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A novel process to produce homo- and copolymers by RAFT polymerization in emulsion is pre-
sented. It is known that RAFT-controlled radical polymerization can be conducted in emulsion polymer-
ization without disturbing the radical segregation characteristic of this process, thus leading to polymer-
ization rates identical to those encountered in the corresponding nonliving systems. However, RAFT
agents are often characterized by very low water solubility and, therefore, they diffuse very slowly
from the monomer droplets, where they are initially solubilized, to the reaction loci, i.e., the polymer par-
ticles. Accordingly, when used in emulsion polymerization, they are practically excluded from the reac-
tion. In this work, we show that cyclodextrins, well-known for their ability to form water-soluble com-
plexes with hydrophobic molecules, facilitate the transport across the H2O phase of the RAFT agent
to the polymer particles. Accordingly, chains grow through the entire process in a controlled way. This
leads to the production of low-polydispersity polymers with well-defined structure and end functionali-
ties as well as to the possibility of synthesizing block copolymers by a radical mechanism.

1. Introduction. – Despite the recent progresses in living radical polymerization
(LRP) by RAFT (reversible addition–fragmentation chain transfer), especially in
terms of new RAFT agents and produced polymers [1– 3], its application to emulsion
polymerization is far from being assessed. On one hand, it has been shown, based on
kinetic arguments, that this is the only living mechanism that allows realizing a radi-
cal-segregated system where the polymerization rates for the living and the equivalent
nonliving processes are identical [4– 6]. On the other hand, the application to conven-
tional emulsion polymerization, i.e., the so-called ab initio polymerization, did not
enjoy much success, and good results have been obtained only in mini-emulsion poly-
merization [2] [3] [5].

Mini-emulsion polymerization is generally regarded as more complex than conven-
tional emulsion polymerization, which remains the preferred way to carry out industrial
polymerizations. However, the application of RAFT to ab initio emulsion polymeriza-
tion is not straightforward, mainly because of the heterogeneous nature of the process
and, specifically, of the partitioning of the RAFT agent among the three phases present
in the system: the monomer droplets, the H2O phase, and the polymer particles. In this
respect, to best achieve satisfactory living conditions in ab initio emulsion polymeriza-
tion, the RAFT agent must satisfy three main requirements: i) it has to be fully trans-
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ported to the polymer particles, ii) this transport has to be very fast to prevent differ-
ences in chain-birth times, and iii) it must be delivered homogeneously to all the poly-
mer particles to prevent differences in chains produced in different particles.

These requirements can be met by fulfilling the constraint given by Eqn. 1. In ab
initio emulsion polymerization, three competing processes are taking place simultane-
ously: nucleation of new polymer particles, transport of the RAFT agent from the mon-
omer droplets (where it is initially solubilized) to the polymer particles, and polymer-
ization inside the particles. In has been shown [5] that the rates of these three processes
must satisfy the relation of Eqn. 1 where Rnucl , Rtr, and Rpol refer to the rates of nucle-
ation, RAFT-agent transport, and polymerization, respectively.

Rnucl � Rtr � Rpol (1)

Let us first focus on the first part of Eqn. 1: Rnucl�Rtr. To avoid that the last nucleated
particles receive less or no RAFT agent, it is necessary that nucleation is faster than the
interphase transport of RAFT agent. This guarantees that requirement iii), i.e., the uni-
form distribution of the RAFT agent, is actually verified. Note that the nucleation rate
can be easily adjusted in emulsion polymerization to meet this requirement, e.g., by act-
ing on the initiation rate or on the amount of surfactant in the system.

To fulfill the first two requirements, i.e., a complete and fast transport of the RAFT
agent to the polymer particles, the rate of transport must be faster than the rate of poly-
ACHTUNGTRENNUNGmerization, i.e., Rtr�Rpol. If Rtr<Rpol, only part of the RAFT agent can in fact partic-
ipate in the polymerization. On the other hand, if Rtr and Rpol are comparable, the
RAFT agent is transported to the particles during the entire duration of the polymer-
ization, and new dormant chains are continuously produced. These chains experience
different polymerization times and, therefore, exhibit different chain lengths at the
end of the process. Accordingly, the transport of the RAFTagent must be as fast as pos-
sible compared to the rate of polymerization, so that ‘all’ the dormant chains can start
growing at the ‘same’ time.

It is worth noting that another potential drawback of living emulsion processes, the
polymerization in the droplets [1], should not represent a problem when using the
RAFT mechanism. In nonliving systems, droplet polymerization is negligible for two
reasons: first, the total surface of the droplets is much smaller than that of the polymer
particles and, therefore, the flux of radicals to the droplets is negligible with respect to
that to the particles; second, due to radical segregation, the polymerization rate in the
particles is much faster than in the droplets. The same remains true when introducing
the RAFT mechanism in the system, since this does not affect neither the droplet/par-
ticle-surface ratio nor the kinetics of the polymerization. However, in this case, each
radical entering the droplets leads to the growth of many oligomers containing a
RAFT end, which become more and more insoluble and, therefore, unlikely to leave
the monomer droplets as requested by the emulsion-polymerization mechanism. None-
theless, if the RAFT agent is fully transported to the polymer particles early on in the
polymerization, the loss of RAFT agent due to its polymerization in the droplets is
minimized. Note that this argument does not apply to other living processes, such as
nitroxide-mediated living polymerization (NMLP) and atom-transfer radical polymer-
ization (ATRP), since no effective radical segregation can be obtained for these two
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systems and, therefore, the polymerization rate in the droplets and in the particles is
comparable [5].

