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ABSTRACT: This work reports the fabrication of a luminescent planar plate based
on stable aqueous quantum dots (QDs) and poly(diallyldimethylammonium
chloride) (PDDA) via a layer-by-layer (LBL) assembly technique. Preparation of
aqueous QDs with facile monoalkyl maleate amphiphilic surfactants as the coating
agent is conducted by a robust and efficient phase-transfer method. The as-prepared
aqueous QDs exhibit bright emission, and their surface has very large negative zeta
potential values, which are useful for electrostatic LBL assembly. Red, green, and
blue luminescent planar plates are successfully fabricated via LBL assembly of the
monocolor QDs, respectively. Through accurately adjusting the relative proportion
of each monocolor luminescent component, we obtain an inspiring luminescent
planar plate, which emits bright white light with a color coordinate of (0.3509,
0.3483), a correlated color temperature (CCT) of 4766 K, and a high color
rendering index (CRI, Ra) of 89.5 under the irradiation of UV light. Therefore, this
paper reports a facile process for the design and preparation of luminescent planar
plates, which have potential applications in display and solid-state lighting devices.
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■ INTRODUCTION

Colloidal semiconductor quantum dots (QDs), as well as
known as nanocrystals, have attracted great attention from
engineers and scientists for their potential applications in the
biomedical and optoelectronic fields.1−5 Owing to the advanta-
geous nature of QDs, including broad absorption, controllable
photoemission, and superb photochemical stability, lumines-
cent films based on QDs have been applied in a range of optic
(or optoelectronic) devices, such as photodetectors,6 photo-
voltaic devices,7 light-emitting devices (LEDs),8−11 and dis-
plays.12 The properties of QDs film (thickness, structure, and
accumulation mode) have a great influence on the performance
of optic (or optoelectronic) devices. Therefore, how to evenly
disperse QDs into films is the key technology.13 So far, several
methods have been explored to construct films, including spin-
coating, vacuum thermal deposition, and drop-casting.
Compared to these typical methods, the layer-by-layer (LBL)
assembly is a popular and versatile protocol to prepare highly
homogeneous films with tailored thickness, morphology,
composites, and functionality.14−16 The LBL assembly can
control nanoscale composition and architectures through
sequentially adsorbing of oppositely charged components.17,18

The incorporation of QDs into a composite film via LBL
assembly has been widely explored in order to obtain versatile
luminescent materials. For instance, the fabrications of

luminescent films based on QDs and polyelectrolyte have
been proved to be a good method for various applica-
tions.13,19−21 The hybrid luminescent films built by QDs and
layered double hydroxides also have been reported.22−24

Usually, the LBL assembly is operated in aqueous solution, in
which anionic and cationic materials are alternatively deposited
on the substrate.13,21 High-quality QDs are initially prepared as
colloids in nonpolar organic solvents stabilized by hydrophobic
ligands that result in the insolubility of them in aqueous
solution. As a result, LBL assembly usually involves the phase
transfer of hydrophobic QDs from nonpolar organic media to
aqueous solution through ligand exchange.25,26 However,
aqueous QDs always lose their native stability and brightness
after ligand exchange.27−29 Compared to ligand exchange, the
encapsulation of hydrophobic QDs can largely reduce the
quantum yields (QYs) and colloidal stability loss of QDs.
Although the encapsulations of hydrophobic QDs have been
extensively researched, coating the hydrophobic QDs that are
suitable for LBL assembly are still crucial issues to be
resolved.30−32
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In this work, we synthesize monoalkyl maleate amphiphilic
surfactants with a simple one-step method. Monoalkyl maleate
amphiphilic surfactants are first used as the coating agent to
transfer hydrophobic QDs from nonpolar media into aqueous
media. The obtained aqueous QDs with micellar structures
have many carboxyl groups on their surfaces, resulting in large
negative zeta potential values, which drive an electrostatic LBL
assembly of these aqueous QDs and positively charged
poly(diallyldimethylammonium chloride) (PDDA). Using the
LBL self-assembly technique, we successfully prepare red,
green, and blue luminescent planar plates with different layers
of monocolor PDDA/QDs film on the glass slide. Moreover,
through controlling the relative ratio of monocolor PDDA/
QDs films, luminescent planar plates with white light emission
are also prepared. The obtained luminescent planar plates can
be potentially applied in the field of display and solid-state
lighting.

