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Polyacrylate nanoparticles are widely applied and typically prepared by many polymerization methods. However, poor long-term
storage stability of nanoparticles limited their use, so some methods are carried out to overcome it. In this paper, we investigated a
series of fluorinated polyacrylate nanoparticles to improve the long-term storage stability of polyacrylate nanoparticles. We found
that increasing fluorine content resists the aggregation of nanoparticles during long-term storage. Furthermore, a higher content of
fluorine can improve the hydrophobicity of latex polyacrylate film and increase the refractive index of latex polyacrylate film. The
properties of the polyacrylate nanoparticles and latex film can thus be controlled by changing fluorine contents, which in turn
provides key insights into the design of functional polymer material.

1. Introduction

Polymeric nanoparticles have attracted great interest in both
academic and industrial fields owing to their potential
applications in drug delivery [1–3], separation sciences
[4, 5], catalysis [6, 7], diagnostic imaging [8, 9], soil remedi-
ation [10], and so on. Over the past decade, a variety of
polymeric nanoparticles have been reported in the literature,
including polyolefins [11], polyesters [12], polyurethanes
[13], polyaryletherketones [14], polysaccharide [15], and
polyacrylates [16] as well as their copolymers [16]. Polymeric
nanoparticles and their films possess prominent economic
value, which are applied for finishing agent [17, 18], anticor-
rosion coating [19], photoresponsive material [20], dielec-
trics, and adhesives [21].

Among them, polyacrylate nanoparticles obtained by
addition polymerization of vinyl groups with the molecular
structure of monomer have received much attention due to
good film-forming property [16], low cost [22], controllable
size [22], low toxicity [23], and ease of synthesis [16]. Various
methods have been used to fabricate polyacrylate nanoparti-
cles, such as the epitope polymerization technique [24], the
supramolecular self-assembly approach [25], and the spray
drying method [26]. Comparatively, the emulsion poly-
merization is more economical, environment-friendly,
and simple [27].

On the other hand, the major barrier encountered in the
application of polymeric nanoparticles is that the nanoparti-
cles are liable to aggregation, creaming [28], and flocculate
[29] due to phase separation during long-term storage. For
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example, it is interesting in our previous work that polymeric
nanoparticles using chlorotrifluor ethylene as amphiphilicity
monomer is instable in emulsion. To solve this problem,
Binks and Whitby fabricated stable polymeric nanoparticles
by changing the wettability of particle surface [30]. Lazzari
and coworkers reported it was necessary to lower the zeta
potential value of the nanoparticles in order to improve the
stability of nanoparticles [31]. The work by Lemoine et al.
showed that molecular weight and crystallinity of the poly-
mer, nanoparticle size, and pH of solvent affect the stability
of nanoparticles [32].

The reported results reveal that themodification of latex is
an accessiblemethod to improve the stability of nanoparticles.
Logie and coworkers fabricated stable polymeric micelles by
modifying hydrophilic poly(ethylene glycol) moieties [33].
Yang et al. reported the use of maleic reactive surfactants
and acrylate monomers to form soap-free latex. They found
that acrylate latex could stabilize against electrolyte [34].
However, to the authors’ knowledge, few works about poly-
meric nanoparticles modified chemically by hydrophobic
fluorinated groups to improve stability have been reported.

Fluorinated polymers present a great deal of interesting
properties, owing to the unique features of fluorine atom.
These materials are well-known in many applications, such
as drug delivery [35], coatings [36], and electrolyte [37]. In
order to further utilize many unique advantages conferred
by the fluorinated group, the synthesis of copolymers, in
which more fluorinated groups are incorporated, is essential.
For instance, the polymeric materials containing more fluo-
rine content have lower refractive index. This is conducive
to the application of optical devices.

With the above considerations in mind, herein, a series
of fluorinated polyacrylate latexes were synthesized by semi-
continuous emulsion polymerization. As shown in Scheme 1,
the introduction of high concentration of fluorine groups can

effectively enhance long-term storage stability of emulsion.
All latex particles contain chlorotrifluoroethylene (CTFE)
monomer which is used as the research template, because
we found that fluorine was only provided by CTFE and the
long-term stability of latex particles is poor in the previous
study [38]. Moreover, fluoroacrylate monomers can be intro-
duced into latex particles by free radical copolymerization in
a relatively simple method without complex chemical modi-
fication. In addition, since fluorinated acrylate monomers are
difficult to emulsify, few reports have shown the copolymer-
ization of CTFE with fluoroacrylate to prepare fluorinated
polyacrylate latexes by emulsion polymerization. But this
method is conducive to large-scale application. The chemical
structure, size, and size distribution of resultant particles
were investigated by FTIR and dynamic light scatterings
(DLS). The wettability, thermal stabilities, and refractive
index of the latex films were investigated by measurements
of water contact angle, thermal gravimetric analysis (TGA),
and spectroscopic ellipsometry, respectively.

