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ABSTRACT: Fluorinated core−shell spheres have been synthesized using a novel
semibatch emulsion polymerization protocol employing slow feeding of the initiator. The
synthesis results in aqueous dispersions of highly monodisperse spheres bearing a well-
defined poly(ethylene glycol) graft (PEGylation). Measurements are consistent with the
synthesis achieving a high grafting density that moreover consists of a single PEG layer with
the polymer significantly elongated beyond its radius of gyration in bulk. The fluorination
of the core of the particles confers a low index of refraction such that the particles can be
refractive index matched in water through addition of relatively small amounts of a
cosolvent, which enables the use of optical and laser-based methods for studies of
concentrated systems. The systems exhibit an extreme stability in NaCl solutions, but
attractions among particles can be introduced by addition of other salts, in which case
aggregation is shown to be reversible. The PEGylated sphere dispersions are expected to be
ideally suited as model systems for studies of the effect of PEG-mediated interactions on,
for instance, structure, dynamics, phase behavior, and rheology.

■ INTRODUCTION

Simple model systems play important roles in science. They
provide a proving ground for new concepts and theories and
are essential for studying new phenomena in the absence of
complicating, extraneous factors. Interparticle attractions
between spherical colloidal particles may cause systems to
crystallize, glassify, phase separate in two differently concen-
trated fluids, or undergo aggregation into fractal structures and
gels.1−6 In the pursuit of unraveling the interplay between
these, colloid−polymer mixtures, in which added nonadsorbing
polymer produces a depletion attraction, have emerged as the
model systems of choice.7 As an alternative, sterically stabilized
systems can be used to generate attractions that are controlled
to a large extent by the solvent quality for the surface-anchored
polymer via mechanisms that are not yet clear.8 Recent work
has come to the conclusion that the degree of solvent
penetration in the polymer coat plays an important role for
the attraction and that grafted polymers may undergo dramatic
structural changes as a function of temperature.9,10 These
studies have been confined so far to nonaqueous systems, and
in order to determine the wider applicability of the findings,
model systems in aqueous solvents are called for. There are a
number of requirements such model systems should fulfill. The
particles should be quite monodisperse because even modest
amounts of polydispersity can have profound effects on the
phase behavior11 and crystallization kinetics12 and polydisper-
sity cannot in general be neglected in the analysis of scattering
data. Also, since water has a low refractive index, the particles
should also possess a similarly low refractive index to enable the
use of laser-based methods on concentrated and/or strongly
interacting systems. Fluorinated particles are suitable in this

regard, and bare, charge-stabilized fluorinated spheres have
indeed served well in the past as model aqueous systems for
studies of the effect of repulsive interactions on, e.g.,
translational and rotational dynamics,13−15 including tracer-
particle dynamics,13,16 phase behavior, and glass transition.17

Recently, fluorinated spheres with grafted poly(ethylene
glycol), so-called PEGylated particles, were synthesized in an
aqueous solvent using emulsion polymerization with the aim of
obtaining a model system for fundamental studies.18 However,
these efforts have not yet yielded a successful result in that the
polymer graft thickness was observed to far exceed what is
expected for a single polymer layer.18,19 Continued efforts have
led to increasingly complex synthesis protocols, which yield
multilayered spheres.20 In the present work, we demonstrate
that a simple semibatch emulsion polymerization of methoxy-
PEG2000 acrylate macromonomer and heptafluorobutyl
methacrylate results in highly monodisperse PEGylated
spheres. Semibatch emulsion polymerization is widely used in
industry because of its operational flexibility,21 but it has seen
comparatively little use in academia. When applied, it has been
the monomer that has been fed to the reaction mixture.22 The
synthesis procedure used in this work employs continuous slow
feeding of persulfate initiator solution during the emulsion
polymerization. To the best of our knowledge, it is the first time
slow feeding of initiator has been used as a route toward
monodisperse core−shell spheres. However, we note that Luo
and co-workers have previously suggested this and applied it to
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emulsion homopolymerization.23 The rationale for the slow
feeding of initiator is to favor propagation by cutting down on
radical−radical termination, including PEG−PEG termination,
which should lead to improved stability and to narrow size
distributions because chains have in this way an equal chance to
grow.
The goal of this study is to devise a synthesis route to

monodisperse fluorinated spheres with a single, well-defined
grafted layer of PEG that imparts stability far superior to that of
charge stabilized systems, yet allows for reversible destabiliza-
tion upon addition of select electrolytes. In what follows, we
provide a synthesis protocol that achieves precisely this along
with a thorough characterization of the particles and their
stability behavior.

