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ABSTRACT: Anticounterfeiting paintings are usually with limited
colors and easy blurring and need to be dispersed in an
environmentally unfriendly organic solvent. We report a set of
water-based polyion micellar inks to solve all these problems. Upon
complexation of reversible coordination polymers formed with rare
earth metal ions Eu3+ and Tb3+ and the aggregation-induced
emission ligand tetraphenylethylene-L2EO4 with oppositely
charged block polyelectrolyte P2MVP29-b-PEO205, we are able to
generate polyion micelles displaying three elementary emission
colors of red (R) (ΦEu

3+ = 24%), green (G) (ΦTb
3+ = 7%), and blue

(B) (ΦTPE = 9%). Full-spectrum emission and white light emission
(0.34, 0.34) become possible by simply mixing the R, G, and B
micelles at the desired fraction. Strikingly, the micellar inks remain stable even after soaking in water or organic solvents (ethyl
acetate, ethanol, etc.) for 24 h. We envision that polyion micelles would open a new paradigm in the field of anticounterfeiting.
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■ INTRODUCTION

Data security is of paramount importance in fields ranging
from economy, military, and politics.1−6 Counterfeiting has
serious threats to the safety of these fields.7 Over the past
centuries, a wide variety of anticounterfeiting technologies
have been developed,8−11 such as watermarks,12,13 intaglio
printing,14 luminescent ink,15−23 anticounterfeiting paper,24−26

and electronic tracking using radio frequency identification.27

Among them, luminescent ink15,16,18−23,28 is very attractive
owing to its convenience in application.10 Anticounterfeiting
luminescent inks are usually organic solutions of organic
dyes,29−34 quantum dots,24,35−37 inorganic nanoparticles,38−41

and perovskite nanocrystals.42−44 Patterns made with these
inks are invisible under daylight, but can be detected by a
specific instrument.45

Most of the current anticounterfeiting inks suffer from a
number of problems, such as (i) limited color choice24,36 and
broad emission peak which may cause poor specificity and
security,31 (ii) poor resolution due to the weak fluorescence
aroused from the notorious aggregation caused quenching of
conventional dyes,30 (iii) low biocompatibility46,47 due to the
use of the organic solvent, and (iv) requirement of extra
protection layers25 to avoid blurring of paintings when exposed
to the solvent.22 All these disadvantages hinder their practical
applications.
Herein, we report that aqueous anticounterfeiting ink built

with polyion complex micelles48,49 (PICMs) could overcome
all the aforementioned problems. We show that upon

incorporating red (R) and green (G) emission from rare
earth metal ions (Eu3+ and Tb3+) and blue (B) emission from
aggregation-induced emission (AIE) fluorophore [tetraphenyl-
ethylene (TPE)] into different reversible coordination supra-
molecular polymers,50,51 PICMs can be constructed in water
when these supramolecular polymers electrostatically complex
with an oppositely charged block copolymer (Scheme 1). The
RGB elements are sealed in the micellar core, and they are
independent of each other. As a result, full-color aqueous
micellar ink could be obtained by simply mixing the RGB
elements at the desired ratio. It is striking that the formation of
PICMs significantly enhances the solvent resistance of the
anticounterfeiting paintings. When paintings made with
unmicellized RGB inks were immediately blurred upon coming
into contact with water, the PICM paintings remain stable
even after soaking in water for 24 h (Scheme 1). Moreover,
these water-based micellar paintings also display resistance to
various organic solvents. Finally, we show that these PICM
inks, which consist of small micelles with an average
hydrodynamic radius of 8−14 nm, can be applied in a
commercial inkjet printer for anticounterfeiting application.
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Owing to the different widths of the excitation window for rare
earth metal ions and the TPE group, the obtained
anticounterfeiting paintings display excitation-dependent col-
ors. All these advantages suggest that PICMs could be a potent
system leading to advanced anticounterfeiting inks.

