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S
elf-assembly architectures composed
of inorganic nanocrystals (NCs) have
attracted much attention owing to

the capability to control NC spatial array
and achieve high performance.1�5 Such
self-assembly belongs to supramolecular
chemistry that employs various inter-NC
weak interactions to construct flexible struc-
tures, and thus is expected to promote
NC applications in photoelectrics,6 photo-
voltaics,7 catalysis,8 and bioassay.9�13 De-
spite the successes in constructing diversi-
fied NC architectures, the weak inter-NC
interactions are difficult to maintain struc-
tural stability under severe conditions, shed-
ding doubt on conversion of state-of-the-art
self-assembly structures to practical materi-
als. The combination of preassembly and
in situ polymerization of NCs is acceptable
to create stable self-assembly architectures
and has been demonstrated for reinforcing
the assembled NCs at water/oil interfaces
to produce stable monolayer.14 Further
methodological expansion and extension
will promise the technical applications of
NC assemblies in broadening areas.15

One promising application of semi-
conductor NCs is white light-emitting diode
(WLED).16�22 NCs possess broad optical
absorption, narrow emission, and good
thermal stability.23�37 In particular, the size-
dependent emission and the current success
in tailoring NC sizes via colloidal chemistry
route strongly facilitate the device color con-
trol by directly blending the NC components
with different emissions.15,38�47 These make
NCs as competitive candidates amongvarious
light-emitting materials, for instance organic
andpolymeric luminescentmaterials. To date,
the performance of NC-based LEDs is limited
by the chemical and photostability, concen-
tration quenching, as well as fluorescent re-
sonance energy transfer (FRET) of different
NC components.48 The construction of NC-
based WLED highly similar to sunlight is still
challenging. Rational self-assembly is capable
to arrange NC array and optimize the photo-
electric properties, thus high performance
WLED is considered to be fabricated using
the self-assembly materials of NCs.49

Tang and Kotov et al. have fabricated the
one-dimensional (1D) and 2D self-assembly
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ABSTRACT Self-assembly is the basic feature of supramolecular chemistry, which permits to

integrate and enhance the functionalities of nano-objects. However, the conversion of self-

assembled structures to practical materials is still laborious. In this work, on the basis of studying

one-pot synthesis, spontaneous assembly, and in situ polymerization of aqueous semiconductor

nanocrystals (NCs), NC self-assembly materials are produced and applied to design high

performance white light-emitting diode (WLED). In producing self-assembly materials, the

additive hydrazine (N2H4) is curial, which acts as the promoter to achieve room-temperature

synthesis of aqueous NCs by favoring a reaction-controlled growth, as the polyelectrolyte to

weaken inter-NC electrostatic repulsion and therewith facilitate the one-dimensional self-

assembly, and in particular as the bifunctional monomers to polymerize with mercapto carboxylic acid-modified NCs via in situ amidation reaction. This

strategy is versatile for mercapto carboxylic acid-modified aqueous NCs, for example CdS, CdSe, CdTe, CdSexTe1�x, and CdyHg1�yTe. Because of the multisite

modification with carboxyl, the NCs act as macromonomers, thus producing cross-linked self-assembly materials with excellent thermal, solvent, and

photostability. The assembled NCs preserve strong luminescence and avoid unpredictable fluorescent resonance energy transfer, the main problem in

design WLED from multiple NC components. These advantages allow the fabrication of NC-based WLED with high color rendering index (86), high luminous

efficacy (41 lm/W), and controllable color temperature.
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structures from aqueous CdTe NCs by controlling the
equilibrium of various inter-NC weak interactions, and
proposed the potential application in LEDs.1,38,49

Eychmüller et al. conduct the 1D self-assembly process
of CdTe NCs, which further produces a 3D network
composed of separated NCs and preseves strong
luminescence.50 However, the conversion of state-of-
the-art self-assembled structures to practical materials
is still laborious. To produce practical materials, the
inter-NC weak attraction should be converted into
covalent linkage, so as to maintain structural stability
and preserve strong luminescence in device
fabrication.14 The technical difficulty is the in situ link-
age of the preassembled NCs without altering the
emission properties. It requires moderate temperature,
proper preassembly and linkage environment, and
so forth. The key is to find effective additives, which
simultaneously induce NC self-assembly and promote
the in situ linkage. To design a simple but feasible
system, the NC growth kinetics, self-assembly driving
forces, as well as polymerization principle must be
considered as a whole. We have demonstrated the
synthesis of aqueous NCs via simple amine-promoted
route, for example N2H4-participated synthesis of lu-
minescent CdTe NCs at room temperature.51,52 N2H4

is a weak electrolyte, which facilitates the reaction-
controlled rapid growth of NCs by creating a favorable
electrostatic environment. In addition, the presence
of N2H4 greatly weakens the inter-NC electrostatic
repulsion, and therewith rebuilds the equilibrium
of inter-NC interactions.53 It is expected to direct NC
self-assembly following the electrostatic repulsion-
conducted process in aqueous media. Furthermore,
N2H4 possess two amine groups, and can be looked as
bifunctional monomers to participate the polymeriza-
tion with surface-modified NCs under proper condi-
tions. In aqueous NC system, surface modification is
not so laborious. Mercapto-compounds are employed
as the capping ligands in NC synthesis, directly bestow-
ing NCs with surface carboxyl, hydroxyl, and/or
amine.54 These groups make NCs as macromonomers
to participate polymerization.
In the present work, N2H4 is employed as the

additive to induce the 1D self-assembly of aqueous
NCs, and meanwhile as the monomers to polymerize
with mercapto carboxylic acid-modified NCs, thus
producing NC self-assembly materials with excellent
thermal, solvent, and photostability. Because N2H4 is
also the promoter in NC synthesis, the current method
combines the synthesis, preassembly, and in situ

polymerization of luminescent NCs completely in
one pot. Systematic studies confirm that the N2H4-
mediated preassembly and in situ polymerization are
extendable to the complexes of mercapto carboxylic
acids and Cd2þ. This permits to flexibly control the
emission color and intensity of NC self-assembly
materials by random supplement of NCs with specific

concentrations and/or components. Because NCs are
already preassembled, concentration quenching and
FRET are effectively avoided in further applications.
These advantages greatly facilitate the design and
fabrication of NC-based LED. A WLED prototype is
designed by employing the NC self-assemblymaterials
as color conversion layer. The devices exhibit high
color rendering index (CRI, 86), high luminous efficacy
(41 lm/W), and controllable color temperature.

