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ABSTRACT: Statistical copolymers of methacrylic acid (MAA)
and methyl methacrylate (MMA), butyl methacrylate (BMA), or
lauryl methacrylate (LMA) were synthesized via cobalt(II)mediated catalytic chain transfer polymerization (CCTP) and
used as macromonomeric stabilizers in the emulsion polymerization of MMA. By varying the composition, length, and
concentration of the macromonomers, we were able to tune the
particle size, molar mass, and rheological behavior of the latexes.
Most latexes stabilized with macromonomers containing BMA and
LMA showed rheological properties such as small yield stress and
shear thinning behavior similar to those of binders for coating
applications.
KEYWORDS: emulsion polymerization, reactive surfactant, methacrylic acid, copolymerization, macromonomer, catalytic chain transfer
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INTRODUCTION
Functional polymer latexes produced by emulsion polymerization have found applications in many ﬁelds, including waterborne coatings, printing ink, adhesives, and medical
applications.1−4 Surfactants play an important role in this
process. They not only control the colloidal stability of the
particles in the latex, but the type and architecture of the used
surfactant also have a large inﬂuence on the physical and
rheological properties of the latex and thus on the ﬁnal
application.5−7 In most cases, surfactants are not covalently
bound to the colloidal particles; therefore, surfactants can
desorb over time. Furthermore, during ﬁlm formation,
surfactants can migrate from the colloidal particles toward
the ﬁlm surface and have a negative eﬀect on ﬁlm properties
such as adhesion strength, peel strength, water resistance, gloss,
and blocking.8−15 To circumvent these negative eﬀects,
reactive surfactants that are chemically bound to the polymer
particles can be used.16−21 An ideal reactive surfactant should
not be too reactive at the start of the emulsion polymerization,
in order to avoid the chemically bound surfactant molecules
from being buried inside the latex particles, but at the end of
the emulsion polymerization, all surfactants should have
reacted to obtain a stable latex.22−24 Reactive surfactants
containing a propenyl end-group are promising candidates
displaying the right reactivity, and methacrylic oligomers
containing these end-groups (called macromonomers in the
remainder of this paper) are readily prepared via catalytic chain
transfer polymerization (CCTP),25,26 and their subsequent
copolymerization behavior has been subscribed previously.27−32 In earlier studies, amphiphilic macromonomers
© 2021 The Authors. Published by
American Chemical Society

were synthesized and subsequently used as stabilizers in an
emulsion polymerization.33−35 In our earlier work, methacrylic
acid (MAA) macromonomers were synthesized via CCTP and
were used directly in an emulsion polymerization to form in
situ amphiphilic copolymers,30 in a mechanism similar to what
is commonly known as polymerization-induced self-assembly.36−40 Only in the cases where the MAA macromonomers
were suﬃciently fast converted into amphiphilic copolymers,
stable latexes could be produced. In another study, a two-step
copolymerization of MAA macromonomers with methyl
methacrylate (MMA) or butyl acrylate (BA) gave amphiphilic
stabilizers suitable for the emulsion polymerization with MMA,
albeit the rheology and physical properties of the systems were
rather diﬀerent.41 To combine the simplicity of a one-pot
system, with the good results for a more hydrophobic,
amphiphilic stabilizer, in the current study, t-butyl methacrylate (t-BMA) is copolymerized statistically with MMA, butyl
methacrylate (BMA), or lauryl methacrylate (LMA) via CCTP.
These macromonomers were subsequently subjected to
acidolysis of the t-butyl groups and used as reactive surfactants
(macromonomers) in the emulsion polymerization of MMA.
The physical and rheological properties of the obtained latexes
are discussed in the ﬁnal part of this paper.
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Table 1. Recipe of a Batch Emulsion Polymerization at T =
60 °C and pH = 10

