bath under gestileging to obtain the PAA-PBA-b-PS
particles dispersion in water. The emulsion polyzsion was quenched when reaching
90 % conversion (followed by gravimetric analydig)immersion of the flask in an ice bath.
The morphology of the aqueous self-assembled copaiy was analyzed by dynamic light
scattering: the particles diameter increased fr@mih to 96 nm. This was confirmed by
TEM analyses. The number of particléls remained constant (1 x fo? - see sI),
indicating that there was no secondary nucleatioing styrene polymerization. After drying
and methylation with trimethylsilyldiazomethaneg folymer was analyzed by size exclusion
chromatography in THF. The number-average molaisnhs and the molar mass dispersity,
D = Muw/M,, were determined using a polystyrene (PS) caltmwaturve M, paab-peaAb-PS =
198 kg.mot', ® = 1.8).

Preparation of PDMAEA polymer. PDMAEA was synthesized in 1,4-dioxane in
presence of an asymmetric RAFT agent (TTQAnd AIBN as an initiator (See Supporting
Information). M,, = 3.7 kg.mof, & = 1.39 (determined by SEC in DMF using a PMMA
calibration).

Film formation. The latexes (4.8 mL of a 23 wt% latex) were driedlat rectangular
polydimethylsiloxane (silicone) molds (68 mm27.5 mmx 30 mm) for 7 days at ambient
temperature and for another 12 h at 100°C undeucextl pressure to eliminate remaining
water, ammonia and possibly residual monomer. Aftging, the acid groups of poly(acrylic
acid) were fully protonate(as checked by FTIR measurements) because of tnplet
evaporation of Nkl For the films containing PDMAEA polymer, the PDMA was firstly
dissolved into deionized water before being addéal @ PAAb-PBA latex at pH 8 (adjusted
with NH,OH 30 wt% in water). The resulting latex was theedlas described above. For the
films containing F& ions, an Iron(lll)(acetylacetonate) solution waspgared at 6 mM in
deionized water before being added to a RARBA latex. Then the resulting latex was dried

as described above.



Table 1. Block copolymer characteristics and mem@properties by elongational rheology

of the resulting films.

Mn, pas Mi paanpea) % AAY g% eg” EY
Film
[kg.mo"]  [kg.mol']/D  [wt%] [kPa]  [%]  [MPa]

Sandard PAA-b-PBA films

Film 1 2.6 147/1.7 3.0 46C 55C 4.t
Film 2 3.1 88/1.8 3.2 360 360 1.0
Film 2-TA? 3.1 88/1.8 3.2 240 880 0.1
Film 3 2.7 120/1.8 2.8 495 530 1.2
Film 3-TA? 2.7 120/1.8 2.8 - - j

Crosdinking by Fe™

Film 4 2.8 87/ 1.¢ 27 21C 32C  1C
Film 4-Fell %" 2.8 87/1.9 2.7 270 320 1.0
Film 4-Fell-1 2.8 87/1.9 2.7 410 200 1.0

Crosglinking by PDMAEA

Film 3 2.7 12C/ 1.6 2.8 49t 53C 1.2
Film 3-PDMAEA%® 2.7 12C/ 1.€ 2.8 55(C 38C 14
Film 3b-PDMAEA®4" 2.8 87/1.¢ 2.6 66( 10 8.C

PAA-b-PBA-b-PSfilms
Film 5 2.3 194/ 1.8 2.4 2500 1100 4.5

3 Determined after methylation by SEC in THF with & @alibration. The given value corresponds to the-n
methylated polymer (subtracting the -@¢dntribution: x 0.84)® Determined after methylation by SEC in THF
with a PS calibration. The given value correspotmshe methylated polymef Acrylic acid content = (@
(AA) I my (BA)) X 100;? Stress at break measured by elongational rheo®@train at break measured by
elongational rheology? Young’'s modulus measured by elongational rheol8g@ontrol sample prepared from
standard film after thermal annealing (160°C foda8/s);" Films 4-Felll were prepared adding 0.03 or 0.12
mol% of Fe(lll)acetylacetonate relative to AA prits film formation;” Films 3-PDMAEA were prepared
adding 0.16 or 0.47 mol% DMAEA units relative to Akior to film formation;’ Film 5 was prepared from a
triblock PAA-b-PBA-b-PS copolymer® The value corresponds to the PAARBA-b-PS triblock copolymer.

