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ABSTRACT: We report an ab initio emulsion reversible addition-fragmentation chain transfer (RAFT)
polymerization of styrene using poly(acrylic acid-b-styrene) trithiocarbonate as surfactant and RAFT agent.
The system is characteristic of high polymerization rate, controlled polymer molecular weight, and free of
coagulum. Design of the amphiphilic RAFT agent is found to be critical for the success. Poly(acrylic acid)
neutralization increased the colloidal stability but led to uncontrolled molecular weight development and
broad molecular weight distribution, attributed to small size and thus large number of micelles resulting in
continuous particle nucleation. Polystyrene with molecular weight up to 120 kg/mol and block styrene-
butylacrylate copolymer with well-controlled molecular weight were readily synthesized with this method.

Introduction

Controlled radical polymerization (CRP), including nitroxide-
mediated polymerization (NMP),1 atom transfer radical polymeri-
zation (ATRP),2,3 and reversible addition-fragmentation chain
transfer (RAFT)4 received much attention due to their ability to
precisely control polymer chainmicrostructure such asmolecular
weight, molecular weight distribution, composition, and compo-
sition distribution.5 Conventional emulsion polymerization has
been well recognized as a convenient and green industrial process
but lack of precise control over the microstructure. Development
of emulsion CRP is therefore of great interest to both academia
and industrial practitioners.6 The radical segregation effect in
emulsion offers a useful tool to suppress irreversible radical
termination and thus to shorten polymerization time in prepara-
tion of high molecular weight polymers.

The segregation effect in (mini)emulsion CRP has been
well investigated.7-14 Only RAFT polymerization has a pro-
nounced rate enhancement resulted from the radical segregation
effect. However, CRP in emulsion suffered severe colloidal
instability.15,16 The colloidal instability in RAFT emulsion poly-
merization was puzzling because the corresponding system with-
out RAFT agent was stable. Low polymerization rate, broad
molecular weight, and lack of control overmolecular weight were
often reported in RAFT emulsion polymerization systems.15,16

Superswelling in an early nucleation stage is believed to be the
reason for colloidal instability.17,18 CRP miniemulsion has had
some success by employing high surfactant and costabilizer
concentrations, proper RAFT agent type, and oligomer as
mediator.19 However, ab initio (unseeded) RAFT emulsion
polymerization remains to be a great challenge. So far, few ab
initio RAFT emulsion polymerization can have all the following
characteristics at the same time: high colloidal stability with no
coagulum, high polymerization rate with short inhibition period,
theoretically predicted number-average molecular weight (Mn),
and low polydispersity (PDI). Monteiro et al.20 carried out an ab
initio emulsion polymerization of styrene mediated by small

RAFT agent with low Ctr. The colloidal system was stable,
but the PDI was high due to the low Ctr. In an ab initio emulsion
polymerization mediated by highly active RAFT agent, collo-
idal instability, slow polymerization rate with long inhibition
period, and uncontrolled polymer molecular weight were often
observed.15,16

The superswelling of particles in nucleation stage, previously
proposed to explain colloidal instability in CRP minimeulsion,
has been extended to account for the often-observed colloidal
instability in RAFT emulsion polymerization.18 Ab initio emul-
sion polymerization of methyl methacrylate mediated by
2-cyanoprop-2-yl dithiobenzoate was realized with high initiator
and surfactant concentrations, giving low PDI, predicted Mn,
little coagulum, and fast rate, as predicted by the superswelling
theory.18 It was argued that it would be difficult for RAFT agent
molecules to transport frommonomerdroplets topolymer particles
(polymerization loci) during stages I and II.21,22 Gilbert et al.23-25

hypothesized that the often observed colloidal instability re-
sulted from RAFT polymerization in monomer droplets and
carried out experiments with monomer-starving feeding during
the nucleation to eliminate monomer droplets. An amphiphilic
macro-RAFT agent of acrylic acid and butyl acrylate block
copolymer was used, and thus RAFT moieties were in the
polymerization loci upon particle formation. A very stable latex
was achieved in the case of acrylate polymerization. However,
the experimental Mn deviated significantly from the theoretical
values. Poly(ethylene oxide)-based amphiphilic macro-RAFT
agent was employed in surfactant-free ab initio emulsion poly-
merization of styrene and butyl acrylate.26

