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Abstract

Non-ionic poly(N-acryloylmorpholine) (PNAM)-decorated polystyrene (PS) particles were synthesized by
polymerization-induced self-assembly (PISA) in emulsion, mediated by the reversible addition-
fragmentation chain transfer (RAFT) technique, in a one-pot/two-step process. PNAM was first prepared
by RAFT polymerization in water using 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA) as chain
transfer agent. Chain extension of PNAM by a PS block was then accomplished by the polymerization of
styrene in water. Spherical nanoparticles (humber-average diameter < 60 nm) exclusively composed of
well-defined PNAM-b-PS amphiphilic block copolymers (1.1 < D < 1.4) were successfully obtained under
a broad range of conditions (PNAM number-average molar mass of 2000, 4000 and 8000 g mol?, and
average polymerization degree of the PS block from 150 up to 1600). Mannuronan (ManAj7)- and
guluronan (GulAyp)-decorated nanoparticles were further synthesized according to a similar PISA process.
Glycuronan macromonomers carrying a methacrylate polymerizable group (ManAi7MA or GulA,xMA)
were first copolymerized with N-acryloylmorpholine (NAM) under successful RAFT control using CTPPA.
The resulting hydrophilic P(NAM-co-ManA;7;MA) and P(NAM-co-GulA20MA) macroRAFT agents were then
used to polymerize styrene in water. Spherical glycuronan-decorated nanoparticles composed exclusively
of amphiphilic block copolymers were successfully obtained for both glycuronan-based macroRAFT

agents.
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Introduction

The self-assembly of amphiphilic block copolymers in water is a very active field of research pioneered
and popularized by Eisenberg, Discher and Zhang.[**! It enables the preparation of aggregates with
morphologies ranging from spherical, to rods, lamellae, vesicles and large compound micellest® that find
very promising application in nanoscience.l”-8 In a typical procedure (the co-solvent method) & the block
copolymer is dissolved in a water-miscible common solvent (i.e. a good solvent for all blocks) and water
is slowly added to desolvate the hydrophobic blocks and induce their aggregation into the hydrophobic
part of the aggregates. Water addition is continued until well after the critical water content at which
aggregation starts, and the aggregates are quenched in an excess of water to freeze the kinetic processes
and morphologies. The common solvent is finally eliminated by dialysis of the resulting dispersion against
water. The final morphology will be dictated by various parameters such as the nature and molar mass
of the hydrophilic and hydrophobic blocks, the composition (i.e. hydrophile / hydrophobe ratio) and
concentration of the block copolymer, the nature of the common solvent, the water content before
qguenching, the pH and/or the temperature. Although widespread, this process is unsuitable for routine
and industrial applications since (i) it requires large amounts of water and long equilibration times and
(ii) it invariably leads to dilute dispersions of low solids content (typically < 2 wt%).

The large scale development of high performance materials based on block copolymer nanoparticles will
depend on the availability of simple procedures to self-assemble and isolate large amounts of the
targeted structures. In the case of water-borne nanoparticles, the so-called Polymerization-Induced Self-
Assembly (PISA) process has considerably eased their preparation by combining the synthesis and self-
assembly of amphiphilic block copolymers in a single operation.!® |t relies on the chain extension of
living hydrophilic polymer chains with a hydrophobic monomer via controlled radical polymerization
directly in water. Either performed under dispersion or emulsion polymerization, PISA allows to build
phase diagrams!*> 16l similar to those previously depicted for the self—-assembly of preformed amphiphilic
block copolymers!® but obtained here under much more favorable conditions, i.e. at high solids content
and short reaction times. Simply varying the relative fraction of each block in the copolymer usually
dictates the final morphology of the aggregates, although kinetically trapped morphologies are quite
common. Accordingly, most of the studies dedicated to PISA and targeting the formation of spheres,
fibers or vesicles depict the effect of the increase of the molar mass of the hydrophobic block on the
morphology of the final nano-objects, which most of the time follows the spheres - to worms - to vesicles
transition®1317. 18 previously described by studies with the co-solvent method.!®

In our laboratory we are investigating Polymerization-Induced Self-Assembly in emulsion for the facile
synthesis of polymer nano-objects with original and well-defined surface chemistry.['*?2 |In this context,

an original two-step one-pot RAFT-mediated PISA process was developed!?3 that was successfully applied



to the synthesis of polystyrene particles stabilized by various hydrophilic and pH-sensitive polymers.
Thus, poly(acrylic acid),’*!! poly(methacrylic acid)®! or poly(methacrylic acid-co-poly(ethylene oxide)
methyl ether methacrylate)?®) macroRAFT agents were first formed in water, and then directly used to
mediate the emulsion polymerization of styrene in the same reaction vessel. It is worth noting that this
strategy requires a very good control over the polymerization of the hydrophilic monomer(s) up to
complete conversion.?3