According to the key requirement i), in a living ab initio emulsion polymerization,
we need a rate of transport of the RAFT agent that is intermediate between those of
nucleation and polymerization. However, since typical RAFT agents are generally
very hydrophobic, their transport rate to the particles is usually too slow, and their
application to ab initio emulsion polymerization leads to uneffective reaction control
[1]. This is a well-known issue in emulsion-polymerization practice, e.g., when mono-
mers having very different water-solubility are polymerized, we may have a number
of problems [7], such as poor conversion of the monomer having the lowest water-sol-
ubility, presence of coagulum, and/or pooling effects. Similar effects have been also
observed in our laboratory, where the living emulsion polymerization in the presence
of cumyl dithiobenzoate as RAFT agent always led to formation of coagulum around
the stirrer.

Recently, the influence of the RAFT-agent hydrophobicity on the control of an ab
initio emulsion polymerization of styrene has been investigated [8]. The authors con-
firmed not only that the rate of diffusion across the H2O phase strongly depends
upon the RAFT agent’s water-solubility, but also that this directly affects the quality
of the final polymerization. Namely, RAFT agents with larger water-solubilities pro-
duced polymers with lower polydispersity values and closer matches between the tar-
geted and the experimental average molecular masses. In the same work, the concen-
tration of the RAFT agents in H2O was measured by UV/VIS spectroscopy (H2O),
obtaining values of ca. 9 ·10�4 mol/l for cumyl dithiobenzoate, the RAFT agent used
in this work. This value is much smaller than the saturation concentration of styrene
(4.3 ·10�3 mol/l) [9] and methyl methacrylate (1.5 · 10�1 mol/l) [9]. Since the rate of
transport of a species from the monomer droplets across the H2O phase to the swollen
polymer particles is directly proportional to the saturation concentration in H2O [10], it
is expected that poorly controlled living ab initio emulsion polymerization are obtained
for these two monomers.

Possible remedies are the addition of an organic solvent or the use of larger concen-
trations of surfactant, which have been suggested also by Prescott et al. [1] as a possible
route to favor the transport of the RAFT agent to the polymer particles. However, such
additions pose safety and environmental problems, as well as cost and operative draw-
backs. Moreover, in the case of organic solvents, this may also induce destabilization of
the aqueous dispersion. An alternative could be to select RAFT agents with larger
water solubility. However, more-hydrophilic RAFT agents shift the polymerization
reaction into the H2O phase [1], leading to very large induction times. The only notable
exception is the use of xanthates [11] [12], which, however, suffers from a poor control
of the polymer growth, their rate of chain transfer to dormant species being rather
small. Finally, a promising technique is also represented by the so-called self-assem-
bling RAFT agents, which involves the formation of amphiphilic living oligomers
[13]. However, this approach is still under development, and further assessment is
needed before extensive application.

A way out of these difficulties could be the use of cyclodextrins (CDs). Although
the detailed mechanism has not been elucidated, it has been shown that the addition
of CDs is beneficial in the copolymerization of monomers with largely different
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water-solubilities [7] [14] [15]. The unique feature of CDs is their ability to ‘entrap’
smaller hydrophobic molecules and to form host–guest complexes. These molecules
have in fact a conical, tube-like shape, which forms a hydrophobic interior where the
guest molecule is entrapped, and a hydrophilic exterior that solubilizes the complex
in H2O. Water-insoluble molecules become water-soluble after treatment with aqueous
solutions of CDs without any chemical modification of the guest molecule, since no
covalent bonds are formed [16]. As a result, CDs have been used to complex monomers
with low water-solubility, e.g., styrene or methyl methacrylate, and to carry out poly-
merizations in aqueous phase [17]. It has also been reported that CDs can be used to
stabilize latexes as an alternative to classical surfactants and to produce very narrow
particle-size distributions [18]. This technique also discloses the possibility of copoly-
merizing water-insoluble and water-soluble monomers [19] and to carry out LRP by
ATRP in aqueous solutions [20].

It is worth noting that in the examples above, which refer to aqueous-solution poly-
merization, an almost equimolar amount of CD and monomer has been used. On the
other hand, to promote the polymerization of a water-insoluble monomer in emulsion,
CDs are needed only in catalytic amounts. This can be explained by considering that, as
a result of the complexation with CDs, monomers with low water solubility have an
increased concentration in the H2O phase and, therefore, become reactive towards
polyACHTUNGTRENNUNGmerization [17]. When polymerization is started in the H2O phase, the polymer
chains keep on growing in the same phase up to a point where the polymer chain,
which becomes increasingly water-insoluble, leaves the CD and migrates to an organic
phase, i.e., it either precipitates to form new particles or it enters a surfactant micelle. In
both cases, emulsion-polymerization conditions are established.

In this work, we propose the use of CDs to run living ab initio emulsion polymer-
ization by RAFT. It is shown that this leads to a good control of the polymer growth
and to stable and monomodal latexes. Applications to the polymerization of styrene,
methyl methacrylate, and to the formation of block copolymers are discussed.