In the case of butyl acrylate, the polymerization was very
successful. However, the emulsion polymerization of styrene
mediated by PEO-RAFTwas very slow, reaching only 67% after
22.7 h. Very recently, Monteiro developed a sophisticated nano-
reactor method for RAFT polymerization of styrene. A diblock
copolymer of poly(N-isopropylacrylamide-b-dimethylacryl-
amide) (P(DMA49-b-NIPAM106)) was used to construct nano-
reactors.27At room temperature, the block copolymerwaswater-
soluble and mixed with styrene, RAFT agent, and initiator. At
polymerization temperature (70 �C), the block copolymer formed*Corresponding author.
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nanoreactors containing styrene and theRAFTagent because the
NIPAM block of the copolymer became water-insoluble. The
RAFT agent was carefully designed to match the block copoly-
mer (i.e., lowmolecular weight PNIPAM18-SC(=S)SC4H9), and
the PDI of the product (polystyrene with a short end of
PNIPAM18) was very low. The polymerization rate was fast,
and the molecular weight agreed with the predicted one. How-
ever, the copolymer/styrene ratio must be higher than 0.1.
Otherwise, the system would not give high monomer conversion.
The reason was the nanoreactor’s inability to hold excess styrene,
which might be a challenge for the synthesis of block copolymer.
The system is not a typical emulsion polymerization and only
effective for those monomers, where polyNIPAM could dissolve
at the polymerization temperature. Other ab initio styrene emul-
sion polymerization systems, including polystyrene-b-poly-
VBTEAC (vinylbenzyltriethylammonium chloride) amphiphilic
macro-RAFT agent,28 polyDEAEMA (diethylaminoethyl meth-
acrylate) hydrophilic macro-RAFT agent,29 and poly(ethylene
oxide)-b-polyDEAEMA hydrophilic macro-RAFT agent30 were
also attempted but did not show living characteristics.

So far, a well-controlled ab initio RAFT emulsion polymeri-
zation in terms of fast polymerization, predicted molecular
weight, low PDI, free coagulum, ease in block copolymer synth-
esis, and good potential for commercial process development still
remains a great challenge. Inspired by the above works, we
believe that the ab initio emulsion polymerization of styrene
mediated by amphiphilic RAFT agent hold successful promise
and hypothesize that the lack of control over molecular weight
and slow polymerization rate in the PEO-based amphiphilic
macro-RAFT agent system was caused by a continuous and
prolonged particle nucleation process. In this work, we investi-
gate the ab initio RAFT emulsion polymerization of styrene
using poly(acrylic acid-b-styrene) trithiocarbonate, which is care-
fully designed as both surfactant and RAFT agent.

Experimental Section

Materials.Acrylic acidand styrenewere distilledunder reduced
pressure prior to emulsion polymerization. Butyl acrylate was
washed with sodium hydroxide aqueous solution to remove
inhibitor. Potassiumpersulfate (KPS,>99%), 4,40-azobis(4-cyano-
pentanoic acid) (V501, >99%), sodium hydroxide (NaOH,
>96%), and 1,4-dioxane (>99%) were used without further
purification. The small RAFT agent, 2-{[(dodecylsulfanyl)-
carbonothioyl]sulfanyl}propanoic acid, was synthesized and
purified as descried in ref 20.

Synthesis of the Poly(acrylic acid-b-styrene) Trithiocarbonate
Macro-RAFT Agent. The poly(acrylic acid-b-styrene) macro-
RAFT agent was synthesized by a two-step solution polymeri-
zation. First, a solution containing 1.497 g (4.28 � 10-3 mol)
of the small RAFT agent, 0.117 g (4.18 � 10-4 mol) of V501,
9.254 g (0.128 mol) of acrylic acid, and 25 g of dioxane were
introduced to a flask, and the reaction proceededwith stirring at
80 �C for 6 h. The flask was then cooled to room temperature,
and another solution containing 4.465 g (4.29 � 10-2 mol) of
styrene, 0.117 g (4.19 � 10-4 mol) of V501, and 5 g of dioxane
was added. The mixture was deoxygenated and reacted for
further 12 h at 80 �C. The product (macro-RAFT agent) was
collected by precipitation of the mixture in cyclohexane. The
macro-RAFT agent was dried under vacuum at 50 �C.