EXPERIMENTAL SECTION

Materials. All monomers MMA, BMA, LMA, and t-BMA were
obtained from Sigma-Aldrich (99%). The monomers were passed
over a column of inhibitor remover (Sigma-Aldrich) to remove the
inhibitor. Azobis(isobutyronitrile) (AIBN, Merck) was recrystallized
from methanol. The bismethanol complex of bis[(diﬂuoroboryl)dimethyl glyoximato]cobalt(II) (COBF) was prepared as described
previously42 (CT for MMA in bulk = 34 × 103 at 60 °C). Toluene
(AR, Biosolve), dichloromethane (DCM, AR, Biosolve), and triﬂuoro
acetic acid (TFA, 95%, Sigma-Aldrich) were used as received.
Potassium persulfate (p.a.) and sodium carbonate (dehydrated, p.a.)
were purchased from Merck and used as received.
General Procedure for the Synthesis of Macromonomers.
To obtain statistical t-butyl methacrylate comacromonomers (t-BMAco-RMA), a mixture of t-BMA and one of the comonomers, MMA,
BMA, or LMA, was copolymerized with AIBN in toluene in a roundbottom ﬂask at 60 °C.30,43 The comonomer was added in two
diﬀerent amounts to obtain comacromonomers with 10 and 30 mol %
of the comonomer, respectively. Also, the initially added amount of
the COBF catalyst was varied to obtain macromonomers with
diﬀerent molar masses. The macromonomers were subsequently
treated to triﬂuoroacetic acid to yield the corresponding MAAn-coRMAm amphiphilic macromonomer stabilizers.
As a typical example of the procedure followed, we report here the
synthesis of MAA202-co-BMA22 macromonomers; for the exact
quantities used for all other macromonomers, we refer to the
Supporting Information. First, 44 g of t-BMA (0.31 mol), 5.1 g of
BMA (0.036 mol), and 96 g of toluene were added to a 100 mL
round-bottom ﬂask (solution A). The ﬂask was sealed airtight with a
septum, and the mixture was deoxygenated by purging with nitrogen
in an ice bath for 30 min. Simultaneously, 200 mg of AIBN (1.2
mmol) and 1.9 mg of COBF (4.9 × 10−6 mol) were added to a
separate 100 mL round-bottom ﬂask (B) containing a magnetic stirrer
bar. The ﬂask was consecutively evacuated and purged with nitrogen
three times. Subsequently, the monomer solution A was added to ﬂask
B, heated to 60 °C, and left to react for 16 h under continuous
stirring. The obtained statistical t-BMA-co-BMA macromonomer was
isolated by evaporation of toluene and the residual monomer under
reduced pressure and dried in a vacuum oven at 60 °C for 24 h
(overall yield 90%). Subsequently, 40 g of t-BMA-co-BMA macromonomer was added to a 100 mL round-bottom ﬂask containing 80
mL of dichloromethane and stirred at room temperature until the
polymer dissolved completely, after which 40 mL of triﬂuoroacetic
acid (0.52 mol) was added and stirred at room temperature for 48 h.
Dichloromethane and excess triﬂuoroacetic acid were removed by
evaporation under reduced pressure, and the resulting MAA202-coBMA22 macromonomer was dried in a vacuum oven at 60 °C for 2
days (quantitative yield). The number average degree of polymerization, DPn, and the dispersity, Đ, were determined by 1H NMR and
SEC. The critical micelle concentration (CMC) of these amphiphilic
macromonomers was determined by dynamic light scattering (DLS).
Emulsion Polymerization. Emulsion polymerizations were
carried out in batch. All experiments were carried out under argon
in a jacketed glass reactor (250 mL), thermostated at 60 °C, and
equipped with a mechanical four-bladed turbine stirrer. The monomer
conversions during the reaction were determined gravimetrically.
First, all ingredients except for the initiator solution were charged into
the reactor, and the reaction mixture was stirred at 350 rpm, purged
with argon for 30 min, and subsequently heated to 60 °C. Five
minutes after reaching the desired temperature, the aqueous KPS
solution was added via a syringe to initiate the polymerization (for
composition see Table 1).
Analysis. Nuclear Magnetic Resonance. 1H NMR spectra were
recorded on a Varian MercuryVx spectrometer at 400 MHz.
Chloroform-d1, methanol-d4, DMSO-d6, THF-d8, and tetramethylsilane were used as solvents and the internal standard, respectively.
Scanning Electron Microscopy. SEM analyses were performed
with an FEI Quanta 3D FEG (ETD; 5 kV; spot size 4.5). All samples
were sputter coated with 10 nm gold before imaging.

ingredient

amount

water
Na2CO3
macromonomer
monomer MMA
K2S2O8 (KPS)

80 g
0.3 g (2·10−2 M)
variable; 1 g (5 wt %a) is the standard level
20 g (solid content ≈ 20%)
0.05 g (0.25 wt %a; 2.3 × 10−3 M)

a

wt % = weight percentage relative to the monomer (= g/100 g of
monomer).