Characterization
Shear Rheology. Discs (diameter d = 8 mm, thickness t ~ 0.5 mm)ewairt out from the
dried films using a punch. Shear rheology measunésneere realized with a parallel plate

geometry, on a Physica MCR501 rheometer from ArRaar equipped with the Rheoplus



software. A strain sweep was first carried out deniify the linear regime and then a
temperature sweep was carried out at fixed frequenc

Tensletests. Tensile rectangular specimens (20 mBmm x 0.5 mm) were cut from the
dried films using a razor blade. Uniaxial tensii@ss-strain measurements were carried out at
25°C using a standard tensile Instron machine (indsie5), equipped with a 10 N load cell
and a video extensometer (model SVE) able to pcisllow the local displacement of two
markers. Two black spots were drawn on the santpd@@aroximately 10 mm initial distance
to be tracked with the extensometer. Three regieadperiments were performed for each
sample.

The force (F) and the local elongation in the tendirection § =1/1p) measured with the
video extensometer were both recorded during thmeraxents. Nominal stressy, was
defined as the tensile force per unit of initisda® (Eq. 1):

F

on = 5 Equation 1

Cyclic extension. Incremental loading and unloading cycles were peréal with the same
experimental setup than tensile tests. Seven cydgtbsno rest period were applied between
nearlyA = 1.2 toA = 2.1 with incremented maximum (Ai:1>A;) and then two more cycles
were performed at = 2.1. Here again, the force F and the extensitio X measured by the
video extensometer were recorded all along thererpeat.

SAXS. The small angle X-ray scattering (SAXS) experimemése conducted at SOLEIL
synchrotron on the SWING beamline in its USAXS cgufation. Measurements were
performed using a AVIEX CCD camera at an energylokeV with a sample-detector
distance set at 6650mm, leading to a g-range @16.6- 0.1 A.. The tensile test apparatus
was kindly lent by the UMET laboratory (initial spha length = 6 mm, strain rate = 0.3 s

Elongational rheology. Tensile rectangular specimens (20 mm x 5 mm x Orf mere cut
from the dried films using a razor blade. Tensitess-strain measurements were carried out
at 25°C on a MCR Rheometer Series from Anton Pegujpped with a SER extensional
rheology device. This device consists of two countéating drums with intermeshing gears
and low-friction bearings. The sample, fixed to the@ms with clamps, undergoes uniform
stretching when the rotational movement of the nheter is transferred to the drums. The

extension rate was 0.08.sThree replicate experiments were performed fohaample.



Fracture experiments. Tensile rectangular specimens (20 mrBimm x 0.5 mm) were cut
from the dried films using a razor blade. A 1 mmdamotch was then cut on one of the long
sides of the sample with a razor blade. Uniax@akile stress-strain measurements of these
notched samples were carried out at 25°C untiptieerack propagated and broke the sample.
The nominal stressof;) and the extension ratio in the tensile directfdrs I/lg) measured
with the video extensometer were both recordedndutihe experiments and the extension
ratio at maximum stress was noted If the crack starts to propagate at a well-definalue
of A = Ag the fracture energy at initiation can then be ioleté from the integralV (Ag) of the
stress strain curve of an unnotched sample stretihe: by using the approximate analysis

of Greensmitf %*

GW(AF)C .
[ =— Equation 2
Jar q

wherec is the length of the notchg is the extension ratio at fracture of the notckahple,

and W@g) is the strain energy per unit volume stored iuanotched sample at= Ar.



