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Abstract The development of photoluminescent materials
based on the incorporation of quantum dots (QDs) into
polymeric latexes has gained importance due to the multiple
potential applications. Through the process of miniemulsion
polymerization it is possible to encapsulate quantum par-
ticles into polymer matrix to provide both chemical stability
and to maintain emission properties. The polymerization
process was achieved with continuous magnetic stirring
and nitrogen atmosphere. Cetyl trimethylammonium bro-
mide (CTAB) was used as surfactant at concentration levels
of 1.3x102, 3.2x107 and 5.4x10 M. The initiator 2.2-
azobisisobutyronitrile (AIBN) was used at 0.50 and 0.75 wt
% and CdSe QDS were used at 0.075, 0.15 and 0.225 wt%,
both in relation to monomer content. A STEM study on the
composite latexes and later a statistical study on the mea-
surement of polymer particle diameter let us corroborate that
the increment in surfactant concentration produces a decre-
ment in polymer particle size. The obtained composite la-
texes were stable and showed fluorescence by excitation
with UV light. The spectrofluorometry studies indicated that
in composite latexes fluorescent emission was a function of
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polymer particle size, showing higher intensity those for-
mulations with smaller surfactant concentrations and bigger
polymer particle size.
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Introduction

Quantum dots (QDs) are semiconductor nanocrystals with
zero-dimensional quantum confinement and a size between
1 and 10 nm. Cadmium selenide (CdSe) QDs belongs to
group II-VI nanocrystals. On one hand, by tailoring their
surface, it is possible to make them dispersible in organic
solvents. On the other hand, by changing their crystal size,
color emission and physical properties can be manipulated
[1]. Additionally, high quantum yield and multi-colored
emissions can be excited by a single light source [2]. Such
emissions are characterized by extensive absorption spectra,
but with narrow, symmetric emission bands that can be
located form the ultraviolet to the infrared region of the
electromagnetic spectrum [3].

Several factors must be considered to preserve QDs pho-
toluminescence during the incorporation into a polymer
host. Examples of those factors are the relationship of sur-
face to volume of QDs and the sensitivity of the QDs to the
environment in which they are contained [4, 5].

In the last years research groups have demonstrated that
the encapsulation of QDs in polymeric hosts increases pho-
tostability and improves optical characteristics [6-9]. The
incorporation of fluorescent semiconducting nanocrystals
into polymer particles, via polymerization in dispersed me-
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dium, has caused the development of new methods that
allow the elaboration of submicrometric fluorescent par-
ticles with narrow particle size distribution, conferring them
high photostability and making them adaptable to many
processes. The importance of the incorporation of QDs
nanoparticles into a polymer matrix is based on the resis-
tance of the optical properties of the nanoparticles with
those of the polymer, allowing an isolation that provides
the QDs of improved photostability [10]. The polymer host
not only stabilizes the QDs in a solid matrix, but it also
provides particular characteristics to the resultant material;
that is, the combination of the specific properties of the solid
material and the polymer matrix allows new perspectives to
studies and applications [10-12].

In the task of obtaining nanoparticles embedded in poly-
mers, different methods have been used. Those methods
offer important variations which should be considered be-
fore selecting the most suitable. Miniemulsion polymeriza-
tion displays diverse advantages in contrast with other
methods [8, 13].

Miniemulsion polymerization is based on the creation of
an emulsion in which small droplets of monomer maintain
their stability, avoiding both the diffusion (known as Ost-
wald ripening phenomenon) and fusion process due to par-
ticle collision. The addition of an appropriate surfactant
allows retaining emulsion stability and its concentration
determines some important aspects of the miniemulsion
polymerization, like particle size and rate of polymerization
[14, 15].

This research was focused on the evaluation of the effect
of miniemulsion polymerization variables on the fluores-
cence of CdSe QDs / polystyrene composites. It was con-
sidered that variations in the concentrations of surfactant
and initiator changes the kinetic process and the structural
characteristics of the polymer particles (particle size and
particle size distribution), which could affect, in turn, QDs
structure and emission. Thus, changes in surfactant, initiator
and CdSe QDs concentration were evaluated. The final
purpose was to determine a set of conditions, where stable
fluorescence composites could be obtained.

