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ABSTRACT: The copper-mediated radical polymerization of
N-acryloylmorpholine initiated from the surface of latex
particles in water was studied to form hydrophobic core/
hydrophilic shell particles. The latexes were synthesized via
classical radical emulsion polymerization and were function-
alized at their surface by a comonomer bearing a Br-functional
group (the so-called inimer). The latter was introduced to
initiate the grafting reaction, in the presence of the Cu(0)/
CuBr2/PMDETA (1,1,4,7,7-pentamethyldiethylenetriamine)
catalytic system. Conditions in which the grafting step could
be performed at room temperature, using high particle concentration in the presence of surfactant and initiator remaining from
the emulsion polymerization were identified. The success of the functionalization and grafting steps was evaluated by TOF-SIMS
(time-of-flight secondary ion mass spectrometry), by FTIR, and by the final properties of the so-formed core−shell particles. It is
the first time such grafting conditions have been applied with success from “real latexes”.

■ INTRODUCTION

Core−shell particles with a hydrophobic polymer core and a
hydrophilic polymer shell have been the subject of many
studies1−3 as they can find a wide range of applications in fields
such as coatings, paints, adhesives, impact modifiers, support
for biological molecules, etc. Various strategies to incorporate a
hydrophilic polymer shell have been employed with the use for
instance of an amphiphilic block copolymer as a stabilizer in
emulsion polymerization or via emulsion copolymerization of
the hydrophobic monomers with a water-soluble (macro)-
monomer. There has also been a growing interest in the
“grafting from” method1,3−6 with the development of
controlled/living radical polymerization (CRP) techniques.7

The general principle of the “grafting from” strategy consists in
introducing initiating groups at the particle surface and in
activating them to grow polymer chains via CRP. Because of
fast initiation and simultaneous growth of the chains, CRP
allows grafting density and brush thickness to be well-
controlled.1,3−6 Among the various CRP methods, atom
transfer radical polymerization (ATRP) has been particularly
used on different colloidal substrates, in organic solution, or in
water.8,9,1,3−6 The latter mainly include silica particles, whereas
only a few examples are related to the use of polymer latexes,2

resulting from a free-radical emulsion polymerization recipe.
The use of functionalized latexes as support for aqueous
surface-initiated ATRP (SI-ATRP) has been reported for the
first time by Manuszak-Guerrini et al.10 in 2000. The grafting

strategy was to functionalize a cross-linked polystyrene latex
with an inimer (i.e., a monomer bearing an alkyl halide group
able to serve as an initiator in ATRP) at the particle surface and
to activate it by a Cu(I) complex in the presence of a water-
soluble monomer. Following this seminal work, other teams
have used the same strategy to prepare core−shell particles by
SI-ATRP.11−15 Mittal et al.16,17 studied the functionalization
process by the inimer so as to find the best conditions for the
SI-ATRP of N-isopropylacrylamide. To favor the synthesis of
functionalized particles and to avoid secondary nucleation, the
introduction of the inimer along with a cross-linker had to be
performed at 70% conversion of the monomers in the first stage
emulsion polymerization. Another method to functionalize a
latex by surface halide groups was chloromethylation of
polystyrene particles as described by Min et al.18 More recently,
Liu et al.19 proposed an easier way to immobilize bromide
group at the surface of cross-linked poly(methyl methacrylate)
(polyMMA) particles using CBr4 as a chain transfer agent in
the emulsion polymerization step. A different approach for SI-
ATRP from latex particles was performed without covalently
incorporating the initiator at the particle surface.20 The authors
took advantage of the Br functional group at the hydrophilic
end of an amphiphilic block copolymer previously prepared via
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ATRP and used as a stabilizer in the emulsion polymerization
process. It was further reacted as the initiating site for the
ATRP of a water-soluble monomer, hence leading to the
formation of a second hydrophilic shell. In all instances, the
grafting reaction by ATRP was carried out with diluted latexes
(low solids contents of ∼5 wt %; except in ref 20 in which the
solids content was 16.6 wt %) that were carefully cleaned by
dialysis and/or by centrifugation to eliminate all traces of low
molar mass initiator and surfactant.
In this context, the aim of this work was to incorporate a

hydrophilic polymer shell at the surface of submicrometric
polymer particles from emulsion polymerization by postsyn-
thesis modification, using a “grafting from” approach based on
aqueous CRP. The use of a single type of functionalized
particles as a platform to grow any kind of hydrophilic polymers
with tailor-made characteristics (see Scheme 1) would allow to
target different applications from the same starting latex recipe.
It also offers the opportunity to incorporate a polymer shell
that cannot be introduced in another way (via the amphiphilic
block copolymer strategy for instance) without impacting the
features of the grafted particles.
To reach this goal, we considered the following key points:

(i) the choice of the CRP method and the possibility to
functionalize the latex particles with an inimer suitable for the
selected technique; (ii) the ability to perform the grafting
reaction from “as-synthesized” concentrated latexes, without
elimination of the surfactant and of the remaining initiator. To
fulfill both criteria, ATRP was selected as it uses a variety of
alkyl halide initiators that can be easily turned into inimers. The
latter can be polymerized via classical radical emulsion
polymerization without interference with the initiating and
propagating radicals. Finally, the method can be performed at
room temperature, hence preventing unwanted initiation by the
remaining radical initiator. All those criteria impede the use of
other CRP methods such as nitroxide-mediated polymerization
(performed at elevated temperature) and reversible addition−
fragmentation chain transfer (in which the reactive group of the
functional monomer will react during the functionalization
step). However, a drawback of ATRP is the need for large
quantities of catalyst (in particular copper(I) halide), which
contaminate the final product and are difficult to remove. The
reduction of the amount of copper has been achieved through
the use of techniques such as activators (re)generated by
electron transfer (A(R)GET).21 Since a few years, the use of
copper metal has been particularly investigated because Cu(0)