Results and Discussion

Rheology and structure of undeformed materials
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Figure 1. Linear viscoelastic properties of a nanostructwtathdard film (Film 1). (a) Moduli G\{)
and G" ) as a function of frequency at 25°C and (b) $as a function of frequency at 25°¥] (s
=0.1 %, F=0.1N).

As reported in our previous stugyfilms made from PAAB-PBA core-shell latexes (with
PAA = 3 kg.mol* and PBA = 100 kg.md) at room temperature (25°C) and at 0.1% strain
have clearly the response of a viscoelastic soéd § ~ 0.15, see Figure 1), although no
chemical crosslinker is present in the film andydhiwt% of the material is glassy. At 25°C,
PBA of a molar mass of 100 kg.rffols a viscoelastic fluid with a very strong frequgnc
dependence of tal This suggests that the glassy PAA shells form agbating network.

Even if the nano-structured film obtained afteringythe latex at room temperature is stable
at ambient temperature, it is not at thermodynaanqigilibrium. Figure 2 shows G’ and G”as
a function of temperature at a fixed frequencygd.$'). During the heating ramp, the elastic
modulus is almost independent of temperature atiiut 110°C and then drops abruptly at
around 120°C (1 decade loss). This modulus droprésersible as shown by the cooling
ramp which is very different from the heating ohas interesting to note however that even

if the modulus drops one decade, the material resreviscoelastic solid at small strains.
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Figure 2.a) Elastic and loss moduli versus temperaturgHernanostructured standard film
(Film 1), b) value of tad atw = 1 rad.5(e = 0.1 %, K = 0.1N, 1°C.miff). The heating step

is marked in red, the cooling step in blue.

Since the polymers are not reactive, this lossadufus must result from a change in the film
structure, which is confirmed by small angle X-smattering experiments. Before annealing,
a well-defined interparticle distance is clearlysetved in SAXS by a peak at g = 0.11hm
corresponding to a characteristic repeat distah&€ am?

After thermal annealing, the characteristic diseadecreases down to 35 nm and the degree
of long range order, shown by the presence of highaer peaks, increases. Above 120°C the
initial organization of the glassy shells into anttouous (honey-comb like) network is most
likely lost, and the equilibrium organization shddlecome that of a very asymmetric A-B
block copolymer in the bulk,e. small PAA spherical domains dispersed into a PBarixf2

This new structure is no longer unusually stiff betains some elasticity, at leastiat 1
rad.s".
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It should be noted that the change in structure @msequently in viscoelastic properties
occurs over a narrow range of temperatures, widlily@o evolution below 110°C in contrast
to less controlled core-shell structures resultingm non-covalently linked core-shell
materials described by Dos Santos €f &h the latter study, the elastic modulus was shown
to decrease continuously during the heating rantywed®n -60°C and 110°C with a loss of 2
decades in modulus, before a sharp drop was oltseneeind 110°C due to the, ®f the
glassy componerif. This interesting property of our system must beeaated to the absence
of a broad interphase of mixed composition repldmga strong and very localized covalent
link between the core and the shell chains, that e#ained thanks to the use of a controlled
radical polymerization process.

In conclusion, below theglof the PAA, the core-shell structure is stabl@pbably due to the
strong hydrogen bonding between the PAA blockshef shells. However above thg af
PAA, the PAA block softens and becomes mobile, ilgado a film re-organization into a
thermodynamically more stable structure, made tdrdiffused softPBA shells with a tiny
hard PAA core.

M echanical propertiesat large strain of a PAA-b-PBA copolymer based film

All particles discussed in the current article shitue same structural features of a deformable
soft core and a glassy shell, able to form a patecw network in the resulting films after
drying at room temperature. The films nanostruct(sbell thickness and connectivity
between the shells) may be tuned the macromolecular characteristics of the copohgme
constituting the particles and the compositionhef water phase (serum).

