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ABSTRACT: Metal nanoclusters (NCs) as a new class of
phosphors have attracted a great deal of interest owing to their
unique electronic structure and subsequently molecule-like
optical properties. However, limited successes have been achieved
in producing the NCs with excellent luminescent performance. In
this paper, we demonstrate the significant luminescence intensity
enhancement of 1-dodecanethiol (DT)-capped Cu NCs via self-
assembly strategy. By forming compact and ordered assemblies,
the original nonluminescent Cu NCs exhibit strong emission.
The flexibility of self-assembly allows to further control the
polymorphism of Cu NCs assemblies, and hence the emission
properties. Comparative structural and optical analysis of the polymorphic NCs assemblies permits to establish a relationship
between the compactness of assemblies and the emission. First, high compactness reinforces the cuprophilic Cu(I)---Cu(I)
interaction of inter- and intra-NCs, and meanwhile, suppresses intramolecular vibration and rotation of the capping ligand of DT,
thus enhancing the emission intensity of Cu NCs. Second, as to the emission energy that depends on the distance of Cu(I)-
Cu(I), the improved compactness increases average Cu(I)--Cu(l) distance by inducing additional inter-NCs cuprophilic
interaction, and therewith leads to the blue shift of NCs emission. Attributing to the assembly mediated structural polymorphism,
the NCs assemblies exhibit distinct mechanochromic and thermochromic luminescent properties. Metal NCs-based white light-
emitting diodes are further fabricated by employing the NCs assemblies with blue-green, yellow, and red emissions as phosphors.

Assembly-Induced Enhancement of cy NCs Luminescence

_—

B INTRODUCTION

metal core with ligands usually leads to ligand-to-metal charge

Metal nanoclusters (NCs), consisting of a few to a hundred
atoms, possess unique electronic structure, because their sizes
are comparable to the Fermi wavelength of electrons.' ™ They
show molecule-like optical properties, and greatly inspire the
recent research regarding them as novel fluorophores.” "
Metal NCs exhibit ultrafine size, low toxicity, good biocompat-
ibility, and large Stokes shift, which make them appealing
alternatives to organic dyes and semiconductor quantum dots
in biosensing and bioimaging.lz_15 However, limited studies
and breakthroughs have focused on broadening the applications
concerning their phosphors nature, such as light-emittin§
diodes (LEDs). The reason mainly involves three aspects.'®™"

First, the small size usually induces aggregation and/or
oxidation both in storage and further employment. Second, it
still suffers from the limitation in convenient and universal
preparation. Finally, the complex emission types together with a
lacking acquaintance of luminescence mechanism lead to poor
control of emission color and intensity.

With respect to the luminescence mechanism, the origin of
NCs emission cannot be simply attributed to the quantum
confinement effect of small metal core, but also relates to the
capping ligands on NCs surface.”’”~>" The coordination of
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transfer (LMCT) and/or ligand-to-metal—metal charge transfer
(LMMCT), and therewith %enerates radiative relaxation via a
metal-centered triplet state.”” Because of the unclear surface or
interfacial structure, it is still difficult to distinguish the
contribution of metal core and capping ligands, especially for
the larger NCs with complex surface structure.” Recently, the
efforts on conducting NCs surface ligands configuration have
been successfully applied for the luminescence enhancement by
controlling NCs aggregation structures.””*>** The aggregation
of NCs is capable to alter the ligand/ligand, ligand/metal, and
metal/metal interactions, which in return affects the excited
state relaxation dynamics.”’ In particular, the intramolecular
vibration and rotation of ligands are strongly restrained after
aggregation, thus increasing the rates of radiative energy
transfer by suppressing ligand-related nonradiative relaxation of
excited states.”””® So far, solvent- and cation-induced
aggregations are two major approaches for NCs luminescence
enhancement.””*>**> However, both these two approaches meet
the challenge of inhomogeneity of NCs aggregation structures,
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which leads to the coexistence of inhomogeneous and multiple
surface-ligands-determined chromophores in the system.”’
Consequently, such aggregation-induced enhancement only
generates the fluorophores with low emission intensity, poor
color-purity, and high unstability, thus restricting the potential
applications.”” Novel methods are greatly welcome to improve
the emission performance of NCs aggregation structures by in
depth revealing the mechanism of aggregation-induced
enhancement.

