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ABSTRACT: The persulfate-initiated aqueous emulsion polymerization of
2,2,2-trifluoroethyl methacrylate (TFEMA) is studied by time-resolved
small-angle X-ray scattering (SAXS) at 60 °C using a stirrable reaction cell.
TFEMA was preferred to styrene because it offers much greater X-ray
scattering contrast relative to water, which is essential for sufficient
temporal resolution. The evolution in particle size is monitored by both in
situ SAXS and ex situ DLS in the absence or presence of an anionic
surfactant (sodium dodecyl sulfate, SDS). Post-mortem SAXS studies
confirmed the formation of well-defined spherical latexes, with volume-
average diameters of 353 ± 9 nm and 68 ± 4 nm being obtained for the
surfactant-free and SDS formulations, respectively. 1H NMR spectroscopy
studies of the equivalent laboratory-scale formulations indicated TFEMA
conversions of 99% within 80 min and 93% within 60 min for the
surfactant-free and SDS formulations, respectively. Comparable polymer-
ization kinetics are observed for the in situ SAXS experiments and the laboratory-scale syntheses, with nucleation occurring after
approximately 6 min in each case. After nucleation, scattering patterns are fitted using a hard sphere scattering model to determine
the evolution in particle growth for both formulations. Moreover, in situ SAXS enables identification of the three main intervals (I, II,
and III) that are observed during aqueous emulsion polymerization in the presence of surfactant. These intervals are consistent with
those indicated by solution conductivity and optical microscopy studies. Significant differences between the surfactant-free and SDS
formulations are observed, providing useful insights into the mechanism of emulsion polymerization.

■ INTRODUCTION

Aqueous emulsion polymerization is an environmentally
friendly process that is widely used on an industrial scale to
polymerize many water-immiscible vinyl monomers, including
styrene, methacrylates, acrylates, vinyl acetate, vinyl chloride,
etc.1,2 Such heterophase polymerizations account for approx-
imately 25% of synthetic polymers produced globally,3 with tens
of millions of tons of copolymer latexes being prepared each
year.3,4 Importantly, microcompartmentalization enables the
efficient production of high molecular weight polymer chains in
convenient low-viscosity form while offering good control over
heat dissipation.2,5−9 The resulting latex particles are used for
many applications, including architectural paints, anticorrosion
coatings, adhesives, varnishes, cement and concrete additives,
rheology modifiers; they can also serve as the mobile phase for
immunodiagnostic assays.10

Aqueous emulsion polymerizations are inherently heteroge-
neous in nature. Thus, such formulations usually require
vigorous stirring to generate micrometer-sized monomer
droplets. Such droplets act as reservoirs and provide a
sufficiently high interfacial area to ensure efficientmass transport
of the water-immiscible monomer to the growing particles
during polymerization. Various in situ techniques have been
utilized to monitor the kinetics of aqueous emulsion polymer-

ization, including 1H NMR spectroscopy combined with a flow
cell,11 Raman spectroscopy,12 and near-IR spectroscopy.13,14

However, such studies do not enable the evolution in particle
morphology to be assessed, hence they can provide only rather
limited insights regarding the complex mechanism of emulsion
polymerization.2,15,16

The kinetics of emulsion polymerization has been extensively
studied.6,17−19 The generally accepted mechanism comprises
three distinct regions, which are denoted as Intervals I, II, and III
(see Figure 1).1,6−9,16,20−22 A typical batch emulsion polymer-
ization formulation comprises a vinyl monomer of relatively low
water solubility (e.g., styrene), water, surfactant, and a water-
soluble initiator. Prior to polymerization, the hydrophobic
monomer mainly resides in the monomer droplets, with a
relatively small fraction solubilized within surfactant micelles
and a further (minor) fraction dissolved within the aqueous
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continuous phase. Free radicals derived from the water-soluble
initiator polymerize monomer dissolved in the aqueous phase to
form oligomeric radicals. At some critical chain length, these
oligomeric radicals become sufficiently hydrophobic to enter the
monomer-swollen micelles, which vastly exceeds the monomer
droplets in terms of both number density and overall interfacial
area.6,7 Further monomer then diffuses from the monomer
droplets into these nascent particles and new polymer chains are
initiated within the monomer-swollen particles, which continue
to grow in size. To maintain colloidal stability, the remaining
surfactant micelles undergo dissociation to supply additional
surfactant and hence ensure monolayer coverage of the surface
of the growing polymer particles. Furthermore, the surfactant
molecules that act as an emulsifier desorb from the (shrinking)

monomer droplets to coat these particles. Once there are no
remaining surfactant micelles, particle nucleation (i.e., Interval
I) is complete, see Figure 1a. Thereafter, the number of latex
particles remains relatively constant. Polymerization continues
primarily within monomer-swollen particles with monomer
droplets serving as reservoirs to supply the growing particles
with further monomer (and surfactant). This particle growth
stage (Interval II, Figure 1b) is complete when there are no
remaining monomer droplets. This leads to so-called “mono-
mer-starved” conditions and the polymerization proceeds at a
slower rate until all the monomer is consumed (Interval III,
Figure 1c).
However, aqueous emulsion polymerization can also occur

under surfactant-free conditions.23−29 In this case, thermal

Figure 1. Representation of the three main intervals (I, II, and III) that occur during the aqueous emulsion polymerization of a water-immiscible
monomer (e.g., styrene) in the presence of a surfactant above its critical micelle concentration.2,9,16