■ EXPERIMENTAL SECTION

Materials. The fluorinated monomer 2,2,3,3,4,4,4-hepta-
fluorobutyl methacrylate (HFBMA, 97%), with a refractive
index of 1.342 at the sodium D-lines, was purchased from Alfa
Aesar. The inhibitor (hydroquinone) was removed prior to use
by passing the monomer through a column packed with
material for inhibitor removal (CAS 9003-70-7, Sigma-Aldrich).
Dimethylsulfoxide (DMSO, dried, maximum 0.05% water) was
purchased from Merck. The initiator, potassium persulfate
(KPS), was obtained from Sigma-Aldrich and was recrystallized
in water once prior to use. Sodium bisulfite and dodecane
(99%), also from Sigma-Aldrich, were used as received. The
macromonomer methoxy poly(ethylene glycol) acrylate
(mPEGA), with a molecular weight (MW) of 2000 g/mol,
was a custom synthesis performed by SunBio (S. Korea) and
was used as received. NaCl (99.5%) and Na2CO3 (99.9%) were
supplied by Merck and were used as received. Colloidal gold
particles (NIST) and sucrose (Fluka) were used as received.
For purification, dialysis tubes with a cutoff MW of 12−14 kDa
from MAKAB were used.
Methods. Dynamic light scattering (DLS) and electro-

phoresis measurements were performed using a Malvern
Zetasizer Nano ZS equipped with a He−Ne laser with a
wavelength of 633 nm and a detector positioned at a scattering
angle of 173°. The hydrodynamic radius was extracted from a
second-order cumulant analysis. The same instrument was used
for determination of the zeta (ζ) potential using a folded
capillary cell. The zeta potential was determined from
Smoluchowski’s equation, u = ϵ0ϵrζ/η, in which u is the
electrophoretic mobility, ϵr is the dielectric constant, ϵ0 is the
permittivity of vacuum, and η is the solvent viscosity. It was
logged as an average of five consecutive runs. These
measurements were done at 25 °C.

Size distributions were obtained by disc centrifugation
photosedimentometry (DCP) using a disc centrifuge (CPS
Instruments, model DC18000). In this instrument, the
sedimentation of the particles proceeds in a density gradient
generated by sucrose (8−22 wt %) solutions in an optically
clear, rotating disc, which is sealed with dodecane to prevent
evaporation. When particles approach the outer edge of the
rotating disc, they scatter a portion of a (405 nm wavelength)
light beam that is passed through the disc. The decrease in
transmitted light intensity is continuously recorded as the
sedimenting dispersion passes the detection zone, which is
converted into a size-dependent particle concentration by
assuming the particles are nonabsorbing homogeneous
spherical Mie scatterers. The corresponding particle size is
obtained from the sedimentation time taking density and
viscosity profiles into account.24 Colloidal gold particles with a
nominal diameter of 60 nm were used to quantify the density
gradient. The disc rotation speed was set to either 10000 or
15000 rpm depending on the particle size. Number-average size
distributions were extracted from the data from which the
polydispersity was calculated as the standard deviation
normalized by the mean. The density of the particles was
extracted from a linear least-squares slope of the reciprocal
dispersion density, measured using a precision density meter
(DMA5000, Anton-Paar), as a function of weight fraction. This
procedure resulted in particle densities of 1.48 and 1.31 g/mL
for latices L5 and L25 (cf. Table 1) at 25 °C. Particle densities
of other batches synthesized were obtained by interpolation
using these values and 1.59 g/mL, the value for bare,
nongrafted particles.25 The particle density was found to have
a negligible effect on the polydispersity determined by DCP.
The refractive index of dispersions was determined by