RESULTS AND DISCUSSION

In our previous studies about room-temperature
one-pot synthesis of semiconductor NCs in aqueous
media, N2H4 has been proved to promote NC growth.51

N2H4 is aweak electrolyte, which is capable to generate
a favorable electrostatic environment and therewith
facilitates the reaction-controlled rapid growth of NCs.
In addition, inter-NC electrostatic repulsion is the main
driving force to maintain the colloidal stability of
aqueous NCs. But the large excess N2H4 in NC growth
solution greatly weakens the inter-NC electrostatic
repulsion, thus leading to the poor colloidal stability
of the as-synthesized NCs. For example, a spontaneous
aggregation and separation of NCs from the growth
solution has been observed using 2-mercaptoethylamine
(MA) as the capping ligand.51 Despite the aggregates
are redispersible in pure water owing to the noncova-
lent linkage, this phenomenon inspires us to fabricate
stable self-assembly materials by deliberating NC self-
assembly driving forces and polymerization principle
as a whole. Besides as the promoter in NC growth and
the media to induce NC aggregation/assembly, N2H4

is further considered to generate in situ polymerization
of preassembled NCs. In this context, each N2H4 pos-
sesses two amines that can be looked as bifunctional
monomers. Aqueous NCs are looked as macromono-
mers because of themultisite surfacemodificationwith
mercapto-compounds. In order to create an amidation
reaction with N2H4, 3-mercaptopropionic acid (MPA)-
modified NCs are employed in the current studies.
Following the stepwise polymerization between N2H4

and carboxyl-functionalized NCs, cross-linked self-
assembly materials are expected to be produced.

CdTe NC Self-Assembly Materials with 1D Orientation. As
mentioned in the experimental section, the prepara-
tion of NC self-assembly materials involve the storage
of NC precursor solution for 48 h and the subsequent
N2H4-promoted growth for additional 16 h. During
the first 48 h, it is the nucleation process of aqueous
CdTe NCs, where the amorphous aggregates gradually
transform into isolated crystal nucleus (Figure S1,
Supporting Information).55 After the addition of N2H4

into crystalline CdTe nucleus, during the rest 16 h, it
involves the size increase of NCs and the subsequent
formation of self-assembly materials at the bottom
of the flask (Figure S2 and S3). Figure 1a indicates the
optical photograph of the products, which appear as
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transparent crystals with 1D orientation. These 1D
structures exhibit bright emission under fluorescence
microscope (Figure 1b), implying they are composed of
luminescent NCs. Scanning electron microscope (SEM)
and transmission electron microscopy (TEM) observa-
tions reveal that the 1D structures have the average
length of 100 μm and width of 5 μm (Figure 1c and d).
Energy dispersive spectrum (EDS) and mapping
images confirm the existence of Cd and Te elements
(Figure 1f, g1 and g2), strongly supporting the compo-
nent of CdTe NCs. The homogeneous distribution of
Cd and Te elements also means that the NCs are well
dispersed in the 1D structures rather than form sepa-
rated phase (Figure 1g1�8). The distance of neighbor-
ing NCs is determined according to high-resolution
TEM (HRTEM) image (Figure 1e), which is 3.5 nm by
measuring 50 neighboring NCs. This further confirms
the homogeneous distribution of NCs in the 1D struc-
tures. The HRTEM image also indicates that the NCs are
well formed single crystals with observed interplanar

distance of 0.37 nm, consisting with the (111) crystal-
lographic facet of zinc blende structure of bulk CdTe
crystal.32 However, no characteristic diffraction peaks
of CdTe NCs are observed for the X-ray powder diffrac-
tion (XRD) pattern (Figure 2a). The situation is much
like CdTe-contained CaCO3 crystals, in which the weak
diffraction peaks of NCs are completely concealed by
those of CaCO3 host (Figure S4). So, the host lattices of
1D structure should not be CdTe. Inductive coupled
plasma emission spectrometer (ICP) analysis proves
that the content of CdTe NCs is about 20%. In addition,
ICP and elemental analysis data indicate that Cd, S, C,
and N are the main elements in the 1D structure. This
implies that the host of 1D structure is N2H4-linked Cd-
MPA complexes. This result in return explains why the
distance of neighboring NCs is much larger than the
length of twoMPA. Namely, NCs are not directly linked,
but separated by N2H4-linked Cd-MPA complexes.

