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A B S T R A C T

Efficient production and flexible surface functionalization are important developing directions for the synthesis
of polymeric nanomaterials. In this work, aggregation-induced emission (AIE) polymeric nanoparticles (PNPs)
were efficiently synthesized by encapsulating a model AIE luminogen, tetraphenylethylene (TPE), within a
polymeric matrix via miniemulsion polymerization. The AIE PNPs with similar emission and particle properties
were synthesized in a wide solid content range of 8–40 wt%. The particle size and photoluminescence intensity
of AIE PNPs could be flexibly tuned by synthetic parameters including the surfactant content and TPE content.
Furthermore, the surface carboxyl- and amino-functionalization of AIE PNPs were conveniently achieved
through copolymerization of styrene and functional monomers methacrylic acid and 2-aminoethyl methacrylate
hydrochloride, respectively, in miniemulsions. The surface functionalization extent could be facilely tuned by
the content of functional monomers. This miniemulsion polymerization based technique could be a feasible and
efficient method to prepare AIE PNPs with versatile surface functionalization, tunable brightness, and con-
trollable particle properties for the applications in biodetection, bioimaging, etc.

1. Introduction

In recent years, fluorescent nanomaterials have gained great atten-
tion due to their wide applications in fields of biology, therapeutics,
optoelectronic devices, and diagnostics [1–9]. Incorporation of lumi-
nogens into polymeric nanoparticles (PNPs) is of great interest because
fluorescent PNPs show more advantages in terms of brightness, pho-
tostability, and functionalization compare to pristine luminogens [10].
Among various organic luminogens, those with aggregation-induced
emission (AIE) properties have acquired particular popularity because
of their enhanced emission in the solid state or crystals, which can
elegantly conquer the aggregation-caused quenching (ACQ) effect of
traditional organic chromophores [11–13].

So far, a variety of AIE PNPs have drawn extensive interests on
account of their remarkable stability in biological environments and

well-controlled surface properties [10,14,15]. These AIE PNPs can be
prepared through a number of innovative strategies including deso-
lvation method [16], self-assembly of copolymers containing AIE moi-
eties [17,18], host–guest supramolecular assembly [19], co-nanopre-
cipitation [20], semi-continuous polymerization [21], and emulsion
polymerization [22,23]. For example, Wei's group developed a series of
self-assembly based techniques that combined with RAFT polymeriza-
tion, Schiff base condensation, Mannich reaction, multicomponent re-
action, click polymerization, and dynamic bonding interaction, to
prepare versatile AIE PNPs [24–29]. Nicolas et al. prepared AIE prodrug
PNPs by co-nanoprecipitation of AIE polymers from nitroxide-mediated
polymerization and polymeric prodrug [20]. However, most of these
self-assembly based techniques include high cost synthesis of well-de-
fined amphiphilic AIE-moiety-containing block copolymers or compli-
cated post-functionalization through various organic reactions.
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Furthermore, most of the reported techniques only allow to prepare AIE
PNPs under a relatively low solid content. For example, Qin et al.
prepared AIE luminogens (AIEgens)-loaded bovine serum albumin
(BSA) PNPs through the desolvation method under a very low solid
content [16]. Liu et al. carried out the emulsion polymerization at a
solid content below 5wt% to prepare AIE PNPs [22]. It is of great
importance to synthesize AIE PNPs at a high level of solid content for
efficient production [30].

However, preparation of high solid content emulsions may en-
counter many difficulties, like colloidal instability, uncontrolled par-
ticle size and particle size distribution, and increased viscosity. It has
been reported that the miniemulsion polymerization technique could be
readily used to prepare high solid content emulsions of various PNPs
[31–38]. In a typical miniemulsion polymerization system, many
monomer droplets with a size of several ten to several hundred nan-
ometer are homogenously dispersed in an aqueous continuous phase.
PNPs are mainly formed through droplet nucleation in the poly-
merization process. This technique can be used to prepare various
functional PNPs through copolymerization of functional monomers or
physical encapsulation of functional materials [39,40]. Recently, we
reported that AIE PNPs could be successfully prepared through copo-
lymerization of common monomers, like styrene (St) and methyl me-
thacrylate, with an AIE functional monomer in water-borne mini-
emulsion systems [41,42]. The synthesized AIE PNPs displayed high
brightness, good biocompatibility, and good cell staining ability.
However, in our previous work, those AIE PNPs were synthesized at a
relatively low solid content (8 wt% relative to water) [42]. Therefore, it
is highly meaningful to tentatively synthesize AIE PNPs at a much
higher solid content in miniemulsions.