is easier to handle than Cu(I) or Cu(II) salts. As a reducing
agent for Cu(II) in A(R)GET ATRP22 or as an activator in
single electron transfer living radical polymerization (SET-
LRP),23 the role of Cu(0) in the mechanism of copper-
mediated polymerization is not fully understood and still under
debate24 but will not be the focus of this work. In all cases,
however, it offers a rather easy way to proceed and allows to
decrease the amount of catalyst. The couple Cu(0)/Cu(II) was
thus employed as a catalyst for our grafting reactions from latex
particles in aqueous media at room temperature. The use of
AGET ATRP with Cu(II) and ascorbic acid as a reducing agent
has been reported in a single article.25 However, the grafting of
polymer chains from latex particles has never been performed
with Cu(0) in concentrated latex, in the presence of surfactant
and residual initiator (“real” latex). With the aim of studying
the efficiency of the reaction, the aqueous SI-ATRP of N-
acryloylmorpholine (NAM), used as a model of neutral water-
soluble monomer, was considered and the effect of the
concentrations of both the inimer and the Cu(0)/CuBr2
catalyst (with 1,1,4,7,7-pentamethyldiethylenetriamine, PMDE-
TA, as a ligand) was evaluated.

■ EXPERIMENTAL PART

Materials. Sodium dodecyl sulfate (DISPONIL SDS, 15 wt %
aqueous solution) was purchased from Cognis. Sodium hydrogen
carbonate (NaHCO3, 0.07 M aqueous solution), NaOH solution (0.25
M aqueous solution), n-butyl acrylate (nBA), methyl methacrylate
(MMA), and 1,4-butanediol diacrylate (BDDA) were obtained from
BASF. 4,4′-Azobis(4-cyanopentanoic acid) (ACPA, >98%), N-
acryloylmorpholine (NAM, 97%), 1,1,4,7,7-pentamethyldiethylenetri-
amine (PMDETA, 99%), CuBr2 (>99%), CuCl2 (99.999%) and
copper wire (>99.9%; diameter = 1 mm) were used as received from
Sigma-Aldrich. Deionized water was employed in all the experiments.
The inimer 2-(2-bromopropionyloxy)ethyl acrylate (BPEA) was
synthesized by an esterification reaction between 2-hydroxyethyl
acrylate (Sigma-Aldrich, 96%) and 2-bromopropionyl bromide
(Sigma-Aldrich, 97%), according to a protocol published previously,26

and briefly described here. A solution of 2-bromopropionyl bromide
(79.33 g, 0.38 mol) in 50 mL of CH2Cl2 was added dropwise to a
stirred solution (cooled in an ice bath) of 2-hydroxyethyl acrylate
(40.64 g, 0.35 mol) and triethylamine (38.96 g, 0.38 mol) in 220 mL
of CH2Cl2, during 3 h under an atmosphere of argon. After complete
addition, the reaction was further stirred at room temperature for 24 h.
The precipitate was removed by filtration, and the organic phase was
washed with water (3 × 50 mL). It was then dried over magnesium
sulfate, and CH2Cl2 was evaporated under vacuum. The obtained
yellow oil was distilled under vacuum in the presence of 0.5 wt % of

Scheme 1. General Principle of the Cu-Mediated Surface-Initiated Radical Polymerization Used in This Work
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hydroquinone to give a colorless liquid. 300 MHz 1H NMR (CDCl3):
δ (ppm) = 6.44 (d, 1H, CH2=), 6.13 (dd, 1H, =CH), 5.87 (d, 1H,
CH2=), 4.41 (m, 5H, H2C−O and CH−Br), 1.83 (d, 3H, CH3).
Characterization Techniques. NMR. 1H NMR spectroscopy

for kinetic analysis (i.e., conversion of the monomer NAM in
the surface-initiated aqueous polymerization) was performed in
5 mm diameter tubes in D2O solution at 25 °C using a Bruker
Avance 300 (300 MHz) spectrometer. The chemical shift scale
was calibrated on the basis of the solvent peak (δ = 4.79 ppm),
and sodium p-toluenesulfonate was used as an internal
reference (aromatic H peaks).
DLS. The intensity-average diameters of the latex particles and the

dispersity factor were measured by dynamic light scattering (DLS) at a
temperature of 25 °C using a Zetasizer Nano Series (Nano ZS) from
Malvern Instrument using the Zetasizer 6.2 software. The instrument
was calibrated with a standard polystyrene latex in water exhibiting a
particle size of 220 ± 6 nm. Before measurements, the latex samples
were diluted with deionized water.
Gas Chromatography. Gas chromatography (GC) of the polymer

dispersions was used to determine the residual amount of BPEA
inimer. It was performed with HP6890N equipment from Agilent
Technologies with a 30 m column (DB 5, 5% polydiphenylsiloxane/
95% polydimethylsiloxane) and a temperature ramp of 8 °C/min from
120 to 280 °C. The injection temperature was 280 °C.
SEM. Scanning electron microscopy (SEM) images were examined

on a FEI QUANTA 250 FEG scanning electron microscope, at an
acceleration voltage of 15 kV (Centre Technologique des Micro-
structures (CTμ), Claude Bernard University, Lyon, France). A drop
of the particle suspension was placed on a Formvar film on a 200 mesh
copper grid, dried, and covered by a thin layer of gold/palladium
(sputtering Au/Pd with Baltec MED020-5.9 nm).
DSC. Differential scanning calorimetry was measured in a Q2000 by

TA Instruments. The instrument is calibrated with adamantane, water,
and indium. For determination of the glass transition temperature, 8−
9 mg was placed in an aluminum pan. The sample was rapidly cooled
from 150 to −110 °C and afterward scanned with a heating rate of 2
K/min. Glass transition was determined at the half step height
(according to ISO 11357-2).
FTIR. Fourier transform infrared analyses were performed on a