Alginate is a family of binary heteropolysaccharides produced by brown algael?”! and by some soil
bacteria.?® They are linear unbranched copolymers of (1—4)-linked 3-D-mannuronic acid (ManA) and o.-
L-guluronic acid (GulA) residues distributed in long homopolymeric blocks, i.e. (1—4)-B-D-mannuronan
(ManAx) and (1—4)-a-L-guluronan (GulAx, where X is the degree of polymerization), and in shorter,
mostly alternating, copolymer blocks.?”-2%! Since they are entirely composed of glycuronic acid residues,
alginates are glycuronans. A striking feature of alginates is their ability to undergo ionotropic gelation,
i.e. to form transparent hydrogels upon addition of some divalent cations in aqueous solution (e.g. Ca?*,
Ba?*, Sr** and Zn?*). This is due to the intermolecular complexation of said ions by (1—4)-a-L-guluronan
and alternating sequences®-32 and to the formation of junction zones. Said complexation is the basis of
the high affinity and selectivity of binding of alginates for some divalent metal ionsB% 33351 which is
exploited for the sequestration of heavy metals3¢-3° and radioactive isotopes in solution.[%-42 Another
attractive characteristic of alginates is the possibility to extract their constituting blocks by controlled
hydrolysis and selective precipitation.!*>44 This way homopolymeric guluronan and mannuronan samples
with number-average degree of polymerization X, = 3010 and low molar mass dispersity (P < 1.2) can
be obtained in good yield on a multi-gram scale. These oligosaccharides are stiff, negatively charged at
pH = 4, and retain the ion-binding properties of the parent homopolysaccharides. Concerning the
biological activity of (1—>4)-B-D-mannuronan and (1—4)-a-L-guluronan, it is demonstrated that they are
potent immune-modulators.[4% 46!

To the best of our knowledge, only four previous papers describe the synthesis of carbohydrate-
decorated nanoparticles by RAFT-mediated PISA in dispersed aqueous media, and then only neutral
monosaccharides were considered. Bernard et al.[*”) reported the use of a xanthate end-functionalized
dextran (dextran-CTA, functionalization rate ca. 30%) to mediate vinyl acetate (VAc) emulsion
polymerization. The in situ formation of dextran-b-PVAc block copolymers afforded particle stabilization
and monodisperse PVAc latex particles were obtained with fast kinetics for low amounts of dextran-CTA
(2-4 wt%). Ting et al. carried out the emulsion polymerization of styrene in the presence of hydrophilic
poly((2-methacrylamido)-glucopyranose) prepared by RAFT 8 |eading to the formation of spherical
glyco-particles bearing glucose units. Very recently, Hatton et al.*? used hydrophilic dithioester-
functionalized xyloglucan (XG) chains for the synthesis of poly(methyl methacrylate) (PMMA) particles by

RAFT emulsion polymerization. The nanoparticles were subsequently adsorbed onto cellulose through



non-covalent interactions. Ladmiral et al. used hydrophilic polymer chains containing galactose units for
the RAFT dispersion PISA of 2-hydroxypropyl methacrylate (HPMA).5% By varying the molar mass of the
HPMA block and the solids content of the dispersion, glycopolymer-decorated nanospheres, worm-like
micelles and vesicles were obtained. Concerning glycuronan-stabilized polymer particles, those described
so farl®% 521 gre micrometric in size and stabilized by the physical adsorption of high molar mass alginates.
Very recently, Kapishon and coworkers reported the synthesis of alginate-based micelles by a single
electron transfer living radical polymerization (SET-LRP) PISA process.[53 Non-uniform alginate fragments
of ca. 20 000 g mol* were obtained by the random depolymerization of native alginate and partially
esterified with bromoisobutyryl initiator groups. Graft chains of poly(methyl methacrylate) were then
grown by SET-LRP in homogeneous water/MeOH mixtures, leading to the in situ formation of alginate-g-
PMMA copolymers. The latter self-assembled into micelles with sizes ranging from 50 nm to 300 nm and
Poly values comprised between 0.06 and 0.20 (after dialysis), depending on the initial conditions of the
polymerization.

In this paper, we first report the synthesis of polystyrene particles by the one-pot PISA process?® utilizing
for the first time a non-ionic hydrophilic monomer (N-acryloylmorpholine, NAM). The RAFT
homopolymerization of NAM in water and the chain extension of the resulting macromolecules with
styrene in emulsion polymerization are first investigated in details under a broad range of conditions. We
then describe the preparation of (1—4)-B-D-mannuronan- and (1—4)-a-L-guluronan-decorated
nanospheres by PISA. Uniform guluronan and mannuronan samples (P < 1.2) were functionalized with a
polymerizable group at their reducing end and the resulting macromonomers were copolymerized with
NAM by aqueous RAFT. The resulting hydrophilic macroRAFT agents were then used to mediate the

emulsion polymerization of styrene in the same reactor (Scheme 1).
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Scheme 1. a) Chemical structure, name and acronym of the main (macro)molecules used in this study. b) Synthetic
scheme depicting the synthesis of PNAM and glycuronan-decorated particles (ACPA stands for 4,4'-azobis(4-
cyanopentanoic acid)).

Experimental

Materials. 4,4'-azobis(4-cyanopentanoic acid) (ACPA, Fluka, >98%), sodium hydrogen carbonate
(NaHCOs;, Aldrich, >99.7%) and N-acryloylmorpholine (NAM, Aldrich 97%) were used as received. Styrene
(S, Aldrich, 99%) was purified by removing the inhibitor by filtration with aluminium oxide. 4-Cyano-4-
thiothiopropylsulfanyl pentanoic acid (CTPPA) was obtained by reaction of ACPA with bis(thiobenzoyl)
and bis(propylsulfanylthiocarbonyl) disulfides according to the literature.® (1->4)-B-D-mannuronan
(ManAy7) and (1->4)-a-L-guluronan (GulAy) were obtained from Elicityl SA (Crolles, France) as sodium
salts and were characterized by *H NMR and SEC-MALLS for their composition, degree of polymerization

and dispersity index (Table 1).

Table 1: Characterization of the polysaccharides used in this study.

