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Dynamically Tunable Multicolor Emissions from Zero-Dimensional
CssLnClg (Ln: Europium and Terbium) Nanocrystals with Wide Color
Gamut

Minji Lee,®" Hyesun Chung,®' Seong Vin Hong,? Ho Young Woo,? Ji-Yeon Chae,? Tae Yeol Yoon,?
Benjamin T. Diroll,® Taejong Paik*?

This study demonstrates dynamically tunable multicolor emissions from a single component, zero-dimensional (0-D) cesium
europium chloride (CssEuCls) and cesium terbium chloride (CssThCls) nanocrystals (NCs). Highly uniform colloidal CssEuCls
and Cs3TbCls NCs are synthesized via the heating-up method. Excitation-wavelength-dependent multicolor emissions from
Cs3EuCls and Cs3ThCls NCs are observed. Under excitation of 330—400 nm, both NCs exhibit blue photoluminescence (PL).
Under wavelengths shorter than 330 nm, characteristic red and green emissions are observed from CssEuCls and Cs3ThCls,
respectively, owing to the atomic emissions from the f-orbitals in trivalent europium (Eu®) and terbium (Tb*") ions. CssEuCls
and Cs3TbCls NCs exhibit broadband excitation spectra and enhanced absorption properties. Particularly, CssEuCls NCs
exhibit a very narrow full-width at half-maximum in both blue and red PL and no overlap between the two spectra. The
photophysical properties of these NCs are further investigated to understand the multicolor PL origins by time-resolved and
temperature-dependent PL measurements. Finally, the potential applications of CssEuCls and CssTbCls NCs as anti-
counterfeiting inks for high-level security are demonstrated. Given their broadband excitation with enhanced absorption
properties and dynamically tunable colors with a wide color gamut, CssEuCls and CssTbCls NCs have great potential as novel

multicolor NC emitters for many emerging applications.

Introduction

Multicolor-emitting nanocrystals (NCs) have attracted
significant attention for many emerging applications.
Generally, luminescent NCs afford a single emission color that
is determined during the synthetic procedure, which is tailored
by changing the size,% 2 shape,3° and composition of NCs® 7 or
by incorporating dopants.® ° In contrast, luminescent colors of
multicolor-emitting NCs are tailored via external stimuli such as
pressure,’® temperature,’> 1?2 and excitation power.'3 14
Particularly, multicolor luminescence that is tailored using the
excitation wavelength enables the facile and reversible change
of luminescence colors from a single NC.'> ¢ Multicolor-
emitting NCs potentially provide complex optical information
using multimode encryption, enabling a high level of security
and anti-counterfeit protection.'”?2° Moreover, multicolor-
emitting NCs can also be utilized for optical thermometry?! and
as bioimaging agents with enhanced sensitivity and
resolution.?% 23

To date, excitation-wavelength-dependent multicolor
emissions from colloidal NCs have been demonstrated using
carbon-based NCs?*2¢ and semiconducting NCs.?” However,
these NCs suffer from drawbacks such as large spectral overlap
between multiple emission spectra, small change of the
emission wavelength, and broad emission bandwidth. Recently,
zero-dimensional (0-D) ternary metal halide NCs have attracted
significant attention as a promising platform for highly efficient

multicolor-emitting NCs. 0-D metal halide, comprising

completely isolated metal halide octahedra ([ML¢]37) in the
crystal structures, exhibit high luminescence properties owing
to the enhanced radiative recombination of excitons from
isolated [MLg]3~.283° When multiple metal ions among Bi,3! Sn,32
In,?® Mn,?* and Pb3? are incorporated in 0-D metal halide
structures, each metal ion can act as an emission center in the
isolated 0-D units, resulting in  multiple
photoluminescence (PL) lines from a single component, which
are tailored by the excitation wavelength. However, NC-based
luminescent metal halide, which exhibit tunable multicolor
emission over a wide color gamut and small spectral overlap in
a single component, have rarely been reported in literature thus
far.