■ RESULTS AND DISCUSSION
To generate individual R, G, and B emission,52−54 two groups
of negatively charged coordination polymers are used in this
study. One is formed with luminescent rare earth metal ions
(Eu3+ and Tb3+)52,55−57 and nonemissive ligand L2EO4
(Scheme 2a),52,55−57 and the other is formed with the
nonemissive transition metal ion Zn2+ and bisligand containing
the AIE moiety TPE (Scheme 2b).58 Upon addition of the
positively charged block copolymer poly(N-methyl-2-vinyl-
pyridinium iodide)-b-poly(ethylene oxide)52,55−60 (P2MVP29-
b-PEO205, as illustrated in Scheme 2c) to the aqueous solution
of different reversible coordination supramolecular polymers,
luminescent core−shell micelles displaying red (R), green (G),
and blue (B) emission can be generated (Scheme 1), where the
R, G, and B elements are from the Eu-, Tb-, and TPE-
coordination supramolecular polymers in the micellar core,
respectively.
The aqueous solution of the single component of P2MVP29-

PEO205 and the coordination polymers Eu/L2EO4, Tb/L2EO4,
and Zn/TPE-L2EO4 do not form micelles (Figures S1−S3).
However, dynamic light scattering (DLS, Figure 1a) and
transmission electron microscopy (TEM, Figures 1b, and S4)
confirm the formation of micelles in the mixed systems at the
charge-balancing ratio of [+]/[−] = 1:1. The particle radius
obtained with DLS is 8−12 nm, which is the overall size of the
core and shell for PICMs.58 The size of the micellar core read
from the TEM observation is about 5−8 nm.59,60 This is
because the shell of the PICMs is water-swollen which is hardly
discernible by TEM.61 Only the core with metal ions displays
sufficient contrast under TEM observation (Figure 1c).59,62

The inset in Figure 1a is the photograph of the three
micellar suspensions under 254 nm UV light, which are red,
green, and blue (cyan). Spectral measurements (Figure 1d)
reveal that the Eu micelle shows characteristic europium
luminescence at 595, 614, and 694 nm under 254 nm
excitation, corresponding to 5D0−7F1,

5D0−7F2, and
5D0−7F4

transitions of europium, respectively.63 Analogously, the Tb
micelle shows the characteristic f−f transition peak of terbium
at 494, 544, 587, and 622 nm, corresponding to 5D4−7F6,
5D4−7F5,

5D4−7F4, and 5D4−7F3, respectively.63 These
spectrum features indicate that the rare earth metal ion Eu3+

and Tb3+ emissions have been sensitized by the coordinating

antenna of pyridine dicarboxylate in water. Different from
these narrow rare earth metal emissions, the TPE micelle
shows a broad emission band centering at 489 nm, featuring
the emission of the TPE group.58,64−66 The quantum yields for
the three micelles are ΦEu

3+ = 24%,ΦTb
3+ = 7%, and ΦTPE = 9%,

and their CIE coordinates can be obtained as (0.66, 0.33),
(0.35, 0.57), and (0.22, 0.35), respectively (Figure 1e). These
results suggest that the formation of micelles have drastically
enhanced the luminescence ability of the two rare earth metal
ions and the TPE group because none of them display
applicable emissions before micellization (Figures S1−S3).
Because R, G, and B are the three primary colors of white

light, we expect to obtain the full spectrum of emission from
these inks upon mixing them at various fractions. For instance,
as the molar fraction of Eu micelles and TPE micelles varies
from 1:0 to 0:1, the emission color of the ink gradually changes
from red to blue (Figure 2a). Spectral measurements reveal
that the intensity for the red emission is proportional to the
fraction of the Eu micelle, while the blue component is
proportional to the fraction of the TPE micelle (Figure S5).
This gradual change can also be seen in the CIE plot, where
the color coordinates shift from the red corner linearly to the
blue region, confirming the quantitative variation of the red
and green emission components (lower inset in Figure 2a).

Scheme 1. Illustration of the PICM Ink Composed of RGB
Three-Color Elements Displaying Full-Spectrum
Anticounterfeiting Ability with Water/Organic Solvent Dual
Resistance

