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ABSTRACT: Presented here is a new direct patterning
method, printer-type lithography technology, for the formation
of lanthanide coordination compounds (LCCs) single crystal
in different spatial locations. We first integrate this technology
in digital controlled emission by patterned deposition of
LCCs. We demonstrate its usefulness in the control of
emission intensity by regulating print cycles, so that the
emission intensity can be digitally controlled. This printer
technology can also be used to precisely control the location at
which a single LCC crystal is grown, which provides great
promise in the application of anticounterfeiting barcode.

Besides, by varying the stoichiometric ratio of the lanthanide ions in the identical cartridge, a fluent change of emission colors
from white, orange, pink, to blue green was achieved. Therefore, this low-cost and high-throughput patterning technique can be
readily applied to a wide range of areas including micro-/nanofabrication, optics, and electronics studies.
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B INTRODUCTION

Lanthanide coordination compounds (LCCs) are of great
importance, not only because of their fascinating architectures
but also due to their potential applications in diagnostic tools,
luminescence sensors, and light-emitting devices (LEDs).'™”
For the application as smart membrane, lighting apparatus, or
sensing device, the LCCs single crystals should be immobilized
at specific locations on surface rather than being a free-flowing
powder, and thus the spatially and morphologically controlled
growth of LCCs films on various surfaces gained significant
importance.®* "' To realize the deposition of LCCs, a number
of interesting methods have been developed, including in situ
(hydrothermal) growth, dip-coating, layer-by-layer growth,
electrochemical deposition, spray-coating, and evaporation/
solvent-induced growth. Although these methods mostly yield
uniform films, the precise positioning, crystallographic
orientation, as well as quantitative control, which are crucial
for integrated device fabrication, are far from reach.!t2 14
Efficient patterning techniques, which integrate applications of
microfluidic and electronic devices, present a technological
breakthrough in this area. Nevertheless, most of the patterning
techniques, such as soft lithography, photolithography, deep X-
ray lithography, and electron-beam lithography, consist of
complicated multistep procedures and are typically limited to
relatively small overall areas.’>™ " Thus, the development of an
effective and general method for the controlled deposition of
LCCs and further realizing the digital controlled emission is
much desirable.
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The key issue to realizing the digital controlled emission for
LCCs is to tune the chemical component and control the
spatial distribution of single crystals.”*">* One could imagine
delivering droplets of a solution containing LCCs onto specific
regions of a surface. Once these droplets were positioned on
the surface, the formation and crystallization of LCCs could be
confined within each deposited droplet by controlling its
evaporation and/or using external conditions, such as micro-
wave radiation or high temperature. Printer-type lithography, in
which the droplet can be transferred and patterned directly
onto the substrate from a nozzle or print head, seems an
elegant platform to realize the deposition of LCC single crystals
in desired spatial distribution. In fact, this technology has been
successfully applied in the printing of organic compounds and
semiconducting materials with the aim of achieving “printed
electronics”>*~>” However, printer-type lithography has not
been used for the patterned deposition of LCC single
crystals.”®*’

In this work, we wish to demonstrate that printer-type
lithography, even with a commercial, off-the-shelf inkjet printer,
is a straightforward route to deposit patterned LCC single
crystals onto various flexible substrates. The evaporation-
induced crystallization from a stable precursor solution
containing the metals and the organic building blocks is
considered as a effective approach to grow the crystals, and
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such a precursor solution can serve as “ink”.'**>*! Because of
the crucial role of the viscosity and surface tension of the ink for
the inkjet printing process, we introduce Olefin E1010
(acetylene glycol-based surfactant) in a certain ratio into the
precursor solutions to reduce the surface tension. When this
solution was used as ink, the desired patterns could be easily
obtained by printing, followed by evaporation at room
temperature. Here, we focus on the patterned deposition of a
highly luminescent material [H,NMe,];[Ln(dipic);] (1)
(H,dipic = pyridine-2,6-dicarboxylic acid) on different supports
and attempt to build a platform for digital controlled
luminescent emission.>”