2. Experimental. – 2.1. Materials. All chemicals were used as received: the monomers styrene (STY;
99%; Aldrich), methyl methacrylate (MMA; 99%; Fluka), and tert-butyl acrylate (BA; 98%; Fluka), the
radical initiator potassium peroxodisulfate (KPS; 99%; Fluka), the surfactant sodium dodecyl sulfate
(SDS; 99%; Fluka), and cyclodextrin (CD; randomly methylated b-cyclodextrin with an average degree
of substitution of 1.6–1.9; Cavasol W7 M, Wacker Specialties). H2O was always doubly distilled before
use. All the chemicals for the synthesis of the RAFT agent were used as received from Aldrich or Fluka.

2.2. Synthesis of the RAFTAgent. The RAFT agent cumyl dithiobenzoate (=1-methyl-1-phenylethyl
benzenecarbodithioate) was synthesized according to [21]. It is known that the profile of impurities can
sensibly alter the final result of the RAFT polymerization [22]. Several experimental runs presented in
the following were repeated with different batches of the RAFT agent without observing any important
change in the final results.

2.3. Emulsion-Polymerization Procedure. To a mixture of CD and RAFT agent, H2O was added. The
system was purged with N2 and the temp. raised to 708 by a thermostated oil bath and left under vigorous
agitation for 30 min. Via syringe, a soln. of SDS was added. After 10 min, this was followed by addition of
monomer, and immediately after, by addition of a soln. of the initiator KPS in 2 g of H2O. The temp. was
controlled and kept within 18 around the set temp. (708). Samples were withdrawn at regular time inter-
vals and weighted. These samples were used to monitor monomer conversion and particle size. When
needed, further injections of monomer via syringe were performed.
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In semi-batch reactions, the monomer was added during a fixed period of time by means of a poly-
valent syringe pump (VIT-FIT; Lambda, Switzerland) at constant flow rate. Addition by syringe pump
started together with the addition of the initiator.

2.4. Polymer Characterization. Conversion was measured gravimetrically in an oven kept at 508 and
100 mbar. Particle diameters were measured by dynamic light scattering (DLS; Malvern ZetaSizer 5000).
Molecular-mass distribution (MWD) was determined by gel-permeation chromatography (GPC) in a
Hewlett-Packard apparatus (series 1100) equipped with three columns (Polymer Standards; PLgel 5mm
MIXED-C) and RI detector. The apparatus was calibrated by polystyrene standards (Polymer Stand-
ards), and THF was used as eluent (1 ml/min, 408). The MWD was estimated by a GPC software provided
by Polymer Standard Service (Mainz, Germany).

2.5. Measure of Surfactant CMC. The critical micellar concentration (CMC) of SDS was obtained by
measuring the conductivity in H2O with a S47-Seven-Multi-Dual pH/conductivity meter (Mettler Toledo)
at a const. temp. of 258. Two distinct linear behaviors were observed by plotting the conductivity against
the molar concentration of SDS in H2O. The intersection of these two linear branches returned the CMC
value.

3. Results and Discussion. – 3.1. Influence of Cyclodextrins on Methyl Methacrylate
(MMA) Emulsion Polymerization. In the following, several experimental runs involv-
ing MMA are discussed to illustrate the main features of an ab initio living emulsion
polymerization by RAFT in the presence of CDs. Before doing this, it is necessary to
characterize the influence of the presence of CDs on the MMA emulsion polymeriza-
tion under nonliving conditions, i.e., without RAFT agent. In fact, it is reported in the
literature that CDs not only change the saturation concentration of monomers in H2O
[23] but also affect the critical micellar concentration (CMC) of surfactants [24]. Since
CDs are able to form inclusion complexes with many surfactants, and in particular with
SDS, the solubility of the surfactant was increased and, therefore, its CMC shifted to
larger values. This is shown in Table 1, where the CMC values as a function of CD con-
centration are reported for the ternary system H2O/SDS/CD at 508. A linear depend-
ence of CMC upon CD concentration was observed. Repeated experiments after the
addition of RAFT agent (CD/RAFT 12) did not show significant deviations from the
values of Table 1.

The impact of this CMC increase on the reaction behavior is shown in Fig. 1. In par-
ticular, the final particle size increases with increasing concentrations of CDs (Fig. 1,a).
This is due to the smaller number of surfactant micelles, which causes shorter nuclea-
tion times. The consequent reduction in the number of particles has a clear effect upon
the rate of polymerization, as shown in Fig. 1,b, where the monomer conversion vs. pol-
ymerization time is plotted for four different CD concentrations. By increasing the CD
concentration, the rate of polymerization sensibly decreases. These same effects will be
observed in the following experiments, where the RAFT agent is added to establish liv-
ing conditions.

Table 1. Measured Critical Micellar Concentration (CMC) of SDS as a Function of the Concentration of
Cyclodextrin (CD) in H2O for the Ternary System H2O/SDS/CD. Temperature 508.