Besides the efficient synthesis, it is equivalently important to un-
dergo surface functionalization of AIE PNPs especially used for biolo-
gical applications, which may endow AIE PNPs with improved bio-
compatibility, targeting ability, and enhanced in vivo circulation [10].
Prior to sophisticated functionalization, it is necessary to introduce
some reactive functional groups like hydroxyl, carboxyl, or amino
groups to the surface of AIE PNPs. These reactive groups may further
experience coupling reactions with other functional components like
targeting peptides, folic acid, and so on. Wei et al. reported that the
surface of AIE PNPs could be functionalized with carboxyl groups
through emulsion polymerization of styrene and acrylic acid [22].
However, in their report, they only discussed the contribution of surface
carboxylated functionalization to the good water dispersibility of AIE
PNPs. In miniemulsion polymerization systems, the preliminary surface
functionalization of PNPs with hydroxyl, carboxyl, and amino groups
could be realized through copolymerization of common monomers with
functional vinyl monomers carrying various reactive groups [43,44].
The relationships between the functional monomer content and the
surface carboxyl group density, particle size and its distribution, and
surface charge state can guide us to better control the surface functio-
nalization state of AIE PNPs, and provide a basis for further complex
modification. However, to the best of our knowledge, as a novel ap-
plication of miniemulsion polymerization in preparation of AIE PNPs,
the surface functionalization of AIE PNPs with carboxyl or amino
groups has not been thoroughly investigated yet.

In this work, AIE PNPs with and without surface functionalization
were conveniently prepared through encapsulation of a model AIEgen,
tetraphenylethylene (TPE), in water-borne miniemulsions (Scheme 1).
The AIE PNPs displayed a well-defined spherical morphology and
narrow particle size distribution. The brightness of AIE PNPs could be
accurately regulated by changing the TPE content. The AIE PNPs with
similar particle properties and emission ability could be synthesized in
a wide solid content range of 8−40 wt%. Furthermore, surface car-
boxyl- or amino-functionalized AIE PNPs were synthesized through
miniemulsion copolymerization of St with methacrylic acid (MAA) and
2-aminoethyl methacrylate hydrochloride (AEMH), respectively. Ac-
cording to the quantitative evaluation on the relationship between

density of carboxyl or amino groups on the AIE PNP surface and the
MAA or AEMH content, it was found that the surface functionalization
extent could be readily tuned by the MAA or AEMH content.

2. Experimental section

2.1. Materials

TPE (95%) was obtained from Shanghai Aladdin Chemistry Co. Ltd.
St (AR, Tianjin Yongda Chemical Reagent Co., Ltd.) was purified
through reduced distillation, and stored in a refrigerator before use.
MAA (CP, Shanghai Zhanyun Chemical Co., Ltd.) and AEMH (90%, J&K
Scientific Co., Ltd.) were used as received. The non-ionic surfactant O-
50, a poly(ethylene oxide)-hexadecyl ether with an ethylene oxide
block length of ∼50 units, was obtained from Jiangsu Hai'an
Petrochemical Factory. n-Hexadecane (HD, 99%, Acros Organics), so-
dium dodecyl sulfate (SDS, CP, Shanghai Aladdin Chemistry Co., Ltd.),
potassium persulfate (KPS, AR, Shanghai Aladdin Chemistry Co. Ltd.),
2,2’-azodiisobutyronitrile (AIBN, AR, Shanghai Aladdin Chemistry Co.,
Ltd.), H2SO4 (AR, Zhejiang Sanying Chemical Reagent Co., Ltd.), NaOH
(AR, Tianjin Yongda Chemical Reagent Co., Ltd.), KBr (99.5%,
Shanghai Aladdin Chemistry Co. Ltd.), and ethanol (AR, Hangzhou
Gaojing Fine Chemical Co., Ltd.) were used as received. Self-made
deionized water was and used in all experiments.

2.2. Preparation of PSt/TPE PNPs through miniemulsion polymerization

SDS was dissolved in water to form an aqueous solution. TPE was
dissolved in a mixed solution of St and HD to form a hydrophobic so-
lution. Both solutions were mixed and stirred with a rate of 700 rpm at
40 °C for 15min to obtain a crude emulsion. Subsequently, the crude
emulsion was sonicated at 400W for 9min by using a pulse mode (work
12 s, break 6 s) to form a monomer miniemulsion. After addition of KPS
(0.05 g), the polymerization ran at 70 °C for 5 h with a continuous
stirring of 400 rpm. The recipes for the prepared emulsions of PSt/TPE
PNPs are listed in Table 1.