Figure 2. (a) Representation of the synthesis of PTFEMA latex particles formed via aqueous emulsion polymerization of 2,2,2-trifluoroethyl
methacrylate (TFEMA) using an anionic free radical initiator (potassium persulfate, KPS) at 60 °C either in the presence of an anionic surfactant
(SDS) or under surfactant-free conditions targeting 5.0% w/w solids. (b) Schematic cross-section of the stirrable reaction cell used for time-resolved
small-angle X-ray scattering (SAXS) studies of such formulations. The volume of the reaction solution within this cell is approximately 2.0 mL, which is
sufficient to enable post-mortem analysis using 1H NMR spectroscopy, TEM, and dynamic light scattering.
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decomposition of an ionic initiator (e.g., persulfate) generates
charged water-soluble radicals that react with dissolved
monomer within the aqueous phase. This generates a growing
polymer radical with a terminal anionic sulfate group that
becomes insoluble at some critical chain length to form a
primary particle. These primary particles are colloidally unstable
and thus undergo aggregation. The ensuing increase in surface
charge density produces colloidally stable mature particle nuclei
into which monomer can diffuse from the droplet reservoirs
and/or the aqueous phase. Latexes prepared under surfactant-
free conditions tend to be significantly larger than those
prepared in the presence of surfactant, which has been attributed
to a coagulative nucleation mechanism.30

Small-angle X-ray scattering (SAXS) is ideally suited for
characterizing systems exhibiting multiple colloidal length
scales.31 Furthermore, using a synchrotron X-ray source ensures
superb temporal resolution for in situ studies, thus providing
unique insights into various phenomena, including particle
formation and growth,32 kinetics33 and self-assembly.34,35

Recently, we have demonstrated that time-resolved SAXS is a
powerful technique for studying the evolution in block
copolymer morphology that occurs during polymerization-
induced self-assembly (PISA).36−38 Herein we utilize our
recently reported stirrable reaction cell36 to conduct in situ
SAXS studies during the free persulfate-initiated aqueous
emulsion polymerization of 2,2,2-trifluoroethyl methacrylate
(TFEMA) at 60 °C. More specifically, we examined two
formulations: one was conducted in the presence of an anionic
surfactant (sodium dodecyl sulfate, SDS) while the other was
performed under surfactant-free conditions,23 (see Figure 2).

■ RESULTS AND DISCUSSION

Preliminary Experiments. From an academic perspective,
the most widely studied aqueous emulsion polymerization
formulation involves the homopolymerization of styrene.39−42

Although the glass transition temperature of polystyrene is too
high for paints and coatings applications, polystyrene latexes are
widely used as calibration standards for particle size analysis43

and for visual agglutination immunodiagnostic assays.44 Given
these considerations, our original aim was to conduct in situ
SAXS studies of the aqueous emulsion polymerization of
styrene. Unfortunately, this prototypical formulation offers very
poor X-ray contrast between the polystyrene particles and the
aqueous continuous phase owing to the remarkably similar
scattering length densities (SLD, or ξ) of water (ξwater = 9.42 ×
1010 cm−2) and polystyrene (ξPolystyrene = 9.41 × 1010 cm−2).45

Indeed, there is almost no difference between the scattering
curve recorded at 40% styrene conversion during the surfactant-
free aqueous emulsion polymerization of styrene and that for
pure water (see Figure S1 in the Supporting Information, SI).
With the benefit of hindsight, these observations are not
surprising: X-ray contrast correlates quite closely with density,
and the solid-state density of polystyrene (1.05 g cm−3) is simply
too close to that of water (1.00 g cm−3). In view of this problem,
we sought an alternative vinyl polymer with a significantly higher
density (and hence SLD) than that of water. Previously, we had
prepared sterically stabilized diblock copolymer nanoparticles
via RAFT aqueous emulsion polymerization of TFEMA.46 This
monomer has a density of 1.18 g cm−3 and the corresponding
PTFEMA homopolymer has a solid-state density of 1.47 g cm−3.
Therefore, we elected to use TFEMA monomer instead of
styrene because it provides much stronger contrast relative to
water during in situ SAXS studies (ξPTFEMA = 12.76 × 1010

cm−2). TFEMA has an aqueous solubility of approximately 2.9 g
dm−3 at 25 °C, which is approximately an order of magnitude
higher than that of styrene (0.31 g dm−3 at 25 °C). Nevertheless,
the aqueous solubility of TFEMA is sufficiently low to ensure a
genuine aqueous emulsion polymerization formulation. Fur-
thermore, given that theTg of PTFEMAhomopolymer is around
55 °C, the nanoparticles retain their original morphology during
TEM analysis.
In principle, particle growth during emulsion polymerization

