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ABSTRACT. The surfactant-free emulsion polymerization of vinyl acetate (VAc) was achieved
using RAFT/MADIX-mediated polymerization-induced self-assembly (PISA) process in water.
First, well-defined hydrophilic macromolecular RAFT agents (macroRAFT) bearing a xanthate
chain end were synthesized by RAFT/MADIX polymerization of N-vinyl pyrrolidone (NVP) and
N-acryloylmorpholine (NAM) or by post-modification of commercial poly(ethylene oxide). Chain
extension of the macroRAFT with VAc in water led to the block copolymer nanoscale organization
and the subsequent formation of stable and isodisperse PV Ac latex nanoparticles with high solids
content (35-37 wt%). The influence of various parameters, including the nature and functionality
of the macroRAFT agent precursor, on the polymerization kinetics and particle morphology was

also studied.



INTRODUCTION

Aqueous emulsion polymerization of vinyl acetate (VAc) is a widely used process that finds
industrial applications in various domains such as adhesives, paints and coatings.!3 This process
is usually carried out according to a free radical emulsion polymerization of the monomer in water
in the presence of surfactant. The developments of the reversible deactivation radical
polymerization (RDRP)* in water recently allowed to perform emulsion polymerization according
to the polymerization-induced self-assembly (PISA) process.’ PISA is based on the use of a
hydrophilic polymer synthesized by RDRP that is extended with hydrophobic monomer units in a
monomer-in-water emulsion. The resulting amphiphilic block copolymers can then self-assemble
in water®’ or simply act as in situ formed stabilizers.®!° First developed according to a two-pot
process consisting in the preparation and the purification of the hydrophilic living precursor and
its further use in water, PISA has recently shown to be effective in a one-pot process in which both
the syntheses of the hydrophilic precursor and the final particles are performed in water in the
same reactor.!!"1¥ Self-stabilized nano-objects that can further show various morphologies can thus
be obtained in a simple synthetic procedure and in the absence of additional molecular
surfactant.!>1618 Similar concepts have been developed in dispersion polymerization.>!° Among
the RDRP techniques, reversible addition-fragmentation chain transfer (RAFT) remains the most
studied and probably the most versatile one so far. With RAFT, various hydrophobic monomers
such as styrenics and (meth)acrylics, or recently vinylidene chloride,?® have been successfully
employed alone or in combination as constitutive monomer units of the hydrophobic core. To
control the growth of these hydrophobic blocks and to favor an efficient self-assembly process,
the hydrophilic precursor should be synthesized with thiothiocarbonylated chain transfer agents

(CTAs) as control agents such as dithioesters or trithiocarbonates. Trithiocarbonates are, however,



generally employed since they proved their superiority in controlling the RAFT polymerization of
hydrophilic monomer in water and they induce low or even no rate retardation compared to
dithiobenzoates. The transposition of the PISA process to the synthesis of PV Ac-based particles
is thus very challenging but, however, more demanding since the controlled radical polymerization
of VAc is not trivial. Indeed, the use of xanthates or dithiocarbonates CTAs in a RAFT process,
strategy originally coined as MAcromolecular Design by Interchange of Xanthates (MADIX),?! is
probably the best way to synthesize well-defined PVAc polymer chains.?>?° In the frame of the
PISA process, this requires the use of hydrophilic macroCTA (macroRAFT) precursors that are
carrying dithiocarbonate end groups. These precursors can thus only be obtained either by
performing the RAFT/MADIX of a hydrophilic monomer using a dithiocarbonate as control agent
or by introducing a dithiocarbonate end group on a preformed hydrophilic polymer chain. As far
as we know, only one example reports the VAc emulsion polymerization in water mediated by a
preformed dithiocarbonate end-functionalized polymer, namely dextran.!® The functionalization
rate was rather low (ca. 30%) and in this particular system, the formation and the stabilization of
the particles were possible by a fraction of in situ formed dextran-PVAc block copolymers.
Influence of the dextran-CTA and monomer contents on the polymerization was studied, and stable
monodisperse PVAc latex particles up to 27 wt % solids content were obtained with fast kinetics
for low amounts of dextran-CTA (2-4 wt%). However, the control over the polymerization was
not fully efficient as evidenced by the increase of the molar mass dispersity with conversion up to
a value of 5.6.

In this paper, a systematic study was thus undertaken to design an efficient PISA system in which
the formation of block copolymers would lead to self-assembly and to PVAc polymer particles

composed exclusively or not of block copolymers. The first requirement was to identify a



hydrophilic macroRAFT agent that could be synthesized using RAFT/MADIX process. The
number of hydrosoluble monomers polymerized by RAFT/MADIX and leading to well-defined
hydrosoluble polymer is indeed very limited. N-vinylpyrrolidone (NVP) is a hydrosoluble
monomer that has been efficiently polymerized in a controlled way using the RAFT/MADIX
process.*? However, the dithiocarbonate chain end of the resulting PNVP macroRAFT is thermally
unstable and can be eliminated during polymerization.' To prevent these side reactions, Destarac
et al. developed recently a robust approach for aqueous RAFT/MADIX polymerization of NVP at
ambient temperature using a redox initiation.>? Poly(acrylamide)-based diblock copolymers were
successfully synthesized from PNVP macroRAFT in aqueous solution using the same reaction
conditions.

N-acryloylmorpholine (NAM) is a bisubstituted hydrosoluble acrylamide derivative with
interesting features, including the ability to yield polymers that are soluble in water and in a wide
range of organic solvents. NAM has been successfully polymerized using the RAFT technique
with dithioester or trithiocarbonate chain transfer agents.’*35 Moreover, PNAM macroRAFTs
have been used for the formation of amphiphilic copolymers by chain extension with a variety of

hydrophobic monomers.33-37

Taton et al. only mentioned its polymerization using the
RAFT/MADIX process without any experimental data.®

Eventually, besides the controlled polymerization of a monomer from a suitable RAFT/ MADIX
agent, another way of getting a macroRAFT carrying a dithiocarbonate chain end is, as mentioned
above, a post-modification of an existing polymer by a xanthate extremity. A common choice for
that purpose is to use poly(ethylene glycol) (PEG). Commercially available PEGs prepared via

anionic polymerization can be found with one or two hydroxyl end functionalities, which enables

a very large range of chemical modifications. Among them, the synthesis of xanthate-



functionalized PEG (PEG-X) by post-modification of linear PEG has already been reported in the
literature.’®> More specifically, PEG-X has been used for successful xanthate-mediated
copolymerization of vinyl acetate in solution.**** To our knowledge, however, no emulsion
polymerization of VAc has ever been attempted using this macroRAFT.