Nicolet iS10 spectrometer with an ATR diamond crystal and a DTGS
KBr detector. The data were measured with a resolution of 4 cm−1

from 525 to 4000 cm−1. A background spectrum was collected and
subtracted from the spectrum. The latex were dialyzed against water
for 2 weeks using a Spectra/Por dialysis membrane (cutoff at 12 000−
14 000 Da), dried at room temperature, grinded to powder, and then
dissolved in dichloromethane. A drop of the dispersion was deposited
onto the diamond crystal, dried, and then analyzed.
ToF SIMS. Time-of-flight secondary ion mass spectrometry (ToF-

SIMS) measurements were carried out using a Physical Electronics
TRIFT III ToF-SIMS instrument operated with a pulsed 22 keV Au+

ion gun (ion current of 2 nA) rastered over a 300 μm × 300 μm area.
An electron gun was operated in pulsed mode at low electron energy
for charge compensation. Ion dose was kept below the static
conditions limit. Data were analyzed using the WinCadence software.
Mass calibration was performed on hydrocarbon secondary ions.
Before the analysis, the latexes were dialyzed in water for 2 weeks using
a Spectra/Por dialysis membrane (cutoff at 12 000−14 000 Da), dried

at room temperature, and grinded to a powder, and this powder was
pressed onto an indium foil. Data were normalized to the total
intensity minus H+/− intensity (because of its critical dependence on
slight variations in the experimental settings)27 and minus the intensity
of peaks related to ubiquitous contamination or to the sample
preparation (i.e., Na+ and In+ in the positive mode and F− in the
negative mode). Standard deviations were calculated from measure-
ments performed on three different areas.

Viscosity Measurements. Viscosity measurements were performed
at 25 °C using a parallel-plate (25 mm in diameter) geometry fixture
on a TA Instruments AR2000ex rheometer. The shear rate was fixed at
50 s−1, and the gap between the upper plate and the Peltier plate was
set at a distance of 1000 μm.

Stability Tests. The ionic strength and freeze−thaw stability of the
grafted latexes were tested (raw latexes or dialyzed latexes). A drop of
latex dispersion was added to 5 mL solutions of CaCl2 with
concentrations of 4.5 mM, 9.0 mM, 22.5 mM, 45 mM, 91 mM, 0.18
M, 0.47 M, 1 M, and 2.25 M. The colloidal stability of the dispersion
was assessed by a simple visual test. A 2 mL dispersion of grafted
particles was frozen for 2 h and then thawn. This cycle was repeated
three times. The colloidal stability of the dispersion was assessed by
DLS measurements.

Synthesis of Poly(MMA-co-nBA) Cross-Linked Functional-
ized Latex Particles. In a first step, functionalized, cross-linked latex
particles were synthesized via free-radical emulsion polymerization in
an automated reactor at the BASF Laboratories for Advanced
Materials and Systems Research. Particles were cross-linked with 1,4-
butanediol diacrylate, a divinylic monomer, in order to maintain their
shape and integrity for analytical purposes. In a typical example (latex
L3 in Table 1), a monomer in water emulsion was first prepared using
260 g of deionized water, 26.5 g of SDS solution, 5.6 g of sodium
hydrogen carbonate solution, 88 g of nBA, 190 g of MMA, and 7.3 g of
BDDA. An aqueous solution of ACPA initiator (6.28 g of the solution
prepared with 48 g of deionized water, 3.0 g of ACPA, and 11.7 g of
NaOH aqueous solution 0.25 M) was introduced into a 2 L reactor
preloaded with 138 g of deionized water, equipped with a
thermocouple, a cooling condenser, and a paddle stirrer, and heated
at 70 °C. After 15 min, the monomer-in-water emulsion was gradually
added to the reactor for a total time of 180 min while 56.5 g of the
residual initiator solution was fed during 215 min. After complete
addition of the monomer emulsion (achieving 92% conversion), a
mixture containing 15 g of the BPEA inimer, 15 g of MMA, and 0.7 g
of BDDA was added during 30 min, and the reaction medium was
stirred at 70 °C for an additional 60 min and then cooled to room
temperature. The final latex had a solids content of 40 wt % (obtained
by gravimetric analysis). The particle diameter was determined using
DLS. The conversion of BPEA was determined by gas chromatog-
raphy. All data are summarized in Table 1.

Copper-Mediated Surface-Initiated Polymerization of NAM.
The latexes (raw or slightly diluted in water) with a low amount of
sodium p-toluenesulfonate (4 mg/gLatex) were deoxygenated with a
nitrogen flow for 30 min. A deoxygenated mixture of NAM,
PMDETA, 0.1 M CuBr2 aqueous solution, and additional water was
slowly added under stirring. The reaction medium was heated at 25
°C, and a piece of a copper wire was introduced (0.14 cm/gLatex, i.e.,
12.6 cm2/gLatex). Samples were periodically withdrawn to monitor the

Table 1. Synthesisa of Poly(n-butyl acrylate-co-methyl methacrylate) (Poly(nBA-co-MMA)) Latex Particles Cross-Linked with
1,4-Butanediol Diacrylate (BDDA) and Functionalized at the Surface with 2-(2-Bromopropionyloxy)ethyl Acrylate (BPEA) (T
= 70 °C)

latex
no.

composition of the core
nBA/MMA/BDDA (wt %)

composition of the shell
MMA/BPEA/BDDA (wt %)

shell/core weight
ratio (wt %)

BPEA
conv (%)

overall BPEA content
(mol/gLatex)

final diameter D from
DLS (nm)

L0 30.7/66.7/2.6 0 112

L1 30.7/66.7/2.6 95.0/1.8/3.2 5.1/94.9 95 1.5 × 10−6 110

L2 30.7/66.7/2.6 65.0/32.5/2.5 7.5/92.5 95 3.9 × 10−5 110

L3 30.7/66.7/2.6 48.6/49.0/2.4 9.7/90.3 97 7.3 × 10−5 116
aThe experimental procedure is described in the Experimental Part.
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conversion by 1H NMR after dilution in D2O. All reaction details and
exact quantities are reported in Table 2.