MALDI-ToF MS. MALDI-ToF MS spectra were recorded on a
PerSeptive Biosystems Voyager-DE STR MALDI-ToF MS spectrometer equipped with 2 m ﬂight tubes for linear mode and 3 m ﬂight
tubes for reﬂector mode and a 337 nm nitrogen laser (3 ns pulse). All
mass spectra were obtained with an accelerating potential of 20 kV in
positive ion and reﬂector mode with delayed extraction. Data were
processed with Voyager software. Simulations were performed with
the MALDI Analysis software by Staal and Willemse.44,45 The MAAcontaining polymer samples were dissolved in methanol, the other
polymer samples were dissolved in THF at solvent concentrations of 5
mg/mL. 2,4,6-Trihydroxyacetophenone (80 mg/mL THF or
methanol) was used as the matrix, and diammonium hydrogen
citrate (5 mg/mL THF or methanol) as the cationating agent. Analyte
solutions were prepared by mixing the matrix, salt, and polymer at a
4:1:4 volume ratio. Subsequently, 0.30 μL of this mixture was spotted
on the sample plate, and the spots were dried at room temperature.
Dynamic Light Scattering (DLS). DLS analyses were performed
with a Nanotrac Ultra (Microtrac systems). The used laser is a
gallium−aluminum−arsenide semiconductor diode laser with a
wavelength of 780 nm and a power of 3−5 mW. The angle of
incident-to-scattered light is 180° (backscatter). This technique uses
the Brownian motion of the molecules. The cumulant algorithm was
used to obtain the particle size distribution from the second-order
autocorrelation function. The mean diameter was evaluated from the
Stokes−Einstein equation for spheres (according to International
standard ISO22412 and ISO13321).46,47
Size Exclusion Chromatography (SEC). SEC was carried out using
a Waters Alliance system equipped with a Waters 2695 separation
module, a Waters 2414 refractive index detector (40 °C), a Waters
2487 dual UV absorbance detector, and a PSS SDV 5 μm bead size
guard column followed by two PSS SDV 5 μm bead size linearXL
columns in series (300 × 8 mm) at 40 °C. Tetrahydrofuran (THF
stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as
the eluent at a ﬂow rate of 1.0 mL min−1. The system was calibrated
with polystyrene standards.
Zeta Potential Analysis. Zeta potential analyses were performed
using a Zetasizer Nano ZS (Malvern Instruments) whereby laser
doppler microelectrophoresis is used to measure the zeta potential. An
electric ﬁeld is applied to a highly dilute dispersion of particles, which
then move with a velocity related to their zeta potential. The velocity
is measured using phase analysis light scattering; the used laser is a 4
mW He−Ne laser with a wavelength of 633 nm.
CMC Measurements. DLS experiments were performed with a
AntonPaar Litesizer 500. The used laser is a 40 mW laser with a
wavelength of 658 nm. The CMC was determined from the intensity
of the scattered light as a function of the concentration of the
macromonomer. All macromonomers were dissolved in and diluted
with an aqueous solution of Na2CO3 (4 × 10−2 M).
Rheology. Rheological measurements were performed at 20 °C
using an Anton Paar Physica MCR 301 rheometer with a concentric
cylinder CC27 system (inner and outer diameters are 26.66 and 28.92
mm, respectively) in the auto optimization mode using the
Smoluchowski model. In order to get a more quantitative insight
into the appearances and the rheological properties of the prepared
latexes, we measured the viscosities as a function of the shear rate
between 0.001 and 100 s−1; for each measurement point, the shear
rate was kept constant until the viscosity reached a steady value. We
4617
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Table 2. Characteristics of Statistical Comacromonomer Stabilizersa
#b

FMc

DPnd

nMAAe

mRMAe

Đf

wt % RMAg

wt % Rg

B448−51
B202−22
B80−23
B3−1
L204−18
L189−21
L82−26
L15−2
L8−3
L5−1

0.10
0.10
0.22
0.30
0.08
0.10
0.24
0.09
0.28
0.10

499
224
103
4.7
222
210
108
17
12
5.0

448
202
80
3.3
204
189
82
15
8.4
4.5

51
22
23
1.4
18
21
26
1.5
3.2
0.5

2.0
2.5
6.3
1.4
3.5
3.0
6.6
2.5
1.7
1.3

0.16
0.15
0.32
0.41
0.21
0.25
0.48
0.23
0.53
0.25

0.06
0.06
0.13
0.17
0.14
0.16
0.32
0.15
0.35
0.16

CMCh (mM)
6.3
7.7
1.1
1.9
3.4
4.2
5.3
6.9
6.5
7.6

×
×
×
×
×
×
×
×
×
×

10−4
10−3
10−2
10−1
10−3
10−3
10−3
10−3
10−2
10−1

Macromonomers of MAAn-co-RMAm synthesized from t-BMAn-co-RMAm macromonomers; R is butyl or lauryl. bNotation: Rn−m: “B” = MAAn-coBMAm or “L” = MAAn-co-LMAm and subscript n−m indicates the number of monomer units of both monomers. cFM = mol fraction of the
comonomer in the macromonomer estimated from 1H NMR, standard error ca. 5%. dNumber average degree of polymerization estimated from 1H
NMR. eMean DPnfor MAA and RMA units resp. fDispersity of the t-BMA-comacromonomer determined via SEC. gWeight percentage of RMA
and R units in the macromonomer resp. hCritical micelle concentration determined via DLS.
a

also probed the mechanical microstructure by measuring the dynamic
moduli G’ and G’’ for a period of 1000 s at a ﬁxed frequency (i.e., a
dynamic time sweep). In order to check the recoverability of the
structure after such time sweep, the sample was agitated (using a shear
rate of 100 s−1 for a duration of 100 s), after which another dynamic
time sweep was recorded. The linear viscoelastic region was
determined by performing a strain sweep experiment at an angular
frequency of 6.3 rad·s−1. A stress of 0.001 Pa was chosen because this
stress was suﬃciently high to eﬀectively suppress noise and small
enough to stay in the linear region.