■ EXPERIMENTAL SECTION
Materials. Cadmium oxide (CdO, 99.99%, powder), selenium (Se,

99.99%, powder), zinc oxide (ZnO, 99.9%, powder), sulfur (S, 99.98%,
powder), 1-octadecene (ODE, 90%), poly(diallyldimethylammonium
chloride) (PDDA), oleic acid (OA, 90%), and 1-octanethiol (OT,
98%) were purchased from Aldrich. Maleic anhydride (MA, AR),
paraffin oil (AR), n-butyl alcohol (AR), sodium hydroxide (AR), n-
octanol (AR), ammonia−water (28%), dodecanol (AR), hexane (AR),
n-hexadecanol (AR), methanol (AR), heptane (AR), chloroform (AR),
and concentrated sulfuric acid (98%) were purchased from Beijing
Chemical Reagent Ltd., China.
Synthesis of Hydrophobic QDs. Original hydrophobic CdSe/

ZnS QDs with red and green emission were prepared according to a
“green” synthetic protocol (details in the Supporting Information).33

Blue-emitting ZnxCd1−xSe/ZnS QDs were synthesized according to ref
34 (details in the Supporting Information). The as-synthesized CdSe/
ZnS and ZnxCd1−xSe/ZnS QDs were purified using methanol and
dispersed in CHCl3 before further treatment.
Synthesis of Monoalkyl Maleate Surfactants. Monoalkyl

maleate surfactants were synthesized with maleic anhydride and fatty
alcohols.35 In the synthesis of monooctyl maleate, maleic anhydride
(49.03 g, 0.50 mol) and 1-octanol (65.12 g, 0.50 mol) were mixed and

heated at 80 °C for 1 h. Heptane (120 mL) was poured into the
reaction system and stirred for 15 min at 80 °C. Subsequently, the
mixture was stirred at room temperature for 3 h and at 15 °C for 2 h.
The trapped precipitate was recrystallized in the same way. The yield
of monooctyl maleate was 63.58%. Monobutyl maleate, monododecyl
maleate, and monohexadecyl maleate were also prepared in a similar
way.

Surface Modification of Hydrophobic QDs. Using monoalkyl
maleate surfactants as the coating agents, a simple procedure was
provided for preparation of aqueous QDs. First, 0.01 g (7.0 × 10−4

mmol) of hydrophobic QDs was dispersed in chloroform (5 mL).
Then, 0.16 g (7.0 × 10−1 mmol) of monooctyl maleate was added to
the solution, and the mixture was stirred for 1 h in a closed flask under
room temperature. Then, the chloroform was slowly removed by
rotary evaporation, and the remaining surfactants-QDs were dispersed
in NaOH solution (0.028 g of NaOH in 10 mL of deionized water)
with 5 min sonication. Finally, a clear solution of aqueous QDs was
obtained. This transfer process had a nearly 100% efficiency.

LBL Assembly of PDDA/QDs Films. The glass substrate (2.5 cm
× 2.5 cm) was cleaned with water and then was dipped into
concentrated sulfuric acid and concentrated NH3/30% H2O2 (7:3) for
40 min each. LBL films were fabricated on the basis of the following
cyclic process: the worked glass substrate was treated with the solution
of PDDA (2.0 mg/mL) for 5 min and then was dipped into QDs
solution (1.0 mg/mL, pH = 8) for another 5 min. In order to get the
desired film with a controllable thickness, the cycle was repeated with
the required number of times. Before the next step of the immersion
process, it is necessary to rinse off the residual solution with deionized
(DI) water. The resulting luminescent planar plates were dried with
nitrogen at 25 °C.

Characterization. Photoluminescence (PL) spectra were collected
using an Ocean Optics spectrophotometer (mode PC2000-ISA) under
the excitation of 365 nm. The measurements of Fourier transform
infrared (FTIR) spectra were done from films of a dried solution on
KBr crystals with a Nicolet AVATAR 360 spectrometer. The
morphology and size of QDs were measured with a JEM 100CX-II
transmission electron microscope (TEM) at 100 kV. Zeta potential
data were recorded using a Zetasizer Nano-ZS (Malvern Instruments,
U.K.) at 25 °C. Thermogravimetric analysis (TGA) of the QDs were
taken on a Mettler Toledo TGA/SDTA 851e under the temperature
range of 20−600 °C at a heating rate of 10 °C/min in a N2
atmosphere. The PL QYs of hydrophobic QDs and aqueous QDs
were measured using Rhodamin 6G that have known emission

Figure 1. Synthesis of monoalkyl maleate surfactants through reaction between maleic anhydride and fatty alcohol (upper). Formation of water-
soluble QDs using monoalkyl maleate surfactants (bottom).
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efficiencies as reference standard. PL characteristics of the white-
emitting planar plate, such as PL spectrum, CCT, Commission
Internationale de l’Eclairage (CIE) color coordinates, and CRI, were
measured using a fiber optic spectrometer (Ocean Optics USB 4000)
with an integrated sphere at room temperature.