■ RESULTS AND DISCUSSION

Surface Functionalization of Latex Particles with the
BPEA Inimer. The latex particles were based on methyl
methacrylate and n-butyl acrylate and were slightly cross-linked
with 1,4-butanediol diacrylate to maintain their integrity during
the analyses. The experimental conditions are reported in Table
1. The surface functionalization of such latex particles has been
already reported in the literature.16,17 The functional monomer
BPEA was used in a very low amount to introduce a thin layer
of brominated groups able to initiate the polymerization from
the surface. The main requirements that had to be fulfilled are
the absence of secondary nucleation and a high conversion of
BPEA with a preferential location at the particle surface. BPEA
was thus added at the end of the latex synthesis before
complete conversion of the core monomers (∼90%). During
this step, MMA was used as a comonomer, to ensure an

efficient anchoring of the adsorbed oligoradicals by fast chain
propagation and to avoid their precipitation and the generation
of a second crop of particles. The final conversion of BPEA was
high as assessed by gas chromatography (see Table 1). On the
basis of the scanning electron microscopy and DLS analyses of
the final latexes (Figure 1), a monomodal particle size
distribution was observed, indicating the absence of secondary
nucleation.
Because of the very low amount of BPEA used and due to

the remaining core monomers present during the functionaliza-
tion step, it was important to check the location of the inimer.
Burial of the inimer may actually occur during the polymer-
ization, even though the use of additional MMA should lead to
a rather polar polymer that remains preferentially at the particle
surface. ToF-SIMS has already been used to detect functional
groups at the surface of synthetic latex particles28−30 and was
selected for the present analytical purpose. This surface analysis
technique is based on the m/z detection of secondary ions
(positively charged and negatively charged as obtained in two

Table 2. Surface-Initiated Polymerization of N-Acryloylmorpholine (NAM) Performed at 25 °C from Cross-Linked Poly(n-
butyl acrylate-co-methyl methacrylate) Aqueous Latex Particles Functionalized at the Surface with 2-(2-
Bromopropionyloxy)ethyl Acrylate (BPEA)

entry
functionalized

latex

overall
BPEA
content

(mol/gLatex)
NAM

(g/gpolymer)
NAM/BPEA/PMDETA/CuBr2

(molar equiv)
time
(h)

conv
(%)

D from DLS
after grafting

(nm)
/dispersity

final solids
content of the
grafted latexa

(wt %)

final
viscosityb

(10−3 Pa s) colorc

L1G1 L1 1.4 × 10−6 0.05 97.5/1/0.6/0.10 8 30 120/0.08 38 2.4 ∗

L1G2 L1 1.1 × 10−6 0.22 441.5/1/0.8/0.15 1 formation of a gel ∗

L2G1 L2 2.1 × 10−5 0.05 4.1/1/0.5/0.10 7 100 105/0.03 24 1.6 ∗∗∗

L2G2 L2 2.6 × 10−5 0.26 20.5/1/0.5/0.10 2 40 171/0.09 37 33.3 ∗∗∗∗

L2G3 L2 2.0 × 10−5 0.26 20.5/1/0.5/0.10 7 93 210/0.3 30 22.1 ∗∗∗

L2G4 L2 1.9 × 10−5 0.42 33.3/1/0.5/0.10 7 71 270/0.3 31 287.7 ∗∗∗

L3G0 L3 6.6 × 10−5 0 0/1/0.5/0.10d 6

L3G1 L3 6.1 × 10−5 0.125 5.0/1/0.6/0.09 6 96 140/0.04 38 2.6 ∗∗∗∗∗

L3G2 L3 4.9 × 10−5 0.23 8.9/1/0.5/0.10 4 86 119/0.06 33 1.6 ∗∗∗∗

L3G3e L3 5.5 × 10−5 0.25 10.9/1/0.5/0.10 8 79 140/0.03 41 1.7 ∗∗∗∗∗

L3G4 L3 4.7 × 10−5 0.25 9.9/1/0.2/0.05 5 89 130/0.05 31 5.9 ∗∗∗

L3G5 L3 4.8 × 10−5 0.25 9.7/1/0.1/0.025 2 formation of a gel ∗∗

L3G6f L3 1.1 × 10−5 0.40 13.3/1/0.5/0.10 6 88 260/0.2 8.6 2.7 ∗∗

Control Experiments

L0G1 L0 0 0.13 9.8/0/1/0.5/(Cu(0) wire: 1.5 cm) 5 0

L3G7 L3 3.4 x 10−5 0.15 6.3/1/0/0/(Cu(0) wire: 0 cm) 5 0

L3G8 L3 3.4 x 10−5 0.15 6.1/1/0/0/(Cu(0) wire: 1 cm) 5 0

L3G9g L3 3.4 x 10−5 0.15 6.0/1/0.7/0/(Cu(0) wire: 1 cm) 5 9

L3G10g L3 3.4 x 10−5 0.15 6.3/1/0.7/0.15/(Cu(0) wire: 0 cm) 5 11
aObtained by thermogravimetric analysisincludes the nonreacted NAM, which is nonvolatile. bAt 20 wt % solids (except latex L3G6 measured at 8
wt %). cColor qualitative scale: ∗ (light blue) to ∗∗∗∗∗ (dark blue). dCuCl2 instead of CuBr2

eTwo successive feeds of NAM (feed 1: 81%
conversion in 2 h; feed 2: 67% conversion in 8 h − overall conversion = 79%). fThe latex L3 was dialyzed before the grafting reaction, to remove the
initiator and surfactant. gLatex destabilization.