measuring the light transmittance using a Cary Bio 50 UV/vis
spectrometer equipped with a Varian PCB 1500 Water Peltier
System thermostat for temperature control operating at 25 °C.
The measurements were carried out in 10 mm quartz cuvettes
for three different wavelengths, 550, 600, and 640 nm. Prior to
each new sample, the solvent was measured as a blank. The
refractive index of the solvent was varied by adding various
amounts of DMSO while maintaining a constant particle
concentration.
Samples for cryogenic transmission electron microscopy

(cryo-TEM) were prepared in a climate chamber kept at a
temperature of 25−28 °C and a relative humidity close to 100%
to prevent evaporation from samples during preparation. A 5
μL sample drop was placed on a lacey carbon-coated film
supported by a copper grid. Excess sample was removed by
blotting with filter paper, leaving a thin (20−400 nm) liquid
film in the holes of the carbon film. The grid was subsequently

Table 1. Synthesized Batches of Fluorinated Particle Dispersions in Terms of X, the mPEGA/HFBMA Molar Ratio, Amounts of
Monomer, Macromonomer, Initiator, Sodium Bisulfite, Stirring Rate, and Resulting Yield along with Hydrodynamic Radius
(from DLS) and Polydispersity (from DCP)

batch X HFBMA (mL) mPEGA (g) K2S2O8 (mg) NaHSO3 (mg) stirring rate (rpm) yield (%) RH (nm) σ/R̅

L0 0 1 11.6 3.8 150 17.2 227 0.055
LS5 0.05 1 0.4998 11.6 50 17.4 92 0.065
L5 0.05 1 0.5010 11.6 150 34.9 101 0.05
LF5 0.05 1 0.5016 11.6 250 60.2 117 0.04
LB5 0.05 1 0.5014 11.6 3.8 150 34.8 130 0.057
L10 0.10 1 0.9998 11.6 150 61.5 114 0.04
L20 0.2 1 2.0008 11.6 150 32.1 98 0.24
L25 0.25 1 2.5000 11.6 150 65.5 41
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plunged rapidly into liquid ethane at −180 °C and transferred
into liquid nitrogen at −196 °C. The vitrified samples were
stored in liquid nitrogen and transferred into a Philips CM120
BioTWIN TEM equipped with a postcolumn energy filter
(Gatan GIF 100) using an Oxford CT 3500 cryo-holder and its
workstation. The acceleration voltage was 120 kV, and the
working temperature was kept below −182 °C. The images
were recorded digitally with a CCD camera (794IF) under low-
dose conditions with an underfocus of less than 1 μm.
SAXS spectra were recorded at the Division of Physical

Chemistry, Lund University, Sweden, on an automated SAXS
pinhole system (Ganesha, JJ X-ray A/S, Denmark). The
instrument is equipped with a high brilliance micofocus sealed
tube with shaped multilayer optics and a two-dimensional
single photon counting solid-state Pilatus detecor (Dectris Ltd.,
Switzerland). Data were recorded using a three-pinhole
collimation configuration, a sample-to-detector-distance of
1540 mm, and a 2 mm beam-stop, resulting in a scattering
vector range of 0.003−0.21 Å−1. Raw data were processed and
radially averaged using the SAXSGUI software, and the
scattering spectra were obtained as a function of the
momentum transfer q = 4π sin(θ/2)/λ, where θ is the
scattering angle and λ is the wavelength (0.1542 nm, Cu Kα
line). The form factor of homogeneous spheres with radii
distributed according to a Schulz distribution was used for
quantitative analysis. For the large particles examined in this
work, the SAXS intensity is strongly affected by instrumental
resolution effects originating from the finite size of the beam.
To account for this, the model intensity was smeared using a
trapezoidal beam profile as done by Wagner et al.,26 except that
the (penumbral) width of the beam was adjusted from the
calculated value to agree with a measurement of the unscattered
beam.
Synthesis Procedure. In order to determine a suitable