To verify this consideration, N2H4 is deliberately
added into themixture of CdCl2 andMPA. After storing

Figure 1. Optical (a), fluorescent (b), SEM (c), TEM (d), and HRTEM (e) images of CdTe NC self-assembly materials. The EDS
pattern (f), and mapping images (g1�8) are also shown. Insets: high magnification images.
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the solution at room temperature for 2 h, needlelike
products are also observed. The morphology is very
similar to the 1D structure composed of CdTe NCs
(Figure S5). Importantly, the XRD pattern of CdTe-free
1D structure is the same as that of CdTe-contained
samples (Figure 2a). Elemental analysis and ICP data
demonstrate that the composition of CdTe-free 1D
structure is CdClSC3ON4H11. PowderX computer pro-
gram is employed for indexing the XRD patterns and
lattice constant calculation.56 It demonstrates that the
1D structure fits well to a single-phase model corre-
sponding to monoclinic phase, where a = 4.422 Å, b =
18.336 Å, c = 12.749 Å, R = 90�, β = 125.5�, and γ = 90�
(Figure 2a and Table S1). According to above analysis,
one possible crystalline structure is proposed in
Figure2b. This result confirms that thehostof 1Dstructure
is cross-linked Cd-MPA complexes. Cd-MPA complexes
are converted into rigid network through N2H4 linkage,
thus forming specific crystal structure. In addition, be-
cause CdTe NCs are surface-modified with carboxyl also,
the partial replacement of Cd-MPA complexes in the
crystals by NCs produces NC-contained 1D structure.

1D-orientated self-assembly of both Cd-mercaptoa-
cetic acid (MAA) complexes and MAA-decorated CdTe

NCs in aqueousmedia has been demonstrated by Tang
andGao et al., though the structure is not rigid.49,57 The
formation of 1D structure is essentially attributed to the
electrostatic environment of aqueous media, which
is commonly conducted by addition of electrolytes or
water-miscible solvents.50,58 In such environment, the
interactions between nanometer-sized clusters and
crystals mainly involve electrostatic repulsion, dipolar
attraction, and van der Waals attraction. Electrostatic
repulsion is the main driving force to keep nanoclus-
ters stable in solution.58 If the electrostatic repulsion is
weakened, for example by adding a large amount of
N2H4, the increased attraction will lead to aggregation/
assembly of nanoclusters. Experimentally, the addition
of N2H4 significantly lowers the zeta potential of solu-
tion, showing the decreased electrostatic repulsion
(Table S2). Because dipolar attraction is anisotropic,
the cooperation of various weak interactions greatly
favors the self-assembly of nanoclusters with 1D
orientation.58 This means that the formation of 1D
assembly structures of nanoclusters and NCs is spon-
taneous in aqueous media. In our experiment, the
aspect ratio of 1D self-assembly materials is controlled
by adjusting the equilibriumof various interactions. For
example, the aspect ratio decreases with the increase
of N2H4 concentration (Figure S6), because the signifi-
cant decrease of electrostatic repulsion under high
N2H4 concentration lowers the priority of 1D orientated
assembly, while quasi-2D assembly is allowed.58

The rigid 1D structure is attributed to the in situ

amidation reaction between N2H4 and the carboxyl of
MPA at room temperature, which is proved by Fourier
transform infrared (FTIR) and X-ray photoelectron
spectroscopy (XPS) characterizations (Figure 3 and 4).
As shown in Figure 3, the FTIR spectrum of MPA
exhibits the CdO stretching vibration at 1700 cm�1

and S�H stretching vibration at 2566 cm�1. N2H4

presents the N�H bending vibration at 1618 cm�1.

Figure 2. (a) XRD patterns of CdTe-contained (black), and
CdTe-free (red) 1D material. (b) The crystalline structure of
CdTe-free 1Dmaterial. The unit cell is dashed to lead the eye.

Figure 3. FTIR spectra of MPA (black), N2H4 (red), CdTe-free
1D structure (blue), and CdTe-contained structure (pink).
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After forming 1D structure, the band of S�H dis-
appears due to the formation of Cd�S bonding.
Meanwhile, the CdO stretching vibration shifts to
1623 cm�1, consisting with the position of amide I
band. The N�H bending vibration shifts to 1542 cm�1,
which consists with the amide II band of secondary
acyclic hydrazide. A new band appears at 1288 cm�1,
which is assigned to the C�N stretching vibration of
hydrazide. In addition, the O�H bending vibration of
MPA at 1241 cm�1 disappears due to the formation
of hydrazide. Control experiments further exclude the
existence of hydrazinium carboxylates in the 1D struc-
ture (Figure S7). Note that the needlelike 1D structures
form only with high hydrazine proportion. If the mass
of hydrazine is decreased, no 1D structure is found
(Figure S7a).

The formation of hydrazide is also confirmed by XPS
analysis of C 1s and O 1s spectra (Figure 4 and S8).
Figure 4a presents the C 1s spectrum of MPA. In
accordance with the structure of MPA, the C spectrum
is fitted as two separated peaks at 288.5 and 284.7 eV,
respectively. The former is assigned to �COOH, and
the latter is assigned to �CH2�.59 In the self-assembly
materials, a clear shift of �COOH peak to 287.9 eV is
observed, representing the variation of;CdO chemi-
cal environment.59 Because MPA is the only source of
C, this result strongly supports the amidation of the
�COOH of MPA (Figure 4d). In addition, an obvious
shift of O 1s peak from 532.7 to 531.6 eV is found
(Figure 4b and e). This also confirms the formation of
�CONH2, because the combination with N increases
the electron cloud density of O and therewith de-
creases the binding energy.60 Moreover, the S 2p
spectrum of MPA presents a broad peak centered at
168.1 eV leading from oxidized sulfur. It means that the
freeMPA is easy to be oxidized in air. In contrast, the 1D
structure exhibits two peaks at 161.9 and 163.2 eV,

respectively, which consist well with the S 2p3/2 and
S 2p1/2 peaks of normal MPA.61 This reveals that
the unstable components are protected by forming
compact self-assembly materials.