The large strain properties of the nanostructurkdsfwere characterized by elongational
rheology. This technique, which is adapted to softl slightly sticky materials, applies a
uniaxial constant strain rate to the sample unditture occurs. Figure 3 shows the nominal
stress-strain curves obtained for the core-sHheikfii.e. the as-cast and the annealed film. For
strains below 10%, the cast Film 2 presents a flibefavior, with a tensile modulus of 1.0
MPa? For larger strains, a non-linear regime can beeoes!, during which the film
undergoes a progressive softening. Finally, ab@2®@ the sample breaks. This result shows
that the particles must deform significantly befdedlure, suggesting the presence of
entanglements between the block copolymers belgngm different particles. This
deformation must cause a breakup of the shells smaller fragments and consequently a
drop of the modulus. In contrast, for the annedled (Film 2-TA, Figure 3) the initial
modulus is at the level of what would be expectadah entangled PBA film (0.2-0.3 MPa).

11



The film extends to more than 10 times its inilethgth before failing, which is typically
observed when acrylic acid groups are randomly rijmated in a PBA® Both effects

suggest again a significant change in structure tduthe annealing step (above the glass
transition temperature of the PAA block).
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Figure 3. Nominal stress-strain curve for the structurddhR2 and the annealed Film 2-TA
(temperature = 25°C, strain rate = 0.0%.@ublished in part in refererfck

To characterize the film structural changes undeirs SAXS measurements coupled to a

tensile test were performed in order to monitomgjes in the internal structure of the material
as a function of strain (strain rate = 0.s
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Figure 4. (a) SAXS pattern of the undeformed, nanostrudtstandard film (Film 3)X = 1),
(b) SAXS pattern obtained at= 1.55, (c) characteristic distances parallel aridogonal to
the stretching direction plotted versus stretch, ndgroscopic stretch as a function of
macroscopic stretch for the pristine Film 3 andahaealed Film 3-TA.

On Figure 4a and b, the diffraction patterns olgdifor the undeformed filmi(= 1) and
during stretchingX( = 1.55) are presented. Each pattern presentsiactlisorrelation peak. In
the undeformed sample (Figure 4a), the peak app¢dine same value of scattering vector in
all directions, but as the sample is deformed, é¢xéension of the sample induces a
compression of the SAXS pattern in the directionstetching and an expansion in the
orthogonal direction (Figure 4b). In Figure 4c ttearacteristic distances in both directions
(obtained from the 1@qmay) are plotted as a function of the macroscopicdtrdt is shown
that the characteristic distance increases patalltie stretching direction while it decreases
orthogonal to the stretching direction, as qualidy expected from the SAXS pattern. In
other words, as this characteristic distance reptssthe average interparticle distance, one
can conclude that the particles shape evolves fesmisotropic spherical shape to a
compressed ellipsoid shape.

When the evolution of the microscopic deformatian plotted as a function of the
macroscopic extension ratio (Figure 4d), a deuwmfrom the affine prediction (straight line)
is clearly observed. This suggests that an additiorechanism (in addition to the expected

particle deformation) must occur during stretchifidie observed non-affine deformation
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through particle sliding suggests that entangleméetween individual particles exist, that
can partially relax and reform at that particulaais rate, causing some degree of particle
slippage. This might be explained by the particutare-shell structure of the particles
obtained by PISA and by the relatively low molarsaaf the PBA block obtained by PISA
which will only result in 3-4 entanglements per ichat the most (the average molar mass
between entanglements .Mor PBA is around 27 kg.md). In this particular synthetic
approach, the particles are segregated in a pufedeBe: surrounded by a thin and covalently
attached pure PAA shell. As the film is deformdwd shell breaks and entanglements between
PBA blocks form (and prevent brittle fracture) bluey remain rather dynamic allowing some
relative slippage at the particle-particle inteefallote that annealed films are deformed more
affinely (entanglements are preformed and the strads lost) but remain sub-affine.

In contrast, for classic cellular films obtainedrfr quasi statistical copolymers incorporating
acrylic acid, an affine deformation has been remdtt since much longer lived
entanglements between particles may occur dueeovény high molar mass obtained by
conventional emulsion polymerization.