CD [mmol/l] 0 5 10 15
CMC [mmol/l] of SDS 8.2 16.2 27.0 36.2
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Fig. 1. a) Final particle diameter vs. CD concentration in the H2O phase and b) monomer conversion
vs. polymerization time for MMA emulsion polymerizations in the presence of CDs (without RAFT
agent). The dashed curve in Fig. 1,a, was added to visualize the trend. The numbers in Fig. 1,b refer
to the corresponding CD concentration [mmol/l]. Other polymerization conditions: temperature 708,

H2O 40 g, MMA/H2O 7.5 : 92.5 (w/w), SDS 3.5 mmol/l, MMA/KPS 150 :1 (mol/mol).
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3.2. Living Emulsion Polymerizations in the Presence of CDs. To identify the main
features of the living emulsion polymerization in the presence of CDs, two illustrative
experimental runs are initially discussed for the polymerization of MMA and styrene
(STY), respectively. The corresponding recipes are summarized in Table 2. The results
of MMA polymerization are shown in Fig. 2, i.e., the conversion vs. time and the num-
ber average molecular mass Mn and polydispersity Pd vs. conversion. As shown in Fig.
2,a, the reaction is characterized by a large polymerization rate, complete conversion
being observed after 30 min. No evidence of induction time is observed. These findings
confirm that, as mentioned above, the synergy between radical compartmentalization
and RAFT living mechanism works in reducing the number of terminations while keep-
ing the polymerization rate to values typical of nonliving systems [25]. Given that the
decomposition rate of KPS at 708 is ca. 2.3 · 10�5 s�1 [26], it can be readily seen that only
4% of the initiator is actually decomposed after 30 min of reaction. Assuming initiation
efficiency equal to one, and given that each initiator molecule produces one dead chain,
ca. 5.3% of dead chains compared to the amount of RAFT agent is expected at the end
of this reaction.

Controlled conditions of polymer growth were achieved, as clearly shown by the
data in Fig. 2,b. The number average molecular mass Mn grows linearly with conver-
sion, and it always remains close to the theoretical value, calculated under the assump-
tion of no chain terminations as Mn= (M0/D0)c, where M0 represents the initial mono-
mer concentration, D0 the initial RAFT-agent concentration, and c the monomer con-
version. This confirms that only few dead chains were actually produced, as indirectly
confirmed by the polydispersity values Pd of the molecular-mass distribution, MWD,
always decreasing with conversion and reaching a final value of 1.37. To this regard,
it is worth noting that the experimental point at ca. 90% conversion having a polydis-
persity value of 1.8 is clearly an outlier. In fact, it would be impossible to reduce the
polydispersity to its final value in the last 10% conversion. Finally, the MWD curves
in Fig. 3, which are normalized with respect to the actual amount of polymer produced,
exhibit the continuous shift towards larger molecular masses for increasing conversion
values, which is typical of living systems.

To ultimately establish the livingness of the polymer, the polymerization reaction
was restarted by adding 7.5 g of MMA via syringe in the reaction vessel after 70 min
from the reaction start, followed by other 4.0 g of STY after two more hours, with
the aim to form a PMMA–PSTY block copolymer. In both cases, the additional reac-
tions were completed within 20 min after each monomer addition. The corresponding
MWDs are shown in Fig. 4 : just before MMA addition, just before STY addition, and at
the end of the reaction. The average molecular mass of the polymer increases and the
polymer peak shifts to larger molecular masses, thus indicating that the reaction is liv-
ing. Unfortunately, the polydispersity of the MWD also increases: whatever the mech-
anism behind such behavior might be, some dead chains must have been formed. This is
evident from the low-molecular-mass tail of the MWD of the last two distributions: the
overlapping of these two tails indicates that part of the polymer failed to restart after
the STY addition.

As a further example of application of CDs in RAFT emulsion polymerization, the
polymerization of STY according to the recipe reported in Table 2 was considered.
Even though this recipe is very similar to that used for MMA, the results are somehow
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less satisfactory. As shown in Fig. 5,a, almost complete monomer conversion is
achieved in less than 90 min. It can be seen that the induction time, if any, is much
shorter than those typically found in the case of seeded STY polymerization with
RAFT [2]. However, the conversion curve shows an acceleration of the polymerization
rate which was not present in the case of MMA polymerization. Indeed, the control of
the MWD is satisfactory, although worse than for MMA polymerization, as can be seen
in Fig. 5,b. The number average molecular mass Mn increases with monomer conver-
sion, and the corresponding polydispersity Pd of the MWD decreases. Therefore, the
polymerization proceeds according to a living mechanism. However, the large poly-
ACHTUNGTRENNUNGdispersity values indicate a limited control of the process and, possibly, a generation
of new living polymer chains during the whole process [27]. In this context, it is
worth noting that the particle-size distribution, PSD, as measured by DLS, appears
to be monomodal (average diameter 114 nm; variance 0.17). Two explanations are pos-
sible for this result. On one hand, the continuous formation of new dormant chains
could be due to a slow release of RAFT agent to the particles. On the other hand, it
is worth noting that, in similar experiments at lower values of the ratios CD/RAFT
and KPS/RAFT (not reported here), bimodal distributions were frequently found,
with the presence of very large particles (500 nm or larger), probably formed by droplet
nucleation. The presence of these two effects may explain the very large polydispersity
values shown in Fig. 5,b.