Figure 1. Scanning electron microscopy image and particle size distribution from DLS of the final latex L3.
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separate data acquisitions) emitted following the bombardment
of solids using primary ions in the keV range. If a limited
number of primary ions are used for this purpose (static
conditions), the information depth is limited to a few atomic
layers. Moreover, this technique allows the detection of very
low amounts31 (detection limit of ppm to ppb), which is
appropriate considering the quantity of BPEA involved for
surface modification of the latexes. The latexes were first
carefully dialyzed to remove all nonconverted monomers and
water-soluble oligomers, and the dried powder was then
pressed onto an indium foil at room temperature. The particles
being cross-linked and their glass transition temperature being
52 °C (as determined by DSC, i.e., above room temperature) a
good shape stability and the absence of film formation by chain
interdiffusion is expected. This is an important point when
targeting the surface analysis exclusively.

Figure 2 displays ToF-SIMS spectra in the positive and
negative modes in selected m/z ranges. It illustrates the main
observations at the surface of latexes before and after the
various steps of the surface modification (modification with
BPEA inimer, test for ion-exchange, surface-initiated polymer-
ization of NAM). Table 3 provides normalized intensity values
(in ‰) for secondary ion peaks specific to the latexes and to
the various surface modifications. Figures 2a and 2e correspond
to the spectra obtained on the latex L0 (nonfunctionalized) in
the positive mode (m/z = 50−200) and in the negative mode
(m/z = 20−100), respectively. ToF-SIMS spectra display peaks
characteristic for polyMMA28 (as well as other peaks detected
in the nonillustrated m/z ranges), i.e., in the displayed m/z
range, a peak at m/z = 59.014 (corresponding to C2H3O2

+, m/z
= 59.013) and those at m/z = 31.016 (corresponding to
CH3O

−, m/z = 31.018), m/z = 55.018 (corresponding to

Figure 2. Positive ion mode ToF-SIMS spectrum (m/z = 50−200) for (a) latex L0, (b) latex L3, (c) latex L3G0 (m/z = 200−300), and (d) latex
L3G1. Negative ion mode ToF-SIMS spectrum (m/z = 20−100) for (e) latex L0, (f) latex L3, (g) latex L3G0, and (h) latex L3G1.

Table 3. ToF-SIMS Normalized Intensity (in‰) for Various Characteristic Peaksa for Latexes L0, L1, L2, L3, L3G0, L3G1, and
L3G3 (see Table 2)

characteristic signatures for core
latex

characteristic signatures for
BPEA characteristic signature for Cl characteristic signatures for polyNAM

entry I59+ I85− I79− I179+ I35− I26− I42− I142+

L0 13.7 ± 2.2 21.9 ± 2.6 0.9 ± 0.2 1.2 ± 0.3 0.5 ± 0.5 5.8 ± 0.2 0.4 ± 0.1 1.6 ± 0.2

L1 16.5 ± 1.0 27.3 ± 1.8 3.7 ± 0 1.4 ± 0.2 0.6 ± 0.2 7.4 ± 0.6 0.5 ± 0.1 1.8 ± 0.2

L2 16.0 ± 0.4 18.8 ± 3.1 39.9 ± 3.6 7.4 ± 0.7 0.2 ± 0 4.4 ± 0.2 0.3 ± 0 2.0 ± 0

L3 13.4 ± 3.6 15.5 ± 2.5 39.8 ± 4.7 6.6 ± 1.1 0.2 ± 0 5.7 ± 1.3 0.3 ± 0.1 1.5 ± 0.2

L3G0 14.3 ± 0.6 18.9 ± 1.6 14.1 ± 0.7 2.4 ± 0.2 8.9 ± 1.6 3.7 ± 0.5 0.4 ± 0 1.6 ± 0.1

L3G1 7.0 ± 0.5 9.1 ± 1.3 4.7 ± 0.2 1.1 ± 0.1 0.7 ± 0.1 23.7 ± 2.6 7.5 ± 1.1 8.1 ± 0.8

L3G3b 5.4 ± 0.1 7.2 ± 0.5 2.4 ± 0.1 0.9 ± 0 7.0 ± 3.4 29.1 ± 0.4 10.5 ± 0 8.4 ± 0.1
aPeaks at: m/z = 59+ corresponding to C2H3O2

+ and m/z = 85− corresponding to C4H5O2
−, characteristic of the core latex; m/z = 79−

corresponding to 79Br− and m/z = 179+ corresponding to C5H8O2
79Br+, characteristic of BPEA; m/z = 35− corresponding to 35Cl−, characteristic of

the ion exchange reaction between Br and Cl but contribution from Cl ubiquitous contamination cannot be excluded (it is especially the case for
L3G3); m/z = 26− corresponding for a major part to CN− but contribution from C2H2

− cannot be excluded, m/z = 42− corresponding to CNO−

and m/z = 142+ corresponding to C7O2H12N
+. bMeasurements performed only on two areas and therefore poorly accurate.
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C3H3O
−, m/z = 55.018), and m/z = 85.029 (corresponding to

C4H5O2
−, m/z = 85.029). This confirmed that latexes had the

expected chemical structure (see also Table 3) without
significant contamination (see e.g. Br and Cl ubiquitous
contamination in Table 3).
After surface functionalization with BPEA inimer, both ToF-

SIMS spectra of latex L3 in the positive mode (Figure 2b) and
in the negative mode (Figure 2f) indicate that the main
signatures of the latexes are still detected, which is consistent
with the intended limited extent in surface modification. In
addition, peaks characteristic for BPEA were detected. The
most obvious signature was Br, which was detected in the
negative mode with both isotopes (and in the expected isotopic
ratio): a peak at m/z = 78.913 (corresponding to 79Br−, m/z =
78.918) and a peak at m/z = 80.911 (corresponding to 81Br−,
m/z = 80.916). However, Br being ubiquitous contamination
(see in Table 3 the very slight amount detected for the
unmodified latex L0), it was important to confirm that the high
relative intensity for 79Br− was a direct signature for BPEA. The
detection of peaks in the positive mode at m/z = 178.981
corresponding to C5H8O2