■

latex, which may contain some redispersible sediment, and
type III is a highly viscous latex with a strong internal network
structure (gelated).41
Characterization of Macromonomers by 1H NMR and
MALDI-ToF MS. The macromonomer compositions before
and after acidolysis were determined by 1H NMR and MALDIToF MS. By 1H NMR, the mole fractions of both monomer
units were determined from the intensity of the signals of the
methyl group bound to the ester group relative to those of the
propenyl end group and the rest of the peaks. By MALDI-ToF
MS, the exact masses of the macromonomers were
determined; these masses were consistent with the two
characteristic end groups, a hydrogen atom at the α-chain
end and a vinyl group at their ω-terminal. Hence, both the
NMR and MALDI results conﬁrm that all obtained polymers
are indeed MAA macromonomers (for more details of the
NMR spectra, calculations of DPn, and a MALDI-ToF MS
spectrum with a table containing the assignments of the peaks,
see the Supporting Information).
SEC analyses were performed for the t-BMAn-co-RMAm
macromonomers to determine the dispersity (Đ) of all
macromonomers. Đ was assumed to be the same after
acidolysis of the t-BMA group to MAA. Most macromonomers
have Đ ≈ 2−3, except for B80−23 and L82−26, which have Đ ≈
6.5. The CMC decreases with increasing DPn of the
macromonomer for both BMA- and LMA-comacromonomers.
These CMCs are all lower than the used surfactant
concentration in all cases. No relation was found between
the length of hydrophobic block (BMA versus LMA) or the wt
% of the hydrophobic block in the macromonomer (wt % R)
and the CMC. A summary of the characteristics of MAAn-coBMAm and MAAn-co-LMAm comacromonomers is given in
Table 2.
Emulsion Polymerization. Using the synthesized MAAnco-BMAm and MAAn-co-LMAm macromonomers, stable latexes
were obtained in most cases. The nomenclature of the latexes
is as follows: xL-Rn−m, where x is the added wt % of the
macromonomer, L for latex, and Rn−m is the macromonomer
mentioned in Table 2. For example, 5L-B3−1 means that in this
latex, 5 wt % of macromonomer B3−1 was used as the
surfactant.
Emulsion Polymerization Using MAAn-co-BMAm Macromonomers. The appearance of all latexes stabilized by
MAAn-co-BMAm was of type II: all latexes were ﬂocculated and

RESULTS AND DISCUSSION

After synthesis, the MAA-containing comacromonomers were
characterized and used as stabilizers in the batch emulsion
polymerization of MMA. The kinetics of the polymerization
were followed, and the particle diameters, the zeta potentials,
and the rheological behavior of the latexes were determined.
Except for the polymerization with MAA10−co-MMA4, all
emulsion polymerizations with MAAn-co-MMAm gave extensive
coagulation in an early stage of the reaction; no conversions
higher than 20% could be achieved. It is conceivable that these
macromonomers are too hydrophilic and that they are not
converted suﬃciently fast into truly surface-active molecules by
the addition-fragmentation chain transfer polymerization with
MMA, similar to what we previously observed using homo
MAAn macromonomers.30
In the remainder of this paper, we therefore limit ourselves
to the discussion of the BMA- and LMA-based macromonomers and refer to the Supporting Information for the
results of the MMA-based macromonomers. It should be noted
here that although the systems are not completely comparable,
Shegiwal et al.32 also encountered problems in the emulsion
polymerization with MMA-containing macromonomers with
high acid concentration; for example, macromonomers
containing 35 wt % MAA and 65 wt % MMA gave coagulation
and large particle sizes (>200 nm). Although this result was
not discussed further by the authors, they suggest in a later
publication35 that increasing the polymerization temperature
to 75 °C or higher results in more stable latexes, presumably
because of higher initiator decomposition rates and increasing
monomer solubility in the aqueous phase.
To facilitate the further discussion, we categorize the latexes
according to visual appearance into three types: type I is a
colloidally stable, liquid-like latex (low viscosity, containing no
visible sediment/coagulum), type II is a (weakly) ﬂocculated
4618
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both electrostatic repulsion and interchain repulsion forces
caused by the longer polymeric chains.48 The extent of
network formation in these latexes due to these longer polymer
chains will increase the viscosity and reduce the mobility of the
chains. This is consistent with a type II latex: a high viscosity at
rest but with a low viscosity when shaken.
In order to get a more quantitative insight into the
appearances and the rheological properties of the prepared
latexes, we measured the viscosities as a function of the shear
rate and probed the mechanical microstructure by performing
a dynamic time sweep measurement to determine the dynamic
moduli G’ and G’’ as a function of time. In Figure 2, these
results are shown.
In Figure 2a, a comparison of the ﬂow curves (viscosity
versus shear rate) is made for all latexes. All latexes show shear
thinning behavior, with a high viscosity at low shear rates (η0)
and low viscosity at high shear rates (η∞). The viscosities of
most of the latexes do not level oﬀ at high shear rates,
suggesting that even higher shear rates are needed to break up
the internal network structure.7,48 The exception is latex 5LB3−1, which levels oﬀ above a shear rate of 10 s−1 and at a low
viscosity level. The slopes of the curves in the double-log plot
are between −0.5 and −1, which is indicative of (pseudo-)
plastic behavior; this means that large agglomerates stick to
each other and form a soft solid.49,50 For the latex stabilized
with 5L-B202−22, a yield stress (τ0) of 12 Pa is determined
(slope = −1), and for the other three latexes, these values are
very low and estimated to lie between 0.02 and 0.08 Pa. These
results are supported by the results of the dynamic time sweep
experiments (Figure 2b). In Figure 2b, a plot of the storage
and loss moduli (G’ and G’’, respectively) versus time of all
latexes is shown. Shown are the results of two sequential time
sweeps (duration = 1000 s, ω = 6.3 rad/s, and strain = 0.001).
Latexes 5L-B202−22 and 5L-B80−23 behave like soft solids (G’ >
G’’),7,51 and the behavior is consistent with a space-ﬁlled
ﬂocculated packing where the ﬂocs break up the bonds with
their neighboring ﬂocs when sheared but on rest immediately
restore these bonds. The latexes stabilized by B448−51 and B3−1
are more ﬂuidlike (G’’ ≥ G’); some internal structure is built
up in time, but the extent of agglomeration at rest is very
limited. The G’’ values are ∼0.8 and 0.3 Pa, respectively, which
indicates that the network formation is minor.
Emulsion Polymerization Using MAAn-co-LMAm Macromonomers. A series of emulsion polymerizations stabilized
by MAAn-co-LMAm macromonomers was also performed.
Variations in the recipes included diﬀerent compositions and
diﬀerent concentrations of the macromonomeric surfactants.
An overview of all polymerizations and the characteristics of
the latexes is given in the Supporting Information.