Among the various types of metal halide NCs, lanthanide-
based metal halide NCs exhibit characteristic luminescence and
multifunctional properties owing to the presence of the f-block
lanthanide elements.3>38 Lanthanide elements have partially
filled 4f shells, which are responsible for their characteristic
optical and magnetic properties.3®> 40 The sharp atomic
transition between f-orbitals enables the characteristic
absorption and emission bands depending on the type of
lanthanide elements.*! Additionally, electronic transitions
between f-orbitals are parity forbidden, resulting in a long
excited state lifetimes, typically from micro- to millisecond scale,
which enables the multiphoton upconversion (UC) and
downconversion (DC) processes.*> Dynamically tunable
multicolor emissions from lanthanide-based NCs have also been
demonstrated in UC NCs. For example, multicolor emission can
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be produced from core-shell UC NCs by adjusting the pulse
width of infrared laser beams*® or by manipulating the
luminescence decay lifetimes.** However, owing to the parity
forbidden transition between f-orbitals and narrow absorption
bandwidth, low molar extinction coefficients require high-
energy infrared laser excitation, which limits the application
versatility of multicolor UC NCs.

Here, excitation-wavelength-dependent multicolor
emissions are demonstrated from a single component from 0-D
cesium europium chloride and terbium chloride (Cs3EuClg and
Cs3ThClg, respectively) NCs under broadband ultraviolet (UV)
excitation and with a wide color gamut. 0-D Cs3EuClg or Cs3TbCle
NCs were synthesized via heating-up synthesis using cesium
chloride and lanthanide chloride precursors. Blue PL was
observed under excitation of 330-400 nm from both NCs. For
wavelength excitation of less than 330 nm, characteristic red or
green emissions were observed due to the atomic emissions
from the f-orbitals in trivalent europium (Eu3*) and terbium
(Tb3*) ions. Cs3EuCls and Cs3TbClg NCs exhibited broadband
excitation spectra and enhanced absorption compared to the f—
f transition in lanthanide ions. This signifies that the atomic
emissions from Eu3* and Tb3* ions are attributed to the charge
transfer from metal-halide complexes in NCs, not from a direct
excitation of f—states. The PL properties of CszEuClg and Cs3ThClg
NCs are dynamically tunable by changing the excitation
wavelength. A wide range of PL change was observed between
blue and red colors in Cs3EuClg and blue and green colors in
Cs3TbClg NCs. Particularly, CssEuClg NCs exhibited a very narrow
full-width at half-maximum (FWHM) in both blue and red PL,
with no overlap between the two PL spectra. Furthermore, the
photophysical properties of CssEuClg and Cs3TbCle NCs were
analyzed to understand the luminescent mechanism of
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multicolor PL. Finally, the potential application of Cs3EuClg and
Cs3TbClg NCs in anti-counterfeit security was demonstrated.
Given their broadband excitation with enhanced absorption
properties and dynamically tunable colors with a wide color
gamut from a single NC, these NCs offer great potential as novel
multicolor NC emitters for anti-counterfeiting inks.

Results and Discussion

Colloidal Cs3EuClg and Cs3ThClg NCs were synthesized by the
previously reported heating-up method.3> 4> The reaction was
performed at 260 °C for 1 h. The reaction solution was
transparent yellow before heating and turned opaque brown
with europium and opaque white with terbium during the
reaction, indicating the formation of NCs. As-synthesized NCs
exhibit high colloidal stability in nonpolar solvents. Figure 1
displays the Transmission electron microscopy (TEM) images of
Cs3EuClg and Cs3TbClg NCs. Highly uniform NCs were synthesized
with sizes of 19.51 + 1.72 nm for Cs3EuClg NCs and 14.96 + 1.43
nm for Cs3TbClg NCs, which were determined via the statistical
analysis of more than 180 NCs from the TEM images (Figures S1
and S2). The energy dispersive x-ray (EDX) images exhibit the
homogeneous distribution of cesium, europium or terbium, and
chlorine atoms in the Cs3EuClg and Cs3TbhClg NCs (Figures S3 and
S4).