Self-assembly has been regarded as an efficient strategy for
optimizing the performance of nanometer-sized building blocks
by directing their spatial distribution.”*”*® The alternation of
NCs connection fashion greatly influences charge and energy
transfer, and therefore the photoelectric performance.”” As to
the enhancement of NCs luminescence, self-assembly techni-
que is considered to produce the architectures with inner NCs
in ordered, uniform, and steady manner.”>*® Thus, the
homogeneity of NCs aggregation structures may be improved
by forming regular self-assembly architectures. The trans-
formation of disordered aggregates to ordered assemblies is
hopeful for enhancing NCs luminescence performance,
including intensity, color-purity, stability, and so forth.
However, limited successes have been achieved in conducting
the self-assembly of ultrasmall NCs into regular architec-
tures.”’"*” As to NCs, their large surface energy prefers to
induce irregular aggregation and fusion rather than form
ordered and stable self-assembly structures. In particular, the
thermal fluctuation energy of environment is comparable to the
interactions between NCs, which usually detaches the
assembled NCs and restricts the formation of ordering
structures. Recently, on the basis of the exploration on the
self-assembly kinetics of ligands-capped metal NCs, regular
NCs self-assembly structures are obtained with controlled
manner in the mixture of high-boiling-point solvents.”** This
success makes it possible for in depth studying the mechanism
of NCs luminescence enhancement and producing highly
luminescence NCs materials.

In this paper, 1-dodecanethiol (DT)-capped Cu NCs are
prepared in colloidal solution and selected as the model to
produce NCs aggregation structures with different regularity.
By controlling the aggregation/assembly fashion as well as
studying the mechano- and thermochromic luminescent
properties, the dependence of NCs emission on the regularity
of aggregation structures is well revealed. It indicates that the
transformation of NCs architectures from disordered aggregates
to ordered assemblies is capable to generate strong emission.
This is attributed to the improved interactions of DT on
neighboring NCs, which suppress DT-related nonradiative
relaxation of excited states and subsequently optimize the
radiative energy transfer on the basis of LMCT and/or
LMMCT. With respect to the self-assembly architectures, the
improved compactness increases the average distance of
cuprophilic Cu(I)--Cu(I) by inducing additional inter-NCs
cuprophilic interaction, and therewith leads to the blue shift of
emission. Because of the assembly induced enhancement, the
NCs assemblies are further applied as phosphors in fabricating
LEDs. A white LED (WLED) prototype is demonstrated by
employing the NCs assemblies as color conversion layer on 365
nm GaN LED chip.

B EXPERIMENTAL SECTION

Chemicals. 1-Dodecanethiol (DT, 98%) was purchased from
Aladdin Chemistry Co. Ltd.. Dibenzyl ether (BE, 98%), and

polydimethylsiloxane (PDMS) precursors were purchased from
Aldrich. Copper chloride (CuCl,-2H,0, 99.0%, A. R.), chloroauric
acid (HAuCl,-4H,0, Au mol % > 47.8%), acetone, and chloroform
were all commercially available products and used as received without
further purification.

Preparation of Cu NCs. Thirty mg (0.18 mmol) of CuCl,-2H,0
was dissolved in 6 mL of BE at room temperature with the assistance
of ultrasonic treatment for 10 min. One mL (4 mmol) of DT, which
acted as ligand cum reductant, was added into the mixture and stirred
at 0 °C for 5 min to produce DT-capped Cu NCs.

Self-Assembled Cu NCs. To assemble Cu NCs into ribbons, 30
mg (0.18 mmol) of CuCl,-2H,0 was dissolved in 6 mL of BE at room
temperature with ultrasonic treatment for 10 min. Then, 1 mL (4
mmol) of DT was added into the mixture and stirred at 128 °C for 3 h.
The preparation of self-assembled sheets of Cu NCs was similar to that
of ribbons, except annealing the reaction mixture to 20 °C and
maintaining for 24 h.