showed a high viscosity at rest. In Figure 1, the conversion vs
time curves for a series of emulsion polymerizations stabilized

Figure 1. Emulsion polymerization of MMA stabilized with 5 wt %
MAAn-co-BMAm macromonomer, according to the standard recipe
(Table 1). (blue solid inverted triangle) 5L-B448−51; (green solid
triangle) 5L-B202−22; (black solid square) 5L-B80−23; (red solid circle)
5L-B3−1. Finally, all reactions reach around 100% conversion. The
lines in the graph are only to guide the eye.

by 5 wt % of diﬀerent MAAn-co-BMAm macromonomers are
shown, and it is clear that all reactions show typical emulsion
polymerization behavior. Although the molar concentration of
the macromonomer surfactant ([MM]) increases by a factor of
100, the diﬀerences in polymerization rates between the four
reactions are not very large and actually contrary to what
would be expected (the reaction using B448−51 as the stabilizer
being the fastest and using B3−1 the slowest (see Table 3 and
the Supporting Information)).
The system stabilized by B3−1 shows an initial delay in the
onset of polymerization, suggesting that the particle nucleation
is slower; ﬁrst, the addition of some hydrophobic MMA units
is needed before large enough micelles are formed suitable for
nucleation. The low number-average molar mass of this latex
(Mn = 55 kg mol−1) is the result of chain transfer because these
macromonomeric surfactants act as chain transfer agents (they
are so-called transurfs).18,20,25−29 The other three latexes show
a higher molar mass because of the lower [MM] used to
prepare these latexes, giving less chain transfer.
On comparing the zeta potentials (ζ) of these latexes, it can
be seen that the ﬁrst three latexes are characterized by ζ ≈ −45
mV and the latex stabilized by B3−1 is characterized by ζ ≈ −28
mV. Although this latter system has the highest [MM] (22
mM), it has the lowest concentration of MAA units [MAA]
(73 mM), resulting in less electrostatic repulsion by MAA units
on the particle surface and therefore a lower zeta potential. For
the other latexes, the stabilization of the particles is caused by

Table 3. Characteristics of Synthesized Latexes Stabilized with 5 wt % MAAn-co-BMAm Macromonomers
#a

[MM]b (mM)

[MAA]c (mM)

5L-B448‑51
5L-B202−22
5L-B80−23
5L-B3−1

0.26
0.58
1.2
22

116
117
93
73

Dnd (nm)
106
110
140
117

±
±
±
±

24
24
28
31

rppe (m3 h−1 /10−22)

ζf (mV)

Mng (kg·mol−1)

Đg

±
±
±
±

−42
−52
−45
−28

501
204
497
55

2.1
2.0
3.7
5.5

40
19
55
19

15
7
18
9

a

All latexes (L) are indexed as xL-Bn−m where x is the added wt % macromonomer and Bn−m is the used MAAn-co-BMAm macromonomer.
Concentration of the macromonomer. cOveral concentration of MAA units determined from the used mass and the weight fraction of MAA in the
macromonomer. dNumber-average diameter with 95% conﬁdence interval (CI) determined by SEM, particle count > 100. eRate per particle =
(dX/dt)/Np with 95% CI. fζ-potential in dilute solution (0.01 wt %). gNumber-average molar mass and dispersity determined by SEC using MarkHouwink constants for pMMA (see the Supporting Information) to convert the polystyrene calibration curve.
b
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Figure 2. Rheology of the pMMA latex stabilized with 5 wt % MAAn-co-BMAm: (a) viscosity; (b) storage modulus G’ (solid line) and loss modulus
G’’ (dotted line) as a function of time; at 1000 s, the sample was agitated at a shear rate 100 s−1 for 100 s; (blue solid inverted triangle) 5L-B448−51;
(green solid triangle) 5L-B202−22; (black solid square) 5L-B80−23; (red solid circle) 5L-B3−1.