To reveal the degree of cross-linkage of the self-
assembly materials, the degree of amidation reaction
of the �COOH groups in CdTe-free and CdTe-
contained 1D structure is calculated. In CdTe-free 1D
structure, MPA nearly completely reacts due to the
existence of large excessive hydrazine and timely
deposition of 1D structure in the solution (Figure S9).
In CdTe-contained self-assembly materials, 32%
�COOH on the surface of CdTe NCs are transformed
into �CONH� (Figure S10). This means that CdTe NCs
act as the cross-linking center to reinforce the stability
of self-assembly materials, because each NC is covered
by several tens of �COOH.

In all, two reasons permit to form amide bond under
mild conditions, the large excessive N2H4 and in parti-
cular the self-separation of the products from reac-
tion system. Because the amount of N2H4 is more than
1000 times to MPA, the reactive equilibrium toward
hydrazide is greatly promoted. Besides, the products
are insoluble in the solution, thus suppressing the
reverse reaction of amidation and driving the reaction
toward hydrazide.

Stability of NC Self-Assembly Materials. The NC self-as-
sembly materials exhibit good thermal stability. Ther-
mogravimetric analysis (TGA) data reveals that when
the temperature is lower than 180 �C, no weight loss
occurs for the self-assembly materials (Figure S11). The
good stability is attributed to the N2H4-mediated cross-
linkage of carboxyl-functionalized CdTe NCs, which
creates a network. Note that the TGA critical tempera-
ture of NC-free 1D structure is 170 �C, slightly lower
than NC-contained materials (Figure S12). This repre-
sents that NCs act as effective cross-linking centers

Figure 4. XPS spectra of MPA (a�c) and the as-prepared CdTe-contained 1D structure (d�f).
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than pure Cd-MPA complexes, thus increasing the
cross-linking degree.62 Furthermore, the low tempera-
ture resistance of NC self-assembly materials is tested
in liquid nitrogen. The photoluminescence (PL) spectra
of the self-assembly materials before immersing in
liquid nitrogen and after returning to room tempera-
ture are compared. No PL variation is observed after
such operation (Figure S13e). In contrast, the aqueous
solutions of CdTe NCs frozen at�11 �C, and themelted
solutions are colloidally unstable and present much
lowered emission intensity (Figure S13f).

Because of the cross-linked structures, the self-
assembly materials possess well solvent resistance
toward hot water, alkaline solution, and organic sol-
vents (Figure S14). As the materials are placed in 90 �C
water and 1 M NaOH solution, the morphology and
emission do not alter. The self-assembly materials
cannot be solved or swollen by common organic
solvents with different dielectric constants, such as
chloroform, toluene, benzene, acetone, ethanol, di-
methylformamide, and so forth. The solvent stability
is comparable to highly cross-linked polymers. In con-
trast, both the structure and emission of uncross-linked
NC self-assemblies are very fragile.

The self-assembly materials also present well resis-
tance against sunlight and electron beam irradiation.
The photostability is investigated by comparing the PL
spectra of the sampleswith yellow emission before and
after one year sunlight irradiation in air (Figure S15).
No PL emission peak position and intensity variation
are found for the self-assembly materials. Whereas,
an obvious blue shift and intensity decrease of the PL

spectra of aqueous CdTe NCs is found only after 3 days'
sunlight irradiation, showing the serious photogener-
ated NC decomposition. In addition, the self-assembly
materials keep stable upon 200 kV TEM electron beam
exposure. After 30 min irradiation, no melting of 1D
structure happens (Figure S16). Even the self-assembly
materials are treatedwith 200 kV HRTEMelectron beam
for 10min, the PL peak position and intensity are nearly
unchanged. The dramatically high photostability is
attributed to the favorable chemical surroundings. First,
the self-assembly materials are cross-linked, thus iso-
lating the NCs from the oxygen in air and suppressing
the photo-oxidization under sunlight. In addition, the
cross-linked network is composed of large excessive
mercapto-ligands, which further protect the NCs from
photo-oxidization.63 Note that although NCs can be
embedded into inorganic crystals, for example NaCl,
the stability upon electron beam exposure is rather
poor, because of the noncovelent linkage of NCs with
the host crystals.19 Moreover, the structural stability of
self-assembly materials is evaluated by stretching self-
assembly material-filled polydimethylsiloxane (PDMS),
an elastic polymer matrix (Figure S17). No emission
profile change is observed after stretching, because
NCs are already embedded in stable self-assembly
structures. In all, the excellent thermal, solvent, and
photostability of current NC self-assembly materials
ensure the further fabrication of photoelectric devices.

Emission Properties of NC Self-Assembly Materials. Figure 5
indicates the PL images of the self-assembly materials
composed of CdTe NCs with bright emission. By tuning
the size of composed NCs, the emission colors of self-

Figure 5. PL images of the self-assembly materials composed of CdTe NCs with green (a), yellow (b), and red (c) emission. (d)
The emission spectra of the self-assembly materials with different emission colors.
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assembly materials are tunable from 510 to 750 nm,
covering the color range from green to red (Figure 5d
and Table 1). The self-assembly materials show en-
hanced photoluminescence quantum yields (PLQYs)
up to 72% (Table 1), which is close to that of commer-
cial yttrium aluminum garnetphosphors with yellow
emission. In contrast, the conventional NC-contained
nanocomposites usually exhibit decreased QYs
(Table 1).64 In the conventional procedure of fabricat-
ing nanocomposites, postpreparation treatment is
applied to improve the compatibility of NCs with the
composites. The loss of NC surface atoms and/or ligand
removal cannot be avoided, thus increasing surface
dangling bonds.65 This suppresses the pathway of
exciton radiative transition and lowers the PLQYs. In
contrast, the framework of the self-assembly materials
is composed of large excessive Cd and MPA, which are
necessary components to passivate NCs by saturating
the surface dangling bonds. This greatly favors radia-
tive transition. So, the PLQYs are reasonably enhanced.
As shown in Table 1, the emission lifetimes of self-
assembly materials are generally longer than those of
bare NCs, implying the improved emission properties
of the NCs in the self-assembly materials.66,67 In addi-
tion, concentration quenching is another reason for
the lowered PLQYs of luminescent nanocomposites,
because of the phase separation of NCs.64 The current
route effectively avoids phase separation and subse-
quent concentration quenching by generating a well
distribution of NCs in the self-assembly materials
(Figure 1e). As a result, the PLQYs of self-assembly
materials are more than four times higher than the
composed NCs with the same size (Table 1). Moreover,
the concentration of NCs in the self-assemblymaterials
is high, so FRET and PL reabsorption are inevitable.
However, the PL loss is compensated by the PL en-
hancement from the favorable chemical surround-
ing.68 Although the self-assembly materials possess