Self-Assembled Au NCs. 0.2 g (0.48 mmol) of HAuCl,-4H,0
was dissolved in 10 mL of BE at room temperature with ultrasonic
treatment for 10 min. Then, 0.5 mL (2 mmol) of DT was added into
the mixture and stirred at 140 °C for 1 h. The products were self-
assembled sheets from Au NCs.

Purification. At room temperature, 1 mL of Cu NCs solution or
the self-assembled Cu NCs ribbons/sheets, and Au NCs sheets were
washed and precipitated through the addition of 2 mL of chloroform
and 4 mL of acetone for two times. Separated by centrifugation, the
precipitates were collected and dispersed in 1 mL of chloroform. After
purification, the yield of Cu NCs, Cu NCs self-assembly ribbons, Cu
NCs self-assembly sheets, and Au NCs self-assembly sheets was ~95%,
~81%, ~98%, and ~85%, respectively. In solution or as solid powder,
these samples can be stored in air at least for one year without obvious
structural and luminescence variation.

Fabrication of LEDs from As-Assembled Cu and/or Au NCs.
GaN LED chips without phosphor coating were purchased from
Advanced Optoelectronic Technology CO., Ltd. The emission of the
GaN LED chip centered at 365 nm, and the operating voltage was 4.0
V. In the preparation of color conversion layer, Cu and/or Au NCs
assemblies with different emission colors were foremost mixed with
specific ratio and milled to fine powder. Then, the PDMS precursors
were mixed with the powder with the ratio of 15:5 (w/w). The
mixtures were put into a vacuum chamber to remove bubbles. After
that, the mixtures were loaded on the LED chip. After curing at 60 °C
for 2 h, the LEDs from as-assembled Cu and/or Au NCs were
fabricated.

Characterization. UV—visible absorption spectra were obtained
using a Shimadzu 3100 UV—vis spectrophotometer. Fluorescence
spectroscopy was performed with a Shimadzu RF-5301 PC
spectrophotometer. The absolute quantum yield (QY) of NCs was
measured on Edinburgh FLS920 (excited at 365 nm) equipped with
an integrating sphere. The luminescence decay curves were measured
on a FLS920 spectrofluorometer. Transmission electron microscopy
(TEM) was conducted by a Hitachi H-800 electron microscope. High-
resolution TEM (HRTEM) images were implemented by a JEM-
2100F electron microscope. An energy-dispersive X-ray spectroscopy
(EDX) detector coupled with HRTEM was applied for elemental
analysis. Small-angle X-ray powder diffraction (SXRD) investigation
was carried out on a Rigaku X-ray diffractometer using Cu K radiation
(A = 154 A). X-ray photoelectron spectroscopy (XPS) was
investigated with a VG ESCALAB MKII spectrometer. Thermo
gravimetric analysis (TGA) was measured on an American TA QS00
analyzer under N2 atm with the flow rate of 70 mL/min. Matrix-
assisted laser desorption/ionization time-off light (MALDI-TOF)
mass spectra (MS) were recorded on a Bruker/Auto Reflex III mass
spectrometer equipped (Bremen, Germany), where THF and 2,5-
dihydroxybenzoic acid (DHBA) were used as the matrix to dissolve
the samples. Scanning electron microscope (SEM) image was taken by
a JEOL FESEM 6700F electron microscope with primary electron
energy of 3 kV. Atomic force microscope (AFM) tapping mode
measurements were performed with a Nanoscope IIla scanning probe
microscope (Digital Instruments) using a rotated tapping mode etched
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silicon probe tip. The spectra of the LEDs were measured under
ambient condition at room temperature by combining a Spectrascan
PR-650 spectrophotometer with an integrating sphere and a
computer-controlled direct-current power. The color of the light was
identified by the CIE (Commission Internationale de L’Eclairage
1931) calorimeter system.

B RESULTS AND DISCUSSION

Individual Cu NCs without Visible Emission. The Cu
NCs employed to investigate assembly induced luminescence
enhancement are foremost synthesized in BE using DT as
ligand cum reductant at 0 °C. TEM observation indicates that
the as-prepared NCs appear as quasi-spherical clusters with the
average diameter of 1.9 & 0.2 nm (Figure la). By combining
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Figure 1. (a) TEM image of individual Cu NCs. (b) Steady-state
absorption (black) and emission (red) spectra of Cu NCs in
chloroform. The peak in red line results from the excitation light
source of 365 nm.