2.3. Preparation of surface functionalized PSt/TPE PNPs through
miniemulsion polymerization

For preparation of surface carboxyl-functionalized PSt/TPE PNPs,
the overall amount of St and MAA was kept at 10 g, and the MAA
content was varied in the range of 0–10wt%. MAA was directly mixed
with St. The protocols of pre-emulsification, sonication, and poly-
merization were the same as those for the preparation of PSt/TPE PNPs.
The emulsions of carboxyl-functionalized PSt/TPE PNPs were dialyzed
in deionized water until the conductivity of the diffusate reached
∼2 μS cm−1 to remove the surfactant. The recipes for the prepared
emulsions of carboxyl-functionalized PSt/TPE PNPs are listed in
Table 2.

Considering the potential cytotoxicity of cationic surfactants [45],
the nonionic emulsifier O-50 was used to prepare surface amino-func-
tionalized PSt/TPE PNPs through miniemulsion polymerization. The
overall amount of St and AEMH was fixed at 1.0 g, and the AEMH
content was varied in the range of 0–10wt%. Due to the limited solu-
bility of AEMH in hydrophobic monomers, both AEMH and O-50 were
pre-dissolved in water. TPE and AIBN were dissolved in a mixed solu-
tion of St and HD to form a hydrophobic solution. The protocols of pre-
emulsification and sonication were the same as those of the preparation
of PSt/TPE PNPs. The polymerization ran for 20 h at 70 °C. The emul-
sions of amino-functionalized PSt/TPE PNPs were dialyzed in deionized
water for 3 days to remove the surfactant. The recipes for the prepared
emulsions of amino-functionalized PSt/TPE PNPs are listed in Table 3.
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2.4. Determination of surface density of the carboxyl and amino groups on
the AIE PNPs

Surface carboxyl- and amino-densities were determined through the
conductometric back titration [46,47]. The dialyzed emulsion samples
were used for the measurement. The protocol was as follows: 2 g of
dialyzed emulsions was diluted with 70 g deionized water in a 200mL
beaker, and then the probes of pH meter (Mettler Toledo FE20) and
conductivity meter (Mettler Toledo FE30) were placed in the diluted
emulsion. An excess amount of aqueous NaOH solution (0.1 mol L−1)
was added to the diluted emulsions to reach a pH value of 10.5 ± 0.2.
After 5-min stirring, the titration was started by adding 10 μL of the
aqueous H2SO4 solution (0.1275mol L−1) in one shot each minute into
the emulsion with a continuous stirring of 500 rpm. After each addition
of aqueous H2SO4 solution, the equilibrated conductivities of emulsions
were recorded. The conductometric back titration was finished when
the conductivity of emulsions exceeded the value at time 0.

The molar amount of surface carboxyl or amino groups per gram of
PNPs (Sb, mol·g−1) was calculated through formula (1):

= ′S S S–b b 0 (1)

where Sb’ (mol·g−1) is the molar amount of surface carboxyl or amino
groups per gram of surface functionalized PSt/TPE PNPs directly cal-
culated through formula (2); the emulsion of un-functionalized PSt/TPE
PNPs was used as the blank sample, and S0 is the calculated molar
amount of hypothetical surface carboxyl or amino groups per gram of
un-functionalized PSt/TPE PNPS through formula (3).

′ =
× ×

×
× −S V C

m W
2 10b

b 6
(2)

=
× ×

×
× −S V C

m W
2 100

0

0 0

6
(3)

where Vb is the volume of H2SO4 consumed by the carboxyl groups on
the surface of PNPs or OH− ions ionized by the amino groups of PNPs
and H2O (μL), V0 is the volume of H2SO4 consumed by the PSt/TPE
PNPS, C is the concentration of aqueous H2SO4 solution (mol·L−1), m
and m0 are the masses of emulsion used for conductometric back ti-
tration (g),W andW0 are the solid contents of dialyzed emulsion (wt%).

The number of carboxyl or amino groups per square nanometer was

Scheme 1. Schematic representation of the preparation of PSt/TPE PNPs and surface functionalized PSt/TPE PNPs.

Table 1
Recipes for the prepared emulsions of PSt/TPE PNPs.