Ab Initio Emulsion Polymerization of Styrene Mediated by

Poly(acrylic acid-b-styrene)TrithiocarbonateMacro-RAFTAgent.

Taking Exp 1 as an example (Scheme 1), 1.072 g (3.81� 10-4 mol)
of the macro-RAFT agent was dissolved in 37.528 g of deionized
waterwithout neutralization, and the aqueous pHvaluewas about
2.80. Then, 10.011 g (9.63� 10-2mol, 20% solid content based on
total latex) of styrene was mixed with the aqueous solution in a
100 mL flask. During 30 min deoxygenation by nitrogen purge,
temperature was increased to 70 �C. The initiator potassium
persulfate (KPS, 0.021 g, 7.59� 10-5 mol, in 2.520 g of deionized
water) was injected to start the emulsion polymerization. Samples
were withdrawn during the process for gravimetric, GPC, and
Malvern ZETASIZER analysis.

NMR Analysis. The structure of the macro-RAFT agent
was determined by 1H NMR 500 MHz using DMSO as solvent
on a BRUKER Avance DMX 500 spectrometer. As shown in
Figure 1, 1H NMR signals were assigned as follows (in ppm):
0.86 (3H, -CH3 of -C12H25 chain moiety), 1.04 (3H, -CH3 of
-CHCH3(COOH) chain moiety), 1.23 (18H,-CH2(CH2)9CH3

of -C12H25 chain), 1.50 (-C-CH2-C- of PAA-PS chain),
2.20 (-CH(COOH)- of PAA chain), 6.9 (-Ph-Hof PS chain),
12.2 (-COOH of PAA chain), 1.76, 3.57 (H of impurities
dioxane). The signals at 0.86 ppm (3H,-CH3 of-C12H25 chain
moiety) was used to estimate the composition. The macro-
RAFT agent had 27 acrylic acid units (12.2 ppm, 28 H, which
contain one H from the small RAFT agent) and 5 styrene units
(6.9 ppm, 25 H). The yield of macro-RAFT agent was 79%
calculated by 1H NMR and gravimetric analysis.

pH Value Monitor. The pH value of the aqueous phase was
detected by a pH-meter (LEICI PHS-2C). The electrode type
was E201-4.

GPC Analysis. Number-average molecular weight (Mn),
weight-average moleculaer weight (Mw), and PDI (Mw/Mn) were
measured by gel permeation chromatography (Waters 1525 bin-
ary HPLC pump, Waters 2414 refractive index detector, Waters
717 autosampler). UV 311 signals were detected by Waters 2487
dual λ absorbance detector. The samples were dried in a vacuum
oven at 120 �C for 2 h and then dissolved in tetrahydrofuran,
which contained 2 wt % 1 M sulfate aqueous solution to mask
COOH group interactions with GPC columns.31 The eluent was
tetrahydrofuranwith a flow rate of 1.0mL/min, and themeasured
temperature was 30 �C. Depending on the molecular weight, two
sets of Waters Styragel column (HR 4, 3, 1 (the measure range is
500 000-100) and HR 5, 4, 3 (the measure range is 4 000 000-
500)) were used. The molecular weights and PDI were derived
from a calibration curve based on narrow polystyrene standards.

Particle Size Analysis. The number-average particle size Dn,
volume average particle size Dv, and distributions were mea-
sured by a Malvern ZETASIZER 3000 HAS at 25 �C. The
samples were dried in vacuum at 30 �C for 2 h to remove residual
monomer. The number of particles,Np, was calculated byNp=
6m/πDv

3dp, in whichm is the polymer mass in gram (glatex
-1), dp

is polystyrene density, 1.05 g cm-3, and Dv is the particle
diameter measured by Malvern.