79Br+, m/z = 178.971see BPEA
chemical structure in Scheme 1) and a peak at m/z = 180.972
(corresponding to C5H8O2

81Br+, m/z = 180.969) brought this
confirmation.
Table 3 (entries L0−L2) indicates that when modifying the

BPEA concentration used for surface modification (see entries
L0−L2 in Table 1), characteristic signatures for BPEA varied
accordingly in normalized intensity. ToF-SIMS data are known
to be highly dependent on severe matrix effects, which hinder
any absolute quantification from these data. However, when
comparing similar samples only varying as a function of the
BPEA content, matrix effects can be considered as close enough
to allow a semiquantitative comparison of normalized
intensities for characteristic signatures of BPEA, i.e., Br−. In
addition, the relative intensity for 179+ for the latex L0 in Table
3 is not due to C5H8O2

79Br+ (179+ is detected at m/z =
179.0975 for L0, excluding any relation to BPEA), but the value
was given to allow the reader to identify the relevance of the
increase in normalized intensity for that specific signature (thus
relevant for L2 and L3 but not for L1). It can then be
concluded here that BPEA is significantly less detected for latex
L1 compared to latexes L2 and L3. For the latter two latexes,
similar values could be related to the very limited information
depth of the ToF-SIMS technique. BPEA might be more
incorporated in L3 than in L2, but the amount in the sample
depth probed by ToF-SIMS was similar. As expected, for
latexes L2 and L3, a more significant decrease in normalized
intensity was observed for the core polymer characteristic peaks
(especially C4H5O2

−), which is consistent with the larger
introduction of BPEA at the surface of these latexes.
Prior to any polymerization from the surface, and in order to

assess the accessibility of the surface anchored Br toward an ion
exchange reaction with water-soluble species, the latex L3 was
further subjected to a reaction with Cu(0) and CuCl2/
PMDETA (entry L3G0, Table 2). The change of Br signature
to Cl one should show that activation of the alkyl bromide
group of BPEA is possible and further confirm the appropriate
location of BPEA. Figure 2g displays the ToF-SIMS spectrum
in the negative mode for the latex L3G0, obtained by reacting
the latex L3 with CuCl2/PMDETA in the presence of Cu(0).
The characteristic signatures for BPEA (79Br− but as well
C5H8O2

79Br+) are still detected but with a significantly lower
normalized intensity (see Table 3). It was expected that peaks

similar to 179+/181+, thus possibly C5H8O2
35Cl+ and

C5H8O2
37Cl+, could be detected, but they were not identified

(data not illustrated). It can be due to the low CuCl2
concentration used in this experiment. Still, Cl was detected
in the negative mode with both isotopes (and in the expected
isotopic ratio): a peak at m/z = 34.970 (corresponding to 35Cl−,
m/z = 34.969) and a peak at m/z = 36.967 (corresponding to
37Cl−, m/z = 36.966) in a higher level than the ubiquitous
contamination. This confirmed an exchange reaction, most
likely based on the radical process that is required for initiation
and controlled propagation (based on the activation/
deactivation equilibrium).

Surface-Initiated Polymerization of NAM. The success-
ful introduction of BPEA and the accessibility of the alkyl
bromide groups being confirmed, the latexes L1, L2, and L3
were further used as substrates for the surface-initiated
polymerization of NAM in the presence of Cu(0), CuBr2,
and PMDETA. This monomer was selected as a good model
for water-soluble neutral monomer, which can be easily
characterized due to the amide group that is not present in
the core monomers. The reactions were carried out at room
temperature without purification and at high solids content of
the initial latexes. The conditions are summarized in Table 2.
The reagent concentrations were adapted from solution
polymerizations performed in water (nonreported here) to
avoid too fast polymerizations. Typically, the CuBr2/BPEA
molar ratios were in the 0.025−0.15 range, while the molar
ratio PMDETA/CuBr2 was around 5. The conversion of NAM
was monitored by 1H NMR spectroscopy in D2O. In general, it
appeared that most of the polymerizations reached a conversion
plateau at rather high conversion values after 2−3 h reaction
time (Figure 3).

Even though all control experiments showed that there was
no polymerization initiation from residual ACPA, or from other
components of the catalytic system (see Table 2, control
experiments), we still intended to confirm that the polymer-
ization of NAM was initiated by the surface bromide groups,
creating a covalently attached hairy polyNAM layer. For this
purpose, the grafted latexes were dialyzed against water, dried,
and analyzed first by FTIR and for one of them by ToF-SIMS.
Besides the CO band at 1725 cm−1 (ester stretching
vibration) that was observed on the FTIR spectra of the
analyzed latexes (Figure 4), the band at 1640 cm−1 typical of
the amide group (amide I stretching vibration) was evidenced
for the cleaned latexes L3G6, L3G1, and L3G3. These results

Figure 3. Conversion of NAM measured by 1H NMR analysis vs time
for the Cu-mediated surface-initiated polymerizations of NAM from
the latexes L1 and L3.
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thus confirm the incorporation of polyNAM in the latex by a
covalent bonding. The strong stability provided by the grafting
of polyNAM chains (see following section) did not allow us to
cleanly centrifuge the final grafted latex to determine the water-
soluble content, which appeared to be very small on the basis of
the NMR analysis performed on the collected serum.
The experimental conditions and the hydrophilic nature of