Experimental
Materials

Cadmium selenide (CdSe) quantum dots (QDs) ~4 nm in
diameter and stabilized with trioctylphosphine oxide and
surface-functionalized with napthylamine were synthesized
according to literature [16]. Styrene monomer (Aldrich Co.)
was distilled under vacuum and kept at 5 °C until polymer-
ization. Initiator 2,2-azobisisobutyronitrile (Akzo Nobel)
was purified from a saturated aqueous solution followed
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by precipitation at 5 °C. Cetyl trimethylammonium bromide
(Acros, 99+%), hexadecylamine (Aldrich Co.), and hexa-
decane (Aldrich Co.) were used as received.

Critical micellar concentration

The critical micelle concentration (cmc) of CTAB was de-
termined by electrical conductimetry technique. The proce-
dure was as follows: First, a 0.01 M aqueous solution of
CTAB was prepared. Next, 50 mL of distilled water, with
electrical conductivity of 3.7 uS/cm, was loaded in a glass
vessel and tempered at 20 °C. The electrode of the conduc-
tivity meter (Corning conductivity meter 441) was placed
1 cm above the vessel bottom. Progressive additions of
1 mL each time of the solution were achieved. Gentle
magnetic stirring was used to homogenize the solution.
The evaluation consisted in measuring the increase of elec-
trical conductivity as function of salt concentration. From
this data, a plot of electrical conductivity versus surfactant
concentration was built.

The amount of CTAB to saturate a water / styrene mini-
emulsion system was also determined. The purpose was to
estimate the amount of surfactant to stabilize a miniemul-
sion. First, a system consisting of 80 part in weight of water
and 20 parts in weight of styrene was prepared. Next, 2 min
of sonication at 40% amplitude (Sonic dismembrator FB-
505) were applied on the system, followed by tempering at
25 °C. The analogous procedure as the used in CTAB cmc
determination in water was applied.

Miniemulsion polymerization

Miniemulsion polymerization was achieved as follows: first,
a surfactant solution of CTAB and distilled water (20 g) was
prepared and loaded into a three-neck-round bottomed flask
(the reactor). Next, a hydrophobe mixture containing CdSe
QDs, styrene monomer (5 g), hexadecylamine (0.02 g),
hexadecane (0.7 g) and initiator 2,2 azobisisobutyronitrile
(AIBN) was charged into the reactor. Then, the mixture was
sonicated for 2 min at 40% amplitude (Sonic dismembrator
FB-505) to obtain the miniemulsion. The miniemulsion was
polymerized at 70 °C with magnetic stirring in nitrogen
atmosphere. The formulations where designed varying ini-
tiator, surfactant and QDs concentrations, Table 1.

Characterization

Final monomer conversions were determined by gravimetry.
The procedure was as follows: A sample of latex was
weighted and dried at 80 °C for 24 h. The weight of the
dried sample was registered. According to the initial formu-
lation the weight fraction for every solid component was
calculated. The difference between the final solid mass ()
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Table 1 CdSe-polystyrene synthesis conditions via miniemulsion
polymerization

Latex [S]x107° M %[AIBN] % [CdSe QDs]
1 1.6 0.50 0.075
2 1.6 0.50 0.150
3 1.6 0.50 0.225
4 32 0.50 0.075
5 32 0.50 0.150
6 32 0.50 0.225
7 5.4 0.50 0.075
8 5.4 0.50 0.150
9 5.4 0.50 0.225
10 1.6 0.75 0.075
1 1.6 0.75 0.150
12 1.6 0.75 0.225
13 32 0.75 0.075
14 32 0.75 0.150
15 32 0.75 0.225
16 54 0.75 0.075
17 54 0.75 0.150
18 54 0.75 0.225

and the expected initial solid content (/) corresponds to

the polymer, Eq. 1. W), stands for the monomer mass in

the sample at t=0.

Conversion(%) = m-W * 100 (1)
Mon

Average particle size, particle size distribution and
polidipersity index of the polystyrene latex (blank) and
the CdSe QDs / polystyrene latex composites were de-
termined by statistical study on micrographs obtained by
scanning electron microscopy in transmission mode
(STEM), using a field emission electron microscope Jeol
JSM-7401 F. The measurement and counting of polymer
particles were achieved using the software Image-Pro
plus version 4.1.