EDX, MALDI-TOF MS, TGA, and XPS measurements, the
composition of NCs is suggested as Cu(0),Cu(I),(DT,,
(Figure S1—S4). The UV—vis absorption spectrum of the
NCs exhibits two peaks respectively at 275 and 358 nm (Figure
1b). The simulated absorption spectrum by time-dependent
density functional theory indicates that the excited states with
relatively strong oscillator strength consist well with the
experimentally measured values ranging from 250 to 400 nm.
The two absorption peaks originate from the transition of S—
Cu hybrid bonding orbital to Cu—Cu hybrid bonding orbital
(Figure SS), namely, the transition between occupied 3p-4s3d
hybrid orbital and unoccupied 4s4p hybrid orbital. This
confirms the suggested formula of Cu(0),Cu(I),(DT,, (Figure
1b and Figure SS). No visible emission is observed by 365 nm
excitation, showing the poor emission of individual Cu NCs
(Figure 1b). However, weak orange emission is observed after
acetone-induced aggregation, which also presents excitation
dependence (Figure S6a—c).

Emission Intensity Increase by Cu NCs Self-Assembly.
The self-assembly of Cu NCs into ribbons is performed by
annealing NCs BE solution at 128 °C for 3 h. The annealing
treatment facilitates the dynamic mobility of DT alkyl chain on
NCs, thus permitting the two-dimensional oriented self-
assembly of NCs via dipole-induced asymmetric van der
Waals attraction.”® Note that the occurrence of self-assembly is
the characteristics of nanometer-sized metal clusters, which is
independent of the species of metal. However, the morphology
of self-assembly architectures greatly depends on the species of
metal by influencing the coordination of various inter-NCs
weak interactions.”® Cu generates strong inter-NCs dipolar
attraction.”® So, Cu NCs prefer to form self-assembly ribbons
with one-dimensional orientation. The ribbons indicate the
average width about 50—200 nm, length about 1-2 um, and
thickness about 13.5 nm (Figure 2a, S7 and S8). Because of the
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Figure 2. (a) TEM image of the ribbons from Cu NCs self-assembly.
(b) HRTEM image of the ribbons. Inset: the Fourier transform image.
(c) Small-angle region of XRD pattern. (d) Steady-state absorption
(black) and emission (red) spectra of the ribbons in chloroform. Inset:
the fluorescent image with 365 nm excitation.

high surface energy, the ribbons are easy to form parallel array
or show twisted and bent structures (Figure 2a). TEM images
reveal that the ribbons are composed of individual NCs rather
than crystalline Cu (Figure 2b and S9a). Within the ribbons,
the Cu NCs exhibits highly ordered arrangement, which is
further proved by the intense peaks in SXRD (Figure 2b,c).
There are two distinct diffraction peaks at 2.45 and 2.55°, which
correspond to the d spacing of 3.6 and 3.4 nm. The second and
third ordered peaks are also observed at 4.89—5.10° and 7.38—
7.68°. As to the ribbons, they are stacked from the self-assembly
monolayer of NCs.>* There exist two different NCs center-to-
center distances, namely intra- and interlayer NC distance.”*
The former is larger than the latter.’® So, the d spacing of 3.6
nm relates to the alignment of Cu NCs within self-assembly
monolayer, whereas the d spacing of 3.4 nm corresponds to the
NC distance between the neighboring layers. It should be
mentioned that the size and composition of NCs are fixed at
1.9 #+ 0.2 nm and Cu,,DT), respectively, before and after self-
assembly (Figure la, 2b, SI, S2, S4 and S$9a), showing no
growth and fusion of NCs during self-assembly. This
consideration is also supported by the unchanged absorption
spectra (Figure 1b and 2d).