In Figure 3a, conversion versus time curves of a series of
latexes stabilized with 5 wt % of diﬀerent MAAn-co-LMAm

macromonomers are shown. All reactions show typical
emulsion polymerization behavior. With a decreasing surfactant chain length (DPn), a decrease in the particle diameter
(Dn) and a decrease in the rate per particle (rpp) are observed
in all cases, except for 5L-L5−1 (see Table 4). Latex 5L-L5−1
shows a higher Dn than expected from the chain length but also
has a very broad distribution. In this case, it is likely that not all
macromonomers contain LMA, resulting in less eﬃcient
particle nucleation. Since not all macromonomers are
amphiphilic from the start of the reaction, ﬁrst the addition
of some MMA units is needed before the macromonomers
become surface active and are able to form micelles, which are
suitable for particle nucleation. Latex 5L-L82−26 reached a
conversion of 86% after 4 h but appeared to be colloidally
unstable in time; the lack of stability is obvious from the low ζpotential of −23 mV.
In Figure 3b, the conversion versus time curves of two series
of latexes using diﬀerent concentrations of macromonomer
L15−2 and L204−18/189−21 are shown. From these curves, it can be
seen that the amount of macromonomer does not have much
inﬂuence on the overall polymerization rate; this has also been
observed in our earlier work on macromonomeric stabilizers.41
On comparing the overall polymerization rates using the
diﬀerent macromonomers, it can be seen that all polymerizations using L189−21/204−18 proceed much faster than those
with L15−2. An explanation can be that the former macromonomer, L189−21/204−18, is already a small particle from the
start of the polymerization and acts as a “seed.” This is

Figure 3. Conversion versus time curves for the emulsion polymerization of MMA according to the standard recipe (Table 1) (a)
stabilized with 5 wt % of MAAn-co-LMAm macromonomers with
diﬀerent compositions: (green solid triangle) 5L-L189−21; (cyan solid
left-pointing triangle) 5L-L82−26; (black solid square) 5L-L15−2; (red
solid circle) 5L-L8−3; (blue solid inverted triangle) 5L-L5−1; (b)
stabilized with variable amounts of macromonomer: (yellow open
square) 1.3L-L204−18 (1.3 wt %); (purple open right-pointing triangle)
2.5L-L204−18 (2.5 wt %); (green open triangle) 5L-L189−21 (5 wt %);
(lime solid diamond) 1.3L-L15−2 (1.3 wt %); (black solid square) 5LL15−2 (5 wt %); (blue solid circle) 10L-L15−2 (10 wt %). The lines in
the graph are only to guide the eye.

Table 4. Characteristics of Synthesized Latexes Stabilized with MAAn-co-LMAm Macromonomers
#

typea

[MM]b (mM)

Dnc (nm)

rppd (m3·h−1 /10−22)

ζe (mV)

Mnf (kg mol−1)

Đf

5L-L189‑21
5L-L82−26
5L-L15−2
5L-L8−3
5L-L5−1
1.3L-L15−2
10L-L15−2
1.3L-L204−18
2.7L-L204−18

I
II
II
I
I
II
I
II
I

0.56
0.90
6.9
8.5
23
1.7
14
0.14
0.35

89 ± 35
63 ± 55
57 ± 40
36 ± 18
64 ± 40
78 ± 44
62 ± 30
120 ± 30
96 ± 24

26 ± 17
5±7
4±5
1±1
4±4
14 ± 14
6±5
71 ± 30
37 ± 16

−46
−23
−55
−53
−40
−48
−52
−49
−51

441
318
122
53
40
300
68
876
449

4.7
5.4
4.3
5.2
5.9
5.8
4.0
2.8
1.9

a
Appearance of latex: I: ﬂuidic, II: viscous latex with reversible ﬂocculation.41 bConcentration of the macromonomer, determined from the used
mass and added weight fraction. cNumber-average diameter with 95% conﬁdence interval (CI) determined by SEM, particle count ≈ 100. dRate
per particle = (dX/dt)/Np with 95% CI determined in interval II. eζ-potential in dilute solution (0.01 wt %). fNumber-average molar mass and
dispersity determined by SEC using Mark-Houwink constants for pMMA (see the Supporting Information) to convert the polystyrene calibration
curve.
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diﬀerent from the conversion versus time curves of the
polymerizations using L15−2, which show a nucleation period at
the start of the polymerization; these macromonomers are
probably partly dissolved in the water phase and do not form
micelles so quickly. The, for conventional emulsion polymerization,3 expected decrease in Dnwith an increase of [MM] can
only be found for the large, amphiphilic macromonomer:
L204−18/189−21. It appears that an amount of only 1.3 wt % of
this macromonomer is already enough to perform an emulsion
polymerization resulting in a stable latex. Although the particle
size distribution of the latexes is rather broad, it is clear that the
rpp decreases with a decrease in Dn (Figure 4a). The observed
decrease in the rpp is consistent with increasing exit and
termination rates.52,53