can be monitored by analyzing aliquots periodically extracted
from the reaction mixture using techniques such as DLS.
However, for formulations involving an ionic surfactant such as
SDS, significant changes in solution conductivity also occur
during polymerization. This is because the solution conductivity
depends mainly on the concentration of free surfactant dissolved
in the aqueous continuous phase (Figure 1). Initially, most of
this surfactant is either present in the form of micelles or is
adsorbed at the surface of the monomer droplets. At the end of
the polymerization, the majority of the surfactant is adsorbed at
the surface of the final latex particles. At intermediate monomer
conversions, the solution conductivitywhich can be readily
monitored in situdepends on the relative populations of
monomer droplets, micelles, free (dissolved) surfactant, and
growing latex particles. Thus, the evolution in solution
conductivity during aqueous emulsion polymerization can
provide valuable information on the polymerization kinetics,47

particle nucleation,5 and the underlying mechanism of emulsion
polymerization.48,49 Figure 3 shows in situ solution conductivity

data recorded during the laboratory-scale synthesis of PTFEMA
latex particles in the presence of SDS surfactant under the
conditions shown in Figure 2. Once particle nucleation has
occurred, free surfactant molecules adsorb onto the growing
nascent particles to confer anionic surface charge and hence
colloidal stability. This depletion of free surfactant leads to a
gradual reduction in conductivity and the period between 0 and
11 min corresponds to Interval I (Figure 1a).49 At the end of

Figure 3. Solution conductivity measurements recorded in situ during
the aqueous emulsion polymerization of TFEMA in the presence of
SDS surfactant at 60 °C targeting 5.0% w/w solids. The highlighted
three time intervals (I, II, and III) are known to occur when such
polymerizations are performed in the presence of a surfactant above its
CMC (Figure 1).
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Interval I, there is no more molecularly dissolved surfactant in
the aqueous continuous phase. Thereafter, there is an increase in
conductivity, which indicates the onset of Interval II (Figure
1b).49 This occurs because, as the polymerization proceeds and
monomer is consumed, surfactant molecules desorb from the
surface of the shrinking monomer droplets, which leads to
higher solution conductivities for the aqueous continuous phase.
A local maximum in conductivity is observed after approx-
imately 28 min. This period corresponds to the onset of Interval
III. At this point, essentially all the monomer droplets have been
consumed, so the remaining monomer is mainly located within
the growing PTFEMA latex particles (because TFEMA
monomer is a good solvent for PTFEMA homopolymer). Any
free surfactant molecules remaining within the aqueous phase
adsorb onto the latex particles during the latter stages of their
growth, which accounts for the gradual reduction in solution
conductivity observed over the following 32 min. After 60 min,

the conductivity remains constant, suggesting that the TFEMA
polymerization is complete.
The kinetics of TFEMA polymerization and the correspond-

ing evolution in particle size were simultaneously monitored
during a laboratory-scale synthesis (conducted under the
conditions shown in Figure 2) by periodically withdrawing
aliquots from the heterogeneous reaction mixture for analysis.
The polymerization was quenched by immediately immersing
each aliquot into an ice bath with concomitant exposure of the
reaction mixture to air. Instantaneous TFEMA conversions were
determined via 1HNMR spectroscopy by diluting 80 μL of each
extracted aliquot in 500 μL CDCl3, with anhydrous MgSO4

being used to remove residual water. The evolution in particle
size was monitored by dynamic light scattering (DLS) studies of
0.20% w/w aqueous dispersions obtained by diluting 40 μL of
each extracted aliquot using deionized water (960 μL). Volume-
average size distributions were calculated from the intensity-

Figure 4. (a) Conversion vs time curve obtained by 1H NMR spectroscopy and evolution in volume-average particle diameter and polydispersity
determined by DLS for the laboratory-scale surfactant-free aqueous emulsion polymerization of TFEMA at 60 °C targeting 5.0% w/w solids. (b)
Equivalent data for the laboratory-scale aqueous emulsion polymerization of TFEMA at 60 °C targeting 5.0% w/w solids in the presence of SDS
surfactant (2.0 mol % based on TFEMA), where the three regions corresponding to Intervals I, II, and III indicated by solution conductivity
measurements (Figure 3) are also shown.
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average size distributions obtained by DLS using the Mie theory
that is embedded within the instrument manufacturer’s
software, see SI for further details. Accordingly, Figure 4
shows the conversion vs time curves and the evolution in
volume-average particle diameter over time during the aqueous
emulsion polymerization of TFEMA obtained either under
surfactant-free conditions or in the presence of SDS surfactant.
Furthermore, the time intervals corresponding to those
determined by in situ conductivity measurements for the SDS
formulation (Figure 3) are also included in Figure 4b. For the
surfactant-free formulation, no further increase in TFEMA
conversion is observed after 80 min (Figure 4a). At this time
point, 1H NMR spectroscopy indicated a final monomer
conversion of 98%, while DLS studies reported a volume-
average particle diameter of 485 nm (DLS polydispersity =
0.02). TEM studies confirm the formation of relatively uniform
spherical latex particles with a number-average diameter of 464
nm, see Figure 5c. A slightly faster rate of polymerization occurs
in the presence of SDS, with no further increase in conversion
being observed after 60 min (see Figure 4b). This agrees rather
well with the overall time scale required for this polymerization