In the present paper, we synthesized xanthate-based macroCTAs obtained by RAFT/MADIX
polymerization of N-vinylpyrrolidone (NVP) and by post-modification of linear poly(ethylene
glycol) monomethyl ether. In addition, we investigated the RAFT/MADIX of N-
acryloylmorpholine (NAM). The use of these hydrophilic precursors in the RAFT/MADIX-
mediated emulsion polymerization of vinyl acetate was then studied. Characterization of the final

copolymers and latexes was performed using various analytical techniques.

EXPERIMENTAL SECTION

Materials. 4-(chloromethyl)benzyl alcohol (99%), 2-bromopropionyl bromide (97 %), O-ethyl
xanthic acid potassium salt (96%), tert-butyl hydroperoxide Luperox® TBH70X (~-BuOOH , 70%
in water), trioxane, 4,4’-azobisisobutyronitrile (AIBN), 4,4’-azobis(4-cyanopentanoic acid)
(ACPA), ascorbic acid (Asc Ac), poly(ethylene glycol) methyl ether (PEG, Mn = 2000 g mol™!,
Aldrich), magnesium sulfate were purchased from Aldrich and used as received. N-
vinylpyrrolidone (NVP, Aldrich, >99%) and vinyl acetate (VAc, Aldrich, analytical standard)
were purified by cryodistillation. PEG-X was synthesized as described previously.*’ Xanthates 1

and 2 were synthesized according to existing protocols with minor modifications.?!*!



Synthesis of the xanthates.

Synthesis of O-ethyl-S-(1-benzylalcohol) xanthate (1)

A solution of commercially available O-ethyl xanthic acid potassium salt (9.1 g, 56.9 mmol, 1.2
equiv) of ethanol (45 mL) was added dropwise to a solution of 4-(chloromethyl)benzyl alcohol
(7.5 g, 47.4 mmol, 1 equiv.) in ethanol (35 mL) using a dropping funnel. The mixture was stirred
at room temperature for 24 h. The white precipitate of KCI1 was isolated by filtration, and ethanol
was evaporated off. Finally, the product was dissolved in dichloromethane (50 mL) and washed
with water (3 x 15 mL). The organic phase was dried over magnesium sulfate and dried under
vacuum, yielding a white powder. 'H NMR (ppm, CDCl3), &: 1.42 (t, 3H, CH3), 4.36 (s, 2H,
SCH2), 4.65 (q, 2H, CH3CH>), 4.68 (d, 2H, CH20H), 7.29-7.37 (m, 4H, Ph). '3C NMR (ppm,
CDCl3), 6: 13.8 (CH3CH20), 40.1 (CCH2S), 65.0 (CH20H), 70.1 (CH3CH20), 127.3 (2C meta),

129.3 (2C ortho), 135.2 (CCH:S), 140.2 (CCH20H), 213.9 (C=SS).

Synthesis of O-ethyl S-(1-phenylethyl) carbonodithioate (2)

A solution of commercially available O-ethyl xanthic acid potassium salt (10.4 g, 65 mmol, 1.2
equiv) of ethanol (45 mL) was added dropwise to a solution of 1-bromoethylbenzene (10 g, 54
mmol, 1 equiv.) in ethanol (35 mL) using a dropping funnel. The mixture was stirred at room
temperature for 24 h. The white precipitate of KBr was isolated by filtration, and ethanol was
evaporated off. Finally, the product was dissolved in dichloromethane (50 mL) and washed with
water (3 x 15 mL). The organic phase was dried over magnesium sulfate and dried under vacuum,
yielding a yellow oil. '"H NMR (ppm, CDCls), 8: 1.39 (t, 3H, CH2CH3), 1.73 (d, 3H, CHCH3), 4.62

(tetra, 2H, CH3CHQ2), 4.90 (q, 1H, CHCH3), 7.24-7.40 (m, 5H, Ph). 3C NMR (ppm, CDCl3), &:



13.7 (CH3CH:0), 21.7 (SCHCH3), 49.2 (SCHCH3), 69.7 (CH;CH:0), 127.5 (2C ortho), 128.6

(2C meta), 141.8 (CCHCH3), 213.4 (C=SS).

Polymerization of NVP

Free radical polymerization of NVP in dioxane. NVP (5 g, 4.5.102 mol, 1 equiv.), AIBN (0.015
g, 9 x 107 mol, 0.002 equiv.), trioxane (0.67 g, 7.5 x 103 mol, 0.17 equiv.) and dioxane (5 mL,
5.86 x 102 mol) were introduced in a 3-neck round-bottom flask. The mixture was degassed by
three cycles of freeze-vacuum-thaw then stirred 1 hour at 80 °C. The mixture was diluted with

CH2Cl2 then precipitated twice in diethyl ether and dried under reduced pressure.

Free radical polymerization of NVP in water. NVP (3.44 g, 3.1 x 10 mol, 1 equiv.), -BuOOH
(0.054 g, 6.0 x 10 mol, 0.02 equiv.), trioxane (0.465 g, 5.2 x 1073, 0.17 equiv.) were introduced in
a round-bottom flask in 4 mL of deionized water. In a separate flask, ascorbic acid (0.106, 6.0 x
10 mol, 0.02 equiv.) was dissolved in 1 mL of deionized water. The two solutions were degassed
under argon for 30 min. The ascorbic acid solution was then added to the mixture under argon, and
the polymerization medium was stirred for 48 h at 25 °C. The mixture was freeze-dried and re-

dissolved in ethanol, then precipitated twice in diethyl ether.

