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Introduction

In situ SAXS investigation of vinyl acetate
polymerization-induced self-assembly

Fabrice Brunel, “2) * Paul Galanopoulo, Edgar Espinosa Rodriguez, Muriel Lansalot
and Franck D'Agosto

In situ small angle X-ray scattering (SAXS) was used to investigate the formation of higher-order mor-
phologies in vinyl acetate (VAc) polymerization-induced self-assembly (PISA). Poly(ethylene glycol) (PEG)
bearing a xanthate chain end was used as a hydrophilic macromolecular chain transfer agent in the
macromolecular design via interchange of xanthates (MADIX)-mediated aqueous emulsion polymerization
of VAc (see P. Galanopoulo, et al., Poly. Chem., 2020, 11, 3922-3930). In situ SAXS monitoring confirmed
that the PISA process occurs in three steps: the nucleation of PEG4s-b-PVAC,00 block copolymer primary
particles, a rapid morphological transition, and a final step in which the nano-objects grow slowly to their
final dimensions. The transition step appears to be critical for the formation of higher-order morphologies
through the aggregation of primary particles into larger clusters and their subsequent reorganization. Our
results show that the transition step is extremely fast, making it highly sensitive to small perturbations. This
explains why higher-order morphologies are usually obtained within a narrow window of conditions and
often as a mixture. Furthermore, the morphological evolution observed in parallel static experiments
appears to be more gradual than in in situ SAXS experiments, suggesting that in our system the sampled
latexes were not thermodynamically stable and continued to evolve after sampling. Therefore, the
sampling method may not provide a realistic view of the morphological transition during the reaction
process in this system.

worms, vesicles) are particularly interesting from a fundamen-
tal point of view and because they can extend the range of

Polymerization-induced self-assembly (PISA) has attracted con-
siderable attention over the past two decades for its ability to
yield ordered structures in a wide range of morphologies.!
Briefly, a solvophilic living polymer precursor prepared by a
controlled polymerization such as reversible deactivation
radical polymerization is extended with a solvophobic second
block, resulting in amphiphilic block copolymers that self-
assemble in situ into self-stabilized nano-objects with different
morphologies.”™ PISA is typically implemented using revers-
ible addition-fragmentation chain transfer (RAFT) polymeriz-
ation as an emulsion or dispersion polymerisation.'>"®
Polymeric nano-objects with higher-order morphology (e.g
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more morphology dependent applications.””” The change in
morphology can be rationalized by the concept of the packing
parameter, P, which is given by equation:

Vo

T al,

where v, and /. are the volume and length of the solvophobic
block, respectively, and a is the effective interfacial area of the
block junction. This concept, originally introduced by
Israelachvili and co-workers'® to explain the self-assembly of
surfactants, was later extended to the self-assembly of diblock
copolymers by Antonietti and Férster." It is generally accepted
that spherical micelles are favored when P < 1/3, cylindrical
micelles are produced when 1/3 < P < 1/2, and vesicles are
formed when 1/2 < P < 1. Therefore, the particle morphology
in PISA, as in the self-assembly of preformed block copoly-
mers, is influenced by the various parameters that affect the
packing parameter, such as the molar mass,>*">™'* the chemi-
cal nature™?' and the architecture of the block
copolymer,”®?* the solvent quality?° and, in aqueous
media, the pH'**° and/or ionic strength.*’® However, the
packing parameter only applies to morphologies in thermo-
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dynamic equilibrium, but higher-order morphologies are not
necessarily in equilibrium and kinetic aspects must also be
considered. Temperature,”'” initiating system, solid content,
monomer concentration and conversion®****> and stirring®>
also play a role by modifying the polymerization kinetics or
the shear flow. In addition, higher-order morphologies,
especially worms, are generally obtained in a narrow experi-
mental window by PISA. This often results in the formation of
particles with multiple morphologies." Morphology prediction
in PISA remains thus difficult and the detailed mechanism of
the higher-order morphology formation still deserves further
investigation.