Scheme 2. Illustration of the Molecular Structure of (a)
L2EO4 and Eu/Tb Coordination Polymers. Re3+ Represents
Eu3+ or Tb3+. (b) Structure of the TPE-L2EO4 Ligand and
TPE-Zn Coordination Polymer; (c) structure of the Block
Polyelectrolyte P2MVP29-PEO205
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DLS measurements (Figure 2b) suggest the presence of only
one group of particles of Rh = 14 nm in the mixed micellar
system. This size is larger than the individual Eu, Tb, and TPE
micelles, indicating that these micelles have probably
rearranged in water so that the core materials are mixed at
the molecular level. Although this information cannot be
differentiated in the normal TEM image (Figure S6), we found
that the emission color of the micelles is always the same, no
matter by mixing two different micelles or by mixing the metal
ions or coordination polymers before micelle formation
(Figure S7). This means that the RGB emissions are
independent at the molecular level so that they would not
interfere with each other, which lays very good foundation for
their application as a set of inks. As expected, the emission
color evolutes from red to green as the molar ratio of Eu and
Tb micelles is varied (Figure S8). These micelles are all stable
in a broad pH window of 3−11 (Figure S9) and can survive in
ionic strength 10 times of their own concentration (Figure
S10).
It is worth noting that a white emission with the CIE

coordinate being (0.34, 0.34) can be obtained as the molar
ratio of the TPE micelle: Eu micelle reaches 75:25 (Figure 2c),

which is very close to the CIE coordinates of the standard
white emission (0.33, 0.33).
Paintings made with these micellar inks are invisible under

natural light (Figure S11a). However, bright images are
observed under 254 nm UV irradiation. Figure 3a,b is the
drawings made with individual Eu, Tb, and TPE micelles on
filter paper. The sunflower in Figure 3c is, however, pained
with the mixed Eu and Tb micelles. No detectable
luminescence and color changes occur for these paintings
within 12 months, indicating that the luminescence property
was preserved in the solid state. Actually, the spectral
measurements reveal that the luminescence of the ink remains
nearly unchanged after the sample was kept under daylight for
27 months, and the change in luminescence is acceptable
under 4−6 h of constant 254 nm 12 W UV light irradiation
(Figure S12).
It is striking that the paintings made with these micellar inks

are all water-resistant (Figure S13) even after being soaked in
water for 24 h. In contrast, the patterns made with
unmicellized coordination polymers (Figure S11b,c) would
disappear within 1 min after soaking. Figure 3d shows a pattern
of the Chinese character “ ” with the top “ ” written in the

Figure 1. Structure and spectral information of PICMs. (a) DLS result for the Eu micelle, Tb micelle, and TPE micelle, respectively. The inset is
the fluorescent photographs of the micellar inks. (b) TEM image of the Tb micelle (Rcore = 6.9 nm). (c) Schematic illustration of the sizes obtained
from DLS and TEM measurements. (d) Emission spectra of the three micelles under 254 un UV light (Eu micelle: 50 μmol/L and Tb micelle and
Zn micelle: 200 μmol/L). (e) CIE coordinate diagram of the three micelles.
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Figure 2. Demonstration of a full spectrum emission by simply mixing the TPE- and Eu-micellar inks at different molar ratios. Fluorescence
spectrum and CIE coordinate (a) variation of the fluorescence spectrum with the molar fraction of TPE and Eu micelles. Upper inset: photographs
of the mixed TPE micelle and Eu micelle at different molar ratios. Lower inset: CIE plot of the Eu/TPE mixed micelles. (b,c) DLS result and
fluorescent spectrum of the white-emissive system composed of TPE micelle: Eu micelle = 75:25. The insets in (b) are the fluorescent photographs
of white-emissive micellar ink under 254 nm UV irradiation (left) and the Tyndall effect of the system (right). The inset in (c) is the CIE
coordinate of the white-emissive micellar ink (0.34, 0.34) and of standard white light (0.33, 0.33).