To investigate the reversibility of the structuchiinges upon deformation, load-unload step-
cycle tests were carried out, similarly to whatyigically done for crosslinked rubbétsor
semi-crystalline polyme?$ 2" The applied deformation history is shown in thseit of Figure
5b, the stress-stretch curves are reported in &i§arand the value of the initial modulus as a
function of the appliedmax is shown in Figure 5b. The curves show a signifidaysteresis
between the loading and unloading curves for eacheimental level of stretching and the
modulus E decreases as the maximum applied stirtolases. However, observing the last
three cycles carried out at the same maximum &titetel, the first cycle looks very different
from the next two. This suggests two energy diggigamechanisms: a permanent damage
mechanism that depends on the maximum appliednsaad a viscoelastic dissipation
mechanism (visible in the second and third cycl® at2.1) which will depend on strain rate
and is characteristic of the material with a sttetmodified by the damage mechanism. This
type of behavior is typical of the so-called Mutlieffect in crosslinked rubbéfswvhere the
permanent damage is correlated to changes occurritig filler network. Similarly, for our
materials, we can explain the decrease in Youngdslulus by assuming that the shells
initially form a connected continuous (or percaig)i filler network which progressively
breaks as the material is stretched (arourdl.3-1.4, also visible in Figure 3). When all the
hard PAA shells are broken, the Young’'s modulubiktes.
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Figure 5. (a) Stress-strain curves for load-unload tensyjides obtained for nanostructured

standard film (Film 1) and (b) Young’s modulus wersnaximal elongation.

The combined SAXS and mechanical data allow usépgse a deformation mechanism of
the nanostructured film (Figure 6). When a uniaxdaformation is applied, the particles
extend in the same direction as the stretching emtract orthogonal to it. When the
deformation becomes too important (10-30%), tha AA shells progressively break, the
continuous hard network fails, leading to a considkee drop in the Young’'s modulus.

However this breakup of the thin shells does nadl I® an overall failure. One can speculate
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that either entanglements between PBA chains feréifit particles exist in the undeformed
film due to imperfect shells, or that PBA chainsiéia@nough time to re-entangle after the
shells break. However the fact that the film carekiended to several hundred percent before
breaking and this at a relatively high level ofest, suggests an additional mechanism of
physical crosslinking along with entanglements, alhcould be created by nanoclusters of
PAA chains as also observed for random P@2BA) copolymers when the mole fraction of
PAA reaches 30%

!
e - . 0.
}

»

a2

v v

Deformation /‘

Y

Figure 6. Proposed mechanism for the deformation of nancistred PAAb-PBA films.

In conclusion, the key parameters which control ghgperties of such nanostructured core-
shell materials with an ultra-low volume fractioh ltard shells are presumably the spatial
organization (nanostructuration) of the shellshia material and their interactions. They have
undoubtedly a crucial impact on the initial modul@ierough the organization) and the
breakup of the shells (interactions between shelWl¢¢ now explore how both of these

parameters can be fine-tuned.
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Interfacial physical crosslinking between particles, using Fe** ions or PDMAEA polymer

One strategy to delay the observed breakup of #reofating hard PAA network in our
standard PAA-PBA diblock latex films is to strengthen the irigmial forces between the
shells of different particles. Generally, the cobesof the PAA network built by the PAA
shells is guaranteed by the H-bonds of the carbgxpups originating from different
particles’ Other strong known interactions are ionic bonditigpugh oppositely charged
ions 28 29