To establish that living conditions were operating, the polymerization was restarted
by the addition of 11.0 g of STY after 80 min of reaction. As shown in Fig. 5,b, after this

Table 2. Recipes for the Living ab initio Emulsion Polymerization by RAFT of Methyl Methacrylate
(MMA) and Styrene (STY)a)

Quantity [g]

MMA polymerization STY polymerization

Monomer 9.0 10.0
H2 ACHTUNGTRENNUNGO 143.8 150.3
CD 2.54 2.25
SDS 0.824 0.592
KPS 0.103 0.192
RAFT agent 0.0785 0.0650

Ratio

MMA polymerization STY polymerization

Monomer/RAFT (mol/mol) 312.0 402.4
KPS/RAFT (mol/mol) 1.32 2.98
CD/RAFT agent (mol/mol) 6.62 7.09
SDS/CD (mol/mol) 1.50 1.21
Monomer/H2O (w/w) 6.26 6.65
SDS/H2O (w/w) 0.57 0.39
CD/H2O (w/w) 1.77 1.50

a) Absolute amounts and significant ratios are reported. Reaction temperature 708.
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Fig. 2. a) Monomer conversion vs. reaction time and b) number average molecular mass Mn (circles
and solid line) and polydispersity Pd (triangles) vs. conversion for the living emulsion polymerization
of MMA (recipe in Table 2). The dashed line in Fig. 2,b, represents the theoretical number average

molecular mass.

Helvetica Chimica Acta – Vol. 89 (2006) 1649



Fig. 3. Evolution of the molecular-mass distribution (MWD) with conversion for the living emulsion
polymerization of MMA (recipe in Table 2). The area of each peak has been normalized to the corre-

sponding conversion value.

Fig. 4. Evolution of the molecular-mass distribution (MWD) with conversion for the restarted living
polyACHTUNGTRENNUNGmerization of PMMA produced as reported in Table 2. Solid curve: PMMA homopolymer before
the addition of MMA; dashed curve: extended MMA homopolymer before the addition of STY;

dash-dotted curve: final PMMA–PSTY block copolymer.
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Fig. 5. a) Monomer conversion vs. reaction time and b) number average molecular mass Mn (circles
and solid line) and polydispersity Pd (triangles) vs. reacted monomer for the living emulsion polymeri-
zation of styrene (STY) (recipe in Table 2). The dashed line in Fig. 5,b, represents the theoretical
number average molecular mass. The dash-dotted vertical line indicates the conversion at which an

additional amount of STY has been injected.
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addition (indicated by the dash-dotted vertical straight line), the average molecular
mass Mn continued to grow almost linearly. During this additional reaction time, the
polydispersity Pd remained close to the values measured at the end of the first step
of reaction, and increased only at the very end of the reaction.

3.3. Role of the Operating Variables on MMA Living Emulsion Polymerization. In
the following, a series of experimental runs is discussed, where the main control param-
eters for the MMA living emulsion polymerization are systematically changed to ana-
lyze their effect on the polymerization behavior. These experimental runs are summar-
ized in Table 3, where the corresponding recipes and final results are reported.

In Runs 1–3, the effect of the surfactant (SDS) concentration is analyzed first. This
parameter plays a primary role in the nucleation process of nonliving systems and, thus,
on the number of particles formed in the system. This is confirmed also for the living
emulsion polymerization of MMA, where, from the analysis of Runs 1–3, it can be
observed that the final particle diameter dp decreases as the SDS concentration is
increased. When the logarithm of the number of particles is plotted against the loga-
rithm of the SDS concentration, a linear trend is found. However, the slope of the
regression line is 3.7, that is larger than the value 0.6 predicted by the classical
Smith–Ewart theory [9], indicating a much larger sensitivity to surfactant concentra-
tion. This behavior is probably to be ascribed to the active role played by the CDs in
determining the CMC of the system, although a clear mechanism is not known yet.
It is also worth mentioning that, together with the decrease in particle size, an increase
in the variance sPSD of the PSD is also observed. This is coherent with longer nucleation

Table 3. Recipe and Product Characteristics for Different Experimental Runs: Mass Ratio Monomer
MMA to Water (M/W%); SDS Concentration in H2O [mmol/l]; Molar Ratios Monomer to RAFTAgent
(M/RAFT), CD to RAFT Agent (CD/RAFT), CD to SDS (CD/SDS), and KPS to RAFT Agent (KPS/
RAFT); Average Particle Size dp [nm] and Variance sPSD of the Particle-Size Distribution, Number
Average Molecular Mass Mn [kg/mol] and Polydispersity Pd of the Molecular-Mass Distribution; Mono-

mer Conversion c [%] and Reaction Time tR [min]

