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One-pot surfactant-free functional latexes by controlled radical
polymerization in ab initio emulsion
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Acrylic acid is commonly added to industrial formulations in order to enhance the stability and the

properties of the final latexes. Herein, we report the first one-pot surfactant-free batch ab initio

emulsion polymerization process to obtain acrylic acid functionalized polymer latexes by controlled

radical polymerization. Reverse Iodine Transfer Polymerization (RITP) is successfully used to

synthesize stable and uncolored latexes with good control over the molecular weights. The in situ

synthesis of amphiphilic poly(acrylic acid-co-butyl acrylate) gradient copolymers, which provide an

electrosteric stabilization to the latex, enables the polymerization in a surfactant-free process. The living

character of this novel functional latex is demonstrated by successful block copolymer synthesis.
Introduction

Emulsion polymerization is the method of choice to synthesize

large quantities of polymer and latex at an industrial scale.1,2 In

industrial applications, latexes are commonly stabilized electro-

statically by the addition of an ionic surfactant. Small amounts of

carboxylic acid monomers are often employed in latex formula-

tions in order to improve the colloidal stability of the polymer

particles. Indeed, the carboxylic acid monomers not only enhance

the performance of the latex, such as adhesive properties,

mechanical properties of the films and compatibility with

pigments, but they also allow the incorporation of functional,

potentially ionic groups on the particle surface.3 The carboxylic

acid groups at the particle surface contribute to the latex stabili-

zation by steric and electrosteric mechanisms.4 This strategy

permits reduction in the amount of surfactants that can cause

deleterious side effects on the properties of the final product.2

In recent years, controlled radical polymerization (CRP)5 has

allowed the synthesis of complex macromolecular architectures

like gradient, block and star copolymers. Among CRP methods,

the most wide-spread ones are nitroxide-mediated polymeriza-

tion (NMP),6 metal-catalyzed radical polymerization,7–9 iodine

transfer polymerization (ITP),10 and reversible addition–frag-

mentation chain transfer polymerization (RAFT/MADIX).11 All

these methods rely on a reversible activation–deactivation of the

growing polymer chains.12 Although CRP in bulk or solution

polymerization was widely studied, the implementation of CRP

in dispersed aqueous media and especially in ab initio emulsion

polymerization faced some difficulties.13–15

Controlled radical polymerization has allowed the synthesis of

carboxylic functional polymer latexes using multi-step proce-

dures. Emulsion polymerization was achieved by using an

amphiphatic RAFT agent. This RAFT agent was used in the
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aqueous phase polymerization of the water soluble acrylic acid to

a low degree of polymerization.16,17 The resulting oligomeric

(AA)x–RAFT agent was then used in the polymerization of the

hydrophobic butyl acrylate giving micelles (eventually frozen

micelles) in which the controlled polymerization of butyl acrylate

was continued. No surfactant was necessary because the latex

was stabilized by the anchored poly(AA) moieties.16–18 A similar

approach was used in NMP, based on the prior formation of

a hydrosoluble poly(sodium acrylate) macroalkoxyamine,

followed by emulsion polymerization of a hydrophobic mono-

mer. The semi-continuous addition of monomer required at the

early stages of RAFT emulsion polymerization to avoid droplet

nucleation is not necessary with macroalkoxyamine (batch

process). The initiator efficiency of the alkoxyamine was however

limited to 35% for styrene and 60% for butyl acrylate polymer-

ization.19,20 RAFT and NMP were performed by a multi-step

procedure and neither of these methods have succeeded in

preparing functional polymer latexes by a one-pot surfactant-

free ab initio emulsion polymerization.

Recently a new controlled radical polymerization method,

called Reverse Iodine Transfer Polymerization (RITP), based on

the use of molecular iodine as a control agent (Scheme 1) was

developed by our group21–23 and patented by Solvay.24,25 In

RITP, iodinated transfer agents are synthesized in situ in the

reaction medium. When RITP was implemented in emulsion

polymerization, the hydrolysis of one part of the iodine was

responsible for an upward deviation of the molecular

weights.26,27 This problem was overcome by regenerating the

hydrolyzed iodine by addition of an oxidant28,29 in miniemulsion

polymerization of styrene30,31 and in ab initio emulsion poly-

merization of butyl acrylate.32 The poorly water soluble and

hazardous molecular iodine I2 was even successfully replaced by

the water soluble non hazardous and non toxic sodium iodide

NaI in combination with potassium persulfate.33 Moreover, the

living character of the resulting latexes was demonstrated by

executing block copolymerizations. Herein, we report the first

results on RITP in ab initio emulsion to prepare surfactant-free

latexes with acrylic acid as a functional comonomer.
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Scheme 1 A simplified mechanism of reverse iodine transfer polymerization (RITP) in solution (Ac: radical from the initiator; I2: molecular iodine; M:

monomer unit; n: mean number degree of polymerization).
Experimental

Materials

n-Butyl acrylate (BuA, Aldrich, 99%), styrene (Acros, 99%) and

acrylic acid (AA, Acros, 99.5%) were purified by vacuum distil-

lation before use. Sodium iodide (NaI, Acros, 99%), potassium

persulfate (KPS, K2S2O8, Aldrich, 99%) and Mersolat H40

(Lanxess, 40% aqueous solution) were used as received. Water

was de-ionized by passing through columns packed with ion

exchange resins.
General procedure for emulsion polymerization of BuA in the

presence of AA

Typically, 120 g of water were placed in a 250 mL glass reactor

and thoroughly purged with argon for 30 min. BuA (15.00 g,

M ¼ 128 g mol�1, 117 mmol) and AA (0.218 g, M ¼ 72 g mol�1,

3.03 mmol) were added. A solution of NaI (236 mg, M ¼ 150 g

mol�1, 1.57 mmol) in water (10 g) was added into the reactor

under argon flow followed by a solution of KPS (1.203 g, M ¼
270 g mol�1, 4.46 mmol) in 20 g of water. Then, the reactor was

thermostated at 85 �C under stirring at 150 rpm and the poly-

merization proceeded in the absence of light for 15 h. Monomer

conversion was determined by gravimetric analysis.
Block copolymerization

The seed latex was prepared as above: [BuA] : [AA] : [K2S2O8] :

[NaI] ¼ 153 : 3.74 : 2.93 : 1. This seed latex [NaI (0.115 mg, M ¼
150 g mol�1, 0.77 mmol), KPS (0.607 g, M ¼ 270 g mol�1, 2.25

mmol), BuA (15.06 g,M¼ 128 gmol�1, 117.7mmol), AA (0.207 g,

M ¼ 72 g mol�1, 2.88 mmol), water (150 g)] [17 h, 87% monomer

conversion, Mn,theo. ¼ 17 500 g mol�1, Mn,SEC ¼ 14 000 g mol�1,

PDI ¼ 1.61, particle diameter dp ¼ 227 nm (monomodal),

uncolored latex] was used to synthesize a block copolymer

poly(AA-co-BuA)-b-poly(BuA-co-styrene) by seeded emulsion

polymerization of styrene. The seed latex (39.15 g) was introduced

in a 100 mL glass reactor and purged by argon bubbling for

20 min. Styrene (1.90 g, M ¼ 104 g mol�1, 18.3 mmol) and KPS

(0.016 g, M ¼ 270 g mol�1, 0.06 mmol) were added to the seed

latex. The reaction proceeded in the dark under an argon atmo-

spherewithmagnetic stirring for 21 h atT¼ 75 �C.During the first

60 min of the reaction, an aqueous solution of Mersolat H40
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(sulfonate surfactant, 0.035 g in 5 mL of water) was injected to

stabilize the polymer particles and to avoid particle coagulation.

The injection of this small quantity of surfactant could most

probably be avoided by increasing the pH (e.g. by buffering to

neutral pH) after the seed synthesis. At neutral pH, the carboxylic

acid functions would be in the ionic form (pKa AA ¼ 4.25), thus

providing better stabilization of the polymer latex.
Characterization

Size Exclusion Chromatography (SEC) was performed on dried

samples dissolved in tetrahydrofuran, with a Spectra Physics

Instruments SP8810 pump equipped with a Shodex RIse-61

refractometer detector, a Milton Roy ultra-violet spectrometer

detector, and two 300 mm columns thermostated at 30 �C

(columns mixed-C PL-gel 5mm from Polymer Laboratories: 2 �
102–2 � 106 g mol�1 molecular weight range). Tetrahydrofuran

was used as the eluent at a flow rate of 1.0 mL min�1. Calibration

was performed with polystyrene (PS) standards from Polymer

Laboratories. The particle size of the latex was determined with

a Nanotrac 250 particle analyzer (Microtrac Inc.).
Results and discussion

In our constant effort to prove the robustness of theRITPprocess,

we aimed at preparing functional PBuA latexes by

a one-pot surfactant-free ab initio emulsion polymerization

process. A small amount of acrylic acid should help to stabilize the

polymer latex by electrosteric effects. Moreover, iodine I2 is

generated in situ during the process from sodium iodide NaI by

oxidation with potassium persulfate K2S2O8 (Scheme 2). Thus, in

this study, the monomers are butyl acrylate and acrylic acid,

sodium iodide NaI is used as the precursor of the control agent

(iodine I2 is generated in situ), potassium persulfate plays the dual

role of both oxidant (eqn 1) and radical initiator (eqn 2) and the

temperature of the polymerizationwas kept constant atT¼ 85 �C.