RAFT/MADIX polymerization of NVP in dioxane. In a typical experiment, NVP (5 g, 4.5 x 1072
mol, 1 equiv.), xanthate 1 (0.240 g, 5 x 10~ mol, 0.02 equiv.), AIBN (0.015 g, 9 x 103 mol, 0.002
equiv.), trioxane (0.67 g, 7.5 x 10~ mol, 0.17 equiv.) and dioxane (5 mL, 5.86 x 102 mol) were
introduced in a 3-neck round-bottom flask. The mixture was degassed by three cycles of freeze-
vacuum-thaw then stirred 7 hours at 80 °C. The mixture was diluted with CH2Cl2 then precipitated

twice in diethyl ether and dried under reduced pressure.



RAFT/MADIX polymerization of NVP in water. In a typical experiment, NVP (3.44 g, 3.1 x 1072
mol, 1 equiv.), xanthate 1 (0.229 g, 9.4 x 10* mol, 0.03 equiv.), -BuOOH (0.054 g, 6.0 x 10* mol,
0.02 equiv.) and trioxane (0.465 g, 5.2 x 103, 0.17 equiv.) were introduced in a round-bottom flask
with 4 mL of deionized water. In a separate flask, ascorbic acid (0.106, 6.0 x 10* mol, 0.02 equiv.)
was dissolved in 1 mL of deionized water. The two solutions were degassed under argon for 30
min. The ascorbic acid solution was then added to the mixture under argon, and the polymerization
medium was stirred for 48 h at 25 °C. The mixture was freeze-dried and re-dissolved in ethanol,

then precipitated twice in diethyl ether.

RAFT/MADIX polymerization of NVP in bulk. In a typical experiment, NVP (5 g, 4.5 x 102 mol,
1 equiv.), xanthate 1 (0.240 g, 5 x 103 mol, 0.02 equiv.) and AIBN (0.015 g, 9 x 10-3 mol, 0.002
equiv) were introduced in a round-bottom flask. The mixture was degassed by three cycles of
freeze-vacuum-thaw then stirred 3 hours at 80 °C. The mixture was diluted with CH2Cl> then

precipitated twice in diethyl ether and dried under reduced pressure.

Polymerization of NAM

RAFT/MADIX polymerization of NAM in dioxane. In a typical experiment, NAM (2.5 g, 1.8 x
102 mol, 1 equiv.), xanthate 2 (0.112 g, 5.0 x 10 mol, 0.03 equiv.), AIBN (0.006 g, 4.0 x 10>
mol, 0.002 equiv.) and trioxane (0.16 g, 1.7 x 10, 0.1 equiv.) were introduced in a round-bottom
flask with 3.5 mL of dioxane. The solution was degassed under argon for 30 min, then stirred for

5 hat 70 °C. The mixture was precipitated twice in diethyl ether.

RAFT/MADIX polymerization of NAM in bulk. In a typical experiment, NAM (1 g, 7.1 x 1073

mol, 1 equiv.), xanthate 2 (0.045 g, 2 x 10*mol, 0.03 equiv.) and ACPA (0.004 g, 1 x10-> mol,



0.002 equiv) were introduced in a round-bottom flask. The solution was degassed under argon for
30 min, then stirred for 1 h at 70 °C. The mixture was diluted with CH2Cl> then precipitated twice

in diethyl ether and dried under reduced pressure.

General procedures for the emulsion polymerization of vinyl acetate in the presence of a

macroRAFT (PNVP, PNAM or PEG).

All emulsion polymerizations were performed using the following protocol. VAc, the
macroRAFT and ~-BuOOH were introduced in a round-bottom flask with deionized water. In a
separate flask, ascorbic acid was dissolved in deionized water. The two solutions were degassed
under argon for 30 min. The ascorbic acid solution was then added to the mixture under argon, and
the polymerization medium was stirred for 48 h at 25 °C. The monomer consumption was followed
by gravimetric analysis of samples withdrawn from the polymerization medium at different times.
Table 3 displays the experimental conditions of the various RAFT/MADIX VAc emulsion

polymerizations and the main features of the resulting PV Ac particles.

Analytical techniques

Nuclear Magnetic Resonance (NMR). The overall monomer conversion was determined by 'H
NMR spectroscopy of the crude reaction medium diluted with D20 with a Bruker DRX 300 at
room temperature. The chemical shift scale was calibrated relative to the solvent peak and the
vinyl protons of the monomers were used to determine the overall conversion using 1,3,5-trioxane

protons as an internal reference.



Size exclusion chromatography (SEC). Measurements were performed in DMF (+ LiBr, 0.01 mol
L' and toluene as a flow rate marker) at 50 °C at a flow rate of 1.0 mL min™! using a Tosoh EcoSEC
HLC-8320GPC equipment (SEC-DMF). All polymers were analyzed at a concentration of 3 mg
mL-! after filtration through a 0.45 pum pore-size membrane. The separation was carried out on
three PSS GRAM linear columns (300x 8 mm). The setup was equipped with a refractive index
(RI) detector (Waters 410 Differential Refractometer at A = 930 nm). The average molar masses
(number-average molar mass, Mx, and weight-average molar mass, Mw) and the dispersity (P =
Mw/Mn) were derived from the RI signal by a calibration curve based on poly(methyl methacrylate)
(PMMA) standards. The software used for data collection and calculation was EmpowerTM Pro
version 5.0 from Waters. SEC measurements were also performed in THF at 40 °C at a flow rate
of 1 mL min!, using toluene as a flow rate marker (SEC-THF). They were analyzed at a
concentration of 3 mg mL-! after filtration through a 0.45 pm pore-size membrane. The separation
was carried out on three columns from Malvern Instruments [T6000M General Mixed Org (300 %
8 mm)]. The setup (Viscotek TDA305) was equipped with a refractive index (RI) detector (A =
670 nm). Mn and D were derived from the RI signal by a calibration curve based on polystyrene

standards (PS from Polymer Laboratories) for the analysis of the block copolymers.

Transmission electron microscopy (TEM). Diluted latex samples were dropped on a carbon-
formvar-coated copper grid and dried under air. The samples were examined with a Philips CM120
transmission electron microscope operating at 80 kV (Centre Technologique des Microstructures

(CTp), plateform of theUniversité Claude Bernard Lyon 1, Villeurbanne, France)

Dynamic Light Scattering (DLS). The intensity-average diameters (Dn) of the latex particles and

the dispersity factor (Poly) were measured at 25 °C using a Zetasizer Nano Series (Nano ZS) from

10



Malvern Instrument using the Zetasizer 6.2 software. The instrument was calibrated with standard
polystyrene latex in water exhibiting a particle size of 220 nm + 6 nm. Before measurements, the
latex samples were diluted in deionized water. The number of particles per liter of the aqueous

phase, Np, was calculated as follows:

_ br
prDy®

Ny

with T (g L-'watwer) the solids content of the dispersed phase (T = (MmacroRAFT + conversion X
mvaAc)/Vwater, With MmacrorAFT and mvac the initial weight of macroRAFT and VAc, respectively,

Vwater the initial volume of water) and p the density of PVAc (1.19 g cm™).

Matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-ToF-
MS). Mass spectra were acquired on a Voyager-DE STR (Applied Biosystems, Framingham, MA).
This instrument was equipped with a nitrogen laser (wavelength 337 nm) to desorb and ionize the
samples. Samples were analyzed using dithranol as a matrix with or without sodium iodide salt as
cationization agent. The accelerating voltage used was 20 kV. The spectra were the sum of 300
shots, and an external mass calibration was used. Samples were prepared by dissolving the product
in DMF at a concentration of 1 g L. The assigned isotopic distributions were simulated with

ISOPRO mass spectrometry simulator before being assigned.

RESULTS AND DISCUSSION
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PNVP macroRAFT synthesis. The first step of this work was dedicated to the synthesis of
PNVP macroRAFT from xanthate-based CTA. O-ethyl S-4-(hydroxymethyl)benzyl
carbonodithioate (1) was chosen to control the polymerization of NVP (Scheme 1a).
Polymerization kinetics was studied during the RAFT/MADIX process performed under various
conditions of solvent and temperature (Table 1). As a control experiment, the free radical
polymerization of NVP was performed in dioxane and yielded high molar mass polymer with
broad molar mass distribution (PNVP1, Table 1). Then, 1 was used to control the RAFT/MADIX
polymerizations of NVP in the same conditions (PNVP2, Table 1). The [1]/[monomer] ratio was

chosen in order to reach molar masses around 5000 g mol! at 100% conversion.

Scheme 1. RAFT/MADIX polymerization of a) N-vinylpyrrolidone (NVP) and b) N-

acryloylmorpholine (NAM) using xanthates 1 and 2, respectively.
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Table 1. RAFT/MADIX polymerization of NVP controlled by the xanthate 1, using various

conditions

[11/ T T f* x? Muin® Mnnur® Myusec®

Polymer| Solvent Init. D
INVP] (°C) (h) (%) (%) (gmol) (gmol") (gmol)
PNVP1 | Dioxane AIBN 0 80 1 - 70 - - 51190 34
PNVP2 | Dioxane AIBN 0.022 80 7 55 63 3770 3900 2630 1.3
PNVP3 | Dioxane AIBN 0.022 60 24 17 33 1910 2350 1330 1.4
PNVP4 Bulk  AIBN 0.022 80 5 51 78 4280 4130 3860 1.3
PNVP5 Bulk AIBN 0.022 80 1.5 86 66 3575 3020 2690 1.3
PNVP6 | Water Redox 0.022 25 24 55 88 5140 5240 4210 1.6

“f is an estimation by "H NMR of the xanthate functionality in the final macroRAFT; ? x is the
conversion as followed by 'H NMR; ¢ Theoretical number-average molar mass, calculated using
the experimental conversion x; ¢ Molar mass from DPx estimated by comparing the xanthate chain
end to the polymer resonances on the 'H NMR spectra; ¢ Values obtained by SEC-DMF according
to a conventional calibration against PMMA standards.

Although that may not be adapted for the determination of absolute molar mass of PNVP, the
number-average molar mass (Mn) and the molar mass dispersity values (D) were estimated by SEC
analyses in DMF based on PMMA calibration. PNVP2 macroRAFT showed much narrower molar
mass distribution (P = 1.3) compared to the PNVP1 polymer obtained by free radical
polymerization at similar conversions (P = 3.4). In addition, as shown in Figure la, 'H NMR
spectrum of PNVP2 in deuterium oxide (D20) confirmed the formation of polymers carrying an
aromatic end group coming from 1, as expected. Integration of the aromatic protons versus other
characteristic polymer peaks allowed an estimation of the macroRAFT molar mass (3900 g mol™!)
that was found to be close to the theoretical value (3770 g mol!, see Table 1). Besides, the presence

of a triplet at 1.3 ppm (a) is characteristic of the methyl protons of the ethoxy group carried by the
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polymer chains and coming from 1, showing the functionalization of PNVP on the other chain
end. This signal is well resolved and can be used to quantify the functionality of PNVP by
comparing its integration value to the one of the aromatic protons. Xanthate functionality of
PNVP2 was found to be around 55% according to this technique, suggesting that side reactions
occurred under these experimental conditions. In the case of RAFT/MADIX of NVP, the thermal
stability of the O-ethyl xanthate chain end has been reported to be low, leading to sulfur-free PNVP
chains.* To complete the characterization, MALDI-ToF-MS analysis was performed on PNVP2
macroRAFT (Figure 1b). The structure that corresponds to the main population is the An form
cationized with sodium and carrying the 4-hydroxymethylbenzyl group on the a chain end coming
from 1 and a double bond on the ® end. The absence of xanthate end group is probably due to its
fragmentation during the analysis under the MALDI-ToF-MS conditions, as previously discussed
by Destarac et al,>>#>% and to a fraction of chains that are effectively not carrying a xanthate chain
end. Still, the expected population was present although in low proportion (Cn). The presence of
the 4-hydroxymethylbenzyl substituent of 1 in these two populations confirmed that 1 efficiently
participates in the initiation step. Moreover, this analysis gave access to absolute values of molar
mass and dispersity for PNVP2 (Mn = 3020 g mol"' and P = 1.22, see Figure S1 in Supporting
Information for the full distribution), that were in good agreement with values provided by other

techniques and with the expected value (Mn = 3770 g mol ™).
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Figure 1. a) 'H NMR spectrum of PNVP2 (D20). The area between 4.5 and 5.5 ppm is mainly
overlapped by the H2O characteristic resonance and was omitted from the spectrum. b) Enlarged

MALDI-ToF mass spectrum of PNVP2 in reflectron mode.