Despite the size, composition, structure, and absorption
property of Cu NCs are unchanged, a dramatic intensity
increase of NC emission is found after self-assembly (Figure
2d). The NCs assemblies exhibit a strong emission peak
centered at 490 nm with a full width at half-maximum (fwhm)
around 86 nm, corresponding to blue-green emission (Figure
2d). The absolute QY of the assemblies is measured up to 6.5%,
which is among the highest values of ever reported Cu
NCs.""*"** The PL decay at 490 nm is described with a two-
exponential fitting. The average lifetime is calculated as 1.76 us
by integrating two individual lifetimes of 0.77 us (55.7%) and
3.02 us (44.3%) (Figure S10). Combining with the long
excited-state lifetime with large Stokes shift (>200 nm), the
emission intensity increase after Cu NCs self-assembly should
relate to the coordination of metal core with the capping ligand
of DT, namely the charge transfer through LMCT and/or
LMMCT.*® This generates radiative relaxation via a metal-
centered triplet state.'” In this situation, during the trans-
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formation of NCs aggregation structures from disordered
aggregates to ordered assemblies, the subtle variation of NCs
mainly involves the DT interactions on NCs surface and the
cuprophilic Cu(I)--Cu(I) interaction.”” Thus, the assembly
induced emission enhancement is assigned to two aspects. First,
the enhanced inter- and intra-NCs cuprophilic interactions
greatly facilitate the excited state relaxation dynamics via
radiative pathway.”®*” Second, the restriction of intramolecular
vibration and rotation of capping ligands reduces the
nonradiative relaxation of excited states.””**** These two
effects greatly enhance the emission intensity of NCs after self-
assembly.

To further illuminate the self-assembly induced emission
intensity increase, self-assembled sheets of Cu NCs with loose
aggregation structures are fabricated (Figure 3a). After self-
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Figure 3. (a) TEM image of the sheets from Cu NCs self-assembly.
(b) HRTEM image of the sheets. (c) Small-angle region of XRD
pattern. (d) Steady-state absorption (black) and emission (red)
spectra of the sheets in chloroform. Inset: the fluorescent image with
365 nm excitation.

assembly, the size and composition of Cu NCs are also
unchanged (Figure S1, S2, S4 and S9b). The sheets indicate the
average width about 200—800 nm, length about 0.4—2 um, and
thickness about 2.1 nm (Figure 3a, S11 and S12). In
comparison to the ribbons, the formation of sheets is
performed at lower annealing temperature of 20 °C but longer
duration of 24 h. Low temperature suppresses the mobility of
DT alkyl chains, and hence the winding of DT on neighboring
NCs.***** This decreases the DT interaction and results in
the loose assembly structures. TEM image reveals the loose
arrangement of NCs in the sheets (Figure 3b), which consists
with the SXRD result (Figure 3c). Only one weak diffraction
peak appears at 2.46°, while the second and third ordered peaks
locate at 5.07° and 7.66°. Because of the loose arrangement of
inner NCs, the sheets exhibit lowered QY of 3.6%. This result
confirms that the emission intensity strongly depends on the
compactness of NCs assemblies. The loose assembly weakens
the inter-NCs cuprophilic interaction. Meanwhile, it becomes
less capable to restrict intramolecular vibration and rotation of
capping ligands, and therefore the nonradiative relaxation of
excited states.

Notably, in parallel to emission intensity decreases, the
formation of sheets with low compact NCs arrangement leads
to a redshift of emission spectrum to 547 nm with a fwhm

around 84 nm (Figure 3d). The apparent emission color turns
yellow. By combining MALDI-TOF MS, EDX, XPS, and TEM
characterizations, the size effect on the spectral red shift is safely
excluded, because the size and composition of NCs are
unchanged (Figure S1, S2, S4 and S9). So, the shift of emission
spectrum is attributed to the alteration of average Cu(I)---Cu(I)
distance.”” In this context, the increase of Cu(I)---Cu(I)
distance leads to the blue shift of luminescence, while distance
decrease causes red shift. There exist two kinds of cuprophilic
interactions that influence the average Cu(I)--Cu(I) distance
and hence the emission color. One is the intrinsic cuprophilic
interaction within Cu NCs. Another is the cuprophilic
interaction between the neighboring NCs, which possesses
longer distance feature and is generated only after forming
compact NCs self-assembly architectures. The improved
compactness of Cu NCs from individual NCs to self-assembly
ribbons induces additional inter-NCs cuprophilic interaction,
thus increasing the average Cu(I)---Cu(I) distance. As a result,
blue-green emission is generated. As to the sheets with loose
NCs arrangement, the inter-NCs cuprophilic interaction is
weaker than that of ribbons. The effect on the average Cu(I) -
Cu(I) distance is not obvious. So, as the self-assembly
structures transform from ribbons to sheets, the average
Cu(I)---Cu(I) distance is shortened, which leads to the
decrease of emission energy and spectral red shift. This is
different from the previous reports about metal organic
complexes, which do not present the correlation between
metal—metal interaction and luminescence properties.” In
addition, due to the dipole-induced asymmetric van der Waals
attraction, the surface ligands of NCs redistribute during NCs
self-assembly,®® thus overcoming the steric hindrance of the
ligands and permitting the occurrence of inter-NCs cuprophilic
interaction. Under TEM, the distance of a lot of NCs are really
very close (Figure S9).