S2O8
2� + 2 I�/I2+ 2 SO4

2� (1)

S2O8
2� / 2 SO4

�� (2)

Once iodine I2 has been formed in the aqueous phase, it can be

hydrolyzed (Scheme 2).27 This hydrolytic disproportionation of

iodine I2 is counterbalanced by the oxidation of the iodide ions
This journal is ª The Royal Society of Chemistry 2008



Scheme 2 Mechanism for the synthesis of living carboxylic acid functionalized PBuA latexes by a one-pot surfactant-free Reverse Iodine Transfer

Polymerization (RITP) in ab initio emulsion.
I� by potassium persulfate regenerating the hydrolyzed iodine I2
(eqn 1).32,33

The radicals coming from the decomposed initiator react with

iodine or add several monomer units before reacting with iodine

to form the iodinated transfer agents in situ in the continuous

water phase. Once all the iodine has been consumed (to form the

transfer agents), the polymerization period can begin. The pH of

the initial reaction mixture is acidic and below the pKa of acrylic

acid (pKa ¼ 4.25). Furthermore, as the reaction proceeds, the pH

drops to a final pH of 1.8 (due to the protons created by the

initiator decomposition).33 Because of the pH drop during the

course of the reaction, AA is mainly in its protonated form. In

the early stages of the polymerization, acrylic acid is preferen-

tially consumed due to its higher reactivity [kp,BuA(25
�C) ¼

16 100 L mol�1 s�1 and kp,AA(25
�C) ¼ 131 000 L mol�1 s�1,34,35

reactivity ratio rAA ¼ 1.15 and rBuA ¼ 0.78 in emulsion
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polymerization]36 and similar concentration in the water phase

([AA] ¼ 0.02 mol L�1 and [BuA]saturation ¼ 0.028 mol L�1)37 to

form poly(acrylic acid-co-butyl acrylate) oligomeric transfer

agents (Scheme 2). The concentration of AA decreases with time

whereas the concentration of BuA in the aqueous phase remains

constant (saturation concentration in water at 60 �C¼ 0.028 mol

L�1)37 due to partitioning with the monomer droplets. Thus, the

growing polymer chains are first enriched in AA and the

concentration of BuA increases along the chain: poly(AA-

co-BuA) amphiphilic gradient copolymers are formed in situ

thanks to the heterogeneous reaction medium, the different water

solubilities of AA and BuA, and the higher reactivity of AA

compared to BuA (rAA ¼ 1.15 and rBuA ¼ 0.78 in emulsion

polymerization).36 Even though the critical micelle concentration

of gradient copolymers is higher than for the corresponding

block copolymers, they are able to self-assemble into micelles.38,39
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Table 1 Influence of the targeted molecular weight on the synthesis of functional PBuA latexes by RITPa

Run AA (%) [K2S2O8]/ [NaI] Time/h Conv. (%)b Mn,theo., conversion/g mol�1d Mn,SEC/g mol�1e Mw/Mn
e dp/nm

f

1a 2.6 2.83 15 79 7900 6600 1.52 456
1b 2.6 n.a. 17 43 (95)c n.a. 173 300 2.45 315
2 2.4 2.93 17 87 17 500 14 000 1.61 227

a Polymerization of butyl acrylate in an ab initio emulsion polymerization at T ¼ 85 �C in the presence of potassium persulfate as both initiator and
oxidant and sodium iodide, dissolved in the aqueous phase, as a precursor of iodine. b Conversion determined by gravimetry. c The value in brackets
includes the floc in the calculation of the conversion. d Mn,theo, conversion ¼ (mass of monomer) � (monomer conversion)/(nNaI,0) +MAI in whichMAI ¼
223 g mol�1 (AI: chain-ends). e Calibration was performed using PS standards. f dp: particle diameter; n.a. ¼ not applicable (no sodium iodide).