Polysaccharide X, D2 Fwm Fe  Fwm Fvwe Fee
ManA1; 17 1.07 092 0.08 0.81 0.07 o0.03
GulAy 20 1.20 0.10 090 0.06 0.05 o0.88

X is the number-average degree of polymerization; D is the dispersity; Fm and Fg are the molar fraction of 3-D-mannuronic acid
and a-L-guluronic acid units in the polysaccharide; Fum, Fvmg and Fgg are the frequencies of the corresponding diad sequences
estimated by 'H NMR. @3SEC-MALLS. bFrom the ratio between the area of the reducing end anomeric protons signal and that of
all anomeric protons (i.e. internal glycosidic plus reducing end) in 'H NMR.



Glycuronan®315¢1 macromonomers were prepared according to the previously described methods.[57-5%
Briefly, (1—4)-B-D-mannuronan methacrylate (ManA;;MA) and (1—4)-a-L-guluronan methacrylate
(GulA0MA) were prepared in one step by reductive amination of the starting oligosaccharide with an
excess of 2-aminoethyl methacrylate hydrochloride (90%, Aldrich). It is worth noting that the final
products contained varying amounts of non-functionalized oligosaccharide. The degree of
functionalization Q was determined by *H NMR, and these products were directly used for polymerization
experiments. In fact oligosaccharides not functionalized with an ethylenic group are inert towards the
secondary and tertiary carbon-centred radicals involved in this study. These will not take part to
polymerization and will not be incorporated into the final nanoparticles. The degree of functionalization

of the macromonomers was taken into account for stoichiometric calculations.

One-pot procedure for the synthesis of polymer particles by emulsion polymerization in the presence

of macroRAFT agent.

Step 1: Synthesis of macroRAFT agents in water. In all cases CTPPA was used as the chain transfer agent
and ACPA as the radical initiator. In a typical experiment (PNAM1), 179 mg of CTPPA (6.45 x 10 mol) and
18 mg of ACPA (6.45 x 10> mol) were added to a two-necked round-bottom flask and dissolved in 3 mL
of water. 2.47 g of NAM (1.70 x 102 mol) dissolved in 7 mL of water were introduced inside the reactor.
255 mg of 1,3,5-trioxane (2.83 x 10 mol) was added as an internal reference for NMR analysis. After
deoxygenation by nitrogen bubbling for 30 min, the resulting mixture was immersed in an oil bath
thermostated at 80 °C, which corresponded to time zero of the polymerization. The regular withdrawal
of samples allowed following the monomer conversion as a function of time and the evolution of molar
masses and molar mass distributions as a function of monomer conversion. The monomer conversion
was determined by 'H NMR spectroscopy of the crude reaction medium diluted with D0 by the relative
integration of the protons of 1,3,5-trioxane and the vinylic protons of the monomer. The same procedure
was followed for the synthesis of glycuronan-based macroRAFT agents using a mixture of NAM with
either ManA;7;MA (3800 g mol?, Q = 62 wt%) or GulA;cMA (4210 g mol?, Q = 62 wt%), respectively
macroRAFT agents M1 and G1 in Table 3.

Step 2: Emulsion polymerization procedure. Polymerization of styrene was performed at 80 °C in a two-
necked round-bottom flask equipped with a condenser. In a typical experiment (Latex B1), 2.50 g of
styrene was added to the solution of hydrophilic macroRAFT agent PNAM1, and the water content was
adjusted so that the final concentration of styrene and macroRAFT were 2.4 mol LY and 1.6 x 102mol L
1, respectively. 1 mL of an aqueous solution of ACPA (9.2 mg - neutralized by NaHCO3) was added to the

reaction mixture. The medium was purged with nitrogen during 30 min. The immersion of the round



bottom flask in an oil bath thermostated at 80 °C corresponded to time zero of the polymerization. For
each experiment, samples were periodically withdrawn to follow conversion by gravimetric analysis. The
average molar masses (number-average molar mass M, and weight-average molar mass My) and the

molar mass dispersity (P = My/M,) were determined by SEC.

Analytical techniques.

NAM and macromonomer conversions were determined by H NMR spectroscopy in D,O at room
temperature (Bruker DRX 300). For the polymerization of styrene in water, monomer consumption was
followed by gravimetric analysis of samples withdrawn from the polymerization medium at different

times.

Size exclusion chromatography (SEC) measurements for PNAM and PNAM—b-PS were performed in THF,
referred to as SEC-THF, at 40 °C at a flow rate of 1 mL min, using toluene as a flow rate marker. Before
analysis, the polymers were modified by methylation of the carboxylic acid end groups using trimethylsilyl
diazomethane.[*% 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 x 8 mm)]. The setup (Viscotek TDA305) was equipped with a refractive
index (RI) detector (A = 670 nm). M, and D were derived from the Rl signal by a calibration curve based

on polystyrene standards (Polymer Laboratories).

Mannuronan- or guluronan-based copolymers were analyzed by an aqueous SEC (ASEC) system
composed of an Isochrom LC pump with a Waters 717 autosampler. A multi-angle laser light scattering
(MALLS) detector (Wyatt EOS) was coupled online with a differential refractometer Wyatt Optilab T-reX
(A = 658 nm). The separation was carried out on two columns (PL aquagel OH mixed M 8 micro and PL
aquagel OH mixed H 8 micro). Elution was performed at 22 °C (0.5 mL min') using an aqueous buffer
(NaNO;3 0.1M, Na-EDTA 0.01M, NaN; 0.03% w/v) after filtration on a 0.1 um pore-size membrane. The
samples were prepared at a concentration of 4 mg mL? and filtered through a 0.45 um pore-size
membrane prior to injection. The following dn/dc values were used: (dn/dc)mannuronan = 0.163;
(dn/dc)guiuronan = 0.163; (dn/dc)nam = 0.172. For the copolymers: (dn/dc)pony1-co-2=W1(dn/dc)i+ wa(dn/dc),

where w; et w; are weight fractions of monomers 1 (NAM) and 2 (glycuronan macromonomer).