Article

Figure 5. Viscosity of pMMA latexes (a) stabilized with 5 wt % of
MAAn-co-LMAm macromonomers with diﬀerent compositions: (green
solid triangle) 5L-L189−21; (cyan solid left-pointing triangle) 5L-L82−26;
(black solid square) 5L-L15−2; (red solid circle) 5L-L8−3; (blue solid
inverted triangle) 5L-L5−1; (b) stabilized with variable amounts of
macromonomer: (yellow open square) 1.3L-L204−18 (1.3 wt %);
(purple open right-pointing triangle) 2.5L-L204−18 (2.5 wt %); (green
open triangle) 5L-L189−21 (5 wt %); (gray solid diamond)1.3L-L15−2
(1.3 wt %); (black solid square) 5L-L15−2 (5 wt %); (blue solid
circle)10L-L15−2 (10 wt %).

behaved pseudo-plastic (slope in the double-log plot between
−0.3 and −1), with estimated yield stresses between 0.01 and
0.09 Pa. At high shear rates, the viscosities of most latexes do
not level oﬀ, suggesting that even higher shear rates are needed
to break up the internal network structure.7,48 Only for the
latexes stabilized with the macromonomers with the lowest
DPn (5L-L8−3 and 5L-L5−1), the viscosities level oﬀ at a shear
rate above 1 s−1 and at a low value.
These results are consistent with the results of the dynamic
time sweep series (Figure 6). In all cases, the existing network
is destroyed at high shear rates but is immediately restored at
rest. In Figure 6a, the dynamic time sweep series of the latexes
stabilized with 5 wt % macromonomer is shown. Almost all
latexes show viscous behavior (G’’ ≥ G’); only the latex
stabilized with 5 wt % 5L-L82−26 behaved like a soft solid. In
Figure 6b, the results are shown for the latexes stabilized with
variable amounts of the macromonomers L204−18/189−21 and
L15−2. In the case of L15−2, the network formation and viscosity
decrease with the increasing amount of macromonomeric
surfactant, which can be expected when the interparticle
repulsion forces between the particles increase. In the case of
the large macromonomer L204−18/189−21, diﬀerent eﬀects can be
seen with the increasing macromonomer concentration: at a
low concentration ([MM] = 0.14, 0.35 mM), a weak network
consisting of ﬂocs is formed, probably by bridging of the
hydrophobic groups between the diﬀerent particles, so a high
η0 and τ0 are measured; this network is, however, readily
aﬀected by shear (Figure 5b). At a high macromonomer
concentration ([MM] = 0.56 mM), the viscosity decreases by
the increase of electrostatic forces, caused by the increasing
MAA concentration ([MAA] = 24, 57, and 106 mM,
respectively).
In earlier work,41 we also synthesized block and graft MAAcontaining copolymers and used these as stabilizers in
emulsion polymerization. If we compare those results with
the results of this work, we can carefully conclude that the
stabilizers with the least hydrophobic comonomer, MMA
(MAAn-co-MMAm), give the least stable latexes. All other types
of stabilizers (containing BMA, LMA, or BA) provide stable,
shear thinning latexes, albeit with diﬀerent viscosities at rest
and high shear. In several industrial processes, it is important

Figure 4. (a) Rate per particle versus number mean particle size,
including standard error bars and (b) reciprocal of molar mass versus
surfactant concentration for pMMA latexes stabilized with MAAn-coLMAm macromonomers.