indicated by the solution conductivity measurements (Figure 3).
Furthermore, this is consistent with DLS studies, which
indicates that the volume- average particle diameter remained
constant at 91 nm (DLS polydispersity = 0.01) on the same time
scale. TEM studies confirm the formation of well-defined
spherical latex particles (see Figure 5d), with a number-average
diameter of approximately 89 nm. The DLS data for both
formulations shown in Figure 4 is also included in Table S1. For
free radical-initiated aqueous emulsion polymerization formu-
lations reported in the literature, smaller latex particles and faster
rates of polymerization are typically observed in the presence of
surfactant.26,42 Under surfactant-free conditions, latex surface
charge is solely conferred by sulfate groups (derived from the
persulfate initiator) located on the polymer chain-ends.50−52 In
contrast, the PTFEMA particles produced in the presence of
surfactant acquire anionic surface charge from both these sulfate
end-groups and also the adsorption of SDS at the latex
surface.1,2,9 This accounts for the substantial difference in
particle size for these two formulations indicated by TEM and
DLS studies. Furthermore, microcompartmentalization of the
growing polymer radicals within surfactant micelles suppresses

Figure 5.TEM images recorded for PTFEMA latex particles prepared during the aqueous emulsion polymerization of TFEMA at 60 °C in the absence
or presence of SDS surfactant. Images a−d correspond to PTFEMA nanoparticles formed during the laboratory-scale synthesis. Images e and f
correspond to post-mortem analysis of PTFEMA nanoparticles formed during the in situ SAXS synthesis using the stirrable reaction cell.
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their termination, which leads to a faster overall rate of
polymerization and a significantly higher molecular weight
than the equivalent solution polymerization.1 This is supported
by the molecular weight distributions obtained for each
formulation using gel permeation chromatography (see Figure
S2).
The three distinct time intervals observed during emulsion

polymerization (see Figure 1) and identified by solution
conductivity measurements (see Figure 3) are consistent with
the NMR-derived kinetic data obtained for the SDS formulation
shown in Figure 4b. According to Figure 3, Interval I lies
between 0 and 11 min. During this time period, 1H NMR
analysis indicates a discernible increase in the rate of
polymerization, suggesting that particle nucleation occurs within
this time frame. Furthermore, Interval I typically exists up to
10−20% monomer conversion2 and, according to the data
presented in Figure 4b, the end of Interval I corresponds to
approximately 20% TFEMA conversion. Inspecting Figure 3,
Interval II is complete after around 28 min, which is consistent
with the period of rapid polymerization observed by 1H NMR
spectroscopy over this time period. According to the literature,
the typical monomer conversion at the end of Interval II is
around 60%.2 However, for the specific formulation studied
herein, the TFEMA conversion at the end of Interval II is
approximately 84%. After this time point, 1H NMR indicates a
reduction in the rate of reaction until the TFEMA polymer-
ization is more or less complete after 60 min. This matches the
concomitant reduction in solution conductivityand hence the
beginning of Interval IIIobserved in Figure 3. Furthermore,
DLS studies indicate a significant reduction in the rate of particle
growth over the second half of the polymerization.
In situ SAXS Studies during TFEMA Polymerization. In

the literature, in situ experiments have been conducted during
aqueous emulsion polymerization using Raman12 or FT−IR
spectroscopy.13,14 However, such techniques can only monitor
the instantaneous monomer concentration; they provide no
particle size information. SAXS is a well-established structural
characterization technique in colloid science.31,53−56 It has been
used to characterize the particle size distributions of various
polymer latexes prepared via free radical-initiated aqueous
emulsion polymerization.57−61 However, as far as we are aware,
there have been no in situ studies for such heterogeneous
formulations. One likely reason for this surprising omission is
the requirement for efficient stirring during aqueous emulsion
polymerization, which is simply not feasible using the capillary
cells that are normally used for SAXS measurements. However,
we have recently reported in situ SAXS studies during the
reversible addition−fragmentation chain transfer (RAFT)
aqueous emulsion polymerization of 2-methoxyethyl methacry-
late using a stirrable reaction cell (Figure 2b).36 In essence, this
cell comprises a capillary positioned above a 2.0 mL chamber
(equipped with a magnetic flea), which is encased within an
aluminum block that enables efficient heat transfer via a
circulating water jacket. The reaction mixture can be stirred
sufficiently vigorously to create the micrometer-sized monomer
droplets that are required for aqueous emulsion polymerization
to proceed. One important feature of this stirrable reaction cell is
that its sample volume is sufficient to enable post-mortem
characterization of the final latex particles using multiple
techniques. Herein, we use this new experimental setup to
perform time-resolved SAXS studies during the aqueous
emulsion polymerization of TFEMA. The in situ polymerization
formulations were conducted on a smaller scale than the