It is generally accepted that PISA starts with the nucleation
of primary particles (i.e., spherical micelles), followed by their
aggregation and their fusion into higher-order morphology.
Recent investigations of PISA in aqueous emulsions were per-
formed in our group using molecular dynamics (MD) simu-
lations.?® Using an umbrella sampling algorithm, the inter-
action free energies between different self-assembled copoly-
mer micelles were calculated. Depending on the position of
the poly(ethylene glycol) (PEG) branches carried by the hydro-
philic block under consideration, the attractive interaction
between the copolymer micelles is in some cases followed by a
repulsive barrier that controls the aggregation kinetics: a
strong repulsive barrier leads to a lower aggregation rate and
thus to larger and denser clusters (i.e. reaction limited cluster
aggregation). These clusters then coalesce into large vesicles
due to the presence of interstitial water molecules in the
cluster. Conversely, a weak repulsive barrier causes a rapid
aggregation resulting in loose and ramified clusters (i.e.
diffusion limited cluster aggregation), which coalesce after
swelling with hydrophobic monomer, resulting in worms and
small vesicles. This new mechanistic approach can explain the
formation of higher-order morphology depending on the
polymer architecture by revealing the crucial role of the aggre-
gation state of the primary particles. This mechanism also
demonstrates the importance of a slight increase in hydropho-
bicity within the hydrophilic block (i.e. a combination of an
attractive well and a repulsive barrier) for the formation of
higher-order morphologies in emulsion PISA, which is often
provided by the hydrophobic character of PEG upon tempera-
ture increase.>'*39?*37740 Recently, our group used a linear
PEG bearing a xanthate chain end as a hydrophilic macromol-
ecular chain transfer agent (macro-CTA) in the macromolecu-
lar design via interchange of xanthates (MADIX)-mediated
aqueous emulsion polymerization of vinyl acetate (VAc).*!
MADIX is indeed a polymerization based on a RAFT process.
Stable dispersions of self-assembled amphiphilic diblock
copolymers of PEG,s-b-PVAc were obtained, and the molar
mass of the PVAc block was varied to induce the formation of
different morphologies. Due to the relatively low repulsion
between the PEG corona and to the high water solubility of VAc
(0.565 M at 65 °C),** this system yields a wide variety of mor-
phologies, including spheres, vesicles and large compound
vesicles. Although the solubility of VAc is relatively high, we
still consider it to be in the case of an emulsion polymeriz-
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ation since the since two insoluble phases (namely, VAc and
water) were present in the starting medium.

The electron density contrast between the water and the
PEG is very small.**** This allows for relevant SAXS analyses
since we can then follow the organization of only the lipophilic
phase (i.e. VAc and PVAc). Therefore, this system is perfectly
suited for in situ synchrotron-SAXS studies to investigate the
formation of higher-order morphologies. In situ SAXS can
provide insights into the formation mechanism of the
different morphologies. Brotherton et al. performed a in situ
SAXS analysis of the RAFT aqueous emulsion polymerization
of 2-methoxyethyl methacrylate using a water-soluble poly(gly-
cerol monomethacrylate) macro-molecular chain transfer
agent and observed a morphological evolution from spheres to
worms to vesicles.’® They observed a nucleation step (from 0 to
25 min) during which the primary particles are formed, fol-
lowed by a transition step between 25 and 30 min where the
morphology rapidly changes into worms, and finally after
70 min, the formation of vesicles. However, they only provide
rather rudimentary data analyses (based solely on the slope of
the scattering intensities between 0.005 and 0.015 A™"), which
do not allow conclusion to be drawn about the precise mecha-
nism at work during the transition step. Liao et al. used this
technique to monitor the polymerization kinetic during the
synthesis of spherical nanoparticles,*” while Czajka et al. were
able to monitor the evolution of copolymer particle mor-
phology, in both cases during PISA in dispersion.’® In the
latter study, the authors performed the RAFT aqueous dis-
persion polymerization of 2-hydroxypropyl methacrylate using
a poly(glycerol monomethacrylate) steric stabilizer and
recorded a three-step process: (1) the nucleation of spherical
micelles (from 0 to 30 min), followed by (2) a transition step
(from 30 to 50 min) during which the growth of worms by 1D
fusion of multiple spheres are observed (between 40-44 min),
and (3) a final step, during which the vesicles gradually grow
into their final size through an “inward growth mechanism”.
In the present study, in situ synchrotron-SAXS has been used
to monitor the morphological transitions that occur during
the emulsion polymerization of VAc using a PEG macro-CTA. A
form and a structure factors were implemented at each stage
of the PISA process, facilitating precise tracking of the mor-
phological transition through the incorporation of the struc-
ture factor. Thanks to the new high brilliance source of the
ESRF, we were able to monitor the self-assembly of copolymer
micelles and their transition into higher-order morphologies
through aggregation and coalescence, confirming the morpho-
logical transition mechanism previously highlighted by MD
simulations.*’

Materials and methods

Materials

Vinyl acetate (VAc, 99%, Aldrich), 2,2'-azobis(2-amidinopro-
pane) dihydrochloride (AIBA, 97%, Aldrich), poly(ethylene
glycol) methyl ether (PEG-OH, M, = 2000 g mol™*, Aldrich),

This journal is © The Royal Society of Chemistry 2024
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O-ethyl xanthic acid potassium salt (98%, Alfa Aesar), triethyl-
amine (99%, Aldrich), 2-bromopropionyl bromide (97%,
Aldrich), dichloromethane (ACS reagent, Aldrich), ammonium
chloride (99.5%, ACS reagent, Aldrich), sodium hydrogen car-
bonate (ACS reagent, Aldrich), sodium chloride (99%, ACS
reagent, Aldrich), and anhydrous magnesium sulfate (99.5%,
Alfa Aesar) were used as received. Water was deionized before
use (PURELAB Classic UV, Elga LabWater).