B EXPERIMENTAL SECTION

Synthesis of Compound [H,NMe,];[Ln(dipic);] (1). The
synthesis of 1 has been previously reported by using DMF (N,N-
dimethylformamide) as the solvent, and long reaction time was
required.’® The heavy use of DMF generates a large amount of
byproduct, which is harmful to the environment. Here, we develop an
environment-friendly synthesis route. The mixture of Ln(NO;);-6H,0
(Ln = Eu, Gd, or Tb), 2,6-H,dpa, and dimethylamine with 1:3:3 ratio
in ultrapure water was stirred at room temperature for 1 h, resulting in
the formation of a clear solution. Evaporation of this solution
produced colorless crystals of compound 1 in high yield (>90%).
PXRD studies further demonstrated the phase purity of 1 (Supporting
Information Figure S1).

Preparation of the Precursor Solution for Ink. By dissolving 1
mmol of Ln(NO;);-H,0, 3 mmol of H,dipic, and 3 mmol of
dimethylamine in 10 mL of ultrapure water, a clear solution was
prepared. For the preparation of precursor solution, S mL of olefin
E1010 (content of 1%) was added under vigorous stirring. Finally, the
mixture was filtered through a 0.2 ym syringe filter. The obtained clear
solution can be used as “ink” without further treatment. The mixed
Eu, Tb,Gd,_,_, precursor solution was prepared by using a mixture of
Eu(NO;);-6H,0, Tb(NO;)5-6H,0, and Gd(NO;);-6H,0 in a certain
ratio as the metal source through the same procedure.

Pattern Deposition by the Precursor Solutions. 1-Eu, 1-Tb,
and 1-Gd “ink” precursors (13 mL) were loaded into empty cartridges
(designated as “blank, yellow, and blue ink cartridge” by the Epson
coding), respectively. The excess ink was wiped with paper before
being loaded into printer head. After the desired patterns were printed,
the substrate was evaporated under room temperature for 10 min. For
the multiple “printing—drying” cycles, the dried substrate was loaded
again by carefully adjusting it to the same position before printing.

B RESULTS AND DISCUSSION

As shown in Figure 1, the ink can be transferred from digital
controlled ink cartridges into nozzle and then printed onto
special positions. Further, evaporation development steps
caused the formation of monodispersed crystals of LCCs in
desired pattern by in situ crystallization. As no crystallization is
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Figure 1. Schematic representation of the process for the printing of
LCC crystals.
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Figure 2. (a) Comparison between LCCs SXRD pattern in A4 paper
and the simulated pattern from single-crystal X-ray data of 1. (b)
Comparison between LCCs SXRD pattern in plastic film and the
simulated pattern from single-crystal X-ray data of 1.

Figure 3. (a—c) SEM images of LCCs printed on paper under
different resolution. (d) SEM images of LCCs printed on plastic film.

observed in precursor solution kept in a closed container at the
same temperature, evaporation is the main driving force for
nucleation. The surface deposition of the LCCs was well
investigated by surface X-ray diffraction (SXRD) and scanning
electron microscopy (SEM). The density and thickness of films
could be simply controlled by printing the designed patterns for
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Figure 4. (a) To demonstrate the applicability for large area
patterning, China’s treasure-panda was printed by using LCCs inks.
(b) Presentation of anticounterfeiting barcode (1-Eu, 1-Gd, and 1-Tb,
utilized as red, blue, and green emission sources, respectively).
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Figure S. Line profiles of the emission spectra for different deposition

cycles. Inset: Linear relationship between the emission intensity at 544
nm and print cycles.