NAM are in favor of the creation of a hydrophilic shell rather
than polyNAM domains engulfed within the polymer core.
ToF-SIMS analyses were performed on L3G1 grafted latex to
confirm this assumption (see Figure 2 and Table 3). Figures 2d
and 2h correspond to the spectra obtained on the latex L3G1 in
the positive mode (m/z = 50−200) and in the negative mode
(m/z = 20−100), respectively. Peaks characteristic to polyNAM
are detected such as those at m/z = 26.004 (corresponding to
CN−, m/z = 26.003), m/z = 42.007 (corresponding to CNO−,
m/z = 41.998), m/z = 114.069 (corresponding to C5H8NO2

+,
m/z = 114.055), and at m/z = 142.095 (corresponding to
C7H12NO2

+, m/z = 142.087). This is confirmed by normalized
intensity values in Table 3. The few N-based signatures already
detected for L0, L3, and L3G0 are due to the use of ACPA as
an initiator. Peaks characteristic of the core latex and Br are still
detected (Figure 2d,h and Table 3). The normalized intensity
values for core latex specific peaks significantly decreased,
which illustrates a significant grafting of polyNAM at the
surface. On the other hand, Br is still detected but not anymore
the peaks specific to BPEA, i.e., C5H8O2

79Br+ and C5H8O2
81Br+

(see Table 3). The normalized intensity for 179+ is back to the
value previously observedand not corresponding to
C5H8O2

79Br+for the latex L0. This result is consistent with
the polymerization mechanism in which chains are extended
from BPEA units while maintaining a dormant Br end group. If
C5H8O2

79Br+ was as expected not detected anymore, no peak
combining polyNAM and Br end group was however detected.
The latex L3G1 should contain a low amount of polyNAM (see
Figure 4), but this is not apparent in ToF-SIMS data. It should
be reminded that the ToF-SIMS information depth is limited to
the top surface where NAM polymerization is expected to start
while FTIR information depth is larger, allowing the detection
of the increase in the amount grafted.
Bulk and surface analyses thus confirmed the efficiency of the

grafting reaction. The effect of the experimental conditions on
the polymerization yield and kinetics was then examined from

the information displayed in Table 2 and in Figure 3. It first
appeared that the polymerization was slow and the final NAM
conversion was low at the lowest amount of BPEA (core latex
L1). For higher BPEA concentrations (latexes L2 and L3), the
grafting kinetics were faster but not significantly different from
each other (see experiments L2G1 and L3G1 in Table 2). For
both core latexes and irrespective of the added concentration of
NAM, the final conversion was generally above ∼80% and
sometimes higher than 90%. Thus, a minimum BPEA
concentration was needed to ensure a high surface concen-
tration (as suggested by the ToF-SIMS results) along with good
accessibility of the bromide group at the surface. Upon
polymerization of NAM, the hydrodynamic diameter of the
particles determined by DLS increased (Table 2). When a
narrow particle size distribution (dispersity below 0.1) was
maintained, the final diameters reached values as high as 140
nm, corresponding to a maximum hydrodynamic layer
thickness of ∼12 nm. In a few examples the final diameter
was much higher (above 170 nm), but the dispersity was also
high (above 0.1), indicating the presence of aggregates, most
likely in very low concentration. In general, the core−shell
latexes formed by grafting polyNAM from L2 and L3 remained
very stable and became more viscous when the NAM/BPEA
molar ratio was increased (see Table 2). Nevertheless, the
viscosity values remained acceptable in most cases, i.e., below 6
mPa·s. Moreover, the latexes exhibited a blue color that was
more or less intense depending on the experiments (the lower
the Cu(II) absolute concentration, the lighter the color; see
Table 2). In some examples a gel was obtained within short
polymerization time and could not be diluted, indicating
interparticle cross-linking via radical termination, which is not
surprising at such high substrate concentration (i.e., short
interparticle distance).
A series of grafting reactions were performed with the core

latex L2 as a substrate and varying concentrations of NAM in
the system, exhibiting an average molar ratio with respect to the
overall BPEA of 4.1 (entry L2G1, Table 2), 20.5 (entries L2G2
and L2G3, Table 2), and 33.3 (entry L2G4, Table 2). The
initiator and catalyst concentrations remained the same in all
four experiments. Note that the relative proportion of NAM to
BPEA was kept rather low, anticipating that the initiating
efficiency of BPEA would not be 100%, as only part of it would
be really accessible at the extreme surface. This corresponded
to amounts of NAM from 5 up to 42 wt % with respect to the
core polymer. Except for entry L2G2 (short reaction time), the
final conversion decreased from 100% to 71% when the amount
of NAM was increased. The overall amount of grafted
polyNAM however increased from 0.05 g/gpolymer for entry
L2G1 to 0.30 g/gpolymer for entry L2G4. The influence of the
initial concentration of NAM on the final conversion is not very
clear but might possibly be explained by competitive copper
ions complexation between monomer and PMDETA.32 The
same trend was also observed for experiment L3G1 with the
lowest concentration of NAM in comparison with the other
grafting experiments from latex L3 (L3G2 to L3G6). With
0.125 g/gpolymer of initial NAM, the final conversion was 96%,
whereas it remained below 90% when NAM concentration was
increased. The final particle diameter was larger when the
amount of NAM was increased, and the particle size
distribution became broader, indicating both the formation of
a hydrophilic shell and the generation of aggregates via possible
interparticle radical coupling reactions.