1D structures, neither polarized emission nor excita-
tion polarization-dependent emission is observed
(Figure S18). This is attributed to the disordered array
of NCs in the self-assembled structures.

The full width at half-maximum (fwhm) of the
PL spectra of self-assembly materials is also narrow
(Table 1). Even for the samples with the emission peak
at 750 nm, the fwhm is only 49 nm, which are narrower
among the luminescent materials. For example, the
fwhm of commercial yttrium aluminum garnetphos-
phors is ca. 100 nm.16 The narrow PL spectra are
resulted both from the hydrazine-promoted NC syn-
thesis and the reabsorption of short wavelength part
of NC PL in the self-assembly materials. As revealed in
our previouswork,51 hydrazine-promotedNC synthesis
avoids the decomposition of mercapto-ligands and
hence the embedment of S into CdTe NCs. Conse-
quently, the PL peak is narrower than that of the
NCs prepared through conventional reflux at 100 �C
(Table 1). In addition, because the concentration of NCs
in the self-assembly materials is much high, the reab-
sorption of short wavelength part of the PL is inevitable.
So, the PL spectrum of NC ensemble is further nar-
rowed. The narrow PL spectra mean high color purity,
which is necessary for precise design of LEDs.

Because of the high performance of NC self-assem-
bly materials, they are employed as the color conver-
sion layer to fabricate a LED prototype. After mixing
the self-assembly materials and PDMS precursor solu-
tions with specific ratio, the mixtures are deposited
on commercially available 0.2 W InGaN LED chip, and
cured in an oven at 100 �C for 2 h. The LED devices with
green, yellow, and red emissions are obtained using
the self-assembly materials with corresponding emis-
sion color (Figure 6a�c). Because of the high PLQYs,
only 1 wt % self-assembly materials is required in the
PDMS. In addition, the RGB color coordinates of the
LED are (0.68, 0.31), (0.19, 0.75), (0.14, 0.04) (Figure 6d).
The area of the RGB triangle of the LED covers most of
the NTSC color space (104.3%). In contrast, the phos-
phor-LED covers only 85.6% according to the previous
report.17 A simple WLED with color coordinate (x, y) =
(0.31, 0.31) is fabricated by integrating the 450 nmblue
emission of InGaN chip and 557 nm yellow emission of
NC self-assembly materials (Figure S19). Despite the
bright white emission, the LED indicates a low CRI
below 50. It is known that sunlight possesses the high-
est CRI of 100. To fabricateWLEDs with high CRI, further
optimization of self-assembly materials is still required.

Control of NC Concentration and Component in Self-Assembly
Materials. To design the NC-based LEDs highly similar
to sunlight, it requires further control of emission color
and intensity of self-assemblymaterials. Althoughbright
and color-tunable emissions are achieved through the
aforementioned one pot route, it is less capable to
control NC concentration in the self-assembly materials.
In addition, besides CdTe, the one pot route cannot

TABLE 1. Comparison of the PLQYs, the Diameter of

Composed NCs, FWHM, and Emission Lifetimes of Self-

Assembly Materials and Unassembled CdTe NCs

PL peak position (nm) 510 560 600 640 680 750
diameter of CdTe NCs (nm) 2.2 2.6 3.1 3.6 4.1 5.2
PLQYs of self-assembly materials (%) 26 72 61 60 55 52
fwhm (nm) 38 49 47 49 48 49
emission lifetimea τ1 4.9 5.9 6.4 7.3 9.4 9.8

τ2 23.8 27.5 29.6 33.6 35.5 42.1
PLQYs of aqueous CdTe NCs (%) 7 15 7 2 ;

b
;