Vinyl acetate (VAc) PISA in emulsion

PEGys5-b-PVAc,oo amphiphilic diblock copolymers were syn-
thesized in water through MADIX polymerization. A PEG with
a dithiocarbonate (xanthate) end-group (PEG,5-X) was prepared
according to a previously reported method,** and then chain
extended in water using VAc to produce PEG,5-b-PVAc,
amphiphilic diblock copolymers (Scheme 1). Briefly, VAc,
PEG-X, AIBA and deionized water were introduced in the
reactor, either a 50 mL flask or a 200 mL flask connected to a
flow-through cell for static or in situ synchrotron-SAXS experi-
ments, respectively. After degassing of the medium for 15 min
under argon, the flask was placed in an oil bath previously
heated at 70 °C.

Size-exclusion chromatography (SEC)

SEC analyses were performed using a Viscotek system (Malvern
Instruments) including a four-capillary differential viscometer,
a differential refractive index (RI) detector and a UV detector.
THF was used as the mobile phase at a flow rate of 1 mL
min~" at 35 °C. All samples were injected at a concentration of
3 to 5 mg mL " after filtration through a 0.45 pm PTFE mem-
brane. The separation was carried out on three Polymer
Standard Service columns (SDVB, 5 pm, 300 x 7.5 mm) and a
guard column. The average molar masses (number-average
molar mass, M, and weight-average molar mass, M,,) and the
dispersity, B = M,,/M,,, were calculated from the RI signal with
a calibration curve based on polystyrene standards (Polymer
Standards Service).

Cryogenic-transmission electron microscopy (cryo-TEM)

The diluted latex samples were dropped onto 300 mesh holey
carbon films (Quantifoil R2/1) and immediately quench-frozen
in liquid ethane. The grid was then mounted on a precooled
Gatan 626 specimen holder and transferred to a Philips
CM120 microscope operating at an accelerating voltage of 120
kV (Centre Technologique des Microstructures (CTy), platform

o

O

\O%Vokoﬁ\(s

o ——>
water, AIBA

View Article Online

Paper

of the Universit¢é Claude Bernard Lyon 1, Villeurbanne,
France).

Small-angle X-ray scattering (SAXS)

SAXS technique consist of measuring the scattered intensity of
an X-ray beam as a function of the scattering vector g = (4n/
A sin ), where 1 is the wavelength of the radiation and @ is one
half of the scattering angle. SAXS measurements were carried
out at the BMO02 beamline of the European Synchrotron
Radiation Facilities (ESRF, Grenoble, France). Experiments
were carried out at an energy of 17.5 keV (1 = 0.07 nm) with a
sample to detector distance of 175 cm, using a fast photon
counting pixel detectors (ImXpad D5) allowing g-range
between 0.005 and 0.5 A~*. The recorded images were first cor-
rected from dark current and flat field and normalized with
respect to the intensity of the incident beam. The radial inte-
gration of the corrected images gave the scattering curves.
Finally, the obtained scattering curves were corrected for
sample transmission and background subtraction and cali-
brated using silver behenate (g-axis) and glassy carbon (absol-
ute intensity). To study morphological changes during the
polymerization, the reaction medium was pumped (2 mL
min~") in a closed loop through a flow cell equipped with a
glass capillary (50 mm long and 3 mm in internal diameter)
placed in front of the beam. SAXS data were analyzed using
SASfit 0.94.11 software. The form and structure-factor
equations used to fit the curves are given below for the
different situations.

At large g values a generalized-Porod’s law predicts the scat-
tering intensity:

I(q)=Cq™" (1)

where the power law constant C is just the scale factor. For a
perfectly sharp interface, a ¢~* slope is observed and, in this
case, C is called the Porod’s constant. The slope can vary
between —4 and -3 for rough interfaces.

Quantitative analysis of particle size and shape starts with
the Guinier approximation. For three-dimensional objects the
Guinier approximation is given by:

) @

During the morphological transition some spectra are
characterized by a broad peak even though they are from amor-

I(q) =1 eXp<

P at

T=70°C

Scheme 1 Reaction scheme of the vinyl acetate PISA in emulsion using PEG45-X as macro-CTA.