Potentiometric Titration. Potentiometric titration was mea-
sured as in ref 32. The titration was operated with stirring at
25 �C in a vessel containing 100 mL of 0.09 wt %macro-RAFT
agent solution. NaOH 1.00 M solution was used. pH-meter
(LEICI PHS-2C) with an electrode (E201-4) was used to moni-
tor pH value. A period of 45 s was allowed to ensure equilibrium
before recording pH value. The degree of neutralization of
-COOH group was calculated by the follow equation:

R ¼ ½NaOH�þ½Hþ�-½OH-�
CCOOH

Scheme 1. Scheme of ab Initio Emulsion Polymerization of Styrene Mediated by Poly(acrylic acid)-Polystyrene Macro-RAFT Agent



6416 Macromolecules, Vol. 42, No. 17, 2009 Wang et al.

in whichR is the degree of neutralization and [NaOH], [Hþ], and
[OH-] are the molar concentrations of added NaOH, Hþ, and
OH-.CCOOH is the total concentration of acrylic acid groups of
macro-RAFT. [Hþ] and [OH-] were calculated from pH value.

Results and Discussion

Emulsion Polymerization of Styrene Mediated by the
Macro-RAFT Agent. The amphiphilic macro-RAFT agent
reported in the literature, for example AA5-b-BA20

24,25 (AA
for acrylic acid and BA for butyl acrylate), was often hydro-
phobic and required neutralization with NaOH in order to
dissolve in aqueous phase prior to polymerization. The
hydrophilic head of the macro-RAFT molecule is fully
ionized and is thus large in size due to strong electrostatic
repulsion. A low number of such amphiphilic surfactant
molecules is required to form a micelle, and therefore a high
number of micelles is generated which possibly prolongs the
nucleation period. In the present, the structure of macro-
RAFT agent was designed as AA27-b-St5 macro-RAFT (St
for styrene). Because of the high AA/St ratio, the macro-
RAFT agent readily dissolved in aqueous phase without
neutralization.

In Exp 1, styrene, the RAFT agent, and initiator were
charged in one pot, and no AA units of the macro-RAFT
agent was neutralized. At the completion of polymerization,
a stable latex was obtained with negligible amount of coa-
gulum. As shown in Figure 2, the complete conversion was
achieved within 80min, including a 15min inhibition period.
The inhibition was probably caused by radical transfer to
poly(acrylic acid)33 or termination of radicals derived fromR
group in the aqueous phase. After the inhibition period, the
polymerization rate rapidly increased, remained constant in
the 20%-65% conversion range, and then decreased, simi-
lar to conventional emulsion polymerization. After poly-
merization, the final particle diameter was about 100 nm,
and the particle number (Np) was estimated 3.7� 1017 /L, as
shown in Figure 3. The number of particles decreased at the
early stage of polymerization and leveled off at 32% conver-
sion. Considering that the first sample had the particle
diameter about 14 nm, similar to that prior to the addition
of initiator, they were most likely actual micelles. It must be
pointed out that due to hydrophilic shell of the RAFT

agents, Np data of the first two points could be significant
underestimated. During the nucleation process, some mi-
celles were disassociated to stabilize the growth of parti-
cles, leading to the decrease in their number (the total of
micelles and particles). Different fromhighmolecular weight
amphiphilic block polymer, the cmc values of the current
RAFT agents without neutralization are high, experimen-
tally estimated as 0.25 mM/L. The nucleated particles could
therefore remain stable by absorbing the RAFT agent
surfactant, as in a conventional emulsion polymerization
of styrene. The nucleation period was long last until 30%
conversion, andNp remained constant after 30 min. Figure 4
presents the number-fraction and volume-fraction particle
size distributions. It is clear that the distributionwas narrow,
and no small size particles (<20 nm) were observed.

The polymerization of styrene was well controlled as
shown in Figure 5. The PDI experienced an initial increase
followed by a decrease at high conversion, reaching 1.28
at 100% conversion. This observation was in excellent

Figure 1.
1H NMR spectrum of poly(acrylic acid-b-styrene) macro-RAFT agent.