Run M/W% SDS M/RAFT CD/RAFT KPS/RAFT dp sPSD Mn Pd c tR

1 2.0 2.3 1500 24 10.0 144.0 0.02 60.5 3.76 72.7 106
2 2.0 4.6 1500 24 10.0 60.3 0.07 63.2 3.35 95.3 160
3 2.0 6.9 1500 24 10.0 39.4 0.19 79.9 2.83 94.0 140
4 7.5 17.3 500 2 0.74 297.7 0.23 36.9 3.96 97.5 240
5 7.5 17.3 500 2 3.33 42.3 0.27 44.6 1.41 98.0 19
6 7.5 3.5 500 2 3.33 327.8 0.29 24.1 1.75 70.6 196
7 7.5 17.3 1500 24 10.0 45.7 0.08 103.0 1.93 98.5 20
8 7.5 17.3 1500 12 10.0 38.7 0.10 118.5 1.96 95.0 15
9 7.5 17.3 1500 6 10.0 34.8 0.19 78.7 1.86 94.2 25
10 7.5 17.3 750 12 5.00 57.5 0.13 55.5 1.67 95.3 20
11 7.5 17.3 750 6 5.00 41.8 0.20 74.6 1.69 99.0 19
12 7.5 17.3 750 3 5.00 37.7 0.22 58.7 1.52 91.3 19
13 7.5 17.3 750 3 1.00 283.5 0.20 37.5 2.86 92.9 240
14 7.5 17.3 500 12 3.33 84.0 0.03 40.6 1.66 98.8 98
15 7.5 17.3 500 8 3.33 65.8 0.17 41.3 1.43 98.0 140
16 7.5 17.3 500 6 3.33 48.1 0.14 45.0 1.48 97.2 23
17 7.5 17.3 500 4 3.33 46.8 0.25 41.9 1.45 97.8 24
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times for larger surfactant concentrations. Finally, it should be noted that Runs 1–3
produced large Pd values of the MWD. This must mainly be ascribed to the large
KPS/RAFT agent ratio adopted and, therefore, to the large amount of dead chains pro-
duced in this case.

A similar trend is observed in Runs 5 and 6 of Table 3, where the SDS concentration
was changed for a system having a larger monomer fraction in H2O and a larger RAFT-
agent concentration with respect to the previous runs. Also in this case, a marked influ-
ence of the SDS concentration was observed. Moreover, by increasing the SDS concen-
tration, the polydispersity value Pd of the MWD was decreasing, as it was the case for
Runs 1–3. Therefore, one could conclude that larger SDS concentrations produce nar-
rower MWDs. It is also interesting to compare Runs 4 and 5, where a fivefold change in
the initiator concentration was introduced. It can be noticed that, as predicted by the
Smith–Ewart theory of nucleation, lower initiator concentrations produce larger parti-
cles. However, also in this case, a quite strong influence was observed. The correspond-
ing slope of the plot log(Np) vs. log(KPS) (whereNp is the number of particles) is ca. 3.5,
again much larger than that predicted by the Smith–Ewart theory, equal to 0.4. The
same large sensitivity can be observed for Runs 12 and 13 of Table 3, which correspond
to a larger RAFT concentration.

In Runs 7–9, 10–12, and 14–17 of Table 3, a series of reactions were carried out
keeping the molar ratio monomer/RAFT agent constant and equal to 1500, 750, and
500, respectively, and decreasing the concentrations of CDs in H2O (all the other con-
centration values were constant). The change in CD concentration significantly affects
the final particle-size distribution. In particular, as the CD concentration decreases, the
final polymer-particle size decreases. This is due to the effect of CD on the surfactant
CMC mentioned above: larger CD concentrations lead to larger CMC values, smaller
number of micelles, and, therefore, larger polymer particles at the end of the reaction.
The corresponding increase of the PSD broadness (sPSD) is coherent with this explan-
ation, which implies increasing nucleation times at decreasing CD concentrations. It
was verified that by running the experiment without CDs, a large fraction of very
small particles was formed (about 20 nm in diameter for the case M/RAFT 500), coher-
ently with the observed trend on the average particle size. However, formation of coag-
ulum was always observed at the same time. This is in agreement with what was
observed for the living polymerization of STY without CDs, and, probably, it is con-
nected to the increasing trend in the PSD variance observed for decreasing CD concen-
trations. Accordingly, it can be concluded that CDs in the H2O phase not only favor the
formation of living polymer, but also avoid the destabilization of the system.

Different conclusions can be drawn for the effect of the amount of CD upon the
MWD. The results inTable 3 for the same runs indicate that the number average molec-
ular mass Mn is irregularly affected by changes in the CD concentration: for the small-
est monomer/RAFT agent ratio (M/RAFT; Runs 14–17), the average molecular mass
seems to remain constant, as one could expect due to the fact that the amount of RAFT
participating in the reaction is always similar. This is not true at the larger M/RAFT
ratios (Runs 7–9 and 10–12) where larger Mn values (closer to the theoretical values)
are obtained at the intermediate value of the CD/RAFT ratio. Despite these differen-
ces, the polydispersity value Pd decreases with decreasing concentration of CDs in the
system for all three values of the monomer/RAFT agent ratio.
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Finally, the influence of the RAFT agent concentration was analyzed (Table 3) by
keeping the ratio CD/RAFT constant (Runs 8, 10, and 14). By increasing the M/
RAFT ratio, the average particle size dp decreases, while no clear trend is observed
for the variance of the PSD, which remains anyway relatively small. Note that, since
the ratio CD/RAFT is kept constant, by increasing the M/RAFT ratio, the absolute
CD concentration also increases, thus leading to a decrease in the particle size, as
explained above. With respect to the MWD, as the M/RAFT ratio increases, the corre-
sponding Mn increases since a smaller number of dormant chains is growing in the sys-
tem. However, it should be mentioned that the measured values remain always some-
what smaller than the theoretical ones. Finally, since the same initiator (KPS) concen-
tration was used in all the experimental runs, roughly the same number of terminated
chains is expected at the end of each reaction. Accordingly, the livingness of the process
decreases for increasing M/RAFTratios, since the fraction of dead chains increases, and
this explains the corresponding increase in the polydispersity values Pd of the MWD.