Sample Oil phase Water phase

St (g) HD (g) TPE (g) SDS (g) H2O (g)

run 1 10 0.6 0.05 0.2 114
run 2 10 0.6 0 0.2 114
run 3 10 0.6 0.025 0.2 114
run 4 10 0.6 0.075 0.2 114
run 5 10 0.6 0.1 0.2 114
run 6 10 0.6 0.125 0.2 114
run 7 20 1.2 0.1 0.4 103
run 8 30 1.8 0.15 0.6 91
run 9 40 2.4 0.2 0.8 80
run 10 50 3 0.25 1.0 71
run 11 10 0.6 0.05 0.05 114
run 12 10 0.6 0.05 0.1 114
run 13 10 0.6 0.05 0.4 114
run 14 10 0.6 0.05 0.5 114

Table 2
Recipes for the prepared emulsions of carboxyl-functionalized PSt/TPE PNPs.

Sample St (g) MAA (g) HD (g) TPE (g) SDS (g) H2O (g) KPS (g)

run 15 9.9 0.1 0.6 0.1 0.2 114 0.05
run 16 9.75 0.25 0.6 0.1 0.2 114 0.05
run 17 9.5 0.5 0.6 0.1 0.2 114 0.05
run 18 9.25 0.75 0.6 0.1 0.2 114 0.05
run 19 9 1 0.6 0.1 0.2 114 0.05

Table 3
Recipes for the prepared emulsions of amino-functionalized PSt/TPE PNPs.

Sample St (g) AEMH (g) HD (g) TPE (g) O-50 (g) H2O (g) AIBN (g)

Run 20 1.000 0.000 0.06 0.01 0.2 12.5 0.02
Run 21 0.990 0.010 0.06 0.01 0.2 12.5 0.02
Run 22 0.975 0.025 0.06 0.01 0.2 12.5 0.02
Run 23 0.950 0.050 0.06 0.01 0.2 12.5 0.02
Run 24 0.925 0.075 0.06 0.01 0.2 12.5 0.02
Run 25 0.900 0.100 0.06 0.01 0.2 12.5 0.02
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calculated through formula (4).

=
× × ×

× −groups nm
N ρ S D

[ / ]
6

10A b n2 27
(4)

where ρ is the density of PSt (1.045×106 gm−3), Dn is the number-
average particle size of PNPs determined by DLS, and NA is Avogadro's
constant (6.022× 1023mol−1).

2.5. Characterization

2.5.1. Measurement of monomer conversion
The final conversions of monomers were measured by gravimetric

method. A certain amount of emulsions were dried at 70 °C for 24 h.
Monomer conversions were calculated according to formula (5):

=

× −

×C
m m

m
100%

t
m
m s

n

2
1

(5)

in which mn, mt, ms, m1, and m2 represent the feeding amount of
monomers, the total feeding amount of materials, the amount of non-
volatile components, the mass of the withdrawn emulsions, and the
mass of the dried samples, respectively.

2.5.2. Transmission electron microscopy (TEM)
Particle morphology was observed by a JSM-1200EX transmission

electron microscope (JEOL, Japan) with an acceleration voltage of
80 kV. The TEM sample was prepared as follows: a drop of emulsion
was diluted with 2mL distilled water; a drop of the diluted sample was
placed on a 400-mesh carbon-coated copper grid and dried at room
temperature.

2.5.3. Dynamic light scattering (DLS)
Z-average particle sizes, number-average particle sizes, and poly-

dispersities (PDIs) of the PSt/TPE PNPs and surface functionalized PSt/
TPE PNPs were measured by DLS (Zetasizer Nanoseries) at 25 °C under
a scattering angle of 90°. A drop of emulsion was diluted with 2mL of
distilled water. Particle sizes were given as the average of three mea-
surements.

2.5.4. Fluorescence spectroscopy
Five microliter of aqueous PSt/TPE PNP or surface functionalized

PSt/TPE PNP emulsion was diluted with 2mL distilled water. The PL
spectra of the diluted AIE PNP emulsions were recorded on a Hitachi F-
4600 spectrofluorometer in a spectral range of 350–600 nm at the ex-
citation wavelength of 330 nm.

2.5.5. Zeta potential measurement
Zeta potential of PSt/TPE PNPs, surface carboxyl- and amino-func-

tionalized PSt/TPE PNPs were measured at 25 °C on a Zetasizer

nanoseries potentiometer. The preparation of samples was as follows:
The PSt/TPE PNP emulsions (run 5) and carboxyl-functionalized PSt/
TPE PNP emulsions were diluted with an aqueous solution of KCl
(10−3 mol L−1, pH=8.0 ± 0.1) to a mass fraction of ∼0.125wt%;
The PSt/TPE PNPs emulsions (run 20) and amino-functionalized PSt/
TPE PNP emulsions were diluted with an aqueous solution of KCl
(10−3 mol L−1, pH=3.0 ± 0.1) to a mass fraction of ∼0.125 wt%.