This journal is © The Royal Society of Chemistry 2024
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phous soft materials. The following simple functional form
reproduces the broad peak feature:

b
(141 — q0l&*)?

here the peak position is related to the d-spacing as g, = 2x/d.
The d-spacing corresponding to the broad peak is a character-
istic distance between the scattering inhomogeneities (such as
in lamellar, cylindrical, or spherical morphologies or for
bicontinuous structures). And ¢ is the correlation length, a
measurement of the peak width.

During the transition step, a hard sphere structure factor
was included using a monodisperse approach. This approach
simply multiplies the size averaged form factor with the struc-
ture factor. Here, it is assumed that the interaction potential
between particles is spherical symmetric and independent of
the particle size. Structure factor (Sys(g)) for a hard sphere
having a radius Rys and a volume fraction f,, is given below:

1(q) = (3)

1
Sus(q, Rus, fp) = (4.1)
1+ 24f, GUp: Rusq)
HSq
with:
sin(4) — A cos(A
G(Rus.fp q) = ‘7%
24 sin(4) + (2 — A%) cos(4) — 2
g0 + (2 ) cosld)
—A* cos(A) + 4[(34% — 6) cos(A) + (4% — 64) sin(A) + 6]
+r
AS
(4.2)
with the coefficients a, f, y and A given by:
25 (/2" fo
- 4 /} - 6_fp 4 }/ - 2
(1-f) (1-/) (4.3)
and A = 2Rysq.

The structure factor of the fractal aggregate was also used
during the transition step and was calculated from:

S(g)=1 —I—%L P73 exp (?r) _su;(rqr) r’dr (5)
with r, the characteristic dimension of individual scattering
objects, ¢ the cut-off length for the fractal correlations (i.e. the
size of an aggregate) and D the fractal dimension.
Finally, during the final step, the form factor of a vesicle
was used, according to the cryo-TEM observation of the final
morphology.

1(q) = (K(q: Res Nso1 — Mpvac) + K(q, Re + tovacs pvac — Nprc)
+ K(q, Rc + tpvac + tpec, Mpeg — Mvac) + K (g, Re
+ 2tpvac + toecs Mpvac — Msol))”
(6.1)

sin(gR) — gR cos(qR)
(qR)*

4
K(q,R,An) = gnR3A173 (6.2)

982 | Polym. Chem., 2024,15, 979-990

View Article Online

Polymer Chemistry

R, is the radius of the vesicle which consists of solvent, tppg
the thickness of the outer part of the vesicle layer (in contact
with solvent) and tpy,. the thickness of the inner part of the
vesicle layer. The scattering length density (SLD) of the solvent
(water), #7501 = 9.33 x 10*® cm ™", was calculated using sasfit SLD
calculator with a beam energy of 17 keV and a water density at
70 °C of 0.998 g cm™>. The scattering length density of the
PVAc was estimated at fpyac = 8.99 x 10'® em™ (with d =
0.863 g cm ™2 at 70 °C).*° Finally the density of the outer part
of the vesicle layer (the PEG brush at the surface) was esti-
mated assuming an homogeneous concentration of PEG
chains close to the critical entanglement concentration (i.e. an
average distance between PEG equal to two time the radius of
gyration of the polymer). The PEG radius of gyration is deter-
mined using the scaling equation below:

Ry =[x DP* 7)

with I = 0.35 nm according to Cruje et al.>' and 0.4 < v < 0.5
assuming relatively poor solvent conditions for PEG at in water
70 °C (i.e. decrease of PEG solubility and a collapse of PEG
molecules at high temperatures).>” This gives an estimation of
1-10% PEG monomer unit per water molecule. Finally, this
hydrated PEG layer is assumed to have the same density as
water. Therefore, an estimation of the SLD of 9.2 x 10° em™ <

erG < 9.3 x 10"° em ™! is obtained.

Results and discussion

The aqueous MADIX-mediated emulsion polymerization of
vinyl acetate using PEG,5-X as a hydrophilic macro-CTA led to
the formation of stable spherical particles for a degree of
polymerization (DP) for the PVAc block lower than 50, to a
mixture of spheres and vesicles for DP comprised between 50
and 100, and eventually to higher-order morphologies, notably
large compound vesicles for a DP > 100.*" The formation of
higher-order morphologies was interpreted as the result of (1)
the high water solubility of VAc compared to other hydro-
phobic monomers classically employed in emulsion polymeriz-
ation, (2) the low glass transition temperature of the hydro-
phobic block (T, & 30 °C) compared to the polymerization
temperature that increases mobility of the polymer chains,
thus facilitating rearrangements, and (3) the relatively low
repulsion between the PEG corona compared to other hydro-
philic macro-CTAs, that enhances the effective collision of the
assemblies and thus promotes their rearrangement.*! Thus,
although the mechanism associated with the formation of
higher-order morphologies is still not fully addressed,’® all the
hypotheses formulated above suggest that the aggregation and
rearrangement of primary particles play a crucial roleas shown
theoretically by our group using MD simulations.*® Therefore,
in situ synchrotron-SAXS measurements were performed to
monitor the nucleation and the morphological transitions of
PEG-b-PVAc block copolymer nanoparticles obtained via RAFT/
MADIX, targeting a polymerization degree close to 200 for the
PVAc block.