Fig. 1 The influence of the targeted molecular weight on the molecular

weight distribution of functional polymer latexes prepared by RITP in ab

initio emulsion polymerization: - targeted molecular weight ¼ 9900 g

mol�1; C targeted molecular weight ¼ 20 100 g mol�1.
Upon increasing the BuA content along the polymer chains,

the gradient copolymers self-assemble to form micelles. After

reaching a critical chain length, the gradient copolymers become

insoluble in water eventually forming frozen micelles (i.e. the

copolymer chains become unable to migrate from one micelle to

another one). Once the micelles are formed, butyl acrylate will

diffuse from the monomer droplets across the aqueous phase to

swell the micelles. Polymerization based on degenerative transfer

will then proceed inside the swollen micelles forming functio-

nalized polymer particles.

When executing surfactant-free ab initio emulsion polymeri-

zation in the presence of 2.5 mol% AA (versus BuA), stable white

latexes with good monomer conversions are obtained (Table 1,

runs 1a and 2). The experimental molecular weight is in good

agreement with the theoretical molecular weight. The poly-

dispersity index is even lower than with traditional emulsion

RITP in the presence of surfactant:32 the polydispersity index is

decreased from 1.8–2 to 1.5–1.6 when using acrylic acid as

a comonomer. This decrease in the polydispersity index might be

attributed to the in situ formation of poly(acrylic acid-co-butyl

acrylate) oligomeric transfer agents. Due to the acrylic acid

functions, these oligomers present a higher water solubility, thus

retarding nucleation. The oligomeric polymer chains might

undergo a higher number of transfer reactions in the water phase

(before nucleation) because of the relatively low monomer

concentration in the water phase compared to the polymer

particles, thus decreasing the polydispersity index.

The reference experiment (Table 1, run 1b) with the same

amount of initiator but without iodine presents a huge amount of

floc and is unstable. This is due to the fact that in conventional

radical polymerization, all the acrylic acid is polymerized at the

beginning of the polymerization forming poly(acrylic acid)

homopolymer in the aqueous phase which does not stabilize the

polymer latex because it is not chemically bonded to the latex

particles. In controlled radical polymerization, acrylic acid is

introduced into all polymer chains forming amphiphilic gradient

copolymers in situ that stabilize the final polymer latex.Moreover,

the reference experiment presents a high amount of insoluble

microgel due to intermolecular chain branching:40,41 the small

soluble fraction presents a much higher molecular weight and

polydispersity index than the corresponding RITP experiment.

The whole molecular weight distribution is shifted towards

higher molecular weights when the concentration of iodine in the

reaction medium is decreased (Fig. 1). The smaller the targeted

molecular weight, the bigger the polymer particles (Table 1, run

1a and 2). This can be ascribed to lower shell thickness (more

chains, lower PAA chain length) and/or higher ionic strength
1258 | Soft Matter, 2008, 4, 1255–1260
(higher initial persulfate and sodium iodide concentrations) of

the reaction medium. Moreover, the increase in the particle size

when targeting lower molecular weights proves that AA has an

important effect on particle stabilization. If the stabilization was

only obtained by the sulfate groups from the initiator like in the

work of Simms et al.42 (where the optimal conditions were

obtained in the presence of K2CO3 to produce a latex with a final

pH of about 6), the particle size would most probably decrease

with decreasing targeted chain lengths (due to a higher initial

concentration of initiator leading to a higher amount of

stabilizing sulfate groups at the particle surface). In addition, it is

worth mentioning that hydrolysis of the sulfate groups is favored

at low pH (the final pH of the latex is about 2 in run 1a),

eventually leading to non ionic hydroxyl end-groups that would

not participate effectively in the latex stabilization.

Lastly, a comparative experiment was performed in the

absence of AA (same experiment as Table 1 run 1a but without

AA). In this latter case, a stable latex could be obtained, although

with poorer characteristics: slight residual color of the reaction

medium together with a lower conversion and a larger

polydispersity index than in the presence of AA (monomer

conversion ¼ 54% after 16h, pH ¼ 1.9, Mn,theo. ¼ 5500 g mol�1,

Mn,SEC ¼ 7200 g mol�1, Mw/Mn ¼ 1.95, dp ¼ 326 nm). Thus, the

sulfate groups alone are shown to be insufficient to provide a full

control of the latex synthesis and the addition of AA in the recipe

definitely leads to much better results.
This journal is ª The Royal Society of Chemistry 2008



Table 2 Poly(AA-co-BuA)-b-poly(BuA-co-styrene) block copolymer synthesis by seeded emulsion polymerization