2.5.6. Fourier transformation infrared spectroscopy (FTIR)
FTIR spectra of the PSt/TPE PNPs, surface carboxyl- and amino-

functionalized PSt/TPE PNPs were recorded on a Vertex 70 Fourier
transformation infrared spectrometer. The powder samples were mixed
with KBr and pressed to form a sample disk.

3. Results and discussion

3.1. Synthesis of PSt/TPE PNPs through miniemulsion polymerization

In this work, PSt/TPE PNPs were prepared through polymerization
of TPE-containing monomer miniemulsions (Scheme 1). The TPE mo-
lecules were physically embedded in the PSt matrix. Under room tem-
perature, the matrix polymer was under its glassy state, and thus the
polymer chain segments were frozen. As a result, the doped TPE mo-
lecules in the PNPs could emit strong fluorescence due to the highly
restricted intramolecular motion (Fig. 1A, inset). Quantitatively, the
spectroscopic result showed that a strong PL peak in the spectral range
of 400–600 nm that centered at ∼460 nm appeared in the PL spectrum
of PSt/TPE PNPs (Fig. 1A).

The PSt/TPE PNPs displayed a well-defined spherical morphology
(Fig. 1B). The Z-average particle size and PDI of PSt/TPE PNPs were
137.4 and 0.039, respectively, displaying a narrow particle size dis-
tribution.

3.2. Tuning the brightness of PSt/TPE PNPs

As the glass transition temperature of PSt (97 °C [48]) is much
higher than that of room temperature, the TPE molecules are frozen in
the glassy PSt matrix of PSt/TPE PNPs. Therefore, both the aggregated
and molecularly-dispersed TPE molecules can emit fluorescence due to
the restricted intramolecular rotation. Moreover, different from con-
ventional ACQ dyes, the concentration-induced aggregation of TPE
does not lead to its fluorescence quenching [12]. Therefore, the
brightness of AIE PNPs may increase with the increase of the TPE
content. As shown in Fig. 2A, the PSt/TPE PNPs with various TPE
contents exhibit the TPE characteristic PL peak at ∼460 nm. Promis-
ingly, the peak PL intensity of the PSt/TPE PNPs increased linearly with
the increase of the TPE content. It means that the brightness of the AIE
PNPs can be accurately tuned by the TPE content. This attribute of PSt/
TPE PNPs could be reasonably ascribed to the unique AIE mechanism of

Fig. 1. (A) PL spectrum of PSt/TPE PNPs, (A, inset) photo of the PSt/TPE PNP emulsion under irradiation of UV light, and (B) TEM image of the PSt/TPE PNPs
(Table 1, run 1).
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TPE.
It should be pointed out that the particle size of PSt/TPE PNPs

slightly decreased with the increase of the TPE content (Fig. 2C). This
decrement could be ascribed to the high hydrophobicity of TPE, which
may function as a hydrophobe to improve the stability of monomer
droplets. All the PSt/TPE PNPs with various TPE contents had a very
low PDI values, indicating the good uniformity of the particles.

3.3. Tuning the solid content of PSt/TPE PNP emulsions

As mentioned in the introduction, miniemulsion polymerization
technique holds high promise to prepare high solid content emulsions
[31,32]. In this work, the PSt/TPE PNP emulsions with a solid content
of 8 wt% to 40 wt% were prepared. As shown in Fig. 3A, the particle
size of PSt/TPE PNPs was not affected by the solid content in the range
of 8–32wt%. Further increase of the solid content to 40 wt%, the par-
ticle size of PSt/TPE NPs slightly increased. This could be ascribed to
the high viscosity of the crude emulsion with 40wt% of monomers,
leading to the increased dispersion difficulty in the preparation of
monomer miniemulsion by sonication. Promisingly, the PSt/TPE PNPs
in the emulsions with various solid contents had low PDI values. It
means that the solid content of emulsion does not show obvious in-
fluence on the particle size distribution of AIE PNPs.