Figure 2a shows the powder X-ray diffraction (XRD) patterns
of Cs3EuClg and Cs3TbClg NCs and their simulated patterns
constructed from the crystallographic data reported in
literature (Tables S1 and S2).%6:47 The XRD results reveal that the
Cs3EuClg and Cs3TbhClg NCs are in monoclinic phase with a C2/c
space group (#15). No impurities or remaining CsCl peaks are
observed in the XRD patterns. The high-resolution TEM (HR-

Fig. 1 Low-maghnification and high-magnification TEM images of a—c) Cs3EuCls NCs and d—f) Cs3ThClg NCs.
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Fig. 2 XRD patterns of a) CssEuCls and CssTbCls NCs, and their simulated XRD
patterns constructed using structural parameters obtained from references 36
and 37 (red lines). HR-TEM and FFT images of a single b) CszEuCls and cz Cs3ThClg
NC. d) Schematic of the atomic unit cell of the monoclinic phase Cs3(Eu,Tb)Clg
structure.

TEM) image displays crystalline lattice fringes of CssEuClg NCs
(Figures 2b and 2c). Single crystal patterns are observed in the
fast Fourier transformation (FFT) patterns of the HR-TEM
images, which is consistent with the simulated electron
diffraction (ED) patterns from the monoclinic phase structural
parameters (Figures 2a and 2b inset and S5). Figure 2d exhibits
a schematic of the monoclinic crystal structure of CszEuClg and
Cs3ThCls NCs. Trivalent lanthanide cations (Eu3* or Tb3*) are
located at the center of the metal halide octahedra. For CssEuCl,
the central Eu3* ions are separated by a distance of 7.3 A, which
is much longer than the double of Eu—Cl bond lengths (5.97 A,
Figure S6). Additionally, the Cl distance between the nearest
neighbor octahedra is longer than the covalent bonding
distance between Cl, molecules, revealing that [EuClg]*
octahedra are completely separated by cesium cations (Cs*) in
the crystal structure and form the 0-D metal halide structure.
0-D Cs3EuClg and Cs3TbClg NCs exhibit multicolor PL
properties, which can be dynamically tuned by changing the
excitation wavelength. Figures 3a and 3b exhibit the room-
temperature PL and PL excitation (PLE) spectra of CssEuClg NCs.
Under the excitation of 280 nm, characteristic red luminescence
is observed owing to the f—f transition of Eu3* ions in the
Cs3EuClg NCs. Sharp atomic emission peaks are observed at 590,
611, 652, and 700 nm, which is attributed to the radiative
transition from °D, levels to 8Sy/y; (J = 1-4) levels in Eu3* ions. On
the other hand, when Cs3EuClg NCs are excited at 350 nm, a
deep-blue PL is observed at 430 nm of the PL maxima and with
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small intensities of red emission at 590 and 611 nm, which are
attributed to the Eu3* lons. A highly symmetric and narrow PL
peak is observed with a FWHM of 26.11 nm and a large Stokes
shift of 117 nm between PL and PLE maximum None of the f—f
excitonic peaks in Eu3* ions exist in this wavelength range,
indicating that the intense blue PL does not stem from the f-
states of Eu3* ions. Blue PL of OD CssLnClg (Ln: lanthanide) NCs
under UV excitation have been previously reported by our
group.3®> The 0D host emission from Cs3LnCls NCs exhibit a
broadband, asymmetric emission profile. In contrast, Cs3EuCle
NCs exhibit highly symmetric and very narrow PL spectra, which
is inconsistent with the PL characteristic of OD Cs3LnClg NCs. The
PL peak position and relatively symmetric narrow linewidth
indicate that the 430 nm PL may be attributed to the 4f’—4f°5d*
transition from divalent europium (Eu?*) ions, as reported for
CsEuCls and Eu?*-doped CsBr NCs.*®°% However, the possibility
of blue PL, which is attributed to the OD structure of Cs3EuClg
NCs may not be completely excluded. The X-ray photoemission
spectra (XPS) of Cs3EuClg NCs confirm a mixed valence state of

a) [ — PL(Ay =280 nm)
/N == PLE (Agy = 590 nm)
- / ‘\
E .
=
=
wv
S . — PL(Ag =350 nm)
= I —= PLE (Agy, =430 nm)
= /
a /
/
AI