range of mPEGA to HFBMA monomer molar ratios, denoted
by X, four different 100 mL batches have been synthesized. The
compositions and corresponding batch labels are given in Table
1. The molar ratio was varied between 0.05 and 0.25 for batches
L5−L25, and in addition, a reference batch of particles without
mPEGA, labeled L0, was synthesized. The stirring rate during
the polymerization was also varied, from 50 to 250 rpm (LS5,
L5, and LF5), at fixed X. The effect of sodium bisulfite, often
used to form a redox pair initiation system with KPS,27 was also
evaluated.
In a typical synthesis, 75 mL of Milli-Q water was added to a

three-neck, round-bottom flask and heated to 70 °C by
immersion in an oil bath. The water was purged with nitrogen
gas to remove oxygen. The stirring rate was set to 500 rpm
using an overhead stirrer with a polypropylene blade. The
macromonomer mPEGA was dissolved in 25 mL of water,
which was added to the reaction vessel followed by 1 mL of the
fluorinated HFBMA monomer. The mixture was stirred for 1 h,
after which the stirring rate was decreased to 150 rpm when 10
mL of initiator solution (an aqueous solution of KPS and, when
present, sodium bisulfite) was added dropwise to the reaction.
The duration for the addition of the initiator solution was
approximately 3 h. Typically, after about 2 h, a bluish color was
observed. To avoid oxygen flow into the reaction vessel and any
stripping of the monomer during the initiator addition, a
nitrogen gas flow was applied to the reflux condenser, which
was monitored with a bubble counter. After roughly 20 h, the
batch was left to cool. The dispersion was filtered through 10
μm filter paper twice and through a 1 μm glass syringe filter. All

batches were dialyzed against Milli-Q water until the
conductivity of the dialyzate was similar to that of the Milli-
Q water. This process usually required a few days. After dialysis,
the dispersions were filtered through a 0.45 μm filter. In order
to prevent bacterial growth during longer-time storage and to
obtain a well-defined dispersion medium, NaN3 and NaCl were
added to yield a 10 mM aqueous solution consisting of 7 mM
NaCl and 3 mM NaN3. More concentrated particle dispersions
were produced via membrane centrifugal filtration (Jumbosep,
Pall, 30 kDa cutoffMW). An estimate of the synthesis yield was
obtained by determining the percent dry solids after dialysis
and dividing by the total mass percent added in the synthesis
less the water.

■ RESULTS AND DISCUSSION

Generally, it is difficult to produce fluorinated particle
dispersions by classical emulsion polymerization.28 However,
aqueous dispersions of sub-micrometer-size fluorinated par-
ticles have been generated by single-stage or seeded emulsion
polymerization using heptafluorobutyl acrylate29 and hepta-
fluorobutyl methacrylate25,30 monomers. Our initial attempts at
synthesizing PEGylated poly(heptafluorobutyl methacrylate)
(pHFBMA) particles using batch emulsion polymerization, in
which the initiator is introduced all at once, were based on a
combination of procedures for charge stabilized pHFBMA
particles25 and PEGylated polystyrene spheres.31 This
procedure resulted in dispersions of multimodally distributed
particle sizes, which, moreover, exhibited irreversible aggrega-
tion at high ionic strength. In contrast, the semibatch approach
with dropwise addition of initiator solution subsequently
adopted consistently produced highly monodisperse spheres,
as seen to some extent in the cryo-TEM image in Figure 1. In
addition, the synthesis procedure is robust in that it leads to
nearly monodisperse particles for a generous range of molar
ratios of the PEG macromonomer to the HFBMA monomer, X,
as long as it is kept below 0.2. In what follows, we will focus
mostly on a molar ratio of 0.05, corresponding to latex L5 in
Table 1.