The annealing temperature-dependent compactness of Cu
NCs self-assembly is applied to control the emission color and
intensity of the as-prepared assemblies (Figure 4). As increasing
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Figure 4. Steady-state absorption (a) and emission (b) spectra of Cu
NCs assemblies respectively prepared at 20, 60, 80, 110, and 120 °C.
Inset: the fluorescent images with 365 nm excitation.

the annealing temperature from 20 to 120 °C, the apparent
emission turns from yellow to blue-green, accompanying with
the enhancement of emission intensity, despite the absorption
spectra are unchanged. According to the aforementioned
explanation, lower annealing temperature is considered to
produce looser assemblies. The weak winding between the DT
on NCs surface is difficult to restrict the molecular vibration
and rotation of DT, thus increasing the ratio of nonradiative
relaxation of excited states. This lowers the emission intensity.
In addition, the dominant intra-NCs cuprophilic interaction
shortens the overall Cu(I)---Cu(I) distance, and therewith leads
to lower emission energy. In contrast, higher temperature
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facilitates the formation of compact assemblies, and enhances
the emission intensity with spectral blue shift. Polymorphism
change of NCs assemblies is the main reason for influencing the
emission performance.

Mechano- and Thermochromic Luminescence of Cu
NCs Assemblies. The relationship between the compactness
of NCs assemblies and their emission properties is further
revealed by studying the mechanochromic luminescence of as-
assembled ribbons and sheets. As shown in Figure S, the as-
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Figure 5. Fluorescent images of sample G1 (a), G2 (b), and G3 (c)
with 365 nm excitation. (d) Emission spectra of the three samples in
chloroform with 365 nm excitation. (e) SXRD patterns of the three
samples.

assembled ribbons exhibit mechanochromic luminescence,
which is often observed in organic and organometallic
complexes.** ™' The ribbons without grinding, with partially
grinding, and thoroughly grinding are labeled as sample GI,
G2, and G3. The grinding treatment does not alter the
composition of Cu NCs, but leads to a dramatic change both in
the emission color and intensity (Figure S13 and Sa—d).
Accompanied with the variation of emission color from blue-
green to yellow, the QY decreases from 6.5% to 3.8%. The
fwhm also increases from 106 to 111 nm (Figure Sd). In
addition, the spectral shift involves the decrease of 490 nm
emission and the appearance of 547 nm emission, implying the
transformation of NCs assemblies from order to disorder.
This consideration is proved by TEM observation and SXRD
results (Figure Se and S14). After grinding, the thickness and
regularity of the self-assembly ribbons decrease (Figure S14).
SXRD patterns exhibit the intensity decrease and broadening of
diffraction peaks after grinding. The original two sets of
diffraction peaks alter to one set. These reveal the decreased
regularity of NCs in the assemblies (Figure Se). Moreover, the
self-assembly sheets, which possess intrinsic loose NCs
arrangement, do not exhibit obvious emission change after
grinding (Figure S15). This result confirms that grinding
treatment only disarrange the compactness of NCs in regular
assemblies, thus altering DT and/or NCs interactions, whereas
the NCs self-assembly architectures are not completely
destroyed. It also indicates the good stability of NCs emission.
The presence of polymorphism of Cu NCs assemblies also
leads to structure-dependent thermochromic luminescence
(Figure 6). Despite the fact that the emission of ribbons and
sheets at room temperature is quite different, such difference
becomes less as dipping the samples in liquid nitrogen (77 K)
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Figure 6. Fluorescent images of the solution (a) and powder (b) of Cu
NCs self-assembly ribbons and sheets with 365 nm excitation at 298
and 77 K. The variation of emission spectra of ribbons (c) and sheets
(d) with 365 nm excitation from 77 to 298 K.