The visual observation showed that the higher the solid content of
PSt/TPE PNP emulsion was, the brighter the PL emission was (Fig. 3B
inset). For quantitative evaluation, the same amount of emulsions with
various solid contents was withdrawn for PL spectroscopic measure-
ments, and the results are shown in Fig. 3B. The peak PL intensity of the
PSt/TPE PNPs almost linearly increased with the increase of the solid
content (Fig. 3C). This could be reasonably ascribed to the increase of
the TPE concentration along with the solid content. The PSt/TPE PNP
emulsions with various solid contents were diluted to the same NP
concentration prior to the PL spectroscopic measurements, and the
corresponding PL spectra are shown in Fig. 3D. As the TPE content in
the PNPs was kept fixed, the emulsion with the same PNP concentration
contained the same amount of incorporated TPE. As expected, the peak
PL intensity of PSt/TPE PNPs synthesized in the systems with various
solid contents remained almost unchanged (Fig. 3E). This result in-
dicated that the brightness of PSt/TPE PNPs synthesized in the systems
with various solid contents only depended on the incorporated content
of TPE, and therefore they displayed very similar emission behaviors. In
other words, the PSt/TPE NPs with similar emission property can be
easily synthesized through our proposed miniemulsion polymerization
at various solid content levels, and more promisingly, they can be ef-
ficiently synthesized at a high solid content level.

3.4. Tuning the particle size of PSt/TPE PNPs

For biological applications, the particle size of PNPs is an important

index that may significantly impact the uptake efficiency and imaging
effect of cells [14]. For miniemulsion polymerization systems, the
particle size of PNPs may be conveniently tuned by the surfactant
amount [49]. As shown in Fig. 4A, the particle size of PSt/TPE PNPs
could be tuned from 146 nm to 105 nm by increasing the SDS amount
from 0.04wt% to 0.4 wt% relative to water.

The PL spectra of the PSt/TPE PNPs with varied content of SDS are
shown in Fig. 4B. All the samples displayed an obvious emission peak at
∼460 nm. The peak PL intensity slightly increased with the increase of
SDS content. This increment could be ascribed to the less light scat-
tering intensity of the PSt/TPE PNPs with a relatively smaller particle
size (higher SDS content).

3.5. Surface functionalization of PSt/TPE PNPs

AIE PNPs with targeted functional groups have greater advantages
in the specific recognition of cells and tissues [1,50]. However, there is
no reactive functional groups on the surface of PSt/TPE PNPs, which
cannot directly achieve specific modification of target groups. Thanks
to the high hydrophilicity of MAA or AEMH monomeric units, these
surface active monomeric units are thermodynamically inclined to
partition onto the surface of PNPs [47]. It has been reported that the
surface carboxyl- or amino-functionalization of hydrophobic PNPs
could be realized through introducing a small amount of carboxyl- or
amino-containing hydrophilic comonomers into emulsion or mini-
emulsion polymerization systems [22,43,44]. In this work, MAA and
AEMH were added to the miniemulsion polymerization systems to
prepare surface carboxyl- and amino-functionalized PSt/TPE PNPs
through the copolymerization of St and MAA or AEMH, respectively.

3.5.1. Surface carboxyl-functionalization of PSt/TPE PNPs
As shown in Fig. 5A, the miniemulsion copolymerization of St and

MAA could be efficiently carried out, and all the reaction systems could
reach a high final overall monomer conversion (> 85%). Fig. 5B shows
the FTIR spectra of PSt/TPE PNPs and poly(St-co-MAA)/TPE PNPs with
various MAA contents. In comparison to PSt/TPE PNPs (Fig. 5B, curve
a), additional characteristic bands in the spectral range of 1650–1700
and 3300–3500 cm−1 appeared in all the spectra of poly(St-co-MAA)/
TPE NPs with various MAA contents (Fig. 5, curves b–d), which could
be assigned to the stretching vibration of C=O and –OH groups origi-
nated from the carboxyl groups of MAA units, respectively. The FTIR
results clearly indicated that the successful introduction of MAA units to
the PSt/TPE NPs.

Although the FTIR results showed that MAA has been successfully
introduced into the PSt/TPE PNPs, only the carboxyl groups on the
surface of PNPs can be used for the further functional modification.
Therefore, the density of carboxyl groups on the surface of the poly(St-
co-MAA)/TPE PNPs with various MAA contents was characterized by
the method of conductometric back titration, and the corresponding

Fig. 2. (A) PL spectra of the PSt/TPE PNPs with various TPE contents. (B) Relationship between the peak intensity and the TPE content and (B inset) photo of the PSt/
TPE PNP emulsions with various TPE contents under irradiation of UV light. (C) Z-average particle sizes and PDIs of the PSt/TPE PNPs with various TPE contents
(Table 1, runs 1–6).
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conductometric titration curves are shown in Figs. 6A and S1. As shown
in Fig. 6A, the conductometric titration curve contained four stages:
Stage I corresponds to the neutralization of NaOH with H2SO4, Stage II
represents the neutralization of surface-bound carboxylic ions, and
Stages III and IV correspond to the neutralization of free carboxylic ions
in the aqueous phase and excess H2SO4, respectively.