equivalent laboratory-scale reactions reported in Figures 3 and 4.
A synchrotron source is essential for such in situ SAXS
experiments: it ensures sufficient temporal resolution tomonitor
the relatively fast kinetics of the TFEMA polymerization (Figure
4). This enables many high-quality scattering patterns to be
recorded on a relatively short time scale, thus providing
information regarding both nucleation and subsequent particle
growth.

Particle Nucleation. Figure 6 shows the X-ray scattering
intensity, I(q), plotted against the scattering vector, q, for
selected SAXS patterns recorded in situ during the aqueous
emulsion polymerization of TFEMA at 60 °C in the presence or
absence of surfactant, with 5.0% w/w solids being targeted in
each case. This relatively low monomer concentration was
chosen to minimize interparticle interactions, which never-
theless still required the introduction of a structure factor (see
later). Figure 6 also includes selected scattering patterns (and
representative data fits) recorded at specific time points for both
formulations. For scattering patterns that are not scaled by an
arbitrary factor and also residual fits to final scattering patterns,
see Figures S8 and S9 in the SI. In the low q regime, I(q) is
proportional to the volume of a scattering object; this
relationship can be used to identify the onset of particle
nucleation. Thus, I(q) was plotted against time during the early
stages of the polymerization at arbitrary q values of 0.02 nm−1

and 0.1 nm−1 for the surfactant-free and SDS formulations
respectively, see Figure 7. [N.B. It was necessary to select a
suitably low q value for the surfactant-free formulation to avoid
the multiple fringes within the associated scattering patterns.]
The pronounced upturns in I(q) highlighted by the blue arrows
in Figure 7 indicate the point at which particle nucleation occurs
(with the corresponding scattering pattern also highlighted in
Figure 6). Nucleation is observed after approximately 8 and 6
min for the surfactant-free and SDS formulations, respectively.
Identifying the onset of nucleation for either formulation during
the equivalent laboratory-scale syntheses (see Figure 4) is
somewhat problematic owing to the difficulty in sampling such
heterogeneous reaction mixtures during the early stages of
polymerization. However, DLS studies revealed a pronounced
upturn in the scattered light intensity (derived count rate) after 6
min for the SDS formulation and 10 min for the surfactant-free
formulation respectively, see Figure 7. In principle, this should
correspond to nucleation. These approximate nucleation times
agree well with those observed by measuring I(q) during the
equivalent in situ SAXS syntheses. Nucleation appears to occur
on a shorter time scale for the surfactant-free formulation during
the in situ SAXS experiments. In principle, this could constitute
evidence for an X-ray beam-induced rate enhancement. Indeed,
our prior in situ SAXS studies conducted during PISA syntheses
in mineral oil revealed a significant rate enhancement that was
attributed to an additional radical flux generated by the high-
energy X-ray beam.36,38 However, TEM analysis conducted on
aliquots extracted from the laboratory-scale syntheses confirmed
the formation of nascent nuclei within the short time scales
indicated by the in situ SAXS experiments, see Figure 5a,b.
Therefore, nucleation seems to occur on similar time scales in
both cases. The spherical nuclei observed by TEM after 6 min
(SDS formulation) and 8min (surfactant-free formulation) have
number-average particle diameters of 39 and 62 nm,
respectively. DLS studies of the same aliquots indicated
volume-average particle diameters of 41 and 88 nm for the
corresponding SDS and surfactant-free formulations, respec-
tively. As expected, DLS studies of aliquots extracted prior to
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nucleation exhibited significantly low scattered light intensity
after serial dilution, suggesting no particle formation.
The aqueous emulsion polymerization of TFEMAwas judged

to be complete when no discernible difference was observed
between consecutive scattering patterns. This occurred after
reaction times of 80 and 60 min for the surfactant-free and SDS
formulations, respectively (see Figure S3). These time scales are
equivalent to those observed for the equivalent laboratory-scale
syntheses (see Figure 4). It is also noteworthy that the
surfactant-free formulation produced SAXS patterns with
multiple fringes (see Figure 6a), whereas the SDS formulation
led to relatively featureless scattering patterns (see Figure 6b).
This indicates that the surfactant-free formulation produces
PTFEMA particles with a significantly narrower size distribu-
tion.62 Post-mortem 1H NMR analysis of quenched reaction
mixtures retrieved from the stirrable reaction cell indicated final
TFEMA conversions of 99% and 93% for the surfactant-free and
SDS formulations, respectively. The corresponding intensity-
average particle diameters indicated by DLS studies were 444
nm (DLS polydispersity = 0.114) and 113 nm (DLS
polydispersity = 0.076). These data are consistent with the
equivalent laboratory-scale syntheses. Post-mortem TEM
analysis confirmed the formation of PTFEMA latex particles
with a well-defined spherical morphology in each case, with final
number-average particle diameters of 328 and 75 nm being
estimated for the surfactant-free and SDS formulations
respectively, see Figure 5e,f.