■ RESULTS AND DISCUSSION

Preparation of Monoalkyl Maleate Surfactants and
Hydrophilic QDs. The procedure for synthesizing monoalkyl
maleate surfactants is illustrated in Figure 1 (upper). By this
method, we prepared monobutyl maleate, monoocty maleate,
monododecyl maleate, and monohexadecyl maleate, respec-
tively. This synthetic process was facile, efficient, and available
for large-scale production. FTIR spectroscopy was applied to
validate the formation of monoalkyl maleates, as shown in
Figure 2a. The appearance of the 1725 cm−1 peak and the
disappearance of the 1775 cm−1 peak were attributed to the
new formation of −COOH and the complete decomposition of
anhydride. A band at 1172 cm−1 for monoalkyl maleate that can
be assigned to the C−O−C vibration mode was observed,
indicating that an ester group was formed after the reaction of
maleic anhydride and fatty alcohol. For monoalkyl maleate
samples, the appearance of the 2940 and 2850 cm−1 peak was
attributed to the alkyl chain of monoalkyl maleate. The 1H
NMR spectra of monoalkyl maleate samples are presented in
Figure S1 of the Supporting Information.

The process for preparing aqueous QDs is showed in Figure
1 (bottom). We mixed the monoalkyl maleate surfactants and
QDs in chloroform, evaporated the solvent, and followed with
the addition of aqueous buffer. Monoalkyl maleate contains
both a hydrophobic chain (-OCnH2n+1) and a carboxylic acid
group. The hydrophobic chain (-OCnH2n+1) was used to
connect with the hydrophobic ligand of QDs through van der
Waals interactions, and the carboxylic acid group was available
for the dissolution of modified QDs in aqueous solution. The
van der Waals interaction is very important for the stability of
QDs in water. In principle, the van der Waals interactions
between hydrophobic ligands of QDs and the alkyl chains of
monoalkyl maleate surfactants become greater with the increase
of alkyl chain length. Consequently, the molar ratio of
monoalkyl maleate surfactants to QDs and the length of alkyl
chain should be considered in the preparation. When
monobutyl maleate (4 carbons) surfactant was used as the
coating agent, phase transfer was unsuccessful regardless of
changing the molar ratio of surfactant to QDs from 300:1 to
2000:1. For monooctyl maleate (8 carbons) surfactant, a
1000:1 molar ratio of surfactant to QDs induces a nearly 100%
transfer yield and forms a clear and stable solution of aqueous
QDs. As for monododecyl maleate (12 carbons) and
monohexadecyl maleate (16 carbons) surfactants, although a
1000:1 molar ratio of surfactants to QDs can achieve complete
phase transfer, the obtained solution looks more like a hydrogel
due to the high viscosity of monododecyl maleate and

Figure 2. (a) FTIR characterizations of monoalkyl maleate: maleic anhydride (MA), monobutyl maleate (MA-C4), monooctyl maleate (MA-C8),
monododecyl maleate (MA-C12), and monohexadecyl maleate (MA-C16). (b) FTIR characterizations of monooctyl maleate (MA-C8),
hydrophobic QDs, and corresponding monooctyl maleate modified QDs.

Figure 3. Photographs of red (CdSe/ZnS-625 nm), green (CdSe/ZnS-535 nm), and blue (ZnxCd1−xSe/ZnS-458 nm) MA-C8-QDs (upper phase is
H2O; bottom phase is CHCl3) at room light (a) and 365 nm ultraviolet light (b). Comparison of the PL sprectra of red, green, and blue initial
hydrophobic QDs (dashed line) and corresponding MA-C8-QDs (solid line) (c).
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monohexadecyl maleate. Reducing the ratio of surfactants to
QDs could not get satisfactory transfer efficiency. Therefore,
the following discussion is always based on monooctyl maleate-
QDs (MA-C8-QDs).
The functional groups presented on the surface of MA-C8-