Figure 3. Luminescent images painted or printed with the micellar ink under different conditions. (a) Red flower and a green grass written with Eu
and Tb micelles, respectively, on filter paper; (b) blue cloud painted with the TPE micelle on filter paper; (c) yellow sun painted with the mixed ink
of Eu and Tb micelles on filter paper. (d,e) Patterns painted partially with the Eu-L2EO4 supramolecular ink and partially with the Eu-micellar ink
before and after soaking in water on a filter paper. The Eu-L2EO4 ink painting vanishes after being soaked in water for 1 min, whereas that painted
with Eu-micellar ink remains even after 24 h. (f,g) Paintings made with the Eu micelle and Tb-L2EO4 coordination polymers under 254 nm UV
irradiation before and after soaking in water on filter paper. (h,i) Paintings made with an inkjet printer under 254 nm using the Eu and Tb micelles
as the R and G red ink boxes on a commercial A4 paper. All the images were taken under 254 nm UV light.
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L2EO4 + Eu3+ ink, while the “ ” below is written in Eu-
micellar ink. After soaking in water for 1 min, the top “ ” is
washed away and the below “ ” is left (Figure 3e). Figure 3f,g
shows a similar water-resistant test made with the red Eu-
micellar ink and the green L2EO4 + Tb3+ ink. The bright green
fish vanishes completely after soaking the pattern in water for 1
min, but the red starfish is still there even after 24 h. Obviously,
the formation of micelles has greatly increased the affinity of
the micelles to the paper tissue. This is because the
poly(ethylene oxide) (PEO) chains have great affinity to
paper tissue,25,67,68 which retains the ink in the paper. It should
be noted that the paintings made with the aqueous micellar ink
also resist various organic solvents, such as ethanol, methanol,
benzene, alkanes, and ethyl acetate, which makes it possible to
make robust anticounterfeiting images (Figure S14).
Because the Eu, Tb, and TPE micelles have a similar

structure and their emissions do not interfere with each other,
this allows us to fill these inks into a commercial ink box to
demonstrate their ability in practical printings. Figures 3h,i and
S15 demonstrate the printed patterns of a rainbow and letters
on a commercial A4 paper. It is noticed that the resolution of
the painting is sufficiently high so that the details of the
painting are clearly identified. Strikingly, after being soaked in
water for 24 h, both the printings remain clear with negligible
fading and blurring. Finally, this set of anticounterfeiting ink
displays excitation wavelength-dependent emission. Because
the AIE moiety TPE can be exited in a broad range of
wavelength (Figure S16a), the blue emission from the TPE
micelle remains as the excitation wavelength shifts from 254 to
365 nm, whereas that from the Eu and Tb micelles vanishes
(Figure S16b). Therefore, this set of full-spectrum leaking-
resistant micellar inks also displays dual-wavelength detection,
rendering extra safety in anticounterfeiting.

■ CONCLUSIONS
In summary, we report a water-based polyion micellar ink that
displays full-spectral colors by combination of AIE and
luminescence of rare earth metals. With the reversible
coordination polymers formed out of rare earth metals and
AIE ligands, micelles displaying individual colors of red, green,
and blue are fabricated, which immediately generates full-
spectrum emission upon simply mixing the R, G, and B
micelles at the desired fraction. Compared with unmicellized
coordination polymers, the micelles have strong affinity to
paper tissue so that the paintings made with the micellar ink
remains stable even after soaking in water or organic solvents.
We expect that the present luminescent micellar ink opens a
new paradigm for the development of anticounterfeiting
technology, which may promote the data security in fields
ranging from politics, economy, military, and even national
defenses.

■ EXPERIMENTAL SECTION
Synthesis of the Bifunctional Ligand TPE-(EO)4-L2 and

L2EO4. TPE-(EO)4-L2 (L: dicarboxypyridine group) and 1,11-
bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-trioxaundecane (L2EO4)
used in this work were synthesized according to previously reported
procedures.53,69

Other Materials. Diblock polyelectrolyte PMVP29-b-PEO205 (Mw
= 16k, PDI = 1.3, about 90% quaternized) used in this work was
prepared by following a procedure described elsewhere.70 Diblock
polymer poly(2-vinylpyridine)-b-poly (ethylene oxide) (P2VP29-b-
PEO205, Mw = 12k, PDI = 1.3) was obtained from Polymer Science.
Eu(NO3)3·6H2O (99.99%) and Tb(NO3)3·6H2O (99.99%) were

obtained from Sigma and used without further purification. Distilled
water was purified through a Milli-Q Advantage A10 ultrapure water
system. The other chemicals were obtained from Beijing Chemical
Reagents Co., and all were of A.R. grade.