This journal is © The Royal Society of Chemistry 2024
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Comparison between static and in situ SAXS experiments

First, cryo-TEM images of the final particle morphology
obtained using either in situ (see ESI{ for the details of this
experiment) or static*' reactor step-up were compared (Fig. S2
and S3t). The cryo-TEM images showed mostly small vesicles
and large compound vesicles for both reaction processes. For
the in situ experiment, small fiber-like objects are also visible
although it does not seem to be the main morphology. Indeed,
the presence of a significant number of elongated objects
should result in an increase of the viscosity which was not
observed. Furthermore, such elongated objects are not
observed on SAXS, probably because their concentration is too
low. Therefore, the vesicles appear to be the most abundant
morphology. However, the in situ experiment yields smaller
multi-compartment vesicles and more densely packed com-
pared with the static experiment. Scattering intensities of
the final morphologies obtained with in situ and static
experiments also confirmed this observation (Fig. S4f). The
form factor of polydisperse vesicles with the hard sphere struc-
ture factor plus an additional Porod slope was used to fit
either in situ or static experiments. Smaller characteristic
dimensions (see Table S21) are observed for the in situ
compared with the static experiment, in good agreement with
cryo-TEM images.

Brotherton et al. also obtained smaller vesicles during the
in situ SAXS experiments compared to those produced in the
laboratory-based synthesis. They attributed this difference in
morphology to a difference in mechanical agitation or perhaps
to a polymerization rate enhancement induced by X-ray
irradiation which could produce radicals. However, an order of
magnitude calculation proves that this phenomenon is prob-
ably negligible. According to ESRF specifications, the beamline
used here has a photon flux of about 10"* ph s™*.>* Thus, con-
sidering a 10% absorption coefficient (i.e., the average absorp-
tion coefficient for soft matter according to the NIST calcula-
tor)>® and a photochemical yield of 100%, a rate of X-rays pro-
duced radicals of 1.66 x 10™** mol s~ would be calculated. On
the other hand, 0.103 g of AIBA initiator (4.79 x 10~ mol,
Table S11), with a decomposition rate of 1.2 x 107™* s7* at
70 °C’° gives a rate of chemically produced radicals of 9.1 x
10~% mol s~%, which if 5000000 times higher than for X-ray
photoinitiation. The difference of morphology between the
static and in situ experiments is thus more likely due to the
reactor hydrodynamics rather than to a side initiation from
the X-ray beam. The formation of large compound vesicles is
likely hindered by the high shear caused by the pump in the
flow-through cell setup. The formation of vesicles is often
reported through a shear-induced processes,’””*® which is sus-
pected to happen here. This is also supported by Boissé et al.
who clearly demonstrated the impact of stirring on mor-
phology in a PISA emulsion polymerization system.’” Thereby,
the main limitation of our SAXS setup concerns the formation
of larger compound vesicles, which are most likely impacted
by the change of shear flow. Moreover, the formation of large
objects cannot be observed in our working g-range. Therefore,

This journal is © The Royal Society of Chemistry 2024
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the mechanism of formation of large compound vesicles will
not be discussed and this article will focus on the formation of
small vesicle assemblies. Finally, it is interesting to compare
the morphological evolution observed between the samples
collected during a static experiment and those measured using
in situ SAXS for the same reaction time (see Fig. S51). During
the in situ experiment the morphological transition appears
between 20 and 23 min (Fig. 1). On the contrary, the morpho-
logical evolution appears more gradually in the case of the
static experiment (Fig. S5t). This can be explained by the fact
that the sampled latexes were cooled in the static experiment,
while in situ measurements were performed at constant reac-
tion temperature (70 °C). This difference also suggests that the
sampled latexes are not thermodynamically stable and con-
tinue to evolve after sampling (i.e. the cooling did not comple-
tely freeze the morphology formed in the reactor). Only after
40 min and 80% conversion both in situ and static experiments
show similar scattering profile, indicating that above this
point kinetically frozen morphologies are obtained. Anyhow,
the sampling method might not provide a realistic view of the
morphological transition during the reaction process.