For the copolymers containing glycuronan and PS segments, SEC measurements were performed in DMF
(SEC-DMF) on an EcoSEC semi-micro GPC system from Tosoh equipped with a dual flow refractive index
detector and a UV detector. The samples were analyzed in DMF (with LiBr at 0.01 mol L) at 50 °C using

a flow rate of 1 mL min. All polymers were injected at a concentration of 3 mg mL? in DMF, after



filtration through a 0.45 um pore-size membrane. Separation was performed with 3 PSS GRAM columns
(7 um, 300 x 7.5 mm). M, and D were derived from the RI signal by a calibration curve based on

polystyrene standards. WinGPC Unity software was used for data collection and calculation.

The latexes (diluted solution deposited on a carbon/formvar-coated copper grid and allowed to
evaporate) were observed by transmission electron microscopy (TEM) with a Philips CM120 microscope
operating at an accelerating voltage of 80 kV (Centre Technologique des Microstructures, platform of the
Université Claude Bernard, Lyon 1, Villeurbanne, France). The number- and mass-average particle
diameter (D, and Dy, respectively) as well as the particle-diameter dispersity (D,/D,) were determined
using AnalySIS software (Soft Imaging SysteM). A minimum of 150 objects was counted for each latex

batch.

Results and discussion

In the first phase, the RAFT homopolymerization of NAM in water and the chain extension of the resulting
macromolecules with styrene in emulsion polymerization were studied. In particular, the impact of the
molar mass of PNAM and of the targeted degree of polymerization (X target) Of the PS block on (i) the
degree of control of the block copolymer obtained, (ii) the colloidal stability and (iii) the morphology of
the nano-objects was investigated. As such, this in one of the very few studies on PISA systems involving
non-charged hydrophilic macroRAFT in emulsion.[?% 61681 |n the following phase, glycuronan-decorated
nanoparticles were targeted. The aqueous RAFT copolymerization of glycuronan (i.e. mannuronan or
guluronan) macromonomers with NAM was first investigated in order to obtain well-defined poly(NAM-
g-glycuronan) macroRAFT agents. NAM was chosen as the main constitutive unit of these hydrophilic
chains since the use of acrylic acid (AA) or methacrylic acid (MAA) as co-monomers, although well
characterized in our previous studies,?#2> %9 was precluded by the insolubility of (1—4)-B-D-mannuronan
and (1—4)-a-L-guluronan at low pH."% Finally, these macroRAFT agents were used in a one-pot PISA

process leading to oligosaccharide-decorated PS nanoparticles.

PISA using PNAM as hydrophilic macroRAFT agent.

Synthesis of PNAM macroRAFT agent. The RAFT polymerization of NAM has already been reported in
the literature.l’*-8% |n most cases, the polymerization was carried out in dioxane in the presence of
different types of RAFT agent. Only two papers reported the synthesis of PNAM in aqueous solution. %

81 Nonetheless, Gody et al.[®" had to add dioxane (20 vol%) to solubilize the RAFT agent. Albertin et al.5%



carried out a detailed study on the polymerization of NAM in DO with only 4% v/v of DMSO-ds and in
the presence of 5,5'-bis(2-propanoic acid) trithiocarbonate and ACPA as the RAFT agent and initiator,
respectively. Good control over the molar mass of the obtained polymers and dispersity indices lower

than 1.2 were achieved.

In our previous works,!2-%1 it was shown that the polymerization of hydrophilic monomers such as AA
and MAA could be successfully performed in pure water in the presence of CTPPA and ACPA, although
CTPPA was not highly soluble in water. Similarly, NAM was recently successfully polymerized by RAFT for
the first time in pure water. [82] In this study CTPPA and ACPA were dissolved in NAM first, and water was
then added. The resulting mixture was not perfectly homogeneous but became however quickly limpid
once the polymerization started. The same protocol was followed here. In the first experiment, PNAM
with a number-average molar mass (M,) of 4000 g mol?! was targeted (PNAM1, Figure 1). The
polymerization was fast and quantitative conversion was reached in less than 2 hours after an
initialization period of 45 min (Figure 1a). The narrow molar mass distributions and the linear evolution
of the molar masses versus conversion indicated a good control of the polymerization (Figure 1b and c).
The experimental molar masses were lower than expected due to the use of PS calibration for SEC analysis
which is not well suited for the characterization of PNAM.["2 MALDI-ToF mass spectrometry analyses of
the final polymer however confirmed that the obtained molar mass was in good agreement (M, = 4180
g mol?, b =1.04) with the expected value (Figure S1 in Supporting Information). Well-defined PNAM
chains were thus produced in pure water with quantitative conversion. The same protocol was employed
to synthesize different PNAM macroRAFT agents with theoretical number-average molar mass (Mn ) of
4000 g mol* (PNAM1 to PNAM3), 2000 g mol* (PNAM4) and 8000 g mol* (PNAMS5). SEC analysis (THF, PS
calibration) of the resulting polymers gave the following results: PNAM1 (M, = 2410 g mol'l/  =1.10),
PNAM2 (M, = 2460 g mol}/ = 1.05), PNAM3 (M, = 2470 g mol'}/ © = 1.06), PNAM4 (M, = 1235 g mol/
b =1.16) and PNAMS5 (M, = 5060 g mol'l/ D =1.07). All these samples were directly used for styrene

emulsion polymerization without prior isolation (Table 2).