To address the PNVP functionality issue, several NVP polymerizations were carried out using
different solvent or temperature conditions. As mentioned in the Introduction, the thermal stability
of PNVP carrying xanthate end group is low. In a first trial, we decided to conduct the
polymerization in dioxane at 60 °C instead of 80 °C (PNVP3, Table 1). However, only 23% of

conversion was reached after 24h of reaction, showing a dramatic slow-down of the
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polymerization. Under these conditions, the formed PNVP underwent a much longer thermal
treatment, the functionality dropping to less than 20%. Finally, NVP was polymerized in bulk at
80 °C, using AIBN as initiator (PNVP4-5, Table 1). In a first attempt, the reaction was stopped
after Sh. High conversion was reached but only 50% functionality was obtained (PNVPS5). The
polymerization was therefore reproduced in the same conditions using a shorter reaction time (1.5
h). Shorter reaction times allowed to prevent the chain end from thermal degradation and to isolate
PNVP5 with the highest functionality (86% according to '"H NMR). Monomer conversion was
followed by '"H NMR, showing as expected faster kinetics for the bulk polymerization (Table 1).
To further confirm the controlled behavior of the polymerization, SEC-DMF analyses were
performed at various conversions. Figure 2 displays the SEC traces obtained for PNVPS as an
example. It appears that good control was achieved since the SEC trace was completely shifted
toward higher molar masses when conversion increased. Moreover, dispersity remained low (D ~
1.3) throughout the polymerization in agreement with a successful RAFT/MADIX polymerization
process. The values of Mn for PNVP macroRAFTs were generally slightly underestimated
compared to the theoretical ones. However, molar mass values obtained by MALDI-ToF-MS
analyses of PNVP5 (M, =3200 g mol! and P = 1.21) were once again consistent with the expected
value (Mn = 3200 g mol!). As for macroRAFT PNVP2, the structure that corresponds to the main
population was the An form cationized with sodium and carrying the 4-hydroxymethylbenzyl
group on the a chain end coming from 1 and a double bond on the ® end. This chain end, already
observed in the case of PNVP2, together with the higher functionality determined by '"H NMR for
PNVPS5 are consistent with fragmentation during the analysis (see Figure S2 in Supporting

Information).
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Figure 2. Synthesis of PNVPS: a) SEC-DMF monitoring of the polymerization; b) Experimental
Mn and dispersity as a function of monomer conversion (values obtained from conventional

calibration against PMMA standards).

Indeed, a similar study was recently performed by Destarac et al.*** RAFT/MADIX of NVP
performed under thermal initiations systematically gave rise to a certain amount of side-products
which increased with the polymerization temperature or time. The authors indeed showed and
further detailed®? that when the RAFT/MADIX of NVP was performed in water at 25 °C in the
presence of a mixture of #-butyl hydroperoxide and ascorbic acid as initiating system, a very good
control of the polymerization was observed and the integrity of xanthate chain ends was kept. In
order to investigate the possibility of a one-pot route to block copolymers self-assembly,!!-16
polymerization of NVP was also conducted in water (PNVP6, Table 1) under the same conditions.
A t-butyl hydroperoxide/ascorbic acid (~-BuOOH/Asc Ac) redox initiating system was used at 25
°C to prevent thermal degradation, as previously recommended by Destarac et al.’> As expected,
the polymerization kinetics was much slower, and the polymerization was followed over 24h to

achieve high conversion (88%). '"H NMR analysis revealed that the xanthate functionality was,

however, not improved using these conditions (f = 55%), and showed the appearance of hydrolysis
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degradation products. Destarac et al.’? reported high fidelity of the xanthate chain end (even after
five days of storage) when synthesizing PNVP under these conditions. The synthesis of block
copolymers using a PNVP macroRAFT was not depicted, although a polyacrylamide-b-PNVP
could be obtained using a polyacrylamide block obtained by RAFT/MADIX performed in water
for the polymerization of NVP. However, we could not reach here the same level of functionality.
Therefore, a two-step process employing PNVP2 or PNVPS will be used in the following for the
emulsion polymerization of VAc from PNVP macroRAFT. However, during the reviewing
process of this manuscript, Destarac et al. reported*® the beneficial use of sodium sulfite as
reducing agent instead of ascorbic acid for RAFT polymerization of NVP. This system may be of
real interest to implement a one-pot process for emulsion polymerization of VAc employing PNVP

chains synthesized in water.

PNAM macroRAFT synthesis. Since the polymerization of NVP by the RAFT/MADIX process
gave macroRAFTs with partial functionality, N-acryloylmorpholine (NAM) was chosen as
suitable candidate to both achieve potentially highly xanthate functionalized hydrophilic
macroRAFT and employ a one-pot approach. As far as we know and as already mentioned in the
Introduction, there is no detailed study in the literature on the RAFT/MADIX polymerization of
NAM. According to a preliminary study, O-ethyl S-(1-phenylethyl) carbonodithioate (2) was
chosen to control the polymerization of NAM (Scheme 1b). As a systematic study, NAM
polymerization was also conducted in different media. In a similar way to NVP, free radical
polymerization of NAM was performed in dioxane as a control experiment, yielding a polymer

with a broad molar mass distribution (Ma = 16 400 g mol!, D = 6.9, PNAMI, Table 2).
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Table 2. RAFT/MADIX polymerization of NAM using various conditions

[2]/ T T f* x> Muw® Murun® Mnsec®
Polymer | Solvent Init. D
INAM]  (°C) (h) (%) (%) (gmol”) (g mol”) (g mol”)
PNAMI1 | Dioxane AIBN 0 70 30 - 90 - 16400 6.9
PNAM2 | Dioxane AIBN  0.028 70 5 100 86 4580 5730 3500 1.6
PNAM3| Bulk AIBN  0.028 70 0.7 100 70 3460 7140 4230 1.6
PNAM4 | Water/ ACPA  0.028 70 1.5 100 90 4780 7140 4600 2.1

“fis an estimation by '"H NMR of the xanthate functionality in the final macroRAFT; ? x is the
conversion as followed by 'H NMR; ¢ Theoretical number-average molar mass, calculated using
the experimental conversion x; ¢ Molar mass from DPx estimated by comparing the xanthate chain
end to the polymer resonances on the 'H NMR spectra; ¢ Values obtained by SEC-THF according
to a conventional calibration against PS standards;/ 10% of dioxane was added to dissolve 2.