250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)
b) 700

B H (4] (4] D [}
o (4. o a o a
o o o o o o

Emission Wavelength (nm)
w
(34
o

300 320 340 360 380
Excitation Wavelength (nm)

d)

Ag =264 nm
Agm =590 Nm

Ag =374 nm
Ag =430 nm

Counts (log scale) o
Counts (log scale)

1020 30 40 0
Time (ms)

200 400 ~ 600
Time (ns)

Fig. 3 a) PL spectra of CssEuCls NCs excited at 350 nm (blue line) and 280 nm (red line)
and PLE spectra monitored at 611 nm (red dashed line) and 430 nm (blue dashed line).
b) 2-D PL spectra with varying excitation wavelengths from 280 nm to 390 nm with a 10
nm interval. TRPL curves of Cs3EuCls NCs monitored at ¢) 590 nm (A« = 264 nm) and d)
430 nm (Aex = 374 nm).
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Eu?*/(Eu**+Eu3*) with 39.5% of atomic percentage, indicating
the presence of Eu?* owing to the partial reduction during the
synthesis (Figure S7). Time-resolved photoluminescence (TRPL)
decay lifetimes also display the different origins from blue and
red PL. TRPL profiles of the Cs3EuClg NCs were monitored at 590
and 430 nm under 264 and 374 nm excitation, respectively
(Figures 3¢, 3d and Table S3). The emission decay lifetime at 590
nm was measured to be 3.99 ms with single exponential
characteristic. This long decay lifetime clearly indicates that the
red PL is attributed to the forbidden f—f transition in Eu3* ions.
On the other hand, the decay lifetime under excitation of 374
nm shows multiexponential decay with average lifetime of
25.79 ns. The radiative decay profile reported in Eu?* occupied
in single site of hosts exhibits single exponential behaviour.
With increasing content of Eu?* ions, decay profile is deviated
from a single exponential function and decay lifetime becomes
faster owing to the Eu?*-Eu?* interaction.®® Multiexponential
decay profile of CszEuClg NCs with reduced lifetime compared
to reported Eu?*-phosphors may be attributed to high
concentration of Eu?* in a single NC. Characteristic PL decay
profiles depending on high and low energy excitation clearly
indicate that the multicolor PL of Cs3EuClg NCs originates via
different emission mechanisms within a single NC. The
schematic of the energy diagram of Cs3EuClg NCs depending on
the excitation wavelength was displayed in Figure S8.

The weak absorption cross-section and very narrow
absorption bandwidth of the f—f transition are a major limitation
of lanthanide-based luminescence materials.*> Thus, numerous
studies have been conducted to design broadband sensitization
of trivalent lanthanide ions to overcome these drawbacks.52>
Our Cs3EuClg NCs afford a broadband and efficient sensitization
for f-electrons in Eu3* ions and blue PL, providing great potential
for highly efficient novel lanthanide-based emitters. PLE spectra
were monitored at 611 nm of the °Dy —> ’F, transition of Eu3*
ions. The broadband PLE spectrum was observed in the range of
250-330 nm, which is denoted as excitation band 1. This PLE
spectrum is distinct from sharp atomic absorption owing to the
f—f transition in Eu3* ions and may stem from the charge transfer
transition from NC hosts to Eu3* (e.g., CI" -> Eu®*).>> The f-f
absorption peaks of Eu3*ions, such as “Fq to °He, D4, °L7, and °Lg
transitions, were not clearly visible in the PLE spectra,
representing the intense absorption of excitation band 1
compared to the forbidden f—f transition in Eu3* ions.
Additionally, the PLE spectra for blue PL spanned from 300 to
420 nm, which is denoted as excitation band 2. The PLE spectra
of excitation bands 1 and 2 were consistent with the absorption
of Cs3EuClg NCs. The Tauc plot of Cs3EuCls NCs displays an
absorption onset at 417 nm (2.97 eV), which is consistent with
the absorption bands of the 4f’—4f55d? transition in Eu?* for blue
PL (Figure S9). A second absorption peak appears at
approximately 342 nm (3.62 eV) of onset wavelength,
corresponding to the high energy excitation for f-emissions in
Eu3*. Absolute PL quantum yields (PLQYs) of Cs3EuCls NCs
measured with the integrating sphere were 48.78% for red PL
and 5.38% for blue PL. The results of PL, PLE, PLQY, and lifetime
of Cs3EuClg NCs under high and low energy excitation are
tabulated in Table S4. Moreover, large Stokes shifts of 212 nm
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forred PLand 117 nm for blue PL were observed, which reduces
self-absorption.