Figure 2. Conversion versus polymerization time plot in Exp 1.
[KPS]:[RAFT] was 1:5, pH value of aqueous phase was 2.80, solid
content was 20%, and the reaction temperature was 70 �C.



Article Macromolecules, Vol. 42, No. 17, 2009 6417

agreement with the nucleation process. As evident in Figure 6,
during the nucleation process (<32%), only those polymer
chains in the nucleated particles were able to grow, which
broadened the molecular weight distribution. Upon comple-
tion of the nucleation period, the growth of polymer chains in
later-born particles was faster than that in earlier-born coun-
terparts due to the compartmentalization effect.8 As a result,
PDI decreased continuously. Exp 1 clearly followed the me-
chanism of ab initio emulsion polymerization.

InExp 2,NaOHequivalent of 14 out of 27 carboxylic units
of the macro-RAFT agent was added to neutralize-COOH
groups prior to polymerization. Stable latex was obtained at
the completion of polymerization. As shown in Figure 7, the
complete conversion was achieved within 100 min, and the
inhibition period was extended to 30 min. The inhibition
period lasted longer than thatwithout neutralization because
charge repulsion significantly increased with neutralization,
which might increase the possibility of radical transfer to
poly(acrylic acid).33 In contrast to the case without neutra-
lization, the polymerization rate steadily increased all the
time, indicating that new particles were continuously gener-
ated during the whole course of polymerization. However,
Figure 8 shows that Np decreased very slowly during the

whole polymerization process, in sharp contrast to that of
Figure 3. It is very likely that the un-nucleated micelles also
contributed to the measuredNp value. The final particle size
was about 45 nm, smaller than 100 nm in Exp 1 and, the final

Figure 3. Particle diameter determined by Malvern ZETASIZER and
particle number vs conversion in Exp 1. [KPS]:[RAFT] was 1:5, pH
value of aqueous phase was 2.80, solid content was 20%, and the
reaction temperature was 70 �C.

Figure 4. Histograms by number and volume for final sample in Exp 1.
[KPS]:[RAFT] was 1:5, pH value of aqueous phase was 2.80, solid
content was 20%, and the reaction temperature was 70 �C.

Figure 5. Mn and PDI determined by GPC (relative to styrene
standards) with conversion in Exp 1. The straight line corresponds to
the theoreticalMn with conversion. [KPS]:[RAFT] was 1:5, pH value of
aqueous phase was 2.80, solid content was 20%, and the reaction
temperature was 70 �C.

Figure 6. GPC curve evolution of the polymer samples collected at
different conversions in Exp 1. [KPS]:[RAFT] was 1:5, pH value of
aqueous phase was 2.80, solid content was 20%, and the reaction
temperature was 70 �C.

Figure 7. Conversion versus polymerization time plot in Exp 2.
[KPS]:[RAFT] was 1:5, initial pH value of aqueous phase was 6.29,
solid content was 20%, and the reaction temperature was 70 �C.
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Np value was estimated 4.3 � 1018/L, 10 times higher than
that in Exp 1 (3.7 � 1017 /L). The number-fraction and
volume-fraction histograms of the final sample are shown in
Figure 9. Unlike Exp 1, the particle size distributions were
broad, and there still existed a small fraction of “particles”
with diameters about 20 nm. It is evident from the GPC
chromatograms in Figure 10 that the original macro-RAFT
agent peak disappeared gradually, and a small shoulder peak
remained until the complete conversion. Figure 11 shows the
GPC curves collected from aUV 311 nm detector, providing
some insight into the trithiocarbonate RAFT group distri-
bution. The data revealed that a noticeable fraction of the
macro-RAFT agents were not involved in the polymeriza-
tion even in the final sample, suggesting the presence of some
micelles consistent with the particle size distribution data
shown in Figure 9. It is estimated from Np data that only
about half of the original micelles disappeared during the
polymerization, which was contrary to the situation without
neutralization. As observed in Figure 12, the molecular
weight became increasingly higher than the theoretical Mn

value with conversion. PDI was much higher than that
without neutralization, increased steadily during the whole

course of polymerization, and finally reached 3.55 at the
complete conversion.