More interesting is the comparison between runs at different RAFT-agent concen-
tration and constant concentration of CDs, as it is the case forRuns 7, 10, and 15 (M/CD
62.5), 8, 11, and 17 (M/CD 125), and 9, 12, and 5 (M/CD 250). The dependence of the
MWD on the amount of RAFTagent in the system has been just commented. However,
it can also be noticed that the RAFT-agent concentration is also slightly affecting the
average particle size, which is increasing for larger RAFT-agent concentrations. A
clear explanation for such an effect is not available yet.

3.4. Semi-Batch Living Emulsion Polymerizations in the Presence of CDs. When dis-
cussing the experimental runs reported in Table 3, it was noticed that better control
upon the livingness of the polymer at constant values of the M/RAFT ratio can be ach-
ieved by operating at small CD/RAFT ratios. At the same time, an increase of the PSD
broadness was observed (especially for the lowest M/RAFT ratios), which will soon
counterbalance the positive effect upon the MWD of the reduced amount of CDs. Par-
ticles with very different sizes are in fact growing at very different rates, thus producing
polymer chains of different length.

We found that this PSD broadening is avoided when running the reaction in the
semi-batch mode, i.e., by adding monomer at constant rate for a fixed amount of
time. The corresponding results are reported in Table 4, where different experiments
with different addition times of the monomer are compared. It can be observed that
the variance sPSD of the PSD remains small in all cases. In particular, these values
are much smaller than those of the corresponding batch reaction (Run 5 of Table 3),
where the same recipe is used but all the monomer is added at the beginning of the
polyACHTUNGTRENNUNGmerization. Moreover, the average molecular masses are closer to the theoretical
value, in agreement with the selected operating mode. In fact, since no monomer is
added before adding the initiator, monomer droplets are hardly formed in the system,
due to the slow addition of the monomer and the fast polymerization rate. Accordingly,
droplet polymerization is minimized, if not cancelled. The decrease of Mn and the
increase of polydispersity Pd at increasing addition times observed in Table 4 could
probably be ascribed to the increased reaction times and, therefore, to the increased
role of termination. It is also worth noticing that Run 22 was operated very close to
starved conditions, since more than 90% conversion was found after 32 min of reaction,
i.e., 4 min after completion of monomer addition. Under these conditions, the reaction
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rate of the RAFTexchange largely decreases due to gel effects, as reported for bulk sys-
tems [28], thus contributing to the increase of the polydispersity value.

As mentioned in the introduction (Sect. 1), living-radical polymerization is a partic-
ularly efficient technique to produce block copolymers [29 – 31]. To this regard, the
same procedure of monomer addition shown above turned out to be very useful to pro-
duce living random copolymers of MMA and tert-butyl acrylate (BA). Earlier attempts
to copolymerize BA with MMA in a batch reactor, by using similar recipes as those
reported in Table 3, always gave rise to bimodal particle-size distributions. On the
other hand, by adding the mixture of the two monomers under semi-batch conditions,
it was found that the variance of the PSD could be drastically reduced. This is shown by
the results in Table 5, where three different MMA/BA living copolymerizations in
emulsion are reported. All the polymerizations were restarted once the initial reaction
step, with MMA/BA 70 : 30, had reached complete conversion, by adding with a syringe
pump an amount of monomer close to that used in the first part of the polymerization,
but with composition MMA/BA 30 :70.

The addition time was equal to the addition time used for the first step. The reduc-
tion of the PSD variance after the first polymerization step becomes particularly evi-
dent when long addition times of the monomer mixture were used, i.e., when the system
operates under ‘starved’ conditions. Notably, a reduction of particle size dp is obtained
at the same time. In terms of MWD, all the runs are characterized by final Mn values
larger than the targeted molecular mass, probably indicating that not all the RAFT
agent took part in the reaction. The evolution of Mn with monomer conversion is
shown in Fig. 6,a (Run 25 of Table 5), where the dotted vertical line indicates the begin-
ning of the second addition. It can be noticed that Mn is always larger than the theoret-
ical value, represented by the dashed line. Even more important are the values of the
MWD polydispersity (triangles in Fig. 6,a), which, in spite of the fact that all the runs
were operated close to starved conditions (i.e., with large polymer fractions inside the
particle), are quite small. It is worth pointing out that operating under starved condi-
tions is essential to keep the copolymer composition constant and equal to the feed
composition. The corresponding MWDs of the polymer are shown in Fig. 6,b (Run
25 of Table 5). The shift of the polymer peak towards larger molecular masses at
increasing values of the monomer conversion is evident, which represents a strong con-
firmation of the livingness of the polymerization.

Finally, the so-obtained MMA/BA random copolymer, with composition MMA/BA
70 :30, was restarted, as mentioned before, with a different composition of the mono-

Table 4. Recipes for the Semi-Batch Living Emulsion Polymerization of MMAa)