In situ SAXS experiments

Over the course of the reaction 377 SAXS spectra were col-
lected. They were converted into a video file, available online>®
that allows to rapidly visualize the evolution of the scattering
intensity during the PISA process. The morphological evol-
ution observed can be divided into three steps (see Fig. 1): (1)
the nucleation (first 20 min), (2) the transition step (between
20 and 23 min) where the critical morphological transition
occurs, and (3) the final step (from 23 min to the end), that
could be called the curing or ripening step, where the nano-
objects slowly grow to reach their final dimension.

nucleation end (curing/ripening)
— A
100 , — al
N H morphological [ ]
B ! transition
80 — ' <>
S
< 60 P
< l 1
k=] 7 | '
Q - [ '
] 4 1 H
P h '
5 40 1 H
= b , :
o 1
0 T T T i T T T I T T T l T T T | T
0 20 40 60 80
time (min)

Fig. 1 The three-step evolution of the VAc conversion during the PISA
process regarding morphological transition of the formed nano-objects.
The data were obtained from an experiment carried out in the laboratory
under identical conditions to the in situ SAXS experiment (VAc conver-
sion was determined by gravimetric analysis).
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The nucleation (first 20 min). At first, one can observed a
g * slope (Porod’s law: I(q) ~ C x ¢~*) in the lower g-range and
a Guinier plateau at higher g-range (see Fig. 2). The Porod
region (g < 0.2 nm™') and the Guinier region (g > 0.2 nm™)
correspond to large monomer droplets and small primary
copolymer particles, respectively. The evolution of the Porod
constant (C) as well as the Guinier constant (I,) and radius of
gyration (R,) are plotted in Fig. 2b and c.

The size of the primary particles (corresponding to the
Guinier plateau) decreases at the very beginning (see Fig. 2c),
which could be an artifact due to the very low scattering inten-
sity. Hence, this early trend might not be significant. The g~*
slope increases in intensity during the first few minutes (see
Fig. 2b), which probably corresponds to a decrease of the
droplet size making them more visible in the observed g-range
(i.e. shifted to lower g). The scattering intensity in the Porod
region reaches a maximum for around 14 min, then it
decreases. At the same time, the intensity of the Guinier
plateau increases corresponding to an increased number of
primary particles while the size of those remains constant.
These observations are consistent with a nucleation step; the
diffusion of the monomer from larger droplets through the
water, where it can polymerize. This forms amphiphilic copoly-
mers which then self-assemble into small primary particles

10

1 (cm™)

0.1

Monomers
droplets
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(i.e. nucleation). The swelling of the primary particles by the
monomer is visible between 14 and 18 min in Fig. 2¢ (their
radius increases from 4 to 5.5 nm). This swelling is rather
limited which could be due to the solubility of vinyl acetate in
water which prevents its sequestration into the particle hydro-
phobic core.

At the end of this first step (Fig. 3), the Guinier plateau,
observed at a high g-range and corresponding to the primary
particles (i.e. the copolymer micelles), maintains a consistent
radius of approximately 5 nm, while their count marginally
increases. At the same time, the Porod’s slope, observed at low
g-range, is gradually transformed into a Guinier plateau. This
evolution of the scattering intensity reflects the decrease in
size of large objects from the micrometer range to the nano-
meter range, specifically depleted monomer droplets. By the
end of the nucleation phase, the number of monomer droplets
decreases along with their size, from 25 to 10 nm (see fitting
parameter in the table in Fig. 3). From the value of both the
forward scattering (I,) and the radius of gyration (R,) we can
estimate the number of particles (I, « N x V o N x R,’) with N
and V the number and volume of the particles, respectively.
According to these calculations the number of primary par-
ticles from self-assembly nucleation would be ten-fold the
number of monomer nano-droplets. Therefore, prior to the

Guinier
plateau

Primary
particles

0.00018
0.00016 -
0.00014 -

0.00012 -

1y
= Ry

3
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35
T
8

time (min)

(a) SAXS-scattering intensities from t = 10 to 18.3 min. Black dots and red curves are experimental points and fitting curves, respectively. (b)

and (c) are the evolution of the fitting parameters corresponding to the lower g-range Porod’'s law and the higher g-range Guinier model,

respectively.
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Fig. 3 SAXS-scattering intensities from t = 18.3 to 20.2 min. Black dots

and red curves are experimental points and fitting curves, respectively. The

corresponding fitting parameters (Guinier model) are given in the table alongside the graph.

morphological transition, the system consists mainly of
primary particles from self-assembly nucleation and a small
population of residual monomer nano-droplets. This confirms
that primary particle nucleation and simultaneous monomer
droplet depletion are the main mechanisms driving the early
stages of the PISA process.®°

The morphological transition (20-23 min). During this step,
drastic changes in the scattering intensity were observed,
revealing a critical morphological transition. First, between 20
and 22 min, the Guinier plateau corresponding to small par-
ticles (i.e. primary particles) grows into a broad peak, while the
Guinier plateau corresponding to the larger objects (i.e.