Photoluminescence (PL) spectra of CdSe-polystyrene la-
texes were acquired using a Varian Eclipse spectrofluorom-
eter at 360 nm excitation. The samples were prepared by
placing dilute dispersions of the latexes in distilled water.

Results and discussion

Critical micellar concentration determination

The cmc is considered as the threshold concentration where
micellar aggregates start to form [17]. The cmc is deter-

mined as the concentration of surfactant where the change in
slop in a plot of k versus [S] is observed. In the case of the

system CTAB / water, the change in slop (cmc) occurred at
8.8x10™ M (see Fig. 1). This result is very close to 9.2x 10"
* M reported in literature by Ravera et al. [18]. In the case of
the system CTAB / water / styrene, the curve of conductivity
presented two major changes in slope, one at 8.8x10™ M,
which was related to the cmc of CTAB and another at 1.68 x
10~ M. The second transition was related to the saturation
of the interface water / oil. The increment in the concentra-
tion of surfactant in the system CTAB / water / styrene, with
respect to the CTAB / water, indicates the amount of sur-
factant required to saturate the interface water oil is approx-
imately 0.8x 10~ M. It is worth mentioning that attempts to
evaluate the CTAB / water / styrene system at 70 °C (tem-
perature of polymerization) were performed, however, no
stable measurements were obtained.

The importance of cmc determination in the CTAB /
water / styrene system lies in the understanding of the
reorganization of dynamics between the phases of the
solution and the process to maintain the system in balance.
Organic materials like styrene, with very low water solu-
bility, can be intimately dispersed in a water system by
means of the surfactant action. The presence in the solu-
tion of others solutes or additives affects the process of
micelle formation through specific interactions with sur-
factant molecules. The addition of these compounds pro-
duces changes in the hydrophobic interactions of the
hydrocarbon chains due to the insertion of new molecules
in the surfactant and an increase in volume of the micellar
phase modifies the capacity of the surfactant. These fac-
tors make necessary increments in surfactant concentration
to form micelles [19].
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Fig. 1 Curves of electrical conductivity versus CTAB concentration
for CTAB / water and CTAB / water / styrene systems
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Effect of surfactant and initiator concentration on particle
size and rate of polymerization

CTAB concentration of 1.6x 10~ M, which is slightly below
saturation concentration of the interface water / monomer, was
selected as the lowest surfactant concentration. From this
concentration stable miniemulsion latexes were obtained. Sys-
tems prepared at lower concentrations of CTAB presented
phase separation before 2 h of polymerization, with very low
conversion. Surfactant concentrations evaluated (1.6x107,
3.2x107 and 5.4x10 M) are in agreement with the value
of 0.3 wt.% with respect to monomer content, reported by
Antonietti and Landfester [20] as the required concentration to
obtain a stable colloidal system.

The average particle size (Dn) is directly influenced by
variations in surfactant concentration. A statistical analysis
on the measurement of at least 500 polymer particles, from
SEM images, was performed. This study indicated that the
increment in surfactant concentration decreased polymeric
particle diameter (Table 2). According to literature, the size
of miniemulsioén droplets is sensitive to the surfactant con-
centration [21]. Antonietti and Landfester [20] reported that
surfactant surface coverage is related to particle size. An
increase of the surfactant concentration increases the cover-
age of the particles while decreasing particle size.

Variations in surfactant concentration affected also the rate
of polymerization (Rp) (Figs. 2 and 3). In the case of R, the
increment was related to the greater concentration of

Table 2 Characteristics of CdSe-polystyrene latexes obtained.