Polymerization was conducted at 70 °C (instead of 80 °C for NVP) to allow conversion
monitoring, since the NAM polymerization was proceeding too rapidly at higher temperature.
Then, RAFT/MADIX controlled polymerization of NAM was performed in similar conditions
using 2 (PNAMZ2, Table 2). The [CTA]/[NAM] ratio was adjusted to target macroRAFTs with
molar mass close to 5000 g mol! at 100% conversion. As for PNVP, SEC analysis of PNAM2
macroRAFT showed much narrower molar mass distribution (P = 1.6) compared to the PNAM1
polymer obtained by free radical polymerization at similar conversions (P = 6.9). The SEC trace
was completely shifted toward higher molar masses over time, with Mx values increasing linearly
with conversion and dispersities being relatively low and almost constant throughout the

polymerization (Figure 3). The dispersity values were in good agreement with a controlled process
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considering the known moderate reversible chain transfer ability of xanthates for acrylamide
monomers in RAFT/MADIX .3 As for PNVP and as already observed for PNAM analyzed by
SEC using a conventional calibration based on polystyrene standards,* the M value of the PNAM

macroRAFT was significantly smaller than expected.
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Figure 3. Synthesis of PNAM2: a) SEC-THF monitoring of the polymerization; b) Experimental
Mhn and dispersity as a function of monomer conversion (values obtained from conventional

calibration against PS standards).

"H NMR analysis in deuterium oxide (D20) confirmed the formation of polymer chains carrying
an aromatic end group (Figure 4a) coming from 2. Integration of the aromatic proton signal versus
other characteristic polymer resonance (b, 2.6 ppm) allowed an estimation of the macroRAFT
molar mass. However, the characteristic signal of the methyl protons of the ethoxy group coming
from 2 (a, 1.3 ppm) was overlapped by the broad signal of the methylene protons from the polymer
backbone and could not be used to quantify the chain end functionality. "H NMR analysis of

PNAM2 was therefore also performed in deuterated tetrahydrofuran in which the characteristic
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signal of the ethoxy group coming from the xanthate signal (x, 4.7 ppm in THF-ds) (See Figure S3
in Supporting Information) was well resolved. By comparing its integral to the one of the aromatic
proton resonance, PNAM2 was found to be quantitatively functionalized. Also, PNAM2 was
characterized by MALDI-ToF-MS (Figure 4Figure 4b), revealing that the main population
corresponds to the expected structure Dn, cationized with Na*. The spectrum also shows several
populations of lower intensity, probably due to the fragmentation of the xanthate chain ends under
the laser beam since no evidence of side products was detected by the other characterization
techniques. In a similar way to PNVP macroRAFT, analysis of the MALDI-ToF-MS distribution

provided a Mx value (4680 g mol™!, D = 1.34) in good agreement with the theoretical value.
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Figure 4. a) '"H NMR spectrum of PNAM2 (D:20) ; b) Enlarged MALDI-ToF mass spectrum of

PNAMZ2 in reflectron mode.

Bulk polymerization of NAM was also carried out at 70 °C (PNAM3, Table 2), proceeding very
quickly since 30% of conversion was reached in a few minutes. The overall conversion was then
limited to 70% due to the very high viscosity of the reaction medium. Finally, polymerization was
carried out in water using ACPA as initiator (PNAM4, Table 2), keeping in mind a one-pot
emulsion polymerization process with VAc. Since 2 is not water soluble, it was preliminarily

dissolved in dioxane (10 wt%). However, '"H NMR analysis of the final polymer revealed some
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traces of unreacted CTA that must have precipitated in the polymerization medium. SEC analysis
of PNAM4 showed a broader molar mass distribution (P = 2.1) and slightly higher molar mass
than expected. Therefore, like in the case of PNVP, the emulsion polymerization of VAc will be

performed according to a two-step process using preformed PNAM macroRAFT (PNAM2).

PEG-X macroRAFT synthesis. A third hydrophilic macroRAFT with a linear structure was
synthesized in two steps by modification of commercial poly(ethylene glycol) monomethyl ether
of average molar mass My = 2000 g mol'! as described previously (Scheme 2).4° 'TH NMR and
MALDI-ToF-MS analysis of the macroRAFT confirmed the complete functionalization (Figure

5).

1) TEA, CH,Cly, 1t

Br\”)\Br S
0 OH °© o 0 @ )J\
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0]

S

Scheme 2. Synthesis of PEG-X macroRAFT by modification of commercial PEG methyl ether
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Figure 5. Enlarged MALDI-ToF mass spectrum of PEG-X in reflectron mode.

VAc emulsion polymerization in the presence of xanthate end functionalized and hydrophilic

polymers: synthesis of self-stabilized PV Ac latexes.

Owing to the poor xanthate functionality of PN'VP synthesized in water and the limited control of
NAM RAFT/MADIX polymerization in water, the one-pot process was not investigated.
Consequently, all the macroRAFT agents used in the surfactant-free RAFT/MADIX VAc
emulsion polymerization were those synthesized beforehand in organic solvent, namely PNVP2,
PNVP5, PNAM2 and PEG-X. As mentioned previously, the xanthate chain end of PNVP
macroRAFT is thermally instable and can be eliminated during polymerization. Thus,
RAFT/MADIX-mediated PISA process at ambient temperature using a redox initiation was chosen
for this study. The couple #-butyl hydroperoxide/ascorbic acid (-BuOOH/Asc Ac) was used as a

redox initiating system (Scheme 3), based on the previous work of Destarac et al.3> For comparison
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purposes, the same conditions were applied to the other systems, using PNAM and PEG

macroRAFTs, respectively.