(b)
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Fig. 4 SAXS-scattering intensities: (a) from t = 20.2 to 21.8 min and (b) from t = 21.9 to 23.2 min. Black dots and red curves are experimental points

and fitting curves, respectively. The corresponding fitting parameters are
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residual monomer droplets) evolves into a straight line (see
Fig. 4a).

In the high g-range, the transition from Guinier to a broad
peak reveals the high concentration of particles. As particles
get closer due to a lack of space a broad peak at around
0.5 nm ™" arises in SAXS curves (Fig. 4a). A hard sphere struc-
ture factor was added to the Guinier form factor to fit this
broad peak. Here, the hard sphere radius is equal to the
Guinier radius of gyration and the volume fraction (f;,) was
determined at around 0.3, which corresponds to a high con-
centration of small particles.

In the low g-range, the increased intensity can be attributed
to the particle aggregation. A mass fractal structure factor was
added to the previous Guinier model to fit the increase of the
scattering intensity at the lowest g-range (c¢f. Table (c) in Fig. 4).
At around 22 min, a Porod regime (¢~* slope) is observed
through the merger of the spherical form factor and the struc-
ture factor suggesting that the aggregated particles are coales-

View Article Online
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cing into a larger structure (see Fig. 4b). Between 22 and
23 min, the scattering intensities are rapidly evolving (see
Fig. 4b). The corresponding fitting parameters are summarized
in Table (d) in Fig. 4. The Porod slope at low g-range increases
in intensity, while the Guinier form factor corresponding to
primary particle disappears. This evolution is characteristic of
the disappearance of the small particles because of their
coagulation. Simultaneously, a broad peak appears around
0.2-0.3 nm™"' that probably corresponds to structural reorgan-
ization within the cluster of aggregated particles.

During this step, the aggregation of the copolymer particles
formed during the previous nucleation step was observed.
Indeed, the two Guinier plateaus (corresponding to small and
large particles) disappear with a simultaneous increase of the
intensities at lower g-range, which is a typical feature of the
aggregation process. Furthermore, at the end of this step, the
final morphology is formed. Indeed, at 23 min, the scattering
intensities can be fitted with the form factor of polydisperse
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(a) SAXS-scattering intensities from t = 23 to 60 min. Black dots and red curves are experimental points and fitting curves, respectively. The

evolutions of the fitting parameters are plotted below: (b) the polydisperse vesicle form factor and (c) the hard sphere structure factor.
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vesicles with an additional structure factor (hard sphere) plus
a Porod slope at very low g-range. This fitting model, used in
the next step and until the end, agrees well with the vesicular
assembly observed in cryo-TEM (see Fig. S21). This step can
therefore be seen as a rapid morphological transition driven
by the aggregation of the primary particles. Such mechanism
has already been discussed using MD simulations.’” The
coalescence of the copolymer particles within clusters of aggre-
gated particles can lead to the formation of vesicles because of
the interstitial water trapped within these clusters, which will
reorganize to form the core of the vesicles (see Fig. 6).

The end (curing/ripening). Finally, from 23 min to the end
of the polymerization, the scattering intensity does not change
substantially. Only an increase in intensity between 23 and
30 min is visible (¢f. Fig. 5a). The form factor of polydisperse
vesicles with an additional hard sphere structure factor plus a
Porod slope (for the first 5 to 10 points) were used to fit all
spectra, and the main fitting parameters are plotted in Fig. 5b
and c. Note that the SLD of the PEG layer cannot note be accu-
rately estimated and was therefore left as a variable parameter
in the fit (average value = 9.23 x 10" + 4.8 x 10° em™).
Because the PVAc may be swollen with varying amounts of VAc
monomer during this step, the SLD of the PVAc layer may also
vary. However, the thickness of the inner (fpya) and outer
(tpec) parts of the vesicle layer remain constant, indicating no
significant change in the size of the vesicle layers during this
step. Nevertheless, the radius of the vesicle core increases very
rapidly between 23 and 30 min. This increase slows down to
stop at 50 min. The hard sphere radius follows the same trend
while the volume fraction shows a sharp decrease at the very
beginning. This rapid decrease in volume fraction, with a
rapid increase in vesicular core size, is likely the result of the
coalescence of small water clusters trapped within the aggre-
gates, as shown in Fig. 6. The subsequent slow growth of the
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Vesicles formation through diffusion of interstital water