Table 1. Molar Ratios of Multicomponent Gd**/Eu*"/Tb*"
for Samples with Varied Color Coordinates

mole ratios of

multicomponents
approximate color regions CIE (x y) Gd Eu Tb
white (0.34,035) 0920 0048  0.032
pink (0.35, 021) 0990 0007  0.003
yellow green (0.31, 0.46) 0.80 0.0S 0.15
orange (0.56, 0.32) 0.97 0.02 0.01

multiple “printing—evaporation” cycles (abbreviated as ncy in
the following). For this, lcy to 8cy of LCCs was printed onto
A4 paper. Visual inspection shows that the printed LCCs paper
keeps its original appearance even after 8cy (Supporting
Information Figure S3). The chemical identity of the LCCs
films was confirmed by comparison of the SXRD pattern with
the simulated X-ray reflection pattern (Figure 2a). Interestingly,
SEM images (Figure 3a—c) indicate that the printed area was
basically completely covered by monodispersed particles of
compound 1. The printed sample with well-shaped cubic
crystals on A4 paper has edge dimensions between 2.3 and 4
um, indicating a relative uniform size distribution of the printed
crystals. As shown in Supporting Information Figure S4a, well-
shaped crystals of compound 1 were grown in the contact areas
of the paper, and the adherence of the crystallites to the paper
underneath is quite strong as evidenced by the destructive
experience. After crystals were broken by grinding, the samples
still can adhere to the surface of the paper (Supporting
Information Figure S4). This strong connection is attributed to
the high roughness of the paper substrate. It is well-known that
substrate surface properties play an important role in the
interface growth. To provide further evidence of the formation
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Figure 6. Emission spectra for printing mixed-lanthanide luminescence at room temperature under UV excitation at 295 nm: (a) white emission; (b)

pink emission; (c) yellow green emission; and (d) orange emission.
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Figure 7. CIE chromaticity diagram showing the location of the
multicolored photoluminescence for patterned samples.

of crystals on different surfaces using this direct-write printer-
type lithographic approach, we fabricated plastic substrate by
paste plastic film on cardboard, and characterized the printed
sample using SXRD. The SXRD data shown in Figure 2b
clearly demonstrated the formation of crystals of 1. However,
the crystals of 1 on plastic substrate have smaller sizes, as
compared to crystals on paper. As confirmed by SEM, crystals
in plastic substrate with average edge were 300 + 30 nm and
1.2 + 0.5 pm, respectively (Figure 3d). This can be explained
by considering the contact angles between the precursor
solution and the surface. In hydrophobic surfaces, the contact
angles were high and the affinity of the solution on the surface
was low, so that printed droplets do not tend to spread
completely once they are placed on the surface, promoting the
formation of single crystals in reduced size. To evaluate the
hydrophilicity of two substrates, contact angles were measured
through the addition of a droplet of precursor solution on the
substrate surface (Supporting Information Figure SS). The
contact angles are 46.5° for paper substrate and 63° for plastic
substrate, respectively. It is obvious that the hydrophilicity of
paper substrate is higher than that of plastic substrate. This fact
also demonstrates our deduction in some extent. The per-cycle
printing can be finished within 10 min, including the
evaporation process. This deposition speed reveals the high-
throughput capability of the proposed technology.””

This fabrication methodology can also be used to precisely
control the location at which a single LCCs crystal is grown. As
shown in Figure 4a, China’s treasure-panda was printed on
paper substrate with high resolution after one printing—
evaporation cycle (1cy) by using LCCs (1-Eu and 1-Tb) inks
(Supporting Information Figure S6). This printer technology
can also realize the depositing of different LCCs in separated
nozzles simultaneously. These characteristics have paved the
way to design innovative platforms for creating barcodes. For a
broad range of potential applications, we introduce 1-Eu, 1-Gd,
and 1-Tb, utilized as red, blue, and green emission sources, into
separated ink cartridges, respectively, to construct a 2D barcode
array system. As shown in Figure 4b, by varying the width,

height, emission intensity, as well as the sequence of different
lines, we can store a countless amount of cargo information. All
of this information can only be detected under certain
excitation (UV light), which may have potential application
in the field of anticounterfeiting printing. Printing capacity has
also been investigated by deposition of patterns in varied
dimension; all samples from 1 mm to 10 cm exhibit high
resolution. These results reveal that this technology is flexible
and can be used widely (Supporting Information Figure S7).