Figure 1. Cryo-TEM image of fluorinated pHFBMA particles bearing
grafted PEG of molecular weight 2000, synthesized using a molar ratio
of X = 0.05 (latex L5).
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The synthesized particles were characterized regarding size
and degree of monodispersity by cryo-TEM, SAXS, and DCP.
Figure 2 shows the scattered intensity from a dilute dispersion

of the same particles, as shown in Figure 1. The numerous
oscillations as a function of the wave vector indicate that the
particles are quite monodisperse. To model the intensity data
quantitatively, we neglect the PEGylation and use the form
factor for homogeneous spheres with sizes distributed
according to a Schulz distribution.32 This results in excellent
agreement with the data in Figure 2 for a mean radius of 95 nm
and a polydispersity of just 3%. Furthermore, the size
distribution employed in the SAXS modeling is seen to be
within 1 nm of the number-based histogram in Figure 2,

obtained from cryo-TEM images, from which it is concluded
that the solvated PEG graft indeed does not contribute to the
SAXS intensity. The polydispersity of the same sample as
determined by DCP was 5% (Table 1), a difference that is likely
brought about by broadening of the concentration profile by
diffusion.
Upon increasing the magnification in the cryo-TEM, the

images shown in Figure 3 were recorded, which show bare
pHFBMA particles and PEGylated pHFBMA particles near
contact. The interparticle contacts are seen to be distinctly
different in the two cases. Whereas the nongrafted particles
come into direct contact with one another, the PEGylated
particles are prevented from doing so by PEG layers which are
seen to surround the particles uniformly. The thickness can be
estimated from Figure 3 to about 6 nm, which corresponds
roughly to 6% of the mean particle radius. Further confirmation
of this chain extension comes from comparing the hydro-
dynamic radius obtained independently by DLS, 101 nm, as
reported in Table 1, with the radius of the fluorinated core from
the SAXS analysis, which yielded 95 nm. The 6 nm chain
extension is about 4 times the unperturbed radius of gyration of
PEG2000 in bulk, which has been determined as ≈1.4 nm,33

and it is roughly 30% of the contour length, estimated to about
20 nm.34 It follows that the PEG layer is significantly elongated
beyond the expected dimension of a mushroom structure,
which should be similar to 2 times the radius of gyration.35

Chain extensions of 6−7 nm have indeed been observed for
grafted PEG chains, thought to be in the polymer brush regime,
using computer simulations of PEG of essentially the same
molecular weight.36 Thus, our result for the steric layer
thickness is consistent with what is expected for a single layer of
PEG molecules.
The interactions between the PEGylated particles can be

tuned through addition of salt. Electrophoresis measurements
of the zeta potential, shown in Figure 4, show that the particles
behave as charged spheres at sufficiently low ionic strengths but
with lower zeta potentials due to the PEGylation. Similar
observations have been made for styrene copolymerized with
mPEGA.31 Note that the zeta potential in Figure 4 is
proportional to the electrophoretic mobility. The lower

Figure 2. Form factor obtained from SAXS as a function of the wave
vector for latex L5. The solid line is a model fit using homogeneous
spheres with a mean radius of 95 nm and a 3% polydispersity and
taking smearing effects due to beam collimation into account. The
inset shows a comparison between the (Schulz) size distribution used
in the SAXS analysis (solid line) and a histogram determined from
cryo-TEM images (symbols).