Particle Growth.The surface character of the two PTFEMA
latexes was assessed by aqueous electrophoresis. In both cases,
highly negative zeta potentials were obtained over the entire pH
range investigated, see Figure S4. Given the strongly anionic
character of the latex particles, the scattering patterns obtained
after particle nucleation were fitted using a well-known
scattering model for spheres63 by incorporating a hard-sphere
structure factor (solved with the Percus−Yevick closure
relation64) to account for interparticle interactions.
Figure 8 shows the evolution in volume-average diameter for

the growing latex particles during the TFEMA polymerization as
determined by in situ SAXS studies using the stirrable reaction
cell. For the surfactant-free formulation, two distinct regimes are
observed after nucleation (see Figure 8a). First, there is a period
of linear growth up to 27min. Thereafter, there is a brief increase
in the rate of particle growth, which then slows down until the
TFEMA polymerization is more or less complete, producing
colloidally stable latex particles with a volume-average particle
diameter of 353 ± 9 nm after 80 min. Bearing in mind the effect
of polydispersity, this final particle size is reasonably consistent
with the volume-average particle diameter of 444 nm
determined by post-mortem DLS analysis. Furthermore, the
evolution in particle diameter determined by in situ SAXS
(Figure 8a) is similar to that indicated by DLS studies of the
equivalent laboratory-scale synthesis (Figure 4a). For example,
mean diameters of the nascent particles observed after 8 min are
88 and 94 nm for the SAXS and DLS data, respectively. The rate
of particle growth begins to slow down after approximately 40
min for both the SAXS and equivalent laboratory-scale
syntheses. At this time point, the mean particle diameters are
312 and 413 nm, respectively. During the early stages of the
TFEMA polymerization (8−27 min), the rate of particle growth
is constant. Both in situ SAXS and DLS studies suggest a brief
increase in the rate of growth after approximately 27 min. In
principle, this feature should correspond to the end of Interval II
(Figure 1b). Since there are no remaining monomer droplets,

Figure 6. SAXS patterns recorded in situ during the aqueous emulsion
polymerization of TFEMA at 60 °C targeting 5% w/w solids (a) under
surfactant-free conditions and (b) in the presence of SDS surfactant.
The onset of particle nucleation is indicated by the arrow. (c)
Representative fits for scattering patterns recorded at specific time
points for both formulations with data fits represented by either yellow
(surfactant-free formulation) or green (SDS formulation) lines,
respectively. All scattering patterns are scaled by an arbitrary factor to
avoid overlap and improve clarity.
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polymerization proceeds under monomer-starved conditions,
which explains the slower rate of particle growth observed after
30 min. The solution conductivity was also monitored in situ
during the aqueous emulsion polymerization of TFEMA using
the surfactant-free formulation, see Figure S5. In this case, there
is no measurable solution conductivity for the first 28 min of the
TFEMA polymerization, at which point the instantaneous
monomer conversion is approximately 60%, see Figure 4a.
Subsequently, there is a dramatic increase in solution
conductivity in the 29−31 min interval. Interestingly, this time
point corresponds to a discernible inflection point during the
evolution in particle size indicated by DLS studies during the
equivalent laboratory-scale synthesis, see Figure 4a. Moreover,
optical microscopy studies confirm essentially full consumption
of the monomer droplets after approximately 30 min, see Figure
S7. Thus, it seems likely that this time point corresponds to the
Interval II/Interval III boundary as shown in Figure 8a.
Thereafter, the rate of increase in solution conductivity is
reduced, with a maximum solution conductivity of 640 μS cm−1

being observed after 55 min followed by a gradual reduction in
conductivity to a limiting value of 590 μS cm−1 after 75 min.
According to the NMR kinetic data in Figure 4a, this latter time
point corresponds to the end of the polymerization. In summary,
solution conductivity measurements undertaken during the
surfactant-free aqueous emulsion polymerization of TFEMA
may provide some useful information during the latter stages of
the reaction, but it appears that this technique cannot be used to
pinpoint the Interval I/Interval II boundary for such
formulations.
Figure 8b shows the evolution in particle diameter during the

in situ polymerization of TFEMA conducted in the presence of
SDS surfactant. There are two regimes of linear particle growth
during the first 25min. Thereafter, there is a brief but discernible
increase in the rate of particle growth, similar to that observed
for the surfactant-free formulation. However, this feature is not
observed by DLS for the equivalent laboratory-scale SDS
synthesis (Figure 4a). Subsequently, the rate of particle growth
remains constant until the TFEMA polymerization is essentially