PISA mediated by PNAM macroRAFT agents for the polymerization of styrene. A first series of
experiments were performed with PNAM macroRAFT agents with M, of 4000 g mol™. Considering the
excellent control exhibited by the RAFT polymerization of NAM, the quantitative monomer conversion,
and the results of MALDI-ToF analyses, the targeted molar mass was taken as a close approximation of
the true one and used for stoichiometric calculations. The same amount of styrene was used for all
experiments in combination with different concentrations of PNAM macroRAFT, thus targeting various

degrees of polymerization for the PS block (150 < Xn target < 1600, Latex Al to Latex A6, Table 2). In all



cases, after an induction period of 1 hour fast polymerizations were observed and full conversion was
reached in ca. 2 hours (Figure 2a). As previously reported for PISA systems using PAAR?4 and PMAA?]
macroRAFT agents, the induction period corresponds to the time required for the hydrophilic chains to

add enough styrene units to induce the self-assembly of the resulting amphiphilic macromolecules.

Table 2: Emulsion polymerization of styrene using PNAM macroRAFT agents

PNAM Conv®| Mhpwn My D,
Expt. 2 Xntarget pe Dy/Dy8
Batch name Mo h (%) |(g mol?)|(g mol?) (nm)
Latex Al PNAM1 150 100 | 19620 | 20700 1.22 41 1.05
Latex A2 PNAM2 200 100 | 24830 | 28900 1.15 45 1.02
Latex A3 PNAM2 400 100 | 45660 | 44800 1.22 48 1.03
Latex A4 PNAM2 4000 800 99 87320 | 83700 1.29 57 1.03
Latex A5 PNAM3 1200 | 100 | 128980 | 127700 | 1.34 58 1.08
Latex A6 PNAM3 1600 95 | 170640 | 159100 | 1.43 59 1.09
Latex A7 PNAMA4 2000 400 100 | 43660 | 52900 1.24 48 1.05
Latex A8 PNAMS 8000 400 100 | 49660 | 57600 1.29 56 1.03

a All the experiments were performed at T = 80 °C with [styrene] = 2.4 mol L' ater, [NaHCO3]/[ACPA] = 3.5; [PNAM]/[ACPA] = 5; t
= 2h.? The conversion was determined by gravimetry. ¢ M, and D were obtained by SEC-THF using PS calibration. ¢ Particle
diameter and dispersities were obtained by TEM.

Very good control over the molar mass was obtained for targeted X, (Xn target) Values as high as 1600. This
was shown by the rapid and quantitative consumption of the initial macroRAFT agent (Figure 3), the
narrow molar mass distributions and the linear increase of molar masses with conversion (Figure 2b). The
obtained latexes were very stable, and small and isometric nanoparticles (D, < 60 nm, D,,/D,< 1.09) were
formed in each case (Table 2 and Figure 3). As expected, particle diameters increased slightly with the
increase of the PS block molar mass. Likewise, the size distribution became slightly broader for X target >
800 but remained consistent with the exclusive formation of PNAM-b-PS amphiphilic block copolymer

particles according to a PISA process.
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Figure 1: Synthesis of PNAM1 by RAFT polymerization of NAM in water at 80 °C in the presence of CTPPA and ACPA.
[NAM] = 1 mol L%, [NAM]/[CTPPA] = 26, [CTPPA]/[ACPA] = 10. My, = 4000 g molL. Evolution of (a) the conversion
versus time (b) M, and D versus conversion (M, et © were obtained by SEC in THF with PS calibration) (c) the size
exclusion chromatograms versus conversion.
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Figure 2: RAFT emulsion polymerization of styrene performed with PNAM macroRAFT agents (4000 g mol-, PNAM1-
PNAM3) targeting different X, for the PS block (Table 2). Evolution of (a) monomer conversion versus time and (b)

number-average molar mass M, versus conversion. The straight line corresponds to the theoretical evolution of
molar masses with conversion.
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Figure 3: Evolution of the size exclusion chromatograms versus conversion and TEM images of the final latexes for
the RAFT emulsion polymerizations of styrene carried out with PNAM macroRAFT agents (Mnw = 4000 g mol?,
PNAM1 - PNAM3) for PS block of different X target (Table 2).

The influence of the molar mass of the macroRAFT agent on nanoparticle synthesis was investigated in a
second series of experiments. Two additional PNAM macroRAFT agents (PNAM4, M, = 2000 g mol* and
PNAMS5, M, = 8000 g mol!) were used at the same concentration for the RAFT emulsion polymerization
of styrene (Latex A7 and Latex A8, Table 2). The targeted X, for the PS block was fixed to 400.
Polymerizations were very fast (Figure 4a) and the induction period was significantly longer for the

shortest macroRAFT agent (Latex A7). This behaviour has already been observed for the emulsion