Figure 13 compares the GPC curves of the final polymer
samples obtained in Exp 1 and Exp 2. They were very
different. The molecular weight of the main peak in Exp2
was higher than in Exp1. An observable shoulder peak of the

Figure 8. Particle diameter determined by Malvern ZETASIZER and
particle number vs conversion in Exp 2. [KPS]:[RAFT] was 1:5, initial
pH value of aqueous phase was 6.29, solid content was 20%, and the
reaction temperature was 70 �C.

Figure 9. Histogram by number and volume for final sample in Exp 2.
[KPS]:[RAFT]was 1:5, initial pHvalueof aqueousphasewas 6.29, solid
content was 20%, and the reaction temperature was 70 �C.

Figure 10. GPC curve evolution of polymer formed at different con-
versions in Exp 2. [KPS]:[RAFT] was 1:5, initial pH value of aqueous
phase was 6.29, solid content was 20%, and the reaction temperature
was 70 �C.

Figure 11. UV 311 GPC chromatogram of the polymer from Exp 2 at
complete conversion. [KPS]:[RAFT] was 1:5, initial pH value of
aqueous phase was 6.29, solid content was 20%, and the reaction
temperature was 70 �C.

Figure 12. Mn and PDI determined by GPC (relative to styrene
standards) with conversion in Exp 2. The straight line represents the
theoretical Mn. [KPS]:[RAFT] was 1:5, initial pH value of aqueous
phase was 6.29, solid content was 20%, and the reaction temperature
was 70 �C.
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original macro-RAFT agent appeared in the Exp2 GPC
curve.

Scheme 2 illustrates how the initial pH value affects the
polymerization process. The polymerization mediated by
poly(acrylic acid-b-styrene) trithiocarbonate without neu-
tralization proceeded in a manner typical of emulsion poly-
merization. However, with neutralization, the surface area
covered by the macro-RAFT agent molecules increased
greatly due to the strong static electronic repulsion caused
by the dissociation of -COOH groups in the hydrophilic
corona. Each micelle was composed of fewer macro-RAFT
agent molecules. The neutralized system contained more
micelles and thus higher Np. The number of micelles was so
large that the micelles could not be totally consumed in the

polymerization, as in the case of microemulsion polymeri-
zation. This led to a very broad molecular weight distribu-
tion and molecular weight higher than the theoretically
predicted, as reported in the literature.25

Threemore experimentswere designed to further study the
effect of neutralization with different NaOH amounts added
prior to polymerization (Exp 3-5, referred to Table 1).
Different levels of coagulation occurred in Exp 3 and Exp
4, but the molecular weights agreed with their theoretical
values and PDI remained low. Stable latex of small particle
diameter (46 nm) and largeNp (4.4� 1018 /L)was obtained in
Exp 5, but with unpredicted molecular weight and broad
PDI observed as in Exp 2. The pH values after neutralization
were recorded in Table 1. Figure 14 shows the relationship
between the degree of neutralization and the initial pH
values, obtained by pH titration. When pH < 5, as in Exp
3 and Exp 4, the degree of neutralization did not increase
significantly as the pH value increased. The situations of Exp
3 and 4 were similar to that of Exp 1, as suggested by the
molecular weight and PDI data. Different from the colloidal
instability we often observed in RAFT emulsion polymeri-
zation, the formation of coagulum in Exp 3 and 4 was
probably due to the coalescence caused by NaOH addition
(electrolyte effect). To test this hypothesis, NaCl (equivalent
to NaOH in mole in Exp 4) was added in Exp 6. Exp 4 and
Exp 6 gave almost the same results.When pH>5, the degree

Figure 13. GPC chromatograms of the polymers at complete conver-
sion from Exp1 and Exp2. Exp1: initial pH value of aqueous phase was
2.80. Exp2: initial pH value of aqueous phase was 6.29.

Figure 15. GPC chromatograms of the polymers in Exp 11. Left: latex
before BA addition. Right: latex after BA addition. [KPS]:[RAFT] was
1:5, initial pH value of aqueous phase was 2.80, solid content was 20%,
and the reaction temperature was 70 �C.

Figure 14. Degree of neutralization, R, vs initial pH value for 0.1 wt%
AA-St-macro-RAFT agent solution.