b

fwhm (nm) 37 59 90 112 ;
b

;
b

emission lifetimea τ1 4.9 6.9 6.6 6.1 ;
b

;
b

τ2 23.6 26.9 27.1 29.6 ;
b

;
b

a The PL decay curve for each sample has a biexponential form of A1exp(�t/τ2)þ
A2exp(�t/τ2), where two lifetime components (τ1 and τ2) are obtained through
properly fitting. b The CdTe NCs with emission centered at 680 and 750 nm are
hardly synthesized through conventional refluxing method. Overall, when the
emission center of CdTe NCs is larger than 660 nm, the NCs will be unstable and
possess two emission peaks.
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produce the self-assembly materials from other NCs.
To solvent the problems, an alternative route to produce
NC self-assembly materials is proposed on the basis of
N2H4-midiated cross-linkage of Cd-MPA complexes. In
this method, N2H4 are foremost added into the aqueous
solutions of CdCl2 andMPA to induce the1D structure of
Cd-MPA complexes. Just before the appearance of NC-
free 1D structure, additional NCs are added to produce
NC-contained self-assembly materials. The emission
color, volume, and/or concentration of additional NC
solutions can be randomly adjusted (Table S3), thus
permitting to control the emission properties of the
self-assembly materials in broad range. This method is
extendable to other NCs, such as MPA-modified CdS,
CdSe, CdSexTe1�x, and CdyHg1�yTe NCs (Figure S20).
Moreover, other mercapto carboxylic acids, such as
MAA, thiolactic acid (TLA), and mercaptosuccinic acid
(MSA), are also adopted as the capping ligands to
prepare 1D self-assembly materials. However, only MAA
is workable due to the similar straight chain structure
withMPA (Figure S21). Theuselessness of TLA andMSA is
attributed to the steric hindrance from the side chain,
which prevents the formation of self-assembly materials
with regular crystalline structure (Figure 2b). The current
method is not limited to aqueous synthesized NCs. The
NCs originally synthesized in organic media, for example
CdSe NCs, can also form 1D self-assembly materials after

surface ligand exchange using MPA (Figure S22). These
reveals the universality of current N2H4-midiated con-
struction of NC self-assembly materials.

Besides N2H4, other short diamine, for example
ethylenediamine (NH2CH2CH2NH2), is also tested. How-
ever, self-assembly materials can not form. This is attrib-
uted to the following reasons. First, NH2CH2CH2NH2

possesses two more methylene in comparison with
hydrazine. The high steric hindrance prevents the for-
mation of self-assemblymaterials with regular structure.
Second, the stability constant of Cd-NH2CH2CH2NH2

is several orders larger than that of Cd-NH2NH2 (log
KCd‑NH2CH2CH2NH2

= 5.47, log KCd‑NH2NH2
= 2.25). The strong

coordination between Cd and NH2CH2CH2NH2 leads to
the decomposition of CdTe NCs.69 Third, in comparison
to hydrazine, NH2CH2CH2NH2 possesses lower reactivity
in forming amide.70 So, the production of NC self-
assembly materials at room temperature are not suc-
cessful as replacing hydrazine with other short diamine.
Note that although hydrazine is toxic, the form of
hydrazine in the final materials is hydrazide. The toxicity
is much lower than free hydrazine. In addition, the
hydrazine remained in the solution can be easily re-
cycled and reused, owing to the self-separation of
the products from the growth solution.51 Because of
the high stability of the materials, the toxicity of em-
bedded Cd-contained NCs is also lowered.

Figure 6. LED prototypes with green (a), yellow (b), and red (c) emission. Insets in (a�c) are the photographs of LED taken at
sunlight. (d) Color triangles of LED (yellow) compared to NTSC1931 (white), the black curve represents the variation of color
temperature with the color coordinates, and the points on the black straight line are constant color temperature.
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WLEDs from Self-Assembly Materials. An ideal method to
fabricate NC-based high performance WLEDs is the
direct blending of different emitted NCs with specific
ratio. The WLED has been tried by proportional mixing
the aqueous NC components with different emission
colors. However, the practical operation meets several
problems. First, NC components with different emis-
sion colors show tremendous difference in their PLQYs,
making it very difficult to tune the final emission by
adjusting the feed ratio. Second, when the aqueous
solutions of different sized NCs are mixed, the FRET
from smaller NCs to larger ones increases the red
emission part by serious weakening green part in the
NC ensembles (Figure 7a). Although FRET is avoidable
by lowering NC concentration to enlarge the distance
in between NCs (Figure S23), the overall PL intensity is
too weak for LED applications. These reasons lead
to the uncertainty in emission control. Consequently,
the fabrication of NC-based LED with high CRI from
unassembled aqueous NCs is practically impossible.
We attempt to prepare the self-assembly materials
containing different sized CdTe NCs. However, due to
the promotion of N2H4 in NC size evolution, the inter-
mediately sized NCs are generated via a spontaneous
inter-NC size ripening process (Figure 7b).71 Conse-
quently, the self-assembly materials with single emis-
sion colors are employed to fabricate WLEDs.

The capability to control the emission properties of
NC self-assembly materials allows to fabricate WLEDs
by direct blending route. Importantly, both the FRET
and PL reabsorption are limited inner the self-assembly
materials, because the NCs are already preassembled.
As the self-assembly materials with different emission
colors are blended in fabricating WLED, no PL quench-
ing and spectral shift is observed (Figure 7c). This is one
of the advantages of the current method. This finding
greatly facilitates the design ofWLEDs with high CRI by

unifying the real emission and the calculated material
ratio. As shown in Figure 8a�c, a WLED with the CRI of
86 is fabricated by integrating the emissions of InGaN
chip and six NC self-assembly materials. The emission
peaks of self-assembly materials are centered at 520,
560, 590, 631, 680, and 750 nm. The feed ratio is 3/1/
0.8/0.5/0.5/0.5. The spectrum of WLED is much similar
to sunlight (Figure 8b and g). To examine the color
rendering property of WLED, the different colored pen
caps with high color saturation are illuminated by the
WLED and sunlight for a comparison (Figure 8a and f).
The apparent colors are nearly identical, showing
the good color rendering property of WLED. In CRI
calculation, eight pastel test color samples (TCS01�08,
Figure 8e), which are mediate color saturation, are
used to compare the color rendering properties of
the light in question with a reference light source in
colorimetry.72 Six additional colors (TCS09�14) are
also indicated to emphasize the good color rendering
properties, but they are not used for calculating CRI
(Figure 8e). To eliminate local overexposure originated
frompoint light source, an area light, composed of nine
WLED devices, are fabricated for testing the color
rendering property (Figure 8d and S24). As shown in
Figure 8e, the color of TCS01�14 is well displayed
in comparison with the original electronic version
(Figure S25). All the above measurements prove that
the WLED possesses good color rendering property.
Moreover, the efficacy of the WLED is 37 lm/W at the
coordinate (x, y) = (0.32, 0.33) and color temperature
of 6110 K. The turn-on voltage is 2.5 V. The intensity of
LED is strong enough to illuminate an A4 paper under
the operation voltage of 3.0 V (Figure 8a). In addition,
according to the theory of colorimetry, the LED with
any emission colors in the triangle can be obtained by
mixing the self-assembly materials with different emis-
sion colors (Figure 6d). The black curve represents the