11



polymerization of styrene in the presence of PMAA-CTPPA.?%! As mentioned above, the induction period

corresponds to the time needed to add enough styrene units as to induce self-assembly of the resulting

block copolymer. Decreasing the molar mass of the PNAM macroRAFT agent decreases its polymeric

character and may increase its hydrophilicity. As a result, a longer hydrophobic PS block will be needed

to induce self-assembly, which will take longer to form. For the three experiments a very good control of

the polymerization was obtained with low molar mass dispersities (Figure 4b). Again, small and isometric

spherical particles were invariably observed (Figure 5). With macroRAFT agents of M, 2000 and 4000 g

mol?, similar particle sizes were obtained (48 nm) whereas the use of a macroRAFT of higher molar mass

led to the production of bigger particles (56 nm). This could be attributed to very limited coalescence in

the latter case.
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Figure 4: RAFT emulsion polymerization of styrene (Xn target = 400) performed with PNAM macroRAFT agents of
different molar mass (Table 2). Evolution of (a) monomer conversion versus time and (b) number-average molar

mass M, versus conversion. The straight line corresponds to the theoretical evolution of molar mass with

conversion.
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Figure 5: Evolution of the size exclusion chromatograms versus conversion and TEM images of the final latexes for
the RAFT emulsion polymerizations of styrene (Xn target = 400) carried out with PNAM macroRAFT agents of different
molar mass (See Table 2 for details).

Based on these results, hydrophilic PNAM macroRAFT agents appear to be excellent candidates for the
production by PISA of self-stabilized spherical PS nanoparticles composed of well-defined amphiphilic
block copolymers of different molar masses. It is however surprising that spherical particles were
invariably obtained, especially in the case of Latex A6 incorporating highly asymmetric PNAM 6-b-PS1600
amphiphilic block copolymer chains. In general, the copolymer composition is one of the main
parameters directing the self-assembly of amphiphilic block copolymers in water and its tuning enables
the formation of different morphologies. Recently, Armes and coworkers have also reported the exclusive
formation of spheres when studying the synthesis of amphiphilic block copolymer particles composed of
a neutral hydrophilic poly(glycerol monomethacrylate) segment and a hydrophobic poly(benzyl

methacrylate) segment by PISA in water,[61]

Hence, although the effect of PNAM macroRAFT agents remains intriguing, the overall process represents
a robust PISA system for which it was anticipated that slight modifications, such as the introduction of a
few negatively charged graft chains in the PNAM block, should allow the formation of the targeted

spherical particles decorated with mannuronan or guluronan moieties.

PISA mediated by glycuronan-based macroRAFT agents for the polymerization of styrene.
Synthesis of glycuronan-based macroRAFT agents in water.

RAFT copolymerization of NAM with methacrylate macromonomers in water. The oligosaccharides used
in this study have contour lengths (ca. 8.7 nm) [83 84 that are smaller than the intrinsic persistence length
of the corresponding high molar mass polysaccharides (/p, manax = 14.5 nm, ly, cuiax = 14.5 nm).[® In solution
they will then behave as semi-flexible rods and their stiffness may affect the stabilizing capability of the
respective macroRAFT agents. The ion-binding and biological properties of (1—4)-3-D-mannuronan and
(1—4)-a-L-guluronan are different though, and the ability to decorate the target particles with either

glycuronans would be advantageous.

Two types of methacrylate macromonomers were used: mannuronan methacrylate (ManA;;MA) and
guluronan methacrylate (GulA2,0MA). In previous studies® it was found that these type of methacrylate
macromonomers copolymerize with 2-hydroxyethyl methacrylamide in water by free radical or RAFT
polymerization. Here, their RAFT copolymerization with NAM was performed under conditions similar to

those used for NAM homopolymerization.
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Table 3: Features of glycuronan-based macroRAFT agents synthesized in this study

Exp.? Macromonomer MacroRAFT
Type® M, Q NAM/macrod [NAM] [NAM+macro]/[RAFT] M th Glycuronan
(g mol?) |(wt%)c (mol%) (mol L' yater) (mol L' yater) (g mol 1) (wt%)
M1 | ManA;;MA 3800 62 96/4 0.84 27 7700 55
G1 | GulAygMA 4210 62 96/4 0.67 26 8020 56

a Both experiments were performed at T = 80 °C with [CTPPA]/[ACPA] = 10. ® ManA;; and GulAy represent (1->4)-B-D-
mannuronan with 17 number-average repeating units and (1->4)-a-L-guluronan with 20 number-average repeating units,
respectively; MA stands for methacrylate. ¢ Q is the degree of functionalization of the macromonomer, i.e. the mass fraction of
oligosaccharides bearing a polymerizable methacrylate function. ¢ NAM/macromonomer molar ratio in the feed.

Initially, a mixture of ManA;;MA and NAM (molar ratio 96/4, ca. 1-2 mannuronan grafts per chain) was
copolymerized by RAFT (experiment M1, Table 3). Complete monomer conversion was reached in 100
min, but after 50 min all ManA;7MA had been consumed (Figure 6a) whereas only 78% of NAM had
polymerized. This difference in reactivity between methacrylate and acrylamide monomers was
expected®® and leads to a gradient in composition of polymer chains. As a result mannuronan grafts will
be found towards the a-end whereas only NAM units will be found towards the w-end capped by the
trithioylpropyl group of the RAFT agent. Furthermore, since glycuronan macromonomers do not
homopolymerize in solution,®8 graft chains will be probably isolated along the copolymer main chain.
The SEC analysis of samples taken at different times was performed to assess the evolution of molar mass
distributions with conversion (Figure 6b). This confirmed that a higher molar mass population was formed
and shifted towards lower elution volumes with reaction time. Unfortunately, unreacted
oligomannuronan chains from macromonomer synthesis gave rise to a peak at ~15.4 mL partially
superimposed to that of the newly formed chains that prevented the determination of molar mass

distributions.