QDs and original QDs are also characterized with FTIR
spectroscopy (Figure 2b). Compared to original QDs sample,
MA-C8-QDs sample have several new peaks (e.g., 1172, 1725
cm−1), which also appear in the isolated monooctyl maleate
sample. This result indicates that the surface of QDs has been
successfully coated with monooctyl maleate. The analysis
(TGA) gives compelling evidence that the proportion of
monooctyl maleate in hydrophilic QDs (MA-C8-QDs) is about
50% (shown in Figure S2 of the Supporting Information).
Figure 3a shows the red, green, and blue MA-C8-QDs

aqueous solutions under room light. This picture validates that
MA-C8-QDs aqueous solutions are stable and clear. It was the
visual evidence that hydrophobic QDs were completely
transferred from the organic phase to the aqueous phase.
These MA-C8-QDs exhibited bright light under a UV (365
nm) lamp (Figure 3b). The changes of PL spectra were then
monitored (Figure 3c). All MA-C8-QDs have slight peak shifts
(<2 nm) compared with the corresponding hydrophobic QDs.
Compared to the full width at half-maximum (fwhm, 43 nm) of
green hydrophobic QDs, the PL spectrum of green MA-C8-
QDs (peak at 535 nm) has an increased fwhm (56 nm).

Spectral shift and broadening may be caused by MA-C8, which
existed in the proximity of the QDs’ surface. Meanwhile, PL
intensity and PL QY were slightly reduced after phase transfer
(4% and 6% for red QDs, 10% and 16% for green QDs, 16%
and 18% for blue QDs). Popularly, the phase-transfer step can
cause great reduction of QYs. The retention of high QYs
(>80%) of hydrophobic QDs confirmed the advantages of our
method to prepare highly stable water-soluble QDs. PL QY and
full width at half-maximum (fwhm) before and after surface
modification with MA-C8 are collected in Table S1 of the
Supporting Information. The different performance of the three
colors QDs may attribute to initial hydrophobic QDs with
surface passivation in different degrees. The obtained MA-C8-
QDs aqueous solutions were stable without aggregation and
change of optical properties for at least one year when they
were stored under daylight.
Figure 4 presents the transmission electron microscopy

(TEM) images of hydrophobic QD and corresponding MA-C8-
QDs. Hydrophobic QDs predominantly consisted of individual
particles with an average diameter of 10 nm (Figure 4a). The
monodisperse MA-C8-QDs were observed without an evident
change of size and shape relative to the original hydrophobic
QDs (Figure 4b). TEM images confirm the nonaggregated
nature of MA-C8-QDs. The size distributions were calculated
by statistics from their corresponding TEM images.

Figure 4. TEM images of the hydrophobic QDs in chloroform (a) and corresponding MA-C8-QDs in water (b). Inset: size distribution data.

Figure 5. Changes of PL intensity of MA-C8-QDs in the range of pH (a) and pH-dependent zeta potential of MA-C8-QDs (b).
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Stability of the Hydrophilic QDs. In order to assess the
stability of MA-C8-QDs, the change of PL intensity was
measured over the pH range of 1−14 (Figure 5a). As seen from
Figure 5a, at low or high pH values (pH 1−5 or pH 14), the
samples lost the stability. Highly acidic or alkali conditions
result in a high ionic strength of the water environment, which
is unfavorable to maintain stability of MA-C8-QDs with a
micellar structure, and then the surface passivation layer of QDs
may be destroyed by the existent overfull hydrogen ion or
hydroxide ion. High acidity also gives rise to carboxyl
protonation, drop of surface potential, and then instability of
MA-C8-QDs in water. MA-C8-QDs are relatively stable over
the pH range of 6−13, which may attribute to the essentiality of
MA-C8-QDs, similar to the micellar structure where abundant
carboxyl groups on the surface of MA-C8-QDs offer charge
balance. At pH 8, MA-C8-QDs have the strongest stability. In
other pH ranges, the slight decrease of PL intensity may be
caused by the same reason mentioned above, but the impact is
relatively weak.
A zeta potential measurement was adopted to monitor the

charged characteristic of the MA-C8-QDs at different pH
values. As shown in Figure 5b, the MA-C8-QDs are always
negatively charged in pH values above 4. Zeta potential analysis
reveals that abundant monooctyl maleates have been attached
to the surface of QDs. At higher pH values, the surface charges
increase due to the deprotonation of terminal carboxylic
groups. The zeta potential is often used to evaluate the stability

of colloids stabilized by electrostatic repulsion.36 Because
colloids with the zeta potential (above +30 mV, or below
−30 mV) is extensively believed to be stable in water, the MA-
C8-QDs with a zeta potential of −36.6 to −72.2 mV (pH 4−
12) are assigned to the stable colloid. Furthermore, such a
negatively charged characteristic is very beneficial to the
electrostatic LBL assembly.