Scheme 2. Initial pH Value Effect on Polymerization
a

aThe particle size in this scheme was inconsistent with the actual size.
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of neutralization increased quickly with the initial pH value.
Therefore, Exp 5 gave good colloidal stability because of
high charge repulsion, and the resulting molecular weight
and PDI were similar to those of Exp 2.

Synthesis of High Molecular Weight Polystyrene.Another
challenge of CRP is to prepare high molecular weight poly-
mer samples. We raised the targeted molecular weight to
60 kg/mol in Exp 7 and 120 kg/mol in Exp 9. As summarized
in Table 2, without neutralization, a significant amount of
coagulum (3.8 wt % in Exp 7 and 27.3 wt % in Exp 9) was
observed, though the molecular weight agreed with theore-
tical values and PDI was low. Similar to Exp 3 and 4, the
coagulum was caused by the coalescence because of the high
styrene to macro-RAFT agent ratio. Postaddition of NaOH
aqueous solution was employed to solve this problem. After
the polymerization proceeded for some time and reached
certain conversion (13% in Exp 8 and 15% in Exp 10), a
syringe ofNaOHaqueous solution (equivalent of 6-COOH
units of macro-RAFT) was added to the system to increase
the surface charge of particles. Good colloidal stability was
achieved in Exp 8 and Exp 10 with controlled molecular
weight and low PDI.

Synthesis of Styrene-Butyl Acrylate Block Copolymer.
Styrene-butyl acrylate (BA) diblock copolymer was synthe-
sized in Exp 11, as shown in Table 3. The first block
polystyrene was synthesized as in Exp 1. When the poly-
merization proceeded to 70 min, NaOH solution (the molar
ratio of added NaOH over acrylic acid of macro-RAFT
agent was 6:27) was added, and the secondmonomer BAwas
added at 16.8 mL/h rate for 20 min. The polymerization
reacted for another 40 min to reach complete conversion.
Figure 15 shows the GPC chromatograms of polystyrene
and polystyrene-poly(butyl acrylate) copolymer. The block
copolymer was synthesized as designed.

Conclusion

We demonstrated a successful ab initio RAFT emulsion
polymerization of styrene using poly(acrylic acid-b-styrene)
trithiocarbonate as both surfactant and RAFT agent. pH value

was found to play a critical role for a success. The influence of pH
was twofold: A high-degree dissociation of poly(acrylic acid-b-
styrene) trithiocarbonate was helpful to protect colloids from
coalescence.However, it also extended duration of the nucleation
process, leading to a broad molecular weight distribution and
deviation of molecular weight from the theoretically predicted.
With a targeted molecular weight of 30 kg/mol, the polymeriza-
tion mediated by poly(acrylic acid-b-styrene) trithiocarbonate
without neutralization was very successful in terms of high
polymerization rate, predicted molecular weight, narrow mole-
cular weight distribution, and little coagulum. The polymeriza-
tion proceeded in a manner typical of emulsion polymerization
with the nucleation ended at 30% conversion. The PDI increased
significantly in the nucleation stage but decreased quickly to 1.28
at the end of the stage. However, when pH was increased to 3.9
and 4.2, some coagulum appeared, though molecular weight
agreed with the theoretical and PDI remained low, due to
colloidal coalescence caused by NaOH addition. When pH was
further increased to 5.3, no coagulum was formed but molecular
weight becamemuch higher than the theoretical andPDI reached
3.5. The nucleation process appeared to last for the entire course
of polymerization. At the end of polymerization, there were still
some original RAFT agent molecules left unreacted. When
the target molecular weight was >60 kg/mol, the amount of
coagulum increase dramatically. Postadding NaOH was effec-
tive in limiting the coagulum and stabilizing the latex system.