Figure 4. FTIR analysis of the latexes L3, L3G1, L3G3, and L3G6
cleaned by dialysis and dried and of polyNAM.
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The effect of the concentration of the catalytic system was
explored in grafting latex L3 with NAM in the presence of
decreasing concentrations of PMDETA and CuBr2 (entries
L3G2, L3G4, and L3G5 in Table 2), while keeping a similar
molar ratio between both and keeping the same amount of
Cu(0) wire. When the PMDETA/CuBr2 molar ratio was 0.5/
0.1 (L3G2) or 0.2/0.05 (L3G4), the kinetics and the features of
the grafted latex were similar. In contrast, when it was further
decreased to 0.1/0.025 (L3G5) the reaction led to a gel. At
such low deactivator content, the concentration of propagating
radicals would be enhanced and would favor interparticle
coupling reaction and the formation of gel. Eventually, the latex
L3 was cleaned by dialysis before performing the grafting
reaction in experiment L3G6 (Table 2). Although the
polymerization of NAM was performed under diluted
conditions, the results were very similar to the grafting
reactions performed from raw latexes. This last result is a
clear indication that residual initiator and surfactant do not
interfere with the grafting process.
To conclude this part, robust conditions for an efficient Cu-

mediated surface-initiated polymerization at room temperature
were found from Br-functionalized latex particles that were not
cleaned, i.e., in the presence of remaining radical initiator and
SDS surfactant.
Colloidal Stability of the Grafted Latexes. In the

previous section, we showed that core−shell latexes were
obtained using surface-initiated polymerization of NAM. Such
latexes coated by a neutral hydrophilic polymer may exhibit
improved stability toward high ionic strength and freeze−thaw
cycles. Demonstrating this improved stability would be an
additional proof of the success of our grafting procedure. The
corresponding data reported in Table 4 showed that, for all

grafted latexes, the stability to three freeze−thaw cycles was

strongly improved since none of them underwent coagulation,

while the nongrafted latex L3 did not remain stable. Similarly,

an amazing stability of the grafted latexes under high CaCl2

concentration (2.25 M) was shown (except for L2G1 with the

lowest amount of grafted polymer). This is a strong evidence

for the presence of the non ionic grafted polyNAM shell that

protects the particles from irreversible aggregation.

■ CONCLUSION

This article proposes, for the first time, robust conditions for
grafting hydrophilic polymer chains using copper-mediated
polymerization from concentrated bromide-functionalized latex
particles, used “as synthesized” via classical emulsion polymer-
ization. All steps were assessed very carefully by various
analytical techniques, in particular ToF-SIMS. The latter
evidenced the consumption of the initiating sites and the
presence of a hydrophilic polymer layer at the particle surface.
The grafting reaction was shown to be efficient from both the
kinetic point of view and the final latex properties. For such a
purpose, the main conditions to respect are (i) the need for
sufficient Br surface concentration to maintain a fast reaction
and high final conversion, (ii) the need for sufficient Cu(II)
initial concentration to avoid gel formation, and (iii) the
control of monomer/Br ratio to avoid too high viscosities. In
the conditions studied, the grafted chains were not isolated, and
it is thus impossible to conclude on their living character or on
the control over their molar mass, which might be expected
from an ATRP reaction. Although this was not the focus of this
work, such a conclusion is of interest for fundamental
understanding and should be studied further.
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In the last years, there has been a growing interest in the “grafting from” methods with the 

development of controlled/living radical polymerization (CRP) techniques and more 

particularly atom transfer radical polymerization (ATRP).
1
 Most studies were devoted to the 

grafting of polymer chains from inorganic surfaces, for instance silicon wafers or silica 

particles. Differently, polymer substrates have been much less studied. Core-shell particles 

with a hydrophobic polymer core and a hydrophilic polymer shell are the subject of many 

works
2
 as they can find a wide range of applications. The idea to apply the “grafting from” 

technique to create such core-shell particles via surface-initiated ATRP (SI-ATRP) was first 

reported by Manuszak-Guerrini et al.
3
 in 2000. The grafting strategy was to functionalize a 

crosslinked polystyrene latex with an inimer (i.e. a monomer bearing an alkyl halide group 

able to serve as an initiator in ATRP) at the particle surface and to activate it by a Cu(I) 

complex in the presence of a water-soluble monomer. Following this seminal work, other 

teams have used the same strategy to prepare core-shell particles by SI-ATRP.
4,5,6

  

In this context, the aim of this work was to incorporate a hydrophilic polymer shell, 

poly(N-acryloymorpholine), at the surface of polymer particles from emulsion polymerization 

by post-synthesis modification, using a “grafting from” approach based on aqueous copper-

mediated radical polymerization (Scheme 1). 



!>4

Scheme 1: General principle of the Cu-mediated surface-initiated radical polymerization

The starting latexes were synthesized via classical radical emulsion copolymerization of n-

butyl acrylate and methyl methacrylate and were functionalized at their surface by a 

comonomer bearing a Br-functional group (the so-called inimer). The latter was introduced to 

play the role of the initiator in the grafting reaction, in the presence of the 

Cu(0)/CuBr2/PMDETA catalytic system. Since a few years, the use of copper metal has been 

particularly investigated because Cu(0) is easier to handle than Cu(I) or Cu(II) salts. If the 

mechanism of copper mediated polymerization is not fully understood and still under 

debates,
7
 it offers a rather easy way to proceed and allows to decrease the amount of catalyst. 

Conditions in which the grafting step could be performed at room temperature, using high 

particle concentration in the presence of surfactant and initiator remaining from the emulsion 

polymerization were identified. The success of the functionalization and grafting steps was 

evaluated by ToF-SIMS (time-of-flight secondary ion mass spectrometry), by FTIR and by 

the final properties of the so-formed core-shell particles. It is the first time such grafting 

conditions have been applied with success from “real latexes”. 
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Efficient metal-mediated surface-initiated polymerization from raw 

polymer latex in water.
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Charleux 

The incorporation of a hydrophilic polymer shell at the surface of latex particles was studied 

using a grafting from approach based on aqueous copper-mediated radical polymerization. 

Latexes were synthesized via classical emulsion polymerization and functionalized at their 

surface with a Br-functional group which played the role of the initiator in the grafting 

reaction. Conditions under which the grafting could be performed at 25°C, using a real latex 

(no elimination of the surfactant and of the radical initiator), in the presence of Cu
0
, CuBr2

and PMDETA were identified. 
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