Preparation of Red, Green, Blue, and White Lumines-
cent Planar Plates. Figure 6a illustrates the LBL assembly
procedure of PDDA and QDs. Monocolor PDDA/QDs
luminescent planar plates were fabricated by alternate
deposition of negatively charged monocolor MA-C8-QDs
with positively charged PDDA on the glass slide. As shown
in Figure 6b, the red, green, and blue PDDA/QDs luminescent
planar plates were transparent under room light and exhibit
enhanced brightness with the increase of the layers under a 365
nm UV lamp. The PL spectra (Figure 6c) of the red
luminescent planar plates showed no observable broadening
and shift for different layers, indicating that the optical
properties of MA-C8-QDs were not affected by the assembly
procedure. A linear dependence of the PL intensity of the red
PDDA/QDs luminescent planar plates on the number of layers
demonstrated that the MA-C8-QDs were uniformly adsorbed
during the LBL assembly (Figure 6c, inset). The above-
mentioned performances were also observed for green and blue
PDDA/QDs luminescent planar plates (shown in Figures S3
and S4 of the Supporting Information). The thickness of red

Figure 6. Schematic diagram of LBL assembly procedure (a). Photos of red, green, and blue PDDA/QDs luminescent planar plate under room light
and 365 nm ultraviolet lamp (from left to right, the number of layers were 4, 8, 12, and 16, respectively.) (b). PL spectra of the red PDDA/QDs
luminescent planar plates with different number of layers (c, inset: PL intensity of red PDDA/QDs luminescent planar plates versus the number of
layers).
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PDDA/QDs films was studied by SEM. The side-view SEM
images showed that the thickness of red PDDA/QDs films
increased with the increase of the number of layers (see Figure
S5 in the Supporting Information). The almost linear rise
confirmed the LBL assembly process. The estimated thickness
of each red PDDA/QDs film is 32 nm.
Photostability and thermal stability are the key parameters

for the applications of PL materials in various display and solid-
state lighting devices. The photostability test was carried out by
illuminating the red PDDA/QDs luminescent planar plates
under an ultraviolet lamp, in comparison with the water
solution of red MA-C8-QDs (see Figure S6 in the Supporting
Information). After 2 h of irradiation, both solution and film
maintained 90% of the initial PL intensity. For thermal stability
tests, both solution and film can maintain 80% of the initial PL
intensity after heating at 60 °C for 120 min (see Figure S7 in
the Supporting Information). These results demonstrate that
photostability and thermal stability of MA-C8-QDs almost have
no change in the assembly process and the LBL assembled
PDDA/QDs luminescent planar plates possess good ultraviolet
and thermal resistance capability.
The acquisition of a luminescent planar plate with white light

emission is crucial for applications in high-quality lighting and
display devices. To minimize the influence of cascade
excitation, we first assembled the red PDDA/QDs film and
continued to assemble the green and blue PDDA/QDs film
onto it. By accurately controlling the proportion of each
monocolor film, we obtained the [(PDDA/QDs-610 nm)6-
(PDDA/QDs-520 nm)12(PDDA/QDs-455 nm)8] luminescent
planar plate, which showed bright white light under a 365 nm
ultraviolet lamp (Figure 7a, inset). The PL spectrum of the
white light planar plate is shown in Figure 7a. This luminescent
planar plate generated a high-quality white light with a high Ra
of 89.5 and a relatively low CCT of 4766 K. The color
coordinate was located at (0.3509, 0.3483), as shown in Figure
7b. The thickness of this white luminescent planar plate
estimated with the side-view SEM is 1.02 μm. These results
demonstrate that LBL assembly of MA-C8-QDs and PDDA
can obtain luminescent material with controllable structure and
color.

■ CONCLUSION
In summary, we have successfully prepared aqueous QDs by
phase transfer of hydrophobic QDs from the organic phase to
water using facile monoalkyl maleate amphiphilic surfactants as
the encapsulating agent. Without exchanging initial surface
ligands, the hydrophilic MA-C8-QDs preserved the PL
properties of hydrophobic QDs. Furthermore, we have
developed a simple and well-established approach for the
preparation of polymer/QDs films. Red, green, and blue colors
luminescent planar plates were fabricated by the LBL assembly
of negatively charged stable MA-C8-QDs and positively
charged PDDA on the glass slides, respectively. Especially, via
precisely controlling the ratio between three monocolor films,
we obtained a white luminescent planar plate with a high CRI
value of 89.5, a relatively low CCT value of 4766 K, and the
color coordinates at (0.3509, 0.3483). Overall, we have
demonstrated a simple and highly efficient strategy for the
fabrication of luminescent planar plates, which may find great
application in the optical (or optoelectronic) field.
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