To further understand the luminescence properties, low-
temperature PL measurements were performed from 300 K to
80 K under 280 nm and 350 nm excitation (Figure S10). For both
excitation wavelength, the intensity of blue and red PL
increased with decreasing temperature. This is attributed to the
decrease of the thermal quenching with decreasing
temperature, which resulted in enhanced radiative
recombination. Eu?* and Eu3* behave as independent emission
centers without any significant PL changes due to the energy or
charge transfer between the two centers. Thermal quenching
from Eu?* is described by the thermally activated nonradiative
relaxation by cross-over from the excited 5d state to the ground
4f state or the thermal ionization of the 5d electron to
conduction band in the host lattice.>® >” The thermal quenching
behavior is described by the Eq. (1)

I(T) = —es (1)

1+Ae(—Ea/kBT)

where T is the absolute temperature, kg is the Boltzmann
constant, E, is the activation energy for thermal quenching, and
I(T) and lg are the integrated PL intensity at temperature T and
estimated integrated PL at T= OK, respectively. Figure S11
displays the integrated PL intensity versus 1000/T graph. The
activation energy E, for thermal quenching, which is calculated
by fitting with Eq (1), is 0.124 eV. This value is similar to the E,
of Eu?* phosphors®® >° but slightly smaller than E, of 0D metal
halides.? 6 The narrow FWHM and low E, values of Cs3EuCls
NCs compared to those of the 0D metal halides signifies that the
blue PL from Cs3EuCls NCs may be attributed to the emission
from Eu?* centers. The temperature-dependent Eu3* emission
under 280 nm excitation also exhibited an increase of the
integrated PL with decreasing T. The activation energy was
calculated to be 76.6 meV, which is smaller than those of the
Eu3*-doped phosphors reported in literature.®* The E, for Eu3*
emission is influenced by several factors, such as the host
structure®® ®2 and doping concentration of Eu3* ions.®3 The high
Eu3* concentration in our Cs3EuCls NCs may facilitate thermally
activated concentration quenching between Eu3* emission
centers, resulting in small E, for thermal quenching.

We further investigated the tunable multicolor PL properties
using Cs;ThCl; NCs. Figure 4a and 4b display the PL and PLE
spectra of Cs,;TbCl; NCs. Under high-energy excitation (band 1),
characteristic green PL was observed at 490, 548, 583, and 621
nm, which is assigned as the °D, -> 7D, (J = 6-3) transition in the
f-orbitals of trivalent Tb3* ions, as displayed in Figure S12. On te
other hand, under broad band excitation from 300 to 410 nm
(band 2), blue PL was observed at 430 nm PL maxima, which is
similar to the PLE properties of the 0D Cs3LnCls NCs.3> However,
the characteristic green atomic emissions from f-orbitals in Tb3*
ions coexisted. Low-temperature PL measurements showed
that both blue and green PL intensity of Cs;TbCl; NCs
continuously increased with decreasing temperatures (Figure
S13), revealing the reduction of non-radiative thermal
quenching at low temperature. This may indicate that energy or