Figure 7. (a) The PL spectra of aqueous CdTe NCs with emission at 535 nm (black), 682 nm (red), and their mixture (blue). (b)
The PL spectra of aqueous CdTeNCswith emission at 535 nm (black), 642 nm (red), and their mixture (blue) in the presence of
N2H4. (c) The PL spectra of self-assembly materials with emission at 530 nm (black), 682 nm (red), and their mixture (blue).
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variation of color temperature with the color coordi-
nates, and the points on the black straight line are
constant color temperature (Figure 6d). It reveals that
the color temperature of LED is tuned from 1500 to tens
of thousands degrees Kelvin, covering all color tempera-
tures from the poles to the equator. To prove this, three
WLEDs with different color temperatures are fabricated,
and the characteristics are listed (Figure S26). Finally, the
WLED is tested at different operation voltage. The
decreased voltage only lowers the brightness, but not
alters the emission color and CRI (Figure S27).

CONCLUSIONS

In summary, 1D self-assembly materials from aqu-
eous luminescent NCs are facilely fabricated by inte-
grating the NC synthesis, spontaneous assembly, and
in situ polymerization completely in one pot. The key is
the additive N2H4, which simultaneously promotes the

room-temperature synthesis of NCs, induces the 1D
orientated self-assembly of NCs, and participate the
polymerization with mercapto carboxylic acid-modi-
fied NCs via in situ amidation reaction. The amidation
of the carboxyls on NC surface makes the NCs as
macromonomers to form cross-linked self-assembly
materials. In comparison with the previous NC self-
assembly structures, the current self-assembly materi-
als exhibit excellent stability, high PLQYs, tunable
compositions and emission color. In particular, FRET
between different emitting NCs is avoided, thus over-
coming the main problem in design WLED from multi-
ple NC components. These advantages permit to
fabricate the WLED from NC self-assembly materials
with high luminous efficacy, high CRI, and tunable
color temperature. For the best representative WLED,
the CRI, color temperature, and luminous efficacy is 86,
6110 K, and 37 lm/W, respectively.

METHODS
Materials. Tellurium powder (∼200 mesh, 99.8%), selenium

powder (�100 mesh, 99.5þ %), 3-mercaptopropionic acid

(MPA, 99þ%), mercaptoacetic acid (MAA, 98%), and 2-mercap-

toethylamine (MA, 98%) were purchased from Aldrich. NaBH4

(96%), Na2S 3 9H2O (98þ%), Na2TeO3 (98þ%), CdCl2 (99%),

Figure 8. (a) An A4 paper is illuminated by a single WLED device. Different colored pen caps and printed letters are used for
testing the CRI. Corresponding emission spectrum (b), and color coordinate (c) of WLED are also shown. (d) An area light
composed of nineWLEDdevices. (e) An A4 paper with different color picture is printed. TCS: test color samples for calculating
CRI. (f) The same A4 paper in (a) is illuminated by sunlight. (g) The emission spectrumof sunlight. For the fabrication ofWLED,
six NC self-assembly materials with different emission colors are foremost prepared by one-pot route.
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HgCl2 (99%), thiolactic acid (TLA, 99þ%), mercaptosuccinic acid
(MSA, 99þ%), 2-propanol (99%), and N2H4 3H2O (80%) were
commercially available products and used as received. Poly-
dimethylsiloxane (PDMS) elastomer kits (Sylgard 184) were
purchased from Dow Corning (Midland, MI).

Room-Temperature One-Pot Preparation of CdTe NC Self-Assembly
Materials in the Presence of N2H4. The preparation combined the
synthesis, preassembly, and in situ polymerization of aqueous
CdTe NCs completely in one pot. Typically, 8 mL of 100 mM
CdCl2 aqueous solution, 64 mL of water, 142 μL of MPA, 8 mL of
20 mM Na2TeO3 aqueous solution, and 100 mg of NaBH4 were
added in a conical flask in turn. The concentration of precursors
was 10 mM referring to Cd2þ, and the molar ratio of Cd2þ/MPA/
TeO3

2�/NaBH4 was 1:2.0:0.2:3.4. After maintaining the precur-
sors in the dark at room temperature for 48 h, 80 mL of 80%
N2H4 3H2Owas added. Sixteen hours later, CdTeNC self-assembly
materials were observed at the bottom of the flask. By altering
precursor and/or N2H4 concentration, the emission peaks of self-
assembly materials were tunable from 510 to 750 nm, which
corresponded to the emission colors from green to red.

Preparation of Mercapto Carboxylic Acid-Modified Aqueous CdS, CdSe,
CdTe, CdSexTe1�x, and CdyHg1�yTe NCs in the Absence of N2H4. Typically,
MPA-modified CdTe precursors were prepared by injecting
freshly prepared NaHTe aqueous solution into N2-saturated
CdCl2 solution at pH 9.5 in the presence of MPA.54 The con-
centration of precursors was 10 mM referring to Cd2þ, and
the molar ratio of Cd2þ/MPA/HTe� was 1:2.0:0.2. The precursor
solutions were refluxed at 100 �C to maintain NC growth.
Aliquots of the refluxed solutions were taken after different
time intervals to obtain the NCs with different emission colors.
For further characterization, the NC solutions were purified
by centrifugation with the addition of 2-propanol. Following a
similar procedure, except using Na2S, NaHSe, or NaHSexTe1�x as
the chalcogenide sources, CdS, CdSe, and CdSexTe1�x NCs were
prepared. CdyHg1�yTe NCs were prepared using CdCl2/HgCl2
mixed solutions as the metal sources with other experimental
parameters similar to CdTe synthesis. Other mercapto carboxylic
acids, such as MAA, TLA, and MSA are also available for the
aforementioned NC synthesis.