2. Materials and Methods

2.1. Materials. Chlorotrifluoroethylene (CTFE), vinyl acetate
(VAc), butyl acrylate (BA), and versatic acid 10 esters
(Veova10) were purchased from Aladdin Chemistry Co.,
Ltd. and purified by vacuum distillation prior to use.
Styryphenol poloxyethylene ether (600#A), sodium dodecyl
sulfate (SDS), octylphenol polyoxyethylene ether (NP-10),
and sodium bicarbonate were purchased from Aladdin
Chemistry Co., Ltd. and used as received. Potassium peroxy-
disulfate (KPS) purchased from Aladdin Chemistry Co., Ltd.
was recrystallized from deionized water (40°C) prior to use.
2,2,2-Trifluoroethyl methacrylate (MF3) and dodecafluoro-
heptyl methacrylate (MF12) were kindly supplied by Dalian
Zhenbang Fluorocarbon Paint Stock Co., Ltd.
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Scheme 1: Schematic illustration for the preparation of different fluorinated polyacrylate latexes.
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2.2. Synthesis of Fluorinated Polyacrylate Latexes. The fluo-
rine polyacrylate latexes were prepared by semicontinuous
emulsion polymerization, using emulsifier mixtures contain-
ing 600#A, SDS, and NP-10 (at a weight ratio of 5 : 4 : 1). The
recipes were described in Table 1. Typically, a preemulsion of
80wt% emulsifier mixtures, all monomers except for CTFE,
and 35wt% distilled water were mixed in the beaker and stir-
red vigorously for 30min at room temperature according to
the recipes. All initiators (KPS) were added in the beaker con-
taining 30wt% distilled water and then stirred for 30min at
room temperature, which lastly formed initiator solution.

A 1L autoclave equipped with a reflux condenser, a ther-
mometer, and a mechanical stirrer was filled with a mixture
of 20wt% emulsifier mixtures, the rest 35wt% distilled water,
and 0.9 g dicarbonate in nitrogen atmosphere. The mixture
was first stirred for 30min. Then, the 8wt% resultant
preemulsion and all the CTFE were both added into the auto-
clave with an appropriate dropping rate at room tempera-
ture. When the 8wt% resultant preemulsion and CTFE
were completely fed, the temperature was then increased to
60°C. Simultaneously, the 92wt% resultant preemulsion
and the resultant initiator solution were both added dropwise
into the autoclave, which lasted for 3 h. In fact, we use gravi-
metric analysis to calculate the conversion rate [39, 40].
Briefly, 2 g of emulsion was cast onto a weighing disk,
quenched with hydroquinone, and then dried to the constant
weight at 120°C. After that, the reaction was carried out con-
tinuously for another 3 h.

2.3. Preparation of Latex Film. The films were prepared by
casting the resultant emulsion latexes onto cleaned glass
plates and dried at room temperature for 2 days. After that,
the films were allowed to transfer to a vacuum oven and
further dried for additional 24 h.

2.4. Characterization. To observe the storage stability of the
fluorinated emulsions, all of the emulsions prepared were
stored at room temperature for more than 1 year under the
sealed state. The viscosity of the emulsion was measured with
a numerical viscometer (NBJ-8S, Shanghai Jitai Co., Ltd.).
The particle size and zeta potential (ζ) of the dispersions were
measured by a Malvern Zetasizer Nano-ZS90 instrument at
room temperature. Contact angles of water were tested by a
contact angle goniometer at room temperature. A FTIR
spectrum (Nicolet 20XB) was performed to characterize the
freeze-dried nanoparticles. Thermal gravimetric analysis
(TGA) measurements were performed on a NETZSCH TG
209 thermal analyzer. X-ray photoelectron spectroscopy
(XPS) analyses for surface of latex films were performed on
a Perkin Elmer ESCA 5600 spectrometer with a MgKα

X-ray source (1253.6 eV). Refractive index was measured
by an α-SE Woollam spectroscopic ellipsometer.