Sample Preparation. Stock solutions of PMVP29-b-PEO205,
L2EO4, TPE-(EO)4-L2, Tb(NO3)3, Zn(NO3)2, and Eu(NO3)3 were
prepared at appropriate concentrations. In order to prepare the L2EO4
+ Eu3+ micelle, 1 mM L2EO4 solution and 10 mM Eu(NO3)3 solution
were mixed at desired molar ratios. The coordination complexes were
added in stoichiometric amounts to a PMVP29-b-PEO205 aqueous
solution (positive charge concentration 10 mM) to reach charge
neutral mixing. The L2EO4 + Tb3+ micelle is prepared in the same
method. The TPE + Zn2+ micelle is prepared by adding TPE-L2EO4,
PMVP29-PEO205, and Zn(NO3)2, orderly, with TPE-L2EO4 and
Zn(NO3)2 at the same concentration, and PMVP29-PEO205 is added
till electrostatic equilibrium. Metal-coordinated supramolecules,
L2EO4/Eu

3+ = 3:2 and L2EO4/Tb
3+ = 3:2, are prepared by mixing

L2EO4 with Eu(NO3)3 or Tb(NO3)3 to the proper ratio. HCl and
NaOH were used to control the pH.

Printing with an Inkjet Printer. An aqueous mixture of 2.500
mM Zn(NO3)2, 2.500 mM TPE-(EO)4-L2, and 0.192 mM PMVP29-
PEO205 was prepared as the blue emission ink. Similarly, an aqueous
mixture of 0.667 mM Eu(NO3)3, 1.000 mM L2EO4, and 0.077 mM
PMVP29-PEO205 was prepared as the red emission ink, and an
aqueous mixture of 1.667 mM Tb(NO3)3, 2.500 mM L2EO4, and
0.192 mM PMVP29-PEO205 was prepared as the green emission ink.
The fluorescence intensities of these solutions were nearly identical
with an excitation wavelength of 254 nm.

The fluorescent printings were carried out with a commercial inkjet
printer, HP DeskJet 2132, with unbleached paper selected as the
printing substrate. The blue emission ink, red emission ink, and green
emission ink were filled into the backup cartridges for C, M, and Y
channels, while the K channel was kept empty. All the colors of the
printing patterns were finely tuned by Adobe Photoshop before
printing, in order to show the best fluorescent pictures under the 254
nm UV light lamp.

Waterproof and Antiorganic Solvent Testing Method. Put
the filter paper or printed nonfluorescent paper in water or the
organic solvent for a period of time and then take out for drying in the
air. After completely drying, place it under a UV lamp to observe and
take photographs.

Fluorescence Spectrometer Measurements. Steady-state
fluorescence spectra were obtained with a Hitachi F-7000
fluorescence spectrometer. Emission spectra were recorded in the
range of 400−700 nm. The slit was set at 5 mm. The PMT voltage
was set at a suitable voltage range from 400 to 700 V, and the scan
speed was 1200 nm/min.

Fluorescence Lifetime Measurements. All the lifetime
measurements are conducted under an ultrafast lifetime spectro-
fluorometer. The concentration of the test solutions is 25−50 μmol/
L, using 280 nm excitation wavelength and 2 mm microfluorescent
cell, and fluorescence attenuation curves are fitted by single
exponential attenuation.

Photoluminescence Quantum Yield. All quantum yield
measurements are conducted using Edinburgh instruments, FLS980
with R928PMT as the detector, a 450 W xenon lamp as the light
source, and an integrating sphere accessory. The sample of micellar
solution was prepared in advance with a concentration of 50 μmol/L
and kept overnight before testing, and deionized water was chosen as
the control.

Color Coordinate. The 1931 Commission Internationale
del′Éclairage (CIE) coordinates and chromaticity diagrams were
obtained from the corresponding fluorescence emission spectra using
a software (CIE1931xy, model V.1.6.0.2a), according to the
computational formula of the CIE standard observer.

DLS Measurements. DLS measurements were carried out using a
spectrometer of standard design (ALV-5000/E/WIN multiple tau
digital correlator) with a Spectra-Physics 2017 22 mW Ar laser
(wavelength: 632.8 nm). The temperature was controlled at 25 ± 0.5
°C using a Haake C35 thermostat. The scattering angle was 90°, and
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the intensity autocorrelation functions were analyzed using the
method of CONTIN. Number data were recorded for all experiments.
Transmission Electron Microscopy. An FEI Tecnai G2 T20

transmission electron microscope was employed to observe the
morphology of micelles. Drops of samples were put onto 230-mesh
copper grids coated with the Formvar film. Excess water was removed
by filter paper, and samples were then allowed to rest.
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