Latex Conversion % Dn (nm) Ip Npx10'® (cm™) Dots per
polymer
particle

1 49.5 139.1 1.01 0.821 0.2161

2 49.5 134.7 1.02 0.896 0.3949

3 49.5 138.1 1.01 0.840 0.6350

4 62 124.8 1.01 1.42 0.1249

5 62 1314 1.01 1.22 0.2900

6 62 129.4 1.01 1.27 0.4200

7 92.2 101.6 1.02 3.89 0.0456

8 92.2 97.9 1.04 4.10 0.0863

9 92.2 102.2 1.04 3.76 0.1418

10 61.8 141 1.01 0.982 0.1806

11 61.8 144.5 1.01 0917 0.3859

12 61.8 144.7 1.02  0.907 0.5881

13 91.8 110.0 1.02 3.06 0.0579

14 91.8 109.3 1.03 3.07 0.1152

15 91.8 109.4 1.03 3.06 0.1743

16 99.8 110.0 1.03 3.00 0.0591

17 99.8 106.6 1.02 3.65 0.0960

18 99.8 96.5 1.03 4.87 0.1095
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Fig. 2 Curves of Rp versus time varying CTAB concentration and
0.75Wt% of AIBN

monomer droplets, since the increment in global surface area
increases available sites for the generation of free radicals and
consequent growth of polymeric chains. Therefore, at the very
beginning of the polymerization the maximum polymerization
rate is reached and immediately after a depletion of the poly-
merization rate is observed, as the monomer present in the
drop is progressively consumed. Landfester [15] described the
use of cationic surfactants in miniemulsion polymerization,
finding that at higher surfactant concentration the size of
monomer droplet reduces, increasing consequently polymeri-
zation rate.

It is important to mention that AIBN initiator was select-
ed based on the fact that a monomer with very low water
solubility is not in enough concentration in the water phase
to create oligoradicals able to enter in monomer droplets
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Fig. 3 Curves of Rp versus Time varying AIBN concentration and
5.4x107 mol/L of CTAB
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[20]. The effect of increasing initiator concentration, on one
hand, caused the rise in R, due to the increasing concen-
tration of active free radicals per polymer particle, which
implicated a faster monomer conversion (Fig. 3). On the
other hand, no significant affect on Dn was observed, indi-
cating that processes of either monomer diffusion or new
polymer particle formation were not important [21].

As observed, variations in the amount of surfactant and
initiator not only affect Dn and Rp but also the number of
polymer particles (Np) and polydispersity index (Ip). Table 2
summarizes the results obtained in the different synthesis
treatments. As expected, a higher concentration of surfactant
induced a higher rate of polymerization, which directly
influenced the final number of polymer particles per unit
volume, and consequently the average particle size. Also the
variations in the surfactant and initiator levels are reflected
in the final conversion reached, as seen in Fig. 4.

Photoluminescence

Photoluminescence spectra of CdSe-polystyrene latexes
obtained by miniemulsion synthesis are shown in Fig. 5.
Stable emission at 580 nm was observed at 360 nm excita-
tion wavelength for all treatments. As it can be seen, emis-
sion intensity presented dependence with respect to
synthesis parameters; i.e., the higher the QDs concentration,
the higher the photoluminescence response. In relation to
the prior facts Joumaa et al. [6] reported that emission
intensity increases with the amount of dots. Nevertheless,
in this research we observed, even more important varia-
tions in emission intensity strongly related to changes in
polymer particle size; that is, latexes with larger polymer
particle size displayed higher fluorescence intensity. For
example, if the latexes with 0.225 wt% dots are compared,
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Fig. 4 Curves of Conversion versus Time of the different treatments
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Fig. 5 Photoluminescence emission spectra for different CdSe QDs /
polystyrene composite latexes

it is observed that Latexes 3 and 12, with the greatest
average particle size, presented also the highest fluorescent
emission intensities. Also, it was observed that narrow par-
ticle size distribution influenced fluorescence emission. For
instance, Latex 3, with polydispersity index of 1.01, dis-
played an increase in the emission intensity of ~38% com-
pared with Latex 12, with 1.02 polydispersity index.

Dots optical properties retention was attributed to the
protection of polystyrene matrix, since the dots showed high
stability in the latex, but not in the monomer. Dispersions of
dots in styrene monomer were prepared and monitored. The
emission peak was observed at 576 nm at 360 nm excitation
wavelength. It was found that in a lapse of 48 h the dots
experimented quenching, whereas in the polystyrene matrix,
the optical properties remained stable after months. Similar
results were previously reported by Joumaa et al. [22],
whom attributed dots quenching to a partial aggregation of
dots caused by the damage in dots surface caused by the
monomer solution.