To evaluate the size andmorphology of polyacrylate nano-
particles, one drop of the nanoparticle suspension was diluted
in 10mL of water and 40 μL of this solution were deposited on
a copper grid (400 mesh) previously covered with an 8nm
thick carbon layer. After 30 s, the droplet was removed and
images of the sliceswere takenwith a JEM-2100Plus transmis-
sion electron microscope. The morphology and microstruc-
ture of the latex films were characterized using a JEOL JSM-
7800F scanning electron microscope (SEM).

Water absorption tests were performed as described
below. Briefly, samples were dried at 100°C and then cooled
down to ambient temperature. The sample was weighed as
w0. After that, we immerse the samples in deionized water
for 24 h. w represents the weight of the sample after
immersed. Water absorption (w%) was defined as follows:

w% = w −w0
w0

: ð1Þ

3. Results and Discussion

3.1. Polyacrylate Nanoparticle Chemical Structure
Characterization. The latex nanoparticles with different
contents of fluorine were synthesized by semicontinuous
emulsion polymerization. Three systems (Table 1) were syn-
thesized: WS1 (without fluorinate acrylate), WS2 (containing
2,2,2-trifluoroethyl methacrylate (MF3)), and WS3 (contain-
ing dodecafluoroheptyl methacrylate (MF12)). The solid
contents of WS1, WS2, and WS3 were 30.2%, 31.5%, and
30.5%, respectively. The coagulation ratio of WS1, WS2,
and WS3 was 1%, 2.6%, and 3.5%, respectively. FTIR and
XPS were used to determine the chemical structures and fluo-
rine content of fluorinated latex nanoparticles.

FTIR spectra of samples are shown in Figure 1. The
inexistence of C=C peak at 1638 cm-1 for all samples
demonstrates that all monomers have been successfully

Table 1: Recipes for polyacrylate emulsion latex.

Sample
CTFE
(g)

VAc
(g)

BA
(g)

Veova
(g)

MF3
(g)

MF12
(g)

Water
(g)

WS1 80 85 40 40 0 0 600

WS2 80 25 40 40 60 0 600

WS3 80 25 40 40 0 60 600
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Figure 1: FTIR spectra of the emulsion latex.

3Journal of Nanomaterials



incorporated in the polymer chain. In comparison with
the WS1, the band absorptions of WS2 and WS3 in the
range from 1000 to 1250 cm-1 become broadened and
enhanced obviously. All of these broad bands could be
related to the C-F complex vibration absorption peaks.
In contrast, for WS1, relative to WS2 and WS3, the –
CH2– absorption becomes stronger. The FTIR results indi-
cate that more fluorinated groups have been incorporated
into the polymer chain of WS2 and WS3.

The XPS survey spectra for the polymer films recorded at
the take-off angle of 0° are shown in Figure 2. The signals at
687, 534, 283, and 200 eV are assigned to the fluorine, oxy-
gen, carbon, and chlorine, respectively. The content of fluo-
rine could be examined based on the peak area of the
687 eV peak. Compared with WS1, WS2 and WS3 have
stronger fluorine peak and weaker carbon and oxygen peak.
XPS results indicate that more fluorine has been introduced
into the polymer chain for WS2 and WS3. The FTIR and
XPS results reveal successful preparation of high fluorine
content of latex nanoparticles by semicontinuous emulsion
polymerization.

3.2. Effects of Fluorine Contents on Stability of Nanoparticles.
Many factors, such as pH, crystallinity, and particle size, can
affect the stability of polymeric nanoparticles in water
[12, 32]. Moreover, in this paper, all nanoparticles were
obtained by random copolymerization, so there is no
crystallization, and the pH of the emulsion system is 7.
Figure 3 shows the particle size curves of different nano-
particles. It is seen that the curve of WS1 is to the right
of WS2 and WS3. The average particle sizes of WS1,
WS2, and WS3 are 143.5, 97.3, and 93.3 nm, respectively.
This indicates that nanoparticles with higher fluorine
content have smaller particle sizes, and adjusting the fluorine
content can effectively adjust the size of nanoparticles. The
same phenomenon was observed from some other papers
[41, 42]. We deduce that during the polymerization of the
WS2 or WS3 sample, the hydrophobic fluorine monomer
and the hydrophilic CTFE component are copolymerized
into the polymer backbone to form a surfactant-like amphi-
philic polymer. Attributed to the self-emulsification for gen-

erated amphiphilic polymer, it can keep the micelles stable
and prevent themselves from stealing the emulsifiers of other
micelles at the nucleation process, which in turn increases the
number of micelles. The presence of more micelles can
provide more nucleation sites for the nanoparticles, result-
ing in smaller particle sizes and narrower size distribution
[43–45]. Additionally, creaming velocity (νStokes) which
can evaluate the long-term stability of nanoparticles is
described using the Stokes terminal velocity equation [13].