From Table 4, an apparent relation can be seen between
[MM] and the molar mass (Mn) of the ﬁnal emulsion polymer.
From Figure 4b, it is clear that an inverse proportional relation
between Mn and [MM], irrespective of the type of the
macromonomer, exists. This suggests that molar mass control
is dominated by chain transfer43,54 and not by the particle
number. Between the composition of the macromonomer and
Dn or Mn, no obvious relations could be found.
When comparing the latexes stabilized by 5 wt % MAAn-coBMAm and those by 5 wt % MAAn-co-LMAm, the former
latexes have in general larger particle sizes (106−140 nm) than
the latter (36−89 nm), which suggests that the macromonomers with the longer hydrophobic chain segment form
more easily primary particles, which ﬁnally results in more and
thus smaller polymer particles. Also, the visual appearance of
the MAAn-co-BMAm-stabilized latexes diﬀer from that of the
MAAn-co-LMAm-stabilized ones: all MAAn-co-BMAm-stabilized
latexes were of type II, and some of the MAAn-co-LMAmstabilized latexes were of type II (weakly ﬂocculated), but most
of the latexes were of type I (ﬂuid-like), see Table 4. A more
quantitative insight in the visual appearance of the latter latexes
can be obtained from the results of the rheological measurements (Figures 5 and 5). In Figure 5a,b, the ﬂow curves of the
series of latexes are shown in Figure 5a for the latexes stabilized
with 5 wt % of MAAn-co-LMAm macromonomers of diﬀerent
compositions and in Figure 5b for the latexes stabilized by
variable amounts of L204−18/189−21 and L15−2 macromonomers.
All latexes show shear thinning, (pseudo) plastic behavior, but
the viscosities at rest diﬀer from 10−2 Pa s (5L-L8−3 and 5LL5−1) to 10 Pa s (5L-L82−26 and 5L-L15−2).
The latexes 5L-L82−26 and 2.5L-L204−18 show plastic behavior
(slope in the double-log plot is −1), and their yield stresses
were found to be 3 and 0.5 Pa, respectively. The other latexes
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Figure 6. Storage modulus G’ (symbols, number of points reduced for visibility) and loss modulus G’’ (solid lines) as a function of time; strain =
0.001, ω = 6.3 rad/s; at 1000 s, the sample was agitated at a shear rate of 100 s−1 for 100 s: (a) pMMA latex stabilized with 5 wt % of MAAn-coLMAm macromonomers with diﬀerent compositions, (green solid triangle) 5L-L189−21 (cyan solid left-pointing triangle) 5L-L82−26; (black solid
square) 5L-L15−2; (red solid circle) 5L-L8−3; (blue solid inverted triangle) 5L-L5−1; (b) pMMA latex stabilized with variable amounts of
macromonomer, (yellow open square) 1.3L-L204−18 (1.3 wt %); (purple open right-pointing triangle) 2.5L-L204−18 (2.5 wt %); (lime open triangle)
5L-L189−21 (5 wt %; (gray solid diamond)1.3L-L15−2 (1.3 wt %); (black solid triangle) 5L-L15−2 (5 wt %); (blue solid circle)10L-L15−2 (10 wt %).

surfactant, probably due to the presence of the grafted
polymeric tails. The length of the hydrophobic group of the
surfactant seems to be of more importance than the number of
hydrophilic groups present. In general, for these macromonomeric stabilizers, it is found that using macromonomers
with larger hydrophobic groups results in latexes with smaller
particle sizes.

to control the degree of internal network formation. In coating
applications, for example, weak, reversible ﬂocculation with
minor network formation will provide the best results: a low
viscosity latex is obtained when shear is applied (during
brushing), while at low shear, sagging is prevented by the
presence of the minor network.50,55 The optimal yield stress
for a ﬁnal coating lies between 0.4 and 1 Pa with an optimal
viscosity of 0.1−0.3 Pa·s at high shear rates.56 With all types of
our synthesized stabilizers, latexes could be obtained, which are
suitable to be used in a formulation to match these
requirements.
In Figure 7, the particle diameters of the synthesized latexes
versus the concentration MAA units in the surfactant are

■

CONCLUSIONS
Diﬀerent statistical comacromonomers containing MAA and
MMA, BMA, or LMA were synthesized by CCTP, and those
containing BMA and LMA were shown to be good stabilizers
in the emulsion polymerization of MMA. The large hydrophobic groups of LMA in the macromonomer provide fast and
easy particle nucleation, giving rise to smaller particles as
compared to BMA-containing macromonomers. Almost
independent of the ratio between hydrophobic and hydrophilic
units and the length of the macromonomer, stable latexes
could be prepared. In many cases, it was possible to aﬀect the
particle diameter and the molar mass by changing the amount
of stabilizer and the composition, without loss of stability. The
composition and concentration of the macromonomer appear
to have a large inﬂuence on the interparticle forces in the latex,
aﬀecting the microstructure and thus the rheological behavior
of the latex, e.g., the viscosity and ﬂow properties. Most of the
latexes synthesized with these statistical comacromonomers
show shear thinning behavior with a viscosity at high shear
rates below 0.1 Pa s and no aggregation, similar to binders used
for coating formulations. In addition, taking into account the
easier synthesis route for the statistical macromonomers (onepot synthesis), the synthesis of pMMA latexes with these
statistical macromonomers is very promising.

Figure 7. Particle diameter of synthesized latexes versus concentration
MAA units (from the surfactant) in the emulsion polymerization:
(lime solid circle) statistical MAAn-co-MMAm (black solid square)
statistical MAAn-co-BMAm; (red solid circle) statistical MAAn-coLMAm (blue solid triangle) block MAAn-co-MMAm,41 and (lavender
solid inverted triangle) graft MAAn-co-BAm.41 The results for each
type of surfactant are enclosed by a rectangle.

■

compared for the surfactants of the current and our earlier
study.41 Although not very strong, there seems to be a
correlation between the particle diameter of the latex and the
length of the tail of the hydrophobic group (i.e., methyl, butyl,
or lauryl) for the macromonomeric surfactants. The larger the
hydrophobic group, the smaller the diameter of the latex
particles. The latexes synthesized with the graft MAAn-co-BAm
polymeric surfactants41 show a behavior more or less similar to
those synthesized using the lauryl-containing macromonomeric
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