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 a) PL spectra of Cs3TbClg NCs excited at 280 nm (green line) and 350 nm (blue
Iine?]ancl PLE spectra monitored at 550 nm (green dashed line) and 430 nm (blue
dashed line). d) PL spectra with varying excitation wavelengths from 270 to 390
nm with a 10 nm interval. TRPL curves of Cs3TbClg NCs monitored at ¢) 550 nm (A
=264 nm) and d) 430 nm (Ae, = 374 nm).

charge transfer between NC hosts and Tb3* states did not
significantly affect the PL process. The Tauc plot of Cs;TbCl; NCs
shows the weak absorption at an onset wavelength of 413 nm
(3.00 eV), corresponding to the onset wavelength of the PLE
spectrum for the blue PL. Additionally, strong absorption in the
short wavelength region was observed at the onset wavelength
of 298 nm (4.15 eV), corresponding to the onset wavelength of
the PLE spectrum for the green PL (Figure S14). Similar to the
Cs3EuClg NCs, a long PL lifetime of 5.53 ms was observed for
green PL at 550 nm under excitation of 264 nm, which is
attributed to the f—f forbidden transition in Tb3*ions (Figures 4c,
4d and Table S5). On the other hand, the radiative decay
lifetime of blue PL was fitted a multieponential function with
average decay lifetime of 2.16 ns. The decay pathway is be
attributed to carrier trap, charge recombination, and the trap-
state-associated decay.®* PLQYs of Cs,TbCl; NCs were 36.85% for
green PL and 6.49% for blue PL. The results of PL, PLE, PLQY, and
lifetime of Cs3ThClg NCs under high and low energy excitation
are tabulated in Table S6.

Since PL from excitation bands 1 and 2 of CssEuClg and
Cs3TbClg NCs are largely separated with a small portion of
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spectral overlap (Figure S15), the PL colors of these NCs can be
systematically tuned by changing the excitation wavelengths.
Figure 5a displays photographs of the excitation-wavelength-
dependent PL colors of the CssEuClg and Cs3TbhClg NC films. As
discussed earlier, the excitation dependent emission is
attributed to the presence of two different emission
mechanisms in a single NC. For examples, Cs3EuClg NCs have
4f7—-4f65d1 emission from Eu?* for blue PL and f-f transition
from Eu3* for red PL depending on the excitation wavelength.
Cs3EuClg NCs exhibits red PL under the excitation range from
260 to 330 nm and blue PL under the excitation range of 310 nm
to 360 nm. Therefore, the PLE spectra of blue and red PL are
partially overlapped in the range between 310 nm and 330 nm.
In this range, the relative PL intensity ratio of blue and red PL
can be systematically varied by change of the excitation
wavelength, which enables fine tuning of emission color over
wide spectrum range between blue and red, as described in
Figure 5a. As the excitation wavelength is shifted to
wavelengths longer than 310 nm, the emission color of CssEuClg
NCs is tuned to purple owing to the mixed emissions from both
Eu?* and Eu3* ions, and subsequently, it turns blue owing to the
pure EuZ* PL. In the same way, Cs3TbClg NCs have blue emission
from NC hosts and green emission from f-f transition of Tb3*ions.
Depending on the excitation wavelength, Cs3;TbCle NCs
exhibited the blue or green emission solely, or the mixed
emission profile of blue and green when the excitation
wavelength is selected in the range of PLE overlap between blue
and green PL. Therefore, green PL is observed at high-energy
excitation larger than 310 nm, and the emission color turns
greenish blue as the excitation wavelength increases. Figure 5b
displays the 1931 Commission Internationale de L'Eclairage (CIE)
color space of the PL spectra of Cs3EuClg and Cs3TbClg NCs under
excitations from 280 to 380 nm. The CIE color coordinates of the
red and blue emissions from the Cs3EuClg NCs are (0.56, 0.33)
and (0.17, 0.04), respectively, which are close to the CIE of
standard red and blue ((0.64, 0.33) and (0.15, 0.06)) of
sRGB/Rec.709 standard color gamut. Additionally, the CIE color
coordinate of the green emission from the Cs3TbClg NCs is (0.30,
0.66), which fits perfectly with the sRGB/Rec.709 standard
green (0.30, 0.60). The tunable PL emission covers 88.6% of Rec.
709, 65.5% of NTSC 1987, and 49.6% of Rec. 2020 color space,
representing a wide color gamut of tunable colors.