vStokes =
d2p ρ − ρ0j jg

18μc
, ð2Þ

where dp is the diameter of emulsion particle, p and p0 are the
density of the water and the emulsion, uc is the viscosity of
water, and g is the gravity acceleration velocity. Obviously,
in the emulsion system, the diameter of the emulsion particle
has a significant effect on the creaming velocity. In addition,
the viscosity and the density of the emulsion are similar
(Table 2). That is, the smaller the particle, the slower the
creaming velocity. The long-term storage stability of the fluo-
rinated emulsions was compared after 1 year (Figure 4). The
sample WS1 with a larger particle size was very unstable, as a
clearly creaming was observed after 1 year. A better stabiliza-
tion of the sample WS2 (Figure 4) and WS3 (Figure S1 in the
supporting information) was observed. The cause of this
phenomenon is that the high hydrophobicity of fluorinated
monomers compared with ordinary monomers leads to
weak mobility in water. So the failure of micelles to obtain
enough fluorinated monomers causes the smaller size of
latex particles in emulsion polymerization [46]. Besides,
WS1 has a larger particle dispersibility index (PDI) than
WS2 and WS3 (Table 2), which represents a broader
particle size distribution for WS1. This agrees with the
result of TEM images for different polyacrylate
nanoparticles (Figure S2 in the supporting information).
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Figure 2: Wide-scan XPS spectra for latex emulsion.
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With regard to WS1, it is strongly influenced by internal
hydrophilic components and nanoparticles present swelling
behavior when distributed in aqueous solution. Along with
water volatilization during sample preparation, the
microspheres of WS1 are more likely to undergo obvious
deformation and the particle size is substantially greater
than 100nm. By contrast, due to the presence of fluorine
components, WS2 and WS3 show limited water absorption,
thus maintaining basically microsphere shape and smaller
particle size (less than 100 nm). In macroscopic view,
particles with a certain range may exhibit different colors.

For similar particle size difference of WS2 and WS3, their
appearance is basically the same. It is known that latex
particles with smaller size have better stability.
Accompanied by a long-time placement, the unfavorable
impact of larger size and wider PDI are more significant,
namely, WS1 takes on obvious stratification. Accordingly,
higher fluorine contents could improve the stability of latex
particles. In fact, the surface charge of nanoparticles would
affect their stability in water. On the other hand, its
chemical composition can alter the nanoparticle charge
[30]. Research shows that the zeta potential of WS1, WS2,
and WS3 is -40.2mV, -53mV, and -61.6mV, respectively.
Higher zeta potential values represent more stable storage
[47, 48]. The specific reason may be that the C-F bond of
MF3 or MF12 was introduced into the nanoparticles,
reducing their hydrophilicity. Hence, the nanoparticles are
inclined to absorb specific ion rather than water, making
the surface potentials higher [49, 50]. By calculation, the
conversion of WS1, WS2, and WS3 is 97.62%, 95.8%, and
98.3%, respectively.

3.3. Thermal and Hydrophobic Properties of Latex Films
Prepared with Different Fluorine Contents. The TGA curves
as the function of temperature are illustrated in Figure 5. It

Table 2: Viscosity, density, appearance, size, PDI, zeta potential, and conversion of the latexes.

Sample Viscosity (mPa·s) Density (g/mL) Appearance Dispersion size (nm) PDI Zeta potential (mV) Conversion (%)

WS2 14 1.104 Milkiness blue 97.3 0.02 -40.2 97.62

WS3 16 1.169 Milkiness blue 93.3 0.052 -53 95.8

WS1 18.5 1.053 Grey blue 143.5 0.073 -61.6 98.3

WS1 WS2

Figure 4: Visual observations of the latexes with different fluorine
contents after 1 year.
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Figure 5: TGA curves of the latex films with different fluorine
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can be seen from Figure 5 that the initial decomposition (5%
weight loss) temperature of WS3 is 338°C, which is 9°C
higher than that of WS2 and 46°C higher than that of WS1.
It is also found that the temperature of the 5% weight loss
of latex films slightly increases with the increase of fluorine
contents. The similar phenomenon has also been observed
for the other weight loss of latex films with different fluorine
contents. The reason is contributed to that the cleavage tem-
perature of the pendant fluorine side groups is higher than
that of the poly(vinyl acetate) chain. Thus, the thermal stabil-
ity of films is significantly improved due to the introducing of
more fluorine in the particles.