Self-Assembly Structures of Cd-MPA Complexes in the Presence of N2H4.
N2H4-mediated self-assembly and cross-linkage of Cd-MPA com-
plexes were achieved by mixing 8 mL of 100 mM CdCl2 aqueous
solution, 72 mL of water, 106 μL of MPA, and 80 mL of 80%
N2H4 in a breaker at room temperature. The calculated molar
ratio of Cd2þ/MPA/N2H4 was 1:1.5:1650. Two hours later, the
self-assembly structures were observed at the bottom of the
beaker.

Surface Modification of the CdSe NCs Synthesized in Organic Media.
CdSe NCs were synthesized in high-boiling-point organic sol-
vents according to the previous publication.73 MPA was mod-
ified on CdSe NCs via ligand exchange, which transferred the
NCs from organic media to water.74

Self-Assembly Materials via Supplement of As-Synthesized NCs into Cd-
MPA Complexes. In this route, the production of NC self-assembly
materials is based on the preparation of Cd- MPA self-assembly
structures with slight modification. After adding N2H4 into the
mixture of CdCl2 and MPA, the NC solutions, such as CdS, CdSe,
CdTe, CdSexTe1�x and CdyHg1�yTe, with specific concentration,
volume, and emission colorwere added. Two hours later, the self-
assembly materials with specific NC component, concentration,
and emission color were produced.

Fabrication of LEDs from NC Self-Assembly Materials. InGaN LED
chips without phosphor coating were purchased from Shen
Zhen Hongcai Elecronics CO., Ltd. The microchip was attached
on the bottom of the LED base. The emission of the LED chip
was centered at 450 nm, and the operating voltage was 3.0 V.
The two leads on LED were prepared to connect to the power
supply. In the preparation of color conversion layer, NC self-
assembly materials with different emission colors were fore-
most mixed with specific ratio and milled to fine powder. Then,
the PDMSprecursors weremixedwith the powder with the ratio
of 18:1 (w/w). The mixtures were put in a vacuum chamber
to remove bubbles. After that, the mixtures were filled into
the cup-shaped void of LED chip. After curing at 100 �C for 2 h,
the LEDs from NC self-assembly materials were fabricated.

Characterization. UV�visible absorption spectra were ob-
tained using a Lambda 800 UV�vis spectrophotometer. Photo-
luminescent (PL) spectroscopy was performed with a Shimadzu
RF-5301 PC spectrophotometer. The excitation wavelength was
400 nm. The PLQYs of NCs were estimated at room temperature
using quinine in 0.5 mol/L H2SO4 aqueous solution as the PL
reference.71 Transmission electron microscopy (TEM) was con-
ducted using a Hitachi H-800 electron microscope at an accel-
eration voltage of 200 kV with a CCD camera. High-resolution
TEM (HRTEM) imaging was implemented by a JEM-2100F elec-
tron microscope at 200 kV. Scanning electron microscope (SEM)
image was taken with a JEOL FESEM 6700F electron microscope
with primary electronenergy of 3 kV. Energydispersive spectrum
(EDS) and mapping were conducted with Inca X-Max instru-
ments made by Oxford Instruments. An Olympus BX-51 fluores-
cence microscope with a CCD camera was used to examine the
photoluminescent self-assembly materials. Thermogravimetric
analysis (TGA) was measured on an American TA Q500 analyzer
under N2 atmosphere with the flow rate of 100 mL 3min�1.
Fourier transform infrared (FTIR) spectra were performed with
a Nicolet AVATAR 360 FTIR instrument. X-ray photoelectron
spectroscopy (XPS) was investigated using a VG ESCALAB MKII
spectrometer with a Mg KR excitation (1253.6 eV). Binding
energy calibration was based on C 1s at 284.6 eV. Inductive
coupled plasma emission spectrometer (ICP) was carried out
with PERKIN ELMER OPTIMA 3300DV analyzer. X-ray powder
diffraction (XRD) investigation was carried out using Siemens
D5005 diffractometer. The color of light was identified by the CIE
(Commission Internationale de L'Eclairage 1931) colorimetry
system. Any color could be described by the chromaticity (x, y)
coordinates on the CIE diagram. The absolute PLQYs of CdTe-
contained 1D structure were measured on Edinburgh FLS920
(excited at 400 nm) equipped with an integrating sphere. Before
the measurement, the instrument was calibrated by the quinine
in 0.5 mol/L H2SO4 aqueous solution, where the final con-
centration was 1 � 10�5 mol/L to eliminate the concentration
quenching. Themeasured PLQY of quininewas demonstrated to
be equal to the real one. Then, the blank laser excitation line of
400 nmwas measured first. Then, the sample was placed on the
sample holder in the integrating sphere for the measurements
of the emission spectra. Finally, the QYs were calculated accord-
ing to the previous paper, with the software supplied by the
manufacturer.75 The spectra and brightness�current density�
voltage characteristics of the LED were measured by combining
a Spectrascan PR-650 spectrophotometer with an integral
sphere and a computer-controlled direct-current power supply
Keithley model 2400 voltage�current source under ambient
condition at room temperature.
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