Table 1. Effect of the Initial pH Values on ab Initio Emulsion Polymerization of Styrene Mediated by AA27-St5-Macro-RAFT Agent

experimenta initial pH values NaOH:AAb time (min) convc (%) Mn,th
d (g mol-1) Mn,exp (g mol-1) PDI (Mw/Mn) coagulume (%)

Exp 1 2.80 0:27 80 98 29 800 30 900 1.28
Exp 2 6.29 14:27 100 99 30 000 45 500 3.55
Exp 3 3.90 1:27 80 98 30 500 32 800 1.32 1.06
Exp 4 4.21 2:27 100 99 30 200 31 500 1.33 2.58
Exp 5 5.30 7:27 100 95 28 500 43 200 3.50
Exp 6f 2.80 0:27 80 96 28 900 27 900 1.25 2.80

aAll the experiments (Exp 1-6) used KPS (1:5 [RAFT]) as initiator, and the theoreticalMn was about 30 000 g/mol. The reaction temperature was
kept at 70 �C. In Exp 2-5, NaOH was added to the aqueous phase to adjust pH value before polymerization. bThe molar ratio of added NaOH over
acrylic acid ofmacro-RAFTagent. cThemonomer conversionwasmeasured by gravimetry. dThe theoreticalMn valueswere calculated fromMn,theo =
Mn,RAFTþMn,monomerx[M]/[RAFT], where [M] and [RAFT] represent the monomer and macro-RAFT agent concentrations, and x is the conversion.
eThe percent coagulum inExp 3, Exp 4, andExp 6was calculated based on the total polymermass. f InExp 6,NaCl (themole concentration ofNaClwas
kept as the same as NaOH used in Exp 4) was added to the aqueous phase before polymerization.

Table 2. Synthesis of HighMolecular Weight Polystyrene by ab Initio Emulsion PolymerizationMediated by AA-St-Macro-RAFT Agent with
and without Postaddition of NaOH Solution

experimenta time (min) convb (%)
time (conv) of postaddition

of NaOH (min (%)) Mn,th
c (g mol-1) Mn,exp (g mol-1) PDI (Mw/Mn) coagulumd (%)

Exp 7 105 99 62 500 63 900 1.38 3.69
Exp 8 100 99 30 (13) 63 000 68 700 1.41
Exp 9 135 73e 89 176e 128 400 1.43 27.30
Exp 10 100 99 37 (15) 121 200 127 000 1.45

aAll the experiments (Exp 7-10) usedKPS (1:5 [RAFT]) as initiator, and all the initial pHvalueswere about 2.80without neutralization. The reaction
temperature was kept at 70 �C. The theoreticalMn was about 60 kg/mol in Exp 7 and Exp 8 and 120 kg/mol in Exp 9 and Exp 10. In Exp 8 and Exp 10,
postaddition of NaOH solution was used. bThe monomer conversion was measured by gravimetry. cTheoretical Mn at the obtained monomer
conversion. dThe percent coagulum inExp 7 andExp 9was calculated based on the total polymermass. e InExp 9, 27.30wt%coagulumwas collected at
the complete conversion (such a large amount of coagulum probably affected gravimetry and contributed to the large deviation of Mn).

Table 3. Synthesis of Polystyrene-Poly(butyl acrylate) Diblock
Copolymer by ab Initio Emulsion Polymerization Mediated by

AA-St-Macro-RAFT Agent

experiment time (min) conv (%)
Mn,th

d

(g mol-1)
Mn,exp

(g mol-1)
PDI

(Mw/Mn)

Exp 11a 70 98b 31 500 33 000 1.33
130 97c 61 000 65 500 1.41

aExp 11 used KPS (1:5 [RAFT]) as initiator and the initial pH value
was about 2.80 without neutralization. The reaction temperature was
kept at 70 �C. Final solid content was kept at 20%. At 70 min, a syringe
of NaOH solution was inserted and the secondmonomer BAwas added
at 16.8 mL/h for 20 min. b Styrene conversion. cTotal monomer con-
version. dTheoretical Mn.
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Polystyrene with molecular weight as high as 120 kg/mol and
block copolymer of styrene and butyl acrylate with well-con-
trolled block lengths were also synthesized. This simple approach
developed in the present work yielded surfactant-free and stable
latex products. The short chain AA content accounted for only
1.5 wt % of the total polymer in Exp 10. The approach could be
extended to other monomers. This approach has good promise
for commercial applications of RAFT polymerization.
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