X S
PNVP2 or PNVP5 HO )J\
/\

L

a @) O >
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\f _ > o O\’/O

i : t-BUOOH / Asc Ac, 25 °C, H,O

9

Scheme 3. MADIX emulsion polymerization of VAc in aqueous medium using: a) PNVP2 or

PNVPS, b) PEG-X and c) PNAM2 macroRAFTs

Control experiments on emulsion polymerization of VAc were first performed at 25 °C, in absence
or presence of xanthate-free PNVP1 (Table 3, L0 and L1, respectively). In the first case, the
polymerization of VAc reached very low conversion and no latex was obtained. In the presence of
PNVP1, previously obtained by free radical polymerization of NVP, a stable latex was obtained

composed of nanoparticles with acceptable size dispersity (Dn = 380 nm, Poly = 0.13), although
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SEC analysis of the copolymer revealed a broad molar mass distribution (P = 3.1). This result
showed that PNVP1 was involved in the stabilization process. High molar mass PNVP is known
to undergo irreversible chain transfer reaction in a free radical process and indeed used as such in
dispersion polymerization of hydrophobic monomers to generate in situ grafted amphiphilic

polymers able to act as stabilizers. 64

Then, RAFT/MADIX mediated emulsion polymerization of VAc was carried out using
macroRAFT PNVP2 (L2, Table 3). This experiment was chosen as reference for the rest of the
study. A stable latex was obtained, composed of spheres with a diameter close to 160 nm and
rather low size dispersity (Table 3 and Figure 6a). The much lower particle size obtained for 1.2
compared to the one obtained when PNVP1 was used (L1, 380 nm) attested to the implication of
PNVP2 through its xanthate chain end in the stabilization of the final objects and thus in the
formation of the targeted block copolymers. Indeed, the comparison of the average number of
particles N, in experiment L1 and L2 showed one order of magnitude difference (from 1.10'6 L-!
in L1 to 2.10'7 L'! in L2). Due to the high water solubility of VAc (2.7 x 10"! mol L' at 20 °C),?
emulsion polymerization of this monomer is usually initiated through homogeneous nucleation,
which is probably the case in L1. When adding PNVP2, a competition between homogeneous
nucleation and nucleation by self-assembly of the forming block PNVP-b-PV Ac copolymers will
take place leading to the formation of a higher number of particles. This first observation is a good
indication of the enrollment of the xanthate chain end in the stabilization process. SEC analyses
of the dry extract of the crude latex indicated the presence of a broad molar mass distribution,
probably corresponding to the formed copolymers, as well as residual unfunctionalized PNVP2
macroRAFT chains (Figure 7a). The two populations were successfully separated by

centrifugation of the latex and characterized by '"H NMR, SEC and gravimetric analysis. Analysis
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of the supernatant after drying confirmed the presence of unreacted PNVP2, the amount of which
was estimated to be around 40 wt% by gravimetric analysis of the initial amount of PNVP2. This
percentage was in good agreement with the 55% of functionality observed by NMR for
macroRAFT PNVP2, and should lead to a maximum of 55% of PNVP2 chains elongated with
VAc. These results also indicate that the stabilization of L2 is essentially ensured by the extension
of xanthate-functionalized chains in PNVP2 via the RAFT/MADIX process, rather than by
irreversible transfer reactions underwent by unfunctionalized PNVP (as observed for L1). The
SEC analysis of the particles purified by centrifugation gave the copolymer molar mass
distribution (Mn = 25 840 g mol’!, D = 2.2). Although the dispersity remained high, the shift in
molar mass observed was consistent with an elongation of PNVP2 chains with VAc units. Mhn
value was obtained by conventional calibration based on polystyrene standards and was not
representative of the copolymer molar mass. As PNVP was eliminated in the supernatant, the
presence of NVP units in the "H NMR spectrum of the centrifuged latex confirmed the formation
of a block copolymer (See Figure S4 in Supporting Information). As PNVP2 was not fully
functionalized, higher copolymer molar mass was expected (73410 g mol!') compared to the
theoretical value based on a fully functional PNVP, meaning that the Mn obtained by SEC was

probably underestimated compared to the actual copolymer molar mass.
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Table 3. Aqueous emulsion polymerization of VAc in the presence of PNVP, PNAM and PEG

macroRAFT agents (varying parameters are indicated in bold).

Latex ¢ | MacroRAFT | [CTA] | T t | | Tep | X | Mawd | Musec® | B | DY | Poly/
VA C) | () | (%) | (%) | (%) |gmol) (gmol?) (nm)

LO - 0 25 24 | 355 | 8.2 16 - 1600 1.5 - -
L1 PNVP18 0.002 | 25 24 | 375 | 252 | 55 - 23020 | 3.1 | 380 | 0.13
L2 PNVP2 0.002 | 25 48 | 36.9 | 36.3 89 73410 25840 | 2.2 | 157 | 0.02
L3 PNVP2 0.004 | 25 48 | 37.6 | 374 | 89 |38590| 17360 | 2.5 | 110 | 0.06
L4 PNVP2 0.002 | 35 5 [36.0 358 | 87 |71850| 22660 | 2.3 | 268 | 0.30
L5 PNVP5 0.002 | 25 48 | 36.1 | 32.6 | 75 [40900| 18000 | 2.3 | 144 | 0.11
L6 PEG-X 0.002 | 25 48 | 350 (339 | 84 |37970| 18030 (2.0 | 113 | 0.19
L7 PNAM2 0.002 | 25 48 | 37.0 | 33.1 75 |37400| 11000 | 2.5 | 140 | 0.13

@ For all experiments: 2 mol% of initiator with respect to VAc. ® Theoretical solid content at 100
% conversion; ¢ Conversion in VAc monomer calculated by gravimetric analysis; ¢ Theoretical M
calculated from the experimental conversion taking into account the macroRAFT functionality
(Mh = MmacroraFT + Mvac (x / [f ([CTA]/[VAc])]); ¢ Experimental Mn determined by SEC in THF
against PS standards on centrifuged samples; / Intensity-average diameter and dispersity factor of
the final latex from DLS. ¢ PNVP1 was obtained by conventional free-radical polymerization (see

Table 1).
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Figure 6. TEM analyses of PVAC latexes: (a) L2 (from PNVP2), (b) L6 (from PEG-X) and (c)

L7 (from PNAM?2 ) (see Table 3 for detailed experimental conditions).