Run Addition time [min] dp [nm] sPSD Mn [kg/mol] Pd

20 6 46.3 0.05 48.4 1.50
21 15 45.3 0.04 46.4 1.46
22 28 38.3 0.04 43.2 1.72

a) Polymerization conditions: temperature 708 ; water 40 g; initial amount of MMA 0 g; final MMA/H2O
7.0% (w/w); final MMA/RAFT 500 (mol/mol); CD/RAFT 2 (mol/mol); final MMA/KPS 150 (mol/mol);
SDS 17.3 mmol/l.
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mer mixture, i.e., MMA/BA 30 : 70. This procedure is aimed at producing a block
copolymer, where the first polymer block is rigid (large MMA fractions) and the second
one is soft (large BA fractions). The measured average molecular masses are reported
in the eighth column of Table 5. It can be noticed that the Mn values are always larger
than the theoretical ones, although the discrepancy is quite small. The same discrepancy
is shown in Fig. 6,a (Run 25 of Table 5). In all these experiments, the polydispersity val-
ues Pd are sensibly larger than those of the first block. For Run 25 of Table 5, the final
MWD is shown in Fig. 6,b (dash-dotted curve). With this respect, it is worth pointing
out that the system was again operated under starved conditions and that, due to the
large fraction of BA used for the second block, branching reactions are likely to take
place [32]. Therefore, a value of polydispersity larger than 4 can be easily justified.
The same observation (branched chains) could explain the irregular shape of the
MWD in Fig. 6,b.

4. Conclusions. – In this work, we propose a possible solution to the problem of the
interphase transport of the RAFT agent to the polymer particles in ab initio emulsion
polymerization, which is based on the addition of CDs to increase the aqueous solubil-
ity of the RAFT agent. It is shown that, in the presence of CDs, the emulsion polymer-
ization proceeds since the beginning according to a living mechanism, with a linear
increase of the number average molecular mass vs. conversion, generally low polydis-
persity values, and a clear shift of the MWDs towards larger molecular masses at
increasing monomer conversions. Note that the polymerization proceeds without
noticeable production of coagulum, and generally stable and monodispersed latexes
are obtained. The results are particularly satisfactory in the case of the living polymer-
ization of MMA, where low-polydispersity homopolymers and block copolymers were
produced. In addition, as observed earlier in the case of mini-emulsion [5], the control-
led process proceeds at the same rate as the corresponding one under nonliving condi-
tions also for ab initio emulsion polymerization. This is due to the specific living mech-
anism selected, RAFT being the only living mechanism that preserves the radical seg-
regation typical of emulsion polymerization. Accordingly, the use of CDs allows us to

Table 5. Recipes for the Semi-Batch Living Emulsion Copolymerization of MMA and BA (70 : 30 in
weight)a)

Run Addition time [min] MMA/BA 70 : 30 MMA/BA 30 : 70

dp sPSD Mn Mtheo
n Pd Mn Mtheo

n Pd

23 15 80.7 0.50 51.9 34.8 3.52 73.4 64.9 5.75
24 28 54.3 0.39 58.8 34.1 2.27 86.7 67.7 4.17
25 77 34.8 0.20 46.7 32.8 2.35 75.1 68.8 5.39

a) Polymerization conditions: temperature 708 ; water 40 g; initial amount of monomer 0 g; final M(total)/
water 7.0% (w/w); final M(total)/KPS 150 [mol/mol]; CD/RAFT agent 1.3 [mol/mol]; SDS 17.3 mmol/l.
The results corresponding to the polymer extension experiments are reported in the last three columns of
the table. The average molecular mass Mn and the theoretical average molecular mass Mtheo

n of the MWD
are expressed in kg/mol, the particle diameter dp in nm.
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Fig. 6. a) Number average molecular mass Mn (circles and solid line) and polydispersity Pd (triangles)
vs. reacted monomer and b) evolution of the molecular-mass distribution MWD with conversion for
the living emulsion copolymerization of MMA and BA (Table 5, Run 25). The dashed line in Fig. 6,a
represents the theoretical number average molecular mass, while the vertical dotted line indicates the
conversion at which the polymerization was restarted. The numbers in Fig. 6,b, indicate the amounts

of reacted monomer corresponding to the MWD curves.
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focus the design of the RAFT agent not on its ability to be transported across the H2O
phase, but rather on its ability in controlling the polymer architecture.

A complete experimental screening of the main control parameters was carried out
in this work in the case of the polymerization of MMA, to analyze their effect on the
polymerization behavior. In particular, it was found that the nucleation process is
very sensitive to the concentrations of initiator and surfactant, to an extent much larger
than that predicted by the classical Smith–Ewart theory. This is probably due to the
active involvement in the nucleation process of CDs, which were shown to strongly
influence the surfactant CMC. Moreover, it was shown that the control on the polymer
growth is improved by operating at small CD/RAFT agent ratios. The reason for such
an effect is not clear. In particular, it is not clear whether this is due to a faster delivery
of the RAFT agent to the particles or to the decrease of the particle size. At the same
time, it was observed that CDs are effective to avoid latex destabilization. Finally, it was
shown that the semi-batch addition of monomer increases the quality of the process, in
particular narrowing the final particle-size distributions. This procedure became very
useful when copolymerizing BA with MMA at constant composition, i.e., under starved
conditions.

Somehow less-convincing results were obtained in the case of styrene polymeriza-
tion: large polydispersity values were always observed, even though the ability of form-
ing block copolymers indicates that the process remains living. In any case, this result is
not achievable in the absence of CDs, where a large formation of coagulum was always
observed. These difficulties can be attributed to the fact that the interphase transport of
the RAFT agent remains too slow so that the constraints posed by Eqn. 1 are not fully
met even in the presence of CDs. An alternative explanation could be the presence of
droplet nucleation, which could take place at the beginning of the reaction, when slow
polymerization rates are always observed.
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