Dynamic color changes under conventional UV light makes
our Cs3zEuClg and Cs3TbClg NCs potential writeable and printable
security inks for high-level anti-counterfeiting. Figure 5c shows
the direct writing of a flower image on a printing paper using
Cs3EuClg and Cs3TbClg NCs and a writing brush. The marked
image was invisible under ambient light; thus, the images can
be effectively hidden. Under 365 nm irradiation, a blue flower
image emerges owing to the luminescence from both the NC
hosts. The luminescent color of this image changed to red and
green under 254 nm excitation owing to the PL of the Eu®* and
Tb3* ions, respectively. Notably, this multicolor image was
clearly visible under the UV irradiation using a conventional
hand UV and not using a high-power laser or time-gating
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Fig. 5 Photographs of PL of a) Cs;EuClg and CssTbClg NC films under excitation wavelengths from 260 to 360 nm with a 10 nm interval. b) CIE coordinates of Cs3EuClg ( X
points) and Cs3ThCl (® points) NCs under excitations from 280 to 380 nm in 10 nm increments. Additional A points represent CIE coordinates of CszEuCls NCs under
excitations from 322 to 330 nm in 2 nm increments. Photographs of anti-counterfeiting marks formed by c) direct writing using a brush and d) transfer printing under

ambient light, a 254 nm UV light, and a 365 nm UV light.

equipment. We believe that much higher-level security of anti-
counterfeiting can be achieved using fluorescence lifetime
imaging owing to the large difference in the PL lifetime between
NC hosts and Ln3* ions. Moreover, the transfer printing of
security marks using a NC solution and rubber stamps is
demonstrated. For transfer printing, UV plasma treatment was
performed on the surface of the rubber stamp, and then, the
NC solution was drop-casted on the stamp followed by vacuum
drying. The stamps were pressed on the desired substrates to
transfer the NC films. Figure 5d displays the stamped NC films
on a currency note under ambient light and UV irradiation. The
stamped images clearly show blue/red (Eu) or blue/green (Th)
dual-mode PL depending on the excitation wavelength. The NC
marks were easily transferred regardless of the type of
substrates, as described in Figure S16 which shows the potential
of applying our Cs3EuClg and Cs3TbClg NCs in broad anti-
counterfeiting fields.

Conclusions

In summary, this study reported the dynamically tunable
multicolor emission of CssEuClg and Cs3TbClg NCs with a wide
color gamut. Colloidal synthesis of Cs3EuCls and Cs3ThClg NCs
was performed via the heating-up process using CsCl and LnCl3
precursors in the presence of OA, OM, and ODE solvents.
Monoclinic-phase, 0-D Cs3EuCls and Cs3TbClg NCs were
synthesized with high size uniformity and phase purity. The as-
synthesized NCs exhibited excitation-wavelength-dependent
multicolor emission with broadband absorption properties and
large Stokes shifts. The multicolor PL from 0-D Cs3EuCls and
Cs3TbClg NCs stemmed from different emission mechanisms in
a single NC. TRPL and low-temperature PL measurements
revealed that Cs3EuCls NCs exhibited red PL under 254 nm
excitation and blue PL under 365 nm excitation, which is