Figure 3. Cryo-TEM images of fluorinated latex beads in contact (left, latex L0) and similarly fluorinated particles bearing surface-grafted PEG
(right, latex L5).
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electrophoretic mobility is in line with expectations for charged
spheres bearing neutral grafts,37 which experience increased
drag and retardation of the motion of free charges behind the
shear plane.38 From the numerical results of Hill et al.,38 we
infer that for a constant salt concentration and a constant
grafted layer thickness the electrophoretic mobility decreases as
the overall particle size is decreased. This qualitative trend is in
accord with the results in Figure 4, where the L20 and L25
latices exhibit significantly lower zeta potential magnitudes and
also smaller particle radii. Furthermore, on increasing the salt
concentration from 1 to 10 mM, the zeta potential of the
PEGylated particles is lowered, whereas the opposite trend is
observed for the bare pHFBMA particles. This behavior is in
qualitative accord with observations made by Ottewill and
Satgurunathan,39 and it is also in agreement with predictions of
theory.38 The effect of double layer polarization, which tends to
decrease the zeta potential of bare particles as the salt
concentration is increased, begins to diminish as the double
layer is further compressed by adding salt. This leads to an
increasing electrophoretic mobility with increasing salt
concentration as observed for the bare pHFBMA particles in
Figure 4. Finally, neither the change in stirring rate nor the
addition of sodium bisulfite had a significant effect on the zeta
potential.
PEGylated particles are typically stable in high-ionic-strength

aqueous media. For instance, aggregation of the PEG-covered
particles developed by Ferrari et al.40 was not observed until
NaCl concentrations of 4.5 M were reached. The PEGylated
particles in this work did not aggregate even in aqueous
solutions of 5 M NaCl, which was the highest concentration
investigated. As in past work,41 in order to induce aggregation,
Na2CO3 was used instead, which is known to cause phase
separation in PEG solutions.42 Particles exhibited long-time
stability in 0.5 M solutions of Na2CO3, as shown in Figure 5,
but aggregated in 0.6 M solutions. Quite crucial for the use as
model systems in studies of aggregation and gelation is that,
once aggregated, particles can be redispersed. Figure 6 shows
an intensity correlation function from DLS for the PEGylated
particles dispersed in 0.5 M Na2CO3 solution. On increasing
the salt concentration to 0.6 M, there is a dramatic shift in the
decay time indicative of an aggregated state. Diluting this
aggregated system so that it is returned to a salt concentration
of 0.5 M results in an intensity correlation function that is
indistinguishable from the original one, which shows that a high
PEG coverage is achieved in the synthesis.

Due to turbidity in concentrated dispersions, it is often
difficult to use optical and light scattering techniques. Refractive
index matching solves this problem. In addition, since the van
der Waals force depends strongly on the refractive index
difference between particles and solvent,43 this part of the
interaction can accordingly be controlled. It is a simple matter
to refractive index match these core-solvated shell particles by
adding a cosolvent. In Figure 7, the square root of 1 minus the
transmittance, which is proportional to the square root of the
scattered intensity in the forward direction, is shown as a

Figure 4. Zeta potential of particles as a function of mPEGA/HFBMA
monomer ratio, X, dispersed in 1 and 10 mM NaN3/NaCl solutions, as
labeled.

Figure 5. Stability in salt solutions, in terms of apparent hydrodynamic
radius as a function of Na2CO3 concentration for various mPEGA/
HFBMA monomer ratios, X, as labeled.

Figure 6. Intensity correlation function versus delay time for the
PEGylated spheres in Figure 1 in 0.5 and 0.6 M Na2CO3 solutions. *
Diluted from 0.6 M Na2CO3.

Figure 7. Square root of 1 minus the transmittance as a function of
refractive index at three different wavelengths, as labeled.
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function of the refractive index of the solvent. By fitting straight
lines to the data near the match point, the lines are found to
intersect at a refractive index of 1.384 with no significant
dependence on wavelength. This value is between 1.383, the
value for bulk pHFBMA,44 and 1.386, determined for bare
pHFBMA particles,30 which indicates that the solvated PEG
layer does not affect the refractive index of the particles
significantly.

■ CONCLUSIONS

A simple semibatch emulsion polymerization procedure has
been employed to produce very nearly monodisperse
fluorinated spheres with a well-defined PEG graft without the
aid of surfactants. The high degree of stability in salt solutions,
the PEG layer thickness, and the reversible nature of
aggregation suggest that a high grafting density is reached in
the synthesis. The low refractive index of the particles, which
enables refractive index matching in predominantly aqueous
solvents, the near size monodispersity, and the single PEG-layer
graft should make the latices useful as model systems in a range
of studies.
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