Considering the well control of size and spatial location of
LCC crystals, we try to introduce this technology for the
development of luminescent device. As a proof-of-concept, we
investigate the luminescent emission for 1-Tb printed stamp in
different cycles. With excitation at 295 nm, all of the emission
spectra show green-luminescence with typical emission bands at
491, 544, 585, 622, and 648 nm, assigned to the D, — 7FI (J=
6—2) transitions. As the number of printer cycles increases, the
emission intensity grows gradually. As shown in Figure 5, the
fluorescence intensity versus cycles plots can be curve-fitted
into a linear relationship, which clearly reveals that the emission
intensity can be digitally controlled by regulating print cycles.
As compared to other depositing methods, such as spin-coating,
layer by layer, and the vapor deposition method, such a printer
technology exhibits overwhelming superiority in control of
layer thickness and emission intensity.

Full-color luminescent materials, especially those with white
color emission, have recently merited considerable attention
because of their wide applications. It is well-known that the
realization of full-color emission requires the generation and
intensity control of the three fundamental red, green, and blue
(RGB) light colors in bulk materials. Here, we apply this
printer-type lithography technology in printing mixed-lantha-
nide luminescent emission, by varying the stoichiometric ratio
of the gadolinium (blue emission), terbium (green emission),
and europium (red emission) contents in the same ink
cartridges. Various colors covering the whole visible range
can be finely tuned. As shown in Figure 6, the emission spectra
involve all of the emission peaks of the Tb**, Eu** ions and
ligands to provide mixed peak contributions. It can be seen that
the emission spectra of samples consist of a broad band and
some weak lines. The former, centered at 410 nm, is due to the
7w — 7* electron transition of organic bridging ligands, while
the latter peaks at 491, 544, 585, 622, and 648 nm are assigned
to the characteristic D, — 7F] (J = 6—2) transitions of Tb**.
Emissions at 579, 592, 614, 651, and 694 nm are assigned to the
characteristic D, excited state to the low-lying 7F] J=0,1,2,
3, and 4) levels of the Eu®" ion. Here, because of the lowest
excited states of the Gd*', its characteristic 4f—4f transition at
311 nm is not visible, and the broad blue-emission can be
assigned to the luminescence of the ligand. All of the peaks
have similar emission wavelengths, but various relative
intensities depend on the ratios of the Tb*", Eu*', and Gd*"
ions in ink cartridges, resulting in a fluent change of their visible
luminescent emission colors between green, blue, and red.
Because white emission should ideally be composed of three
red, green, and blue (RGB) primary colors and cover the whole
visible range from 400 to 700 nm, we realized white-light
emission with CIE (Commission International de L’Eclairage)
chromaticity coordinates of (0.34, 0.35) by precise control of
the Gd/Eu/Tb proportion, which is very close to that for pure
white light (0.33, 0.33) according to the 1931 CIE coordinate
diagram. Besides, multiple colors including pink, yellow green,
and orange were achieved by varying the intensity ratio of RGB
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emissions (Table 1 and Figure 7). Our results suggest that the
construction of full-color luminescent materials based on
printer-type lithography would be a promising strategy in the
development of RGB-luminescent materials for use in the

display field.

B CONCLUSION

We reported a versatile printer-type lithography-based
approach for growing LCC crystals on different supports, and
realized the control growth of a submicrometer single crystal at
a desired location on a surface. These results revealed a facile
way in the command of special emission intensity, the control
of particular emission in desired area, and the modulation of
emission chromaticity. In addition, on the basis of our results,
one may conceive to expand the scope of application for LCCs
in sensors, magnetic, and electronic devices, etc.
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