(Figure 6a,b). With 365 nm excitation, the original blue-green
emission of ribbons centered at 490 nm shifts to 517 nm,
showing the emission color of bright green (Figure 6c).
Whereas, the yellow emission of sheets centered at 547 nm also
shifts to S17 nm (Figure 6d). Notably, as lowering the
temperature, a new emission band appears at 690 nm both for
ribbons and sheets (Figure 6c,d). It is assigned to “ligand-
centered” excited state,”” which is independent of the nature of
metal-cores but extremely sensitive to the surroundings and
temperature. In addition, both the ribbons and sheets exhibit
emission intensity increase at 77 K. The QY of ribbons is up to
20%. Such thermochromic luminescence is reversible as cycling
the temperature from 77 to 298 K. The intensity increase at 77
K can be comprehended according to the temperature-
dependent interactions between NCs and DT in the assemblies.
At low temperature, both inter- and intra-NCs cuprophilic
interactions are reinforced. In particular, the intramolecular
vibration and rotation of DT are greatly restricted. These favor
radiative relaxation of excited states, thus leading to strong
emission.

The temperature-dependent emission shift is much complex.
In general, the emission of ribbons exhibits red shift at low
temperature, while the emission of sheets shows blue shift.
However, the emission of sheets first shows red shift until 90 K,
and then blue shift occurs (Figure 6d). Because the emission
energy is an external expression of overall Cu(I)--Cu(I)
distance, the emission shift can be employed to determine the
inner structural variation of NCs assemblies. In this context, the
overall Cu(I)--Cu(I) distance relates to inter-NCs and intra-
NCs distances. As to the ribbons, the decreased temperature
both shortens inter-NCs and intra-NCs Cu(I)--Cu(I) dis-
tances, because NCs are limited in compact assemblies.
Consequently, the emission continuously red shifts (Figure
6¢). For the sheets, the variation of Cu(I)---Cu(I) distance at
the initial stage of temperature decrease is similar. However,
owing to the noncompact connection of neighboring NCs,
further lowering temperature decreases intra-NCs Cu(I)-
Cu(I) distance but increase inter-NCs Cu(I)---Cu(I) distance.
When the increase in inter-NCs Cu(I)---Cu(I) distance
becomes dominant, the blue shift of emission is inevitable
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(Figure 6d). This consideration is also supported by the
spectral variation as freezing acetone-induced Cu NCs
aggregates at 77 K (Figure S6d,e). A significant blue shift of
emission spectra is observed.

The structural disparity of ribbons and sheets is also reflected
by the thermosensitivity. The thermosensitivity is nonlinear in
the temperature range from 77 to 298 K, because of the
mutable cuprophilic interactions. So, the thermosensitivity
between 0 and 60 °C is revealed, which are 0.1 nm/°C for the
ribbons and 0.15 nm/°C for the sheets (Figure 7ab). Such
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Figure 7. Temperature-dependent emission spectra of the ribbons (a)
and sheets (b). Temperature-dependent luminescence lifetimes of the
ribbons at 490 nm (c), and the sheets at 547 nm (d). (e)
Luminescence lifetimes of the ribbons at 460, 470, 480, 490, 500,
510, 520, and 530 nm. (f) Luminescence lifetime of the sheets at 510,
520, 530, 540, 550, 560, and 570 nm. In all experiments, 365 nm
excitation is adopted.