6 | J. Name., 2012, 00, 1-3

attributed to the f—f transition in Eu3* ions and 4f’—4f°5d?!
transition in Eu?* ions, respectively. Furthermore, Cs3ThClg NCs
exhibited green PL under 254 nm excitation and blue PL under
365 nm excitation, corresponding to the PL from f-states of Tb3*
and from 0-D NC hosts. The tunable PL from 0-D Cs3EuClg and
Cs3TbClg NCs covered a wide color gamut with 88.6% of Rec.709,
65.5% of NTSC 1987, and 49.6% of Rec.2020. Finally, the
potential application of 0-D Cs3zEuClg and Cs3TbClg NCs in anti-
counterfeiting inks was demonstrated. Multicolor NC marks
were deposited via direct writing using a brush or transfer
printing on various substrates. These marks were invisible in
ambient light but provided different color codes depending on
the excitation wavelength (254 and 365 nm). Given their
broadband excitation, enhanced absorption, and tunable PL
properties with a wide color gamut, 0-D Cs3zEuClg and Cs3TbCle
NCs exhibit great potential in multilevel anti-counterfeiting
applications.

Materials and Methods

Chemicals

Cesium chloride (CsCl, reagent plus, trace metals basis, 99.9%,
Sigma Aldrich), europium(lll) chloride (EuCl;, 99.99% trace
metals basis, Sigma Aldrich), terbium(Ill) chloride hexahydrate
(TbCl3-6H,0, 99.9%, Alfa Aesar), 1l-octadecene (ODE) (90%,
Sigma Aldrich), oleic acid (OA) (90%, Sigma Aldrich), and
oleylamine (OM) (70%, Sigma Aldrich) were used as received.

Synthesis of Cs3EuClg NCs

CsCl (4.48 mmol) and EuCl; (1.12 mmol) were added to a 100-
mL three-neck flask along with 20 mL of ODE, 1.5 mL of OA, and
1.5 mL of OM. The mixture was heated at 120 °C under vacuum
for 2 h. Subsequently, the mixture was heated at 260 °C under
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N, atmosphere for 45 min. The solution was then cooled to 25—
40 °C and diluted with anhydrous toluene. Cs3EuClg NCs
remained dissolved in the solvent, whereas the unreacted CsCl
precursors precipitated. The supernatant solution comprising
the Cs3EuClg NCs was separated from the CsCl precipitate and
centrifuged at 8000 rpm for 2 min to precipitate the Cs3EuClg
NCs. Then, CssEuClg NCs were redispersed in anhydrous toluene
and stored in a glovebox.

Synthesis of Cs3ThClg NCs

Cs3TbClg NCs were prepared following a procedure similar to
that used for synthesizing CssEuClg NCs using 1.12 mmol of the
TbCl3-6H,0 precursors. To synthesize Cs3TbClg NCs, the
reactions were performed at 260 °C for 50 min.

Characterization

TEM, HR-TEM, scanning TEM (STEM), and EDX spectroscopy
images were collected using a JEOL JEM-F200 system operating
at 200 kV. The diffuse reflectance spectra were collected using
a JASCO V-770 spectrometer. PL spectra were obtained using an
Edinburgh FS5. PLQYs were measured using a fluorimeter
equipped with an integrating sphere. Before the PLQY
measurements, coumarin 1 dispersed in ethanol (PLQY of 73%)
was measured for comparison and calibration. Time-resolved
photoluminescence (TRPL) decay data were collected using a
HORIBA  Fluorolog-3 with a single photon-counting
photomultiplier tube under a 374 nm pulsed laser diode. Low-
temperature PL spectra were obtained using an Edinburgh FS5
with Oxford Instruments Optistat DN-X 77K nitrogen bath. XRD
was performed wusing a Bruker-AXS New D8-Advance
diffractometer using a Cu Kal radiation source. Simulated XRD
patterns were constructed with CrystalDiffract6 Software, using
the structure factor FHKL with the reported crystal structure.*®
47 The structure factor is derived by summing the amplitude
scattered by each atom in the unit cell as follows:

F(hkl) = 3N_, f, exp{2mi(hx, + ky, + 1z,)}

where hkl are the Miller indices of reflection, f, is the atomic
scattering factor of the nth atom in the unit cell, and {x,, yn, zn}
are the fractional coordinates of the atoms.
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