The variables including the number-average particle size of AIE
PNPs, the solid content of the dialyzed emulsion, and the volume of

H2SO4 solution consumed by the surface-bound carboxylic ions are
listed in Table S1. The densities of carboxyl groups on the particle
surface were calculated according to formula (1)–(4), and the results
are shown in Fig. 6B. The density of the surface carboxyl groups almost
linearly increased with the increase of the MAA content. It means that
the amount of surface carboxyl groups can be conveniently tuned by the
MAA content in our experimental range.

The Z-average particle sizes and PDIs of the surface carboxyl-

Fig. 3. (A) Z-average particle sizes and PDIs of the
PSt/TPE PNPs with various solid contents. (B) PL
spectra and (C) peak PL intensity of the PSt/TPE PNP
emulsions with various solid contents (5 μL of ori-
ginal emulsions with solid contents of 8 wt%, 16wt
%, 24wt%, 32 wt%, and 40wt% were diluted with
2mL of water, respectively). (B, inset) Photos of the
PSt/TPE PNP emulsions with various solid contents
under irradiation of UV light. (D) PL spectra and (E)
peak PL intensity of the PSt/TPE PNP emulsions with
various solid contents at the same PNP concentration
(5 μL of original emulsions with solid contents of
8 wt%, 16wt%, 24 wt%, 32wt%, and 40wt% were
diluted with 2mL, 4mL, 6 mL, 8mL, and 10mL of
water, respectively, to achieve the same PNP con-
centration.) (Table 1, runs 1, and 7–10).

Fig. 4. (A) Z-average particle sizes and PDIs and (B) PL spectra of the PSt/TPE PNPs synthesized in the miniemulsion system with various SDS contents. (C)
Relationship between the peak intensity and the content of SDS (Table 1, runs 1, and 11–14).
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functionalized PSt/TPE PNPs with various MAA contents were mea-
sured by DLS, and the results are shown in Fig. 7A. In the range of
0–10wt% of MAA, the particle size of the poly(St-co-MAA)/TPE PNPs
varied in the range of 105–130 nm and did not show a clear dependence
on the weight content of MAA. All the surface carboxyl-functionalized
PSt/TPE PNPs had a low PDI value, displaying a narrow particle size
distribution. All the poly(St-co-MAA)/TPE PNPs displayed a very ne-
gative zeta potential values due to the surface carboxyl-functionaliza-
tion (Fig. 7B). It should be pointed out that the residue groups of in-
itiator (KPS) also partially contributed to the surface negative charge of
AIE PNPs.

The PL spectra of the carboxyl-functionalized AIE PNPs with various
MAA contents are shown in Fig. 7C. Regardless of the MAA content, the
PL spectra of the poly(St-co-MAA)/TPE PNPs did not show any obvious
difference, and had very similar peak PL intensity (Fig. 7D). All the
results illustrated that the surface carboxyl-functionalization through
miniemulsion copolymerization of St and MAA only had minor influ-
ence on the particle size, particle size distribution, and PL behavior of
poly(St-co-MAA)/TPE PNPs.

3.5.2. Surface amino-functionalization of PSt/TPE PNPs
Amino-functionalized PSt/TPE PNPs were prepared through mini-

emulsion copolymerization of St and AEMH. As shown in Fig. 8A, the
overall monomer conversions of the polymerization systems with var-
ious contents of AEMH reached above 82%, indicating that the copo-
lymerization of St and AEMH was very efficient. Fig. 8B shows the FTIR

spectra of PSt/TPE PNPs and poly(St-co-AEMH)/TPE PNPs with various
AEMH contents. In comparison to PSt/TPE PNPs (Fig. 8B, curve a), new
peaks appeared at 1730, 1100, and 1380 cm−1, which correspond to
the stretching vibration of C=O, stretching vibration of C–O, and
stretching vibration C–N bond from AEMH, respectively [51]. In addi-
tion, the characteristic bands in the spectral range of 3400–3700 cm−1

appeared in all the spectra of poly(St-co-AEMH)/TPE PNPs with various
AEMH contents (Fig. 8B, curves b–d), which could be assigned to the
amino groups introduced by AEMH [51]. The FTIR results clearly in-
dicated that the successful introduction of AEMH units to the PSt/TPE
PNPs.