Figure 5 also indicates no change in the position of
emission peak. This feature can be attributed to high mono-
dispersity in dots particle size distribution, since, as it is
known, dots emission wavelength depends on the dot diam-
eter [23]. In addition, the quantum confinement and narrow
size distribution of CdSe dots were maintained during the
synthesis. This conclusion can be emitted from the point of
view that there was no difference between the positions of
maximum excitation energy among the different treatments
[24]. An emission at 580 nm corresponds to ~4 nm diameter
quantum dots; thus, we consider that CdSe dots maintained
original dimensions after encapsulation. Therefore, from
this study can be concluded that miniemulsion polymeriza-
tion method did not affect optical properties of the dots;
nevertheless, process variations induced changes in the par-
ticle size, which influenced emission intensity, as summa-
rized in Table 2.
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Fig. 6 HRTEM micrograph of CdSe quantum dots

Composite microstructure

Previous to the polymerization process, CdSe dots were
analyzed by HRTEM, finding that dots have an average
particle size of ~3.7 nm with 1.06 polydispersity index
(Fig. 6). Figure 7 illustrates HRTEM micrographs of CdSe
/ PS composite. The images allowed noting that the particles
did not present significant change in either morphology or
size. Nevertheless, in the latex it was not possible to observe
neither the dots nor its location.

It is also important to consider that the average number of
dots encapsulated per polymer particles (Ngp) depends di-
rectly on the particle size. That is, at a certain dots concen-
tration, the larger the diameter of polymer particles, the
larger the number of dots per polymer particle. Consequent-
ly, in the case of a low concentration of dots per polymer
particle luminescence decrement is significant. If we

Fig. 7 HRTEM micrograph of CdSe quantum dots / polystyrene
composite
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consider that CdSe theoretical density is 15.985 g/cm® with
3.7 nm of diameter, in a concentration of 0.15 wt% in the
polymerization solution, we have 3.5391x 10" particles of
CdSe/cm®. So, in Latex 11, with average particle size of
144.5 nm and 9.17x 10" latex particles/cm’, it contains
0.3859 CdSe dots/polymer particle, whereas Latex 8, whose
polymer particles diameter is 97.9 nm and 4.1x10'® latex
particles/cm®, contains only 0.086 CdSe dots/polymer par-
ticle. These results indicated that the dots density per poly-
mer particle influences directly in the fluorescent emission
intensity such as Joumaa et al. [6] reported that with the
increase of the incorporated dots, the fluorescence signal
increases. This calculation assumed that the CdSe quantum
dots were uniformly distributed among the latex particles, if
this condition occurred the relationship of the number of
dots per polymer particle would be directly proportional to
the fluorescence emission intensity; nevertheless, this was
not the case, since the experimental data showed no linearity
of fluorescence with respect to polymer particle size. This
let us consider that there was no a homogeneous encapsu-
lation of dots by polymer particles and that there were dots
which were not encapsulated by polymer particles. These
results allowed us to emphasize two facts: a) that the dots,
which were not encapsulated into polymer particles, under-
went degradation during polymerization because they were
in direct interaction with the water, and the presence of
solved oxygen produces fluorescence quenching by oxida-
tion [13]. And b) dots agglomeration, which favors intimate
particle contact causes quenching due to electronic coupling
[25].

Conclusion

The miniemulsion polymerization process proved to be a
useful technique for obtaining fluorescent polymer latex due
to the incorporation of CdSe QDs. The latexes showed a
stable fluorescent emission in the different treatments. Var-
iations in the levels of surfactant and initiator influenced the
polymer particle size obtained. An increase in surfactant
concentration minimized the size of the monomer drop,
increased in number and increased the probability of droplet
nucleation, consequently the rate of polymerization and the
polymer conversion rate increased. The variation in the level
of initiator was mainly changed in the kinetics of polymer-
ization without affecting the photoluminescent emission.
Changes in the variables of miniemulsion polymerization
process were reflected in the nanocomposite photolumines-
cent emission that was a function of polymer particle size
whose diameter was modified mainly by the amount of
surfactant used in the process.

The amount of encapsulated dots per polymer particle
directly affects de fluorescent emission. When increasing
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the dots/polymer particle relationship, the intensity emission
increases. These results open the possibility to control the
latex nanocomposite emission by tailoring the synthesis
conditions.
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