Figure 7. Evolution in I(q) recorded at arbitrary q values during the in situ synthesis and light scattering count rate determined by DLS studies of the
equivalent laboratory-based aqueous emulsion polymerization of TFEMA at 60 °Cwhen targeting 5% w/w solids for (a) a surfactant-free formulation
and (b) in the presence of SDS surfactant. The onset of particle nucleation is indicated in each case.
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complete, producing spherical latex particles with a final volume-
average particle diameter of 68 ± 4 nm. This final particle size is
smaller than the volume-average particle diameter of 113 nm
(polydispersity = 0.076) determined by post-mortem DLS
analysis of the quenched reaction mixture. The points of
inflection observed in Figure 8b occur at strikingly similar time
scales to the Interval I/II and II/III boundaries indicated by in
situ conductivity measurements (Figure 3). For example, the
latter technique indicates that the II/III boundary occurs at
around 28 min, whereas the in situ SAXS data suggests
approximately 26 min. Furthermore, optical microscopy
confirms that no monomer droplets are present after 30 min,

see Figure S6. Such discrepancies are small and are most likely
within experimental error, especially if the differing experimental
set-ups (reaction volumes, heating rates etc.) are taken into
account. Accordingly, the three main Intervals for the aqueous
emulsion polymerization of TFEMA in the presence of SDS are
assigned on Figure 8b and the likely Interval II/III boundary for
the corresponding surfactant-free formulation is indicated in
Figure 8a.

■ CONCLUSIONS

The persulfate-initiated aqueous emulsion polymerization of
TFEMA at 60 °C leads to the formation of well-defined spherical
latex particles when performed either under surfactant-free
conditions or in the presence of SDS surfactant. This
semifluorinated vinyl monomer was preferred to styrene because
it ensures much stronger X-ray contrast for the corresponding
latex particles relative to water. Nucleation and subsequent
particle growth has been monitored in situ for both formulations
utilizing a stirrable reaction cell to perform time-resolved SAXS
studies. This cell has a reaction solution volume of
approximately 2.0 mL, which is sufficient to allow post-mortem
analysis of the final latex particles by 1H NMR spectroscopy,
DLS, and TEM.
For both formulations, the rate of polymerization appears to

be unaffected when subjected to synchrotron X-ray irradiation.
This is in marked contrast to our prior in situ SAXS study of the
synthesis of diblock copolymer nanoparticles via RAFT
dispersion polymerization in mineral oil, whereby the enhanced
rate of polymerization was attributed to an additional radical flux
generated by the high-energy X-ray beam.36,38 Time-resolved
SAXS measurements indicate that nucleation occurs after 8 min
in the absence of surfactant and after 6 min in the presence of
SDS surfactant, respectively. Following the nucleation event,
nascent spherical nanoparticles are observed by TEM and are
also detected by DLS. X-ray scattering patterns could be fitted
using a simple sphere model, which enabled the evolution in
particle diameter to be elucidated for both formulations. The
PTFEMA latex particles prepared under surfactant-free
conditions are significantly larger and also have a narrower
particle size distribution, as judged by the multiple fringes
observed for the corresponding patterns. Moreover, a faster rate
of particle growth is observed for both formulations at
intermediate monomer conversion, suggesting a transition
during the polymerization. Similar behavior is also indicated
by DLS analysis of the equivalent laboratory-scale synthesis of
PTFEMA under surfactant-free conditions. The subsequent
reduction in the rate of particle growth most likely corresponds
to the disappearance of monomer droplets and hence the
transition from Interval II to Interval III. Indeed, optical
microscopy studies of laboratory-scale syntheses confirm that
monomer droplet depletion occurs on this time scale.
Furthermore, the boundaries between these three time intervals
can be identified from in situ SAXS measurements for the SDS
formulation and are comparable with those indicated by solution
conductivity data. This observation may be important for
formulations involving non-ionic surfactants, which are not
amenable to solution conductivity measurements. SAXS analysis
indicates final volume-average particle diameters of 353 ± 9 nm
(TFEMA conversion = 99%) and 68 ± 4 nm (TFEMA
conversion = 93%) for the surfactant-free and SDS formulations,
respectively. These values are consistent with those obtained by
1H NMR and DLS analyses of the equivalent laboratory-scale
syntheses, which confirms that the stirrable reaction cell