Similarly, the surface amino density of poly(St-co-AEMH)/TPE PNPs
was determined by conductometric back titration, and the conducto-
metric titration curves are shown in Figs. 9A and S2. The variables for
calculating the number of surface amino groups of poly(St-co-AEMH)/
TPE PNPs, including the number-average particle size of PNPs, solid
content of emulsion, and volume of H2SO4 solution consumed by sur-
face-bound amino groups are listed in Table S2. As shown in Fig. 9B, the
surface density of amino groups displayed a positive correlation with
the content of AEMH, similar to the surface carboxyl functionalization
of PSt/TPE PNPs.

Fig. 10A shows the Z-average particle sizes and PDI values of the
PSt/TPE PNPs with various AEMH contents. Although addition of
AEMH induced a slight increment in the particle size and PDI of PSt/
TPE PNPs, the particle sizes of the PNPs could still be well controlled in
the range of 1–10wt% of AEMH content, and they only varied in the

Fig. 5. (A) Final overall monomer conversions of the systems with various MAA contents. (B) FTIR spectra of PSt/TPE and poly(St-co-MAA)/TPE PNPs with various
contents of MAA (a, PSt/TPE PNPs; b, poly(St-co-1% MAA)/TPE PNPs; c, poly(St-co-5% MAA)/TPE PNPs; d, poly(St-co-10% MAA)/TPE PNPs) (Tables 1 and 2, runs 5,
and 15–19).

Fig. 6. (A) Conductometric titration curve of the poly(St-co-10%MAA)/TPE PNPs. (B) Relationship between the number of surface carboxyl groups per unit nm2 and
MAA content (Table 2, runs 15–19).
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range of 80–95 nm. Moreover, the amino-functionalized PSt/TPE PNPs
still displayed a relatively low PDI value, indicative of a narrow particle
size distribution. Due to the introduction of various amounts of amino
groups to the surface of PSt/TPE PNPs, the zeta potential values in-
creased with the increase of the AEMH content. It confirmed the ex-
istence of amino functional groups on the surface of AIE PNPs.

Furthermore, like the carboxyl-functionalized AIE PNPs, the amino-
functionalized AIE PNPs exhibited obvious PL emission at ∼460 nm
(Fig. 10C). Surface modification of AEMH did not show obvious influ-
ence on the PL emission property of the AIE PNPs, and all the PNPs
displayed a similar peak PL intensity (Fig. 10D). It means that the PSt/
TPE PNPs could be surface-modified by AEMH without interfering the
PL emission of the incorporated TPE molecules.

4. Conclusions

In summary, un-functionalized, surface carboxyl-functionalized or
surface amino-functionalized PSt/TPE PNPs were facilely synthesized
by encapsulating TPE within a polymer matrix via miniemulsion
polymerization of St or copolymerization of St with various functional
monomers. The synthesized AIE PNPs displayed a well-defined sphe-
rical morphology and narrow particle size distribution. The PL intensity
of AIE PNPs could be accurately tuned by changing the TPE content.
The particle size of AIE PNPs could be tuned from 105 to 146 nm by
varying the SDS content. Promisingly, the AIE PNPs with similar
emission property were efficiently synthesized at various levels of solid
content, especially at a very high solid content (40 wt%). The surface of
AIE PNPs was functionalized by carboxyl and amino groups through

Fig. 7. (A) Z-average particle sizes and PDIs and (B) zeta potential values of the carboxyl-functionalized PSt/TPE PNPs with various MAA contents. (C) PL spectra and
(D) peak PL intensity of PSt/TPE PNPs with various MAA contents (Tables 1 and 2, runs 5, and 15–19).

Fig. 8. (A) Final overall monomer conversions of the systems with various AEMH contents. (B) FTIR spectra of PSt/TPE and poly(St-co-AEMH)/TPE PNPs with
various contents of AEMH (a, PSt/TPE PNPs; b, poly(St-co-1%AEMH)/TPE PNPs; c, poly(St-co-5%AEMH)/TPE PNPs; d, poly(St-co-10%AEMH)/TPE PNPs) (Table 3,
runs 20–25).

X. Liang et al. Dyes and Pigments 163 (2019) 371–380

378



introduction of MAA and AEMH, respectively. The surface density of
functional groups positively correlated to the content of functional
monomers, and therefore the surface modification could be tuned by
the content of functional monomer. Although the surface functionali-
zation markedly affected the surface properties of AIE PNPs, like charge
and reactivity, it only displayed a minor influence on the PL behavior of
AIE PNPs. The miniemulsion polymerization technique proposed in this
work holds high promise to efficiently synthesize versatile AIE PNPs at
a high level of solid content with tunable brightness, versatile surface
functionalization, and controllable particle properties.
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