RAFT/MADIX mediated emulsion polymerizations of VAc were then carried out from the
macroRAFT PNVP2 using a twofold concentration of macroCTA for the same VAc amount (L3,
Table 3), to target a lower degree of polymerization of the PVAc block. A stable latex composed
of spherical particles was obtained as confirmed by DLS (Table 3) and TEM experiments (Figure

6b). Compared to latex L2, and for similar conversion (89%), the molar mass of the copolymer as

29



well as the particle diameter were smaller. These results both corroborate the in sifu formation of
block copolymers acting as efficient stabilizers of the PV Ac particles. But, again, the molar mass
distribution was quite broad (D = 2.5). This can likely be related to irreversible transfer reactions,*
both VAc and PV Ac being prone to hydrogen abstraction by radical species (Cir,vac~ 1.77 - 2.8 X

10*and Cu,pvac=1-5x10%).3

In the next experiment, the temperature was increased to 35 °C to increase the polymerization rate
(L4, Table 3). High conversion (87%) was obtained after only 5 hours of reaction (instead of 48h
in the previous cases). Despite a faster polymerization, this latex showed larger particles (Dnh =268
nm) with broader dispersity (Poly = 0.3). Complementary 'H NMR analyses proved that PNVP
chains were degraded by both hydrolysis and thermolysis. These chains were not available for
chain extension and less block copolymers were thus produced resulting in the formation of bigger
particles. Finally, emulsion polymerization of VAc was attempted using a PNVP macroCTA of
higher xanthate functionality, i.e. PNVPS (L5, Table 3). SEC trace of the crude latex shows
evidence of unreacted PN'VP although this population seems to be smaller than in latex L2 (Figure
7b). Indeed, the analysis of the supernatant after drying confirmed the presence of unreacted
PNVP5, the amount of which was estimated to be around 20 wt% of the initial amount of PNVP5.
As expected, the presence of a higher amount of xanthate functionalized PNVP chains led to the
formation of lower molar mass block copolymers (Mx = 18 000 g mol! for L5 versus 25 840 g mol-

!'for L2) and to lower particle size (Dn= 144 nm for L5 versus 157 nm for L2).
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Figure 7. SEC traces in DMF of a) PNVP2, crude latex L2, L2 after centrifugation, b) PNVP5
MacroRAFT and crude latex LS, ¢) PEG-X MacroRAFT and crude latex L6 and d) PNAM2

MacroRAFT and crude latex L7.

To overcome the PNVP chain end degradation issue, fully functional macroCTAs PEG-X and
PNAM 2 were used in a second time to mediate another set of polymerizations of VAc in similar
conditions (Table 3 L6-L7, respectively). Kinetics of VAc polymerization was followed over 48
h by 'H NMR, SEC and gravimetric analysis for the three latexes L5 (macroRAFT PNVP5), L6
(macroRAFT PEG-X) and L7 (macroRAFT PNAM?2). Figure 8a shows the evolution of monomer
conversion with time for these three experiments during the emulsion polymerization step. For the

three experiments, an induction period was observed corresponding to time required for the first
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VAc units to add onto the macroRAFT and to form an amphiphilic block copolymer. At the onset
of block copolymers self-assembly, the polymerization started. An induction period of two hours
was observed for the polymerization of VAc using PNAM macroRAFT (L7), whereas this period
was longer for polymerizations L5 and L6, based on PEG-X and PNVPS macroRAFTs,
respectively. LS and L6 exhibited slower kinetics with less than 40% of conversion after 16 h of

polymerization while L7 reached ca. 60%.

TEM analyses of the corresponding latexes indicated the formation of particles of controlled size,
with a slightly smaller diameter in the case of latex L6 (PEG-X) (Figure 6b and 6¢). The evolution
of the particle size with conversion was followed by DLS analysis for latexes L5, L6 and L7
(Figure 8b). The same trend was observed for all latexes, showing the formation of nanoparticles
in a range of 60-80 nm at low conversion, increasing gradually in diameter until complete
conversion was reached. The final particles diameter was also found to be stable over several

weeks, as shown by complementary analyses.

The number-average molar masses increased linearly with VAc conversion, consistent with
controlled polymerizations (Figure 8c). The molar mass values could, however, not be compared
from one experiment to the other due to the different chemical nature of the hydrophilic segment
of the considered block copolymers. The chromatograms of the crude final latexes revealed traces
of a secondary distribution for sample L6 that may be due to a partial degradation of the PEG-X
during the polymerization process, since no evidence of side products was observed on the purified
macroRAFT (Figure 7c). One single distribution was observed for PNAM-based copolymer from
latex L7, although a small tailing on the low mass side could be observed resulting in a molar mass

dispersity that was slightly higher than for the other copolymers.
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Figure 8. Kinetic study of the synthesis of latexes L5 (PNVP5), L6 (PEG-X), and L7 (PNAM?2)
via aqueous RAFT/MADIX-mediated emulsion polymerization a) Evolution of the conversion of
VAc with time ; b) Evolution of the particles diameter versus VAc conversion followed by DLS;
c) Evolution of the number-average molar mass (Mn ; full symbols) and dispersity values (Mw/Mhm;

open symbols) with monomer conversion (values obtained by conventional calibration against

PMMA standards).

CONCLUSIONS
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Three different xanthate-terminated hydrophilic polymers were synthesized to serve as
macroRAFT precursors in RAFT/MADIX-mediated emulsion polymerization of vinyl acetate.
First, poly(N-vinylpyrrolidone) and poly(N-acryloylmorpholine) were obtained in a controlled
way by RAFT/MADIX polymerization of the corresponding monomers. Influence of several
parameters on the kinetics of polymerization and functionality of the macroRAFTs were
thoroughly investigated. A poly(ethylene glycol)-based macroRAFT was also synthesized by post-
modification of a commercial polymer. These hydrophilic precursors were then involved in the
surfactant-free RAFT/MADIX-mediated emulsion polymerization of vinyl acetate using a redox
initiating system. The self-assembly process induced by the VAc polymerization led to spherical
nano-objects that displayed narrow size dispersity and diameters in a 100-200 nm range. PNVP-
b-PVAC and PEG-b-PVAc copolymers exhibited slow polymerization kinetics and presence of
dead chains of macroRAFT, whereas PNAM-b-PVAc diblock copolymer showed faster kinetics
and no trace of degradation product, in the same conditions. Thermal RAFT/MADIX-mediated
emulsion polymerization of VAc (or its copolymerization with other non-activated monomers)
using the same macroCTAs may lead to faster kinetics and new particles morphologies. These

researches are currently under investigation in our laboratories.
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