Fig. 6 Illustration of the morphological transition. From top to bottom:
the nucleation, the aggregation, and the morphological reorganization.
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water core is then probably caused by the diffusion of intersti-
tial water. This suggests that the growth of the vesicles is
initially due to the coalescence of small clusters of interstitial
water (between 23 and 30 min), followed by diffusion of
residual water within the core of the vesicles. This mechanism
differs from that observed by Czajka et al. However, it is impor-
tant to note that Czajka et al. conducted their study employing
PISA in dispersion, while our investigation utilized PISA in
emulsion. Furthermore, the vesicles obtained in our case are
characterized by their smaller size (R, ~ 30 nm) and aggrega-
tion, in contrast to the relatively larger (R ~ 100 nm) and well-
dispersed vesicles observed in Czajka et al.’s work.

Discussion

In a previous paper,”’ we discussed the crucial role of the
aggregation kinetics of the primary particles on the final mor-
phology. We showed that the presence of an attracto-repulsive
interaction between primary particles can influence their
aggregation rate leading to larger clusters that can later reor-
ganize into more complex architectures depending on their
packing density. Here, we present a direct observation of this
mechanism. Indeed, the aggregation of the primary particles
is the first step that triggers the morphological transition
through the structural reorganization within these clusters.
Moreover, this mechanism could explain why higher-order
morphologies are obtained in a very narrow window of con-
ditions. According to this mechanism, obtaining a higher-
order morphology requires an intermediate degree of colloidal
stability (i.e. a combination of an attractive well and a repulsive
barrier), a criterion that is met in this PEG-stabilized system.
This causes a rapid aggregation but without complete destabi-
lization (i.e. limited coalescence) and thus the formation of
large and poorly organized clusters, which then evolve into a
higher-order morphology. This rapid aggregation occurring
during the transition step presents a chaotic aspect; a small
perturbation during this step may lead to significantly
different future behavior, and thus to the formation of a
mixture of morphologies. For all these reasons and as already
suspected, the sole concept of packing parameter (which only
considers geometric/steric constraint) may not be sufficient to
understand the formation of higher-order morphologies by
PISA. The physicochemical interactions between the copolymer
primary particles and their aggregation kinetics should also be
considered when trying to predict the PISA morphology.

Conclusion

Using time-resolved synchrotron SAXS, morphological tran-
sitions occuring during VAc emulsion PISA mediated by a
xanthate functionalized PEG were studied. We observed that
the PISA process occurs in three distinct steps: (i) the nuclea-
tion of copolymer primary particles, (ii) a rapid morphological
transition in which the primary particles aggregate into clus-
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ters that rearrange themselves into higher-order morphologies,
and (iii) a final curing step in which the nano-objects grow
slowly to reach their final dimensions. Previous studies of PISA
using in situ SAXS (Brotherton et al. and Czajka et al.)***® also
observed three distinct steps: (i) the nucleation of copolymer
primary particles, followed by (ii) an intermediate step where
worm-like morphologies are observed, which then (iii) evolve
into vesicles.

However, in our study, the duration of the transition stage
appears to be much shorter than previously reported and
worm-like morphologies are not observed. These differences
may be due to the use of a different PISA formulation as well
as to our fitting strategy. Previous studies interpret the SAXS
data in terms of pure morphology, namely spheres, worms, or
vesicles, while we use a combination of a form and a structure
factors, which leads to a slightly different description of the
morphological transition. In other word, a loosely packed and
ramified aggregate of particles may resemble worm-like mor-
phologies. In our system, this transition step appears to be
critical for the formation of higher-order morphologies
through the aggregation of the primary particles created
during the nucleation step. This observation agrees well with
the mechanism predicted by MD simulations, highlighting the
importance of the aggregation kinetics in obtaining higher-
order morphologies by PISA.*®

Synchrotron SAXS is a powerful method to study the mecha-
nism of PISA. However, the final morphologies obtained are
slightly different from the classical (i.e. static) synthesis prob-
ably due to the shear caused by the pumping of the liquid into
the glass capillary placed in front of the X-ray beam. This
shear could be detrimental to the formation of large vesicles,
favoring the formation of smaller and more compact vesicular
assemblies. Indeed, vesicles are often formed from preexisting
planar bilayers that breakup under shear before reaching
sufficient size.®’ The theoretical understanding of the for-
mation of large vesicles during the PISA processes will be the
subject of further research. Finally, the morphological evol-
ution appears much more gradual in the case of the static
experiment. This difference suggests that the sampled latexes
were not thermodynamically stable and continued to evolve.
Therefore, it seems that the sampling method may not provide
a realistic view of the morphological transition during the reac-
tion process.
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