To reach this objective, we have chosen to intredwater-soluble F&acetylacetonate) in
the water phase of the latex prior to filmificatioBuring the film formation process,
acetylacetone @I= 140°C, at ambient pressure) and ammonia evapogenerating Fé
cations and carboxylate anions (Figure S3). Elaagat rheology measurements carried out
on films containing F& (Figure 7) showed that the ionic interfacial crogshg clearly
increased the stress at which softening is obsewébout however a clear impact on the
modulus, suggesting that indeed the presence %fiffereases the strength of the interfaces
but not the degree of organization. Yet once thé& BAells are broken into pieces, the stress
remains higher for the highest*eoncentration, which suggests that the presendeg’f

has an effect on the way the shell structure brapks
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Figure 7. Nominal stress-strain curve for the nanostructwstandard film (Film 4), and films
formed in the presence of 0.04 (Film 4-F&ify and 0.12 (Film 4-Felf*¥ mol% (or
equivalents, eq.) Bé(relative to AA) (temperature = 25°C, strain rat6.06 ).
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Alternatively, the addition of a low molar mass arasoluble polymer possessing protonable
amines as repeating units to the aqueous phaseonaglered. Poly{,N-dimethylaminoethyl
acrylate) (PDMAEA M, = 3700 kg.mot) was chosen for its pKa (pKa about 6.5), close to
the pKa of PAA. The polymer was dissolved in dezedi water (pH ~ 6) and the solution was
then added to a latex previously brought to pH thwWH,OH (30wt% in water). The idea
was to keep the functional groups of the PDMAEAHair unprotonated amine form (pKa ~
6.5) in order to avoid any destabilization of thegatively charged latex particles through
ionic interactions. Upon drying, the evaporatioraofmonia causes a decrease in pH and thus
the protonation of the pendant amines of PDMAEA,iclthcan then interact with the
carboxylate groups of the PAA shells. Two films e@enade by introducing respectively 0.16
and 0.47 mol% of DMAEA relative to AA.

The results of elongational rheology are displayeéfigure 8 compared to a standard film
containing no PDMAEA. The film with the highest aomb of PDMAEA (DMAEA/AA =
0.47) was brittle and stiff (E = 8 MPsg ~ 10%). Reducing the amount of positive charges
(DMAEA/AA = 0.16) in the latex resulted also in @ry stiff film (E = 14 MPa) which
however surprisingly retains extensibility througtplastic yielding and a necking process.
Since the § of the PDMAEA is only about 20°C, the mechanidéfening at small strain
must be due to the ionic interactions between tha Bnd the PDMAEA rather than to Tg
effects and the presence of the PDMAEA must alssea stiffening at very large strain

which causes the stable necking.
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Figure 8. Nominal stress-strain curve for the nanostructwtandard film (Film 3), and films
formed in the presence of 0.16 (Film 3-PDMAEA and 0.47 (Film 3-PDMAEA*) mol%
(or equivalents, eq.) DMAEA (relative to AA) (tempéure = 25°C, strain rate = 0.08)s

Physical crosslinking with a triblock copolymer PAA-b-PBA-b-PS

A further strategy to stabilize the nanostructunerdy deformation was to attach a glassy and
hydrophobic block at the-end of the PAAB-PBA diblock, creating therefore nanoparticles
which contain additional hard domains in their cdPAA-b-PBA-b-PS triblock copolymer
(with My(PAA) = 2.3 kg.mof, M(PAA-b-PBA) = 115 kg.motandM,(PAA-b-PBA-b-PS) =
198 kg.mot', determined by SEC, Figure S1) latexes were thnghssized by seeded RAFT
emulsion polymerization using reactive PAMBA-TTC latexes’ TEM imaging confirmed
the formation of spherical sub-100nm particlest tfid not melt any more under the TEM
electron beam confirming the presence of a hardneagin the particles (Figure S2). The
polystyrene segment is glassy and immiscible withhbPBA and PAA. Therefore the
resulting core-shell nanoparticles should incorfmsmall hard domains inside their soft PBA
core. Although the AFM images of the resulting flrfFigure 9) could not clearly reveal the
presence of hard inclusions in the soft particteey show a much better contrast than the
softer materials with only 3% of hard PAA shellsh{igh are not shown because of the low
quality of the images). This suggests that the esd of the particles has indeed changed due
to the presence of the glassy PS blocks.