Figure 8. Evolution of the PTFEMA latex particle diameter determined
by in situ SAXS studies conducted during the aqueous emulsion
polymerization of TFEMA at 60 °C targeting 5.0% w/w solids for (a) a
surfactant-free formulation and (b) an SDS formulation. The three
characteristic time intervals (I, II, and III) identified by solution
conductivity measurements for the SDS formulation (Figure 3) are
shown for comparison. The Interval II/III boundary for the surfactant-
free formulation is also shown.
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provides sufficiently efficient stirring for representative experi-
ments. In summary, this time-resolved SAXS study has
enhanced our understanding of the mechanism of aqueous
emulsion polymerization, which suggests that further studies
with other vinyl monomers are warranted.
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Comprehensive Experimental Study of Surfactant-Free Emulsion
Polymerization of Styrene. Colloid Polym. Sci. 1999, 277, 607−626.
(27) Fitch, R. M. Homogeneous Nucleation of Polymer Colloids. Br.
Polym. J. 1973, 5 (6), 467−483.
(28) Fitch, R. M.; Tsai, C. H. Homogeneous Nucleation of Polymer
Colloids, IV: The Role of Soluble Oligomeric Radicals; Polymer Colloids;
Plenum Press: New York, 1971; pp 103−116.
(29) Priest, W. Particle Growth in Aqueous Polymerization of Vinyl
Acetate. J. Phys. Chem. 1952, 56, 1077−1083.
(30) Feeney, P. J.; Napper, D. H.; Gilbert, R. G. Surfactant-Free
Emulsion Polymerizations: Predictions of the Coagulative Nucleation
Theory. Macromolecules 1987, 20 (11), 2922−2930.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c11183
J. Am. Chem. Soc. 2021, 143, 1474−1484

1483



(31) Pedersen, J. S. Analysis of Small-Angle Scattering Data from
Micelles and Microemulsions: Free-Form Approaches and Model
Fitting. Curr. Opin. Colloid Interface Sci. 1999, 4 (3), 190−196.
(32) Pontoni, D.; Narayanan, T.; Rennie, A. R. Time-Resolved SAXS
Study of Nucleation and Growth of Silica Colloids. Langmuir 2002, 18
(1), 56−59.
(33) Tokumoto, M. S.; Pulcinelli, S. H.; Santilli, C. V.; Craievich, A. F.
SAXS Study of the Kinetics of Formation of ZnO Colloidal
Suspensions. J. Non-Cryst. Solids 1999, 247 (1−3), 176−182.
(34) Narayanan, S.; Wang, J.; Lin, X. M. Dynamical Self-Assembly of
Nanocrystal Superlattices during Colloidal Droplet Evaporation by in
Situ Small Angle x-Ray Scattering. Phys. Rev. Lett. 2004, 93 (13),
135503.
(35) Narayanan, T.; Gummel, J.; Gradzielski, M. Probing the Self-
Assembly of Unilamellar Vesicles Using Time-Resolved SAXS. In
Advances in Planar Lipid Bilayers and Liposomes; Elsevier B.V.:
Amsterdam, 2014; Vol. 20, pp 171−196.
(36) Brotherton, E. E.; Hatton, F. L.; Cockram, A. A.; Derry, M. J.;
Czajka, A.; Cornel, E. J.; Topham, P. D.; Mykhaylyk, O. O.; Armes, S. P.
In Situ Small-Angle X-Ray Scattering Studies during Reversible
Addition-Fragmentation Chain Transfer Aqueous Emulsion Polymer-
ization. J. Am. Chem. Soc. 2019, 141 (34), 13664−13675.
(37) Czajka, A.; Armes, S. P. In Situ SAXS Studies of a Prototypical
RAFT Aqueous Dispersion Polymerization Formulation: Monitoring
the Evolution in Copolymer Morphology during Polymerization-
Induced Self-Assembly. Chem. Sci. 2020, 11 (42), 11443−11454.
(38) Derry, M. J.; Fielding, L. A.; Warren, N. J.; Mable, C. J.; Smith, A.
J.; Mykhaylyk, O. O.; Armes, S. P. In Situ Small-Angle X-Ray Scattering
Studies of Sterically-Stabilized Diblock Copolymer Nanoparticles
Formed during Polymerization-Induced Self-Assembly in Non-Polar
Media. Chem. Sci. 2016, 7 (8), 5078−5090.
(39) Goodall, A. R.; Wilkinson, M. C.; Hearn, J. Mechanism of
Emulsion Polymerization of Styrene in Soap-Free Systems. J. Polym.
Sci., Polym. Chem. Ed. 1977, 15 (9), 2193−2218.
(40) Hawkett, B. S.; Napper, D. H.; Gilbert, R. G. Seeded Emulsion
Polymerization of Styrene. J. Chem. Soc., Faraday Trans. 1 1980, 76 (0),
1323−1343.
(41) Capek, I.; Lin, S. Y.; Hsu, T. J.; Chern, C. S. Effect of
Temperature on Styrene Emulsion Polymerization in the Presence of
SodiumDodecyl Sulfate. II. J. Polym. Sci., Part A: Polym. Chem. 2000, 38
(9), 1477−1486.
(42) Wutzel, H.; Samhaber, W. M. Exploring the Limits of Emulsion
Polymerization of Styrene for the Synthesis of Polymer Nanoparticles.
Monatsh. Chem. 2007, 138 (4), 357−361.
(43) Li, Y.; Lindsay, S. M. Polystyrene Latex Particles as a Size
Calibration for the Atomic Force Microscope. Rev. Sci. Instrum. 1991,
62 (11), 2630−2633.
(44) Molina-Bolívar, J. A.; Galisteo-Gonzaĺez, F. Latex Immunoag-
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