Run Type Time/h Conv. (%)c Mn,theo., 100%/g mol�1 Mn,theo., conversion/g mol�1 Mn,SEC/g mol�1d Mw/Mn
d dp/nm

e

1 Seed poly(AA-co-BuA) latexa 17 87 20 100 17 500 14 000 1.61 227
2 Block copolymer latex

poly(AA-co-BuA)-b-
poly(BuA-co-styrene)b

21 48 24 600 19 100 19 600 1.56 262

a Polymerization of butyl acrylate in ab initio emulsion polymerization at T¼ 85 �C in the presence of potassium persulfate as initiator and oxidant, and
sodium iodide as precursor of the control agent; seed latex (ab initio emulsion): water (150 g), NaI (0.115 g, 0.77 mmol), butyl acrylate (15.06 g, 117.7
mmol), acrylic acid (0.207 g, 2.88 mmol), potassium persulfate (0.607 g, 2.25 mmol). b Polymerization of styrene in seeded emulsion polymerization
giving a functional poly(AA-co-BuA)-b-poly(BuA-co-styrene) block copolymer: seed PBuA–I latex (39.15 g, M ¼ 14 000 g mol�1, 0.222 mmol), KPS
(0.016 g, 0.06 mmol), styrene (1.90 g, 18.3 mmol) and addition of 0.035 g of Mersolat H40 in 5 mL of water during the first 60 min to avoid particle
coagulation. c Conversion determined by gravimetry. d Calibration was performed using PS standards. e dp: particle diameter.
When higher percentages of acrylic acid were used (5–10%),

the resulting polymer latex was unstable and presented a high

amount of floc. This can be ascribed to the too hydrophilic

nature of the produced copolymers, disturbing the nucleation

and growing steps of the particles (e.g. bridging flocculation or

flocculation by depletion). Therefore, although the relative

contributions of the AA units incorporated in the copolymer

chains and the sulfate groups arising from the initiator on the

latex stabilization cannot be unambiguously distinguished,

several indications discussed above support the fact that the AA

units play an important role in the nucleation and the subsequent

stabilization of the polymer particles.

In order to check the living character of the functional

poly(AA-co-BuA) latexes, a block copolymerization in seeded

emulsion polymerization was executed. The poly(AA-co-BuA)

seed latex (Table 2, run 1) was used and styrene was added in one

shot. The block copolymer latex (Table 2, run 2) presents a good

correlation between experimental and theoretical molecular

weights. The polydispersity index decreases during block
Fig. 2 Overlay of the SEC chromatograms of the functional seed pol-

y(AA-co-BuA) latex (-) ([BuA] : [AA] : [K2S2O8] : [NaI] ¼ 153 : 3.74 :

2.93 : 1) and the final functional poly(AA-co-BuA)-b-poly(BuA-co-

styrene) copolymer latex with refractive index (A) and UV detector (:)

prepared by seeded emulsion polymerization of styrene [polymerization

time ¼ 21 h, monomer conversion ¼ 48%, Mn,theo ¼19 100 g mol�1,

Mn,SEC ¼ 19 600 g mol�1, PDI ¼ 1.56, particle diameter dp ¼ 262 nm

(monomodal), uncolored latex].
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copolymerization. The whole molecular weight distribution is

shifted towards higher molecular weights during block copoly-

merization (Fig. 2) showing a good reactivation of the seed latex.

Moreover, the refractometer and UV detector signals superpose

nicely showing that the vast majority of the polymer chains have

integrated some styrene units to form the desired block copol-

ymer. The number of particles is nearly constant (1.63 � 1013 to

1.7 � 1013 particles per cm3 of water) showing that no

renucleation nor particle coagulation has occurred.

Conclusion

The synthesis of functional polymer latexes is of great interest for

industrial applications. Herein, we report the first one-pot

surfactant-free controlled radical polymerization in batch ab

initio emulsion for the synthesis of living carboxylic acid

functionalized polymer latexes. The use of acrylic acid as

a comonomer enabled the in situ synthesis of amphiphilic

poly(acrylic acid-co-butyl acrylate) gradient copolymers which

spontaneously self-assembled to form living micelles. The

polymerization of the remaining butyl acrylate in the swollen

micelles led to well-defined living functionalized latexes which

could be successfully reactivated to form poly(acrylic acid-

co-butyl acrylate)-b-poly(butyl acrylate-co-styrene) block

copolymers of controlled molecular weight.
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