The surface hydrophobicity of the latex films with varied
fluorine contents was investigated by the measurements of
water contact angle (Figure 6). For the WS1, the water con-
tact angle is only 76°. With the introduction of more fluorine,
the water contact angle increased rapidly to 98° and 101° for
the sample of WS2 and WS3. Therefore, for this series of
latex films, a highly hydrophobic surface can be obtained by
successful incorporating of more fluorine into the polymer.
As for the copolymerized monomers MF3 and MF12, they
contain a low surface tension of -CF3 (6mN/m), -CF2H
(15mN/m), and -CF2-CF2- (18.5mN/m) groups [51, 52].
When the VAc dominated by -CH3 (24 mN/m) was
replaced, the contact angle was significantly smaller accord-
ing to the one-liquid method formula. In addition, as shown
in Figure 7, with the increase of fluorine contents, the hydro-
phobicity of the bulk latex films increases while the films’
water absorptions reduce. As can be seen, for WS2 and
WS3, water absorption is at a relatively low level due to the
hydrophobic fluorinated moieties at the surface, which pre-
vents water from entering into the bulk of materials. And
the water absorptions of SW1, SW2, and SW3 are 5.9%,

1.2%, and 0.7%, respectively. Water absorption is actually a
manifestation of wettability [53]. If the film surface has
plenty of hydrophilic groups, it is advantageous for the water
to enter the polymer film body under the action of capillary
absorption through the liquid-solid surface pores. To the
contrary, the hydrophobic C-F bond blocks the entry of
water molecules and reduces their wettability [54]. It is
believed that more fluorine can endow the films with greater
water repellency.

3.4. Effect of Fluorine Contents on Surface Morphology and
Refractive Index of Latex Films. The variations in the surface
morphologies caused by fluorine contents were examined by
atomic force microscopy (AFM). Since SEM acquires only
two-dimensional images, it cannot exhibit the roughness
information of the film [53]. SEM images of different polya-
crylate latex films in Figure S3 are similar. The evolution of
phase images of the films with the increase of fluorine
content is depicted in Figures 8(a) and 8(b). The previous
studies on fluorinated aliphatic polyesters or polyacrylates
have showed that the fluorinated moieties are stiffer and
harder, so look as the brighter regions at the higher phase
angle. On the contrary, the aliphatic polyacrylate or
polyester segments are relatively flexible and soft, related to
the dark part. As can be seen from the phase images, the
phase images exhibit more bright domains, indicating the
aggregation of fluorinated groups is on the surface. The
three-dimensional images of latex films are shown in
Figures 8(c) and 8(d). The roughness is influenced greatly
by the amount of fluorine contents. The surface of sample
WS1 is very smooth. In comparison, the surface of sample
WS3 has a large number of “pointed bumps,” which
corresponds to bright points in the phase images, making
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–8.6 deg2.0 𝜇mPhase
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Figure 8: AFM phase images of the films for (a) WS1 and (b) WS3. AFM three-dimensional height images of the films for (c) WS1 and (d)
WS3.
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the membrane surface rough. This result is consistent with
the data of contact angle. Because the rough surface of
sample can improve the hydrophobicity of film. The
refractive index of latex films is shown in Figure 9. The
refractive index for WS3, WS2, and WS1 is 1.35, 1.37, and
1.43, respectively. With the copolymerizing of more
fluorinated moieties, the refractive index of films decreases.
Because it is well known that the replacement of aliphatic
C-H bonds with elements of higher masses such as C-F
groups substantially lowers the energy of the fundamental
bond vibration modes and greatly decreases the optical
absorption at light wavelengths.

4. Conclusions

The series of polyacrylate nanoparticles were successfully
synthesized by semicontinuous emulsion polymerization.
The chemical structures of the polymers were confirmed by
FTIR and XPS. The DLS curves show that the WS2 and
WS3 have smaller size of nanoparticles, meaning more
fluorine contents can decrease the size of nanoparticles.
Compared to nanoparticles with lower fluorine contents,
nanoparticles with higher fluorine contents are more stable
owing to smaller size. In addition, more fluorinated moieties
incorporated into latex films lead to better hydrophobic
properties, higher thermal stability, and lower refractive
index. The combination of the above excellent properties
endows the high fluorinated polymers with promising
applications in the fabrication of functional devices.
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