When a similar experiment was performed with guluronan macromonomer GulA;oMA (G1 in Table 3 and
Figure 6¢-d), comparable results were obtained. The polymerization was complete in 100 min and the
macromonomer was incorporated faster, leading to gradient copolymers. As for the previous experiment,
the presence of unreacted guluronan chains from macromonomer synthesis prevented the
determination of molar mass distributions. Nonetheless SEC traces showed that a higher molar mass
population was formed and shifted towards lower elution volumes with the proceeding of reaction. The

formation and livingness of the P(NAM-co-ManA;7MA) and P(NAM-co-GulAxMA) chains will actually be
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demonstrated a posteriori (in the following section), when performing the emulsion polymerization of

styrene.
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Figure 6: Evolution of the conversion versus time (a-c) and of the aqueous size exclusion chromatograms versus conversion
(ASEC) (b-d) for the synthesis of glycuronan-based macroRAFT. (a-b) Synthesis of P(NAM-co-ManA;;MA) (M1). (c-d) Synthesis of
P(NAM-co-GulA,0MA) (G1). See Table 3 for detailed experimental conditions. Note that the small peaks at ~16.7 mL are due to
very low molar mass species from the reaction mixture and from the eluent, and should be disregarded.

PISA mediated by glycuronan-based macroRAFT agents for the polymerization of styrene.

The mannuronan- and guluronan-based macroRAFTs described in the previous section were used to

control the emulsion polymerizations of styrene in a one-pot process (Table 4).

Table 4: Emulsion polymerizations of styrene using glycuronan-based macroRAFT agents.

Conv | Time M th Mye Dy (nm)¢

Exp.? MacroRAFT o/\b bc
(%) (h) (g mol?) (g mol?) (Dw/Dyf)
Latex B1 M1 100 3 49360 43600 1.56 27 (1.12)
Latex B2 G1 100 3 49460 45700 1.50 31(1.07)

a Both experiments were performed at T = 80 °C with [styrene]o = 2.4 mol L \yater; Xntarget = 400; [NaHCO3]/[ACPA] = 3.5;
[MacroRAFT]/[ACPA] = 5; pH = 6-6.5 .P Conversions were determined by gravimetry. ¢ M, and D were obtained by SEC-DMF using
PS calibration. @ Particle diameters and dispersities were obtained by TEM.

A first experiment (Latex B1, Table 4) was carried out with P(NAM-co-ManA;;MA) macroRAFT agent (M1,

Table 3) under the same conditions previously used for Latex A3 ([Sty]/[macroRAFT] = 400, Table 2).
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Assuming a complete conversion of the starting CTPPA into the macroRAFT agent, and since it is a one-
pot process, the concentration of macroRAFT was considered to be identical to [CTPPA]o. Styrene
polymerization was fast and, after an induction period of 1h20, quantitative conversion was achieved in
less than 2 hours (Figure 7a). The kinetic profile is similar to that previously obtained with PNAM (Figure
2a) and the longer induction period can be ascribed to the more pronounced hydrophilic character of
P(NAM-co-ManA;7;MA) compared to PNAM. As shown in Figure 7b, a good control of the molar mass was
obtained but the dispersity index was slightly higher (b = 1.6, SEC-DMF) than in the case of PNAM-b-PS
(P < 1.3, SEC-THF). The good agreement between experimental and theoretical molar masses suggests
that the consumption of the P(NAM-co-ManA;;MA) macroRAFT agent was quasi-quantitative and
confirms a posteriori that the RAFT copolymerization of NAM and ManA31;MA produced dormant chains
as expected for a well-controlled process. It also indicates that the RAFT chain ends were not consumed
in side reactions during the synthesis of the macroRAFT agent. The tail observed in the lower molar mass
region of the distributions that contributes to their broadening is at least in part due to the non-
functionalized mannuronan chains present in the reaction mixture (Figure 8). Besides, these results also
indicate that the outcome of the first step (i.e. the synthesis of the macroRAFT) was not an ill-defined
mixture of polymer chains (i.e. the targeted macroRAFT structure, PNAM oligomers or any other oligomer
species), or we would not observe the rather clean chain extension observed when styrene was then
polymerized in water (i.e. one population, with a dispersity around 1.5). Stable and small nanoparticles
(Dn = 27 nm) fairly homogeneous in size (Dw/Dn= 1.12) were observed by TEM (Figure 8). Their formation
confirms that the synthesised P(NAM-co-ManA;;MA)-b-PS amphiphilic block copolymers self-assembled

in situ according to a PISA process and afforded mannuronan-decorated nanospheres.

The chemical structure, chain rigidity, chain extension and charge density of mannuronan and guluronan
are the samel®® and, all other parameters being equal, the nature of the glycuronan grafts in the
macroRAFT agent is not expected to influence the formation and stabilization of PS nanoparticles by PISA.
This assumption was verified by performing an experiment (Latex B2, Table 4) identical to Latex B1 in
everything but the presence of GulAy graft chains, that replaced ManA;; ones, using P(NAM-co-
GulA0MA) macroRAFT agent (G1, Table 3). The final conversion, molar mass and mass dispersity were
nearly identical in the two cases but a longer induction period was observed for Latex B2 (100 min) than
for Latex B1 (80 min), suggesting a higher hydrophilicity of P(NAM-co-GulA2MA) macroRAFT chains (see
discussion in previous section on PNAM-stabilized latexes). Small spherical and fairly uniform particles
were produced (D, = 31 nm, D./D, = 1.07) consistent with the PISA of P(NAM-co-GulA,xMA)-b-PS

amphiphilic block copolymers.