250 mv

(@ o (b)

35nm 125 mV

0nm omv
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Figure 9. Atomic force microscopy image of Film 5 made frone tPAAb-PBA-b-PS latex (cross
section) (a) topography image, (b) adhesion imdgekér zones correspond to higher adhesion). Note

that important changes in topology strongly infleemhe adhesion signal.

The triblock copolymer latex film (Film 5) presentsieed interesting mechanical properties
in the large strain regime (Figure 10): combininkigh stiffness (similar to the PAB-PBA
diblock copolymer films), but a higher yield stresghere the nanostructure breaks up (> 1
MPa), and an increased extensibility at very higless levels. In terms afue stress
(considering the more than tenfold extension) thess at break of this film is of the order of

25 MPa with no chemical crosslinking.

3.0x10°
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+ Standard PAA-b-PBAfilm (Film 1)
7 PAA-b-PBA-b-PSfilm (Film 5)

Nominal Stress / Pa

5 7 8 " 13

Figure 10. Stress-strain curve for the standard PB.RBA film (Film 1) and the triblock
PAA-b-PBA-b-PS film (Film 5).

Because of its outstanding stress and strain atkbie simple extension experiments we
investigated the mechanical properties of thispasgmer in more detail. Load/unload cycles
were carried out analogously to the PAARBA diblock copolymer latex films. Figure 11
shows the resulting stress-strain curves. Qualébtithe behavior is very similar to that of
the PAADL-PBA shown in Figure 5, but the stress values amehrhigher while retaining a

reasonable recoverable deformation. This matedakg@sses a glassy volume fraction in the
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order of 40%, but the mechanical properties doshotv the very distinctive strain hardening

that is characteristic of thermoplastic elastomers.

2 5x10° - = Elongational rheology
. Tensiletest
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20+
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Figure 11. Stress-strain curves for load-unload tensileeyadbtained for Film 5.

We also carried out some fracture experiments dched samples. As described in the
experimental section, films containing a sharp hotttroduced with a razor blade were

stretched uniaxially. The fracture energyof such a sample can be estimated by Equation
2.20’ 21
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Figure 12. Fracture experiments on the PAARBA-b-PS triblock copolymer film, Film 5.
Tensile stress vs. strain curve for the unnotcla@apte (red crosses) and the notched sample

(blue triangles). The point of crack propagatiomdicated for the notched sample.

Figure 12 shows the stregs strain curve for a notched and unnotched saniple.resulting
fracture energy/ = 18 kJ/m, is an extremely high value for a PBA based maleTihis very
high value is due to the very large plastic defdromaneeded to stretch the material as seen in

Figure 11 and as reported for high toughness geSun et af°

Conclusion

We have shown in this paper the potential of tHeAPInethod to prepare out of equilibrium
nanostructured films made of block copolymer pdesic These films present unique
properties through the combination of high stiffneg low strain and high toughness and
extensibility at large strain. The key to such dece properties is the combination of a
percolating network made of the thin glassy PAAlIshenly a few percent of the total mass),
which gives the material a high stiffness, and ¢ém¢anglements of the soft blocks in the
particles, which gives the extensibility. In unialxextension we always observe a low strain
(A < 1.3) region where the material is stiff (E = MPa) and elasticity is reversible, followed
by a high strain region where the material is msafier but remains extensible and behaves
similarly to a material made of statistical P(B&-AA) copolymers where interactions

between PAA clusters prevent flow. Several strategof stabilizing the nanostructure
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physically or chemically have been explored. Remlalk the most interesting and effective
method was the introduction of PS segments in #r#igle cores via the addition of a PS
block at the end of the PAB-PBA chains leading to samples with an extremeihliracture

resistance while retaining a solid character wiginificant elasticity.
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Highlights

¢ Nanostructured films containing a percolating network of PAA shells.

¢ High stiffness, extensibility and high fracture resistance.

¢ Tunable composition of block copolymer latex via the PISA approach.

¢ Tunable mechanical properties of the latex-derived films.

e Addition of cationic species in the serum modulates mechanical film properties.