disparity is attributed to the different excited state relaxation
dynamics of ribbons and sheets. This consideration is
supported by studying the luminescence lifetime from 0 to
60 °C (Figure 7c,d). The average lifetime of ribbons is almost a
constant about 1.83 + 0.1 ys at 490 nm with 365 nm excitation.
While the lifetime of sheets indicates monotonous decline from
8.57 to 6.05 us at 547 nm. These results mean that ribbons
possess homogeneous molecule-like chromophores on the basis
of LMCT and/or LMMCT mechanism. To confirm whether
sheets possess homogeneous chromophores, the steady- and
transient-state emission of ribbons and sheets are explored
(Figure S16). The emission peak position of both ribbons and
sheets is independent of the excitation wavelength. This reveals
that both ribbons and sheets possess homogeneous chromo-
phores, namely, sole triplet state T1 (Figure 8).°>°
Furthermore, as to the ribbons, the average lifetime almost
keeps constant as altering the detection wavelength from 460 to
530 nm (Figure 7e), while the average lifetime of sheets gets
longer with increasing the wavelength from 500 to 570 nm

Sy —
IsC %

T 3,%

LMCT

and/or \

LMMCT

Ribbons

S, So

Figure 8. Energy level of ribbons and sheets, where Sy, T, and S,
represent ground state, excited triplet state, and singlet state. I, II, III,
and IV represent the sublevels of T1. ISC represents the intersystem
crossing process.

(Figure 7f). This proves the existence of a series of electron
trapping in the recombination process of sheets emission
state.*” Namely, the excited state relaxation dynamics in the T1
of sheets is more complex than that of ribbons (Figure 8).
Unlike ribbons, the sheets possess low compactness of the
composed NCs. The intramolecular vibration and rotation of
ligands are also dynamic. These lead to relatively high ratio of
ligand-related nonradiative relaxation between the sublevels of
T1 excited states (Figure 8). As a result, the luminescence
lifetime of sheets is longer than that of ribbons.

LEDs from Cu and Au NCs Assemblies. Because of the
strong and tunable emission, the NCs assemblies are further
employed as the color conversion layer for fabricating LEDs. In
details, the LEDs are fabricated by mixing Cu NCs ribbons or
sheets with PDMS precursors, depositing on commercially
available GaN LED chip with the emission centered at 365 nm
(Figure S17), and curing in an oven at 60 °C for 2 h. The LED
devices with blue-green and yellow emissions are respectively
fabricated using the self-assembly ribbons and sheets (Figure
9a,b,f,g). To demonstrate that WLEDs can be fabricated only
from the combination of metal NCs, Au NCs sheets with
similar NCs self-assembly structure of Cu NCs are chosen as
the red emitting phosphors (Figure 9¢h and S18). In
producing WLEDs, the Cu NCs ribbons with blue-green
emission, Cu NCs sheets with yellow emission, and Au NCs
sheets with red emission are mixed with specific ratio, and
PDMS is employed as the media. A WLED prototype with
color coordinate at (0.32, 0.36) is fabricated by combining Cu
ribbons, Cu sheets, and Au sheets with the feed ratio of 1.2/1/
1.5 (Figure 9d,e,i. To our best knowledge, it is the first example
that employs metal NCs to produce WLED:s.

B CONCLUSION

In summary, we demonstrate the enhancement of Cu NCs
luminescence by forming compact and ordered self-assembly
architectures. Such strategy reinforces the cuprophilic inter-
action of NCs, and suppresses intramolecular vibration and
rotation of the capping ligands, thus greatly improving the
radiative relaxation of excited states. Self-assembly strategy also
permits to tune the regularity of NCs in the assemblies, which
produces polymorphic Cu NCs assemblies with various
emission colors. The transformation of polymorphism leads
to mechanochromic luminescence of NCs assemblies. Because
the NCs assemblies exhibit strong emission, they are employed
as the phosphors in color conversion layer for fabricating LEDs.
A WLED prototype is fabricated by combining the blue-green
and yellow emission of Cu NCs assemblies and red emission of
Au NCs assemblies. The current efforts perform an important
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Figure 9. Fluorescent images of the LEDs from Cu NCs self-assembly
ribbons (a), sheets (b), and Au NCs sheets (c). (d) Fluorescent image
of the WLED from Cu NCs ribbons, Cu NCs sheets, and Au NCs
sheets. (e) The CIE chromaticity coordinates of the WLED in (d).
The corresponding emission spectra are shown in (f), (g), (h), and (i).

step toward further design and preparation of highly
luminescent Cu NCs materials with controlled emission color
and good stability, which greatly extends the potential of
luminescent NCs in practical applications.
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