These two experiments confirm that the nature of the glycuronan featured by the hydrophilic macroRAFT

agent (ManAj; or GulAy) has little influence on the course of the polymerization, at least when the
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oligosaccharides are distant from the particle surface (cf. compositional gradient mentioned in previous
section). In both cases, stable and spherical PS particles functionalized by glycuronan chains were

obtained.

Finally, to rule out any interference from unfunctionalized glycuronan chains still present from
macromonomer synthesis, two additional experiments were performed. In the first one, styrene was
polymerized in the presence of a mannuronan macromonomer (with ManA;;MA, see Table S1 in the
Supporting Information). Monomer conversion was limited and the latex was unstable (data not shown).
However, spherical particles with a diameter ranging between 85 and 330 nm were observed in TEM. In
the second experiment, a PNAM macroRAFT agent was added to the previous formulation. Uniform
spherical particles of 180 nm were formed (data not shown). The discrepancies in terms of colloidal
features between these two experiments and that carried out with the macroRAFT agent clearly indicate
that the mannuronan chains must be integrated in the hydrophilic block to play a significant role in the
particle formation and stabilization. It is worth mentioning that unfunctionalized guluronan chains could
be easily separated from the latex after the emulsion polymerization step by simple centrifugation (or
dialysis) (but would remain a hard task before this step). In that respect the low purity of the glycuronan
macromolecules - although of real concern for their efficient production - is not an impediment for the

production of the targeted particles.
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Figure 7: RAFT emulsion polymerizations of styrene performed with P(NAM-co-ManA;7MA) and P(NAM-co-GulA;oMA)
macroRAFT agents (molar composition 96/4). Evolution of (a) monomer conversion versus time and (b) number-average molar
mass M, versus conversion. See Table 4 for detailed experimental conditions.
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Figure 8: Evolution of the size exclusion chromatograms versus conversion and TEM images of the final latexes for the RAFT
emulsion polymerizations of styrene carried out with P(NAM-co-ManA;;MA) and P(NAM-co-GulA;0MA) macroRAFT agents
(molar composition 96/4).

The use of macroRAFT agents in which the molar mass of the glycuronan graft chains was halved (namely
P(NAM-co-ManA;1MA) and P(NAM-co-GulA;;MA)) led again to a good control of the emulsion
polymerization step. However, a striking change in the morphology of the obtained objects was noticed:
vesicular-like aggregates could be observed together with a small amount of spheres (Tables S1 and S2,
and Figure S2, Supporting Information). As spheres were exclusively obtained with PNAM, P(NAM-co-
ManA;7MA) and P(NAM-co-GulA,0MA), the observed sharp morphological transition was unexpected. It
was indeed assumed that a macroRAFT with an anticipated intermediate hydrophilic character, i.e.
P(NAM-co-Mani1MA) or P(NAM-co-GulA;1:MA), would lead to spheres as well. Non spherical
morphologies were also obtained when using a glycuronan-based macroRAFT in which the alginate
moiety was randomly distributed along the PNAM backbone (obtained by the copolymerization of NAM
and an acrylamide-type macromonomer ManA;;Am, see Tables S1, S2 and Figure S2, Supporting
Information). Both the architecture of the macroRAFT, i.e. the positioning of the macromonomer side
chains, and its intrinsic hydrophilicity (macroRAFT based on glycuronan acrylamides should be more
hydrophilic than those based on glycuronan methacrylates) would thus impact the particle morphology.
The main goal of this study being the synthesis of glycuronan decorated spherical nanoparticles by the
PISA process, these morphological aspects, that would require the use of very well-defined structures to
be tackled and explained, were not further investigated in the present paper. Indeed, an in-depth study

from our group on the effect of the positioning of a hydrophilic macromonomer in the PNAM hydrophilic
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macroRAFT has recently been published!® and tries to further contribute to the understanding and the

control of the self-assembly of amphiphilic block copolymers.

Conclusions

Poly(N-acryloylmorpholine) macroRAFT agents were first synthesized in water by RAFT. A thorough study
of styrene polymerization by polymerization-induced self-assembly (PISA) using the obtained PNAM
macroRAFT agents was then undertaken, showing the systematic formation of nanospheres (D, < 60 nm)
whatever the molar mass of PNAM (from 2000 to 8000 g mol?) or the polymerization degree targeted
for the PS block (from 150 to 1600). Glycuronan macromonomers derived from alginates and carrying a
methacrylate polymerizable function were then copolymerized with NAM by RAFT in water to produce
hydrophilic macroRAFT agents carrying either (1—>4)-B-D-mannuronan (ManA;7) or (1—4)-a-L-guluronan
(GulAy) side chains. The latter were further used to polymerize styrene in water to obtain alginate-
decorated nanoparticles. Stable latex particles composed of amphiphilic block copolymers were obtained
in quantitative yield and short polymerization times according to a RAFT mediated PISA process. The
targeted spherical nanoparticles (D, = 30 nm) were obtained for both P(NAM-co-Man;;MA) and P(NAM-
co-GuloMA) macroRAFT agents, for which glycuronan side-chains were concentrated towards the a-end
of the hydrophilic block. By exploiting the ion-binding properties of (1-—>4)-a-L-guluronan and other
glycuronans,*2 8 the approach depicted here could be used to produce film-forming latexes suitable for
the fabrication of dust suppressing coatings for the response to a radiation dispersal accident: They would
combine the properties of protective polymer films!® 83 and those of a selective sorbent to increase

efficiency of radionuclides fixation after nuclear accidents.?% %1
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