7 ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

FEATURE ARTICLE

In situ post-synthesis of luminescent Lewis

\'.) Check for updates‘
acid—base adducts

Cite this: Chem. Commun., 2023,

59, 5030 . e o
Sichao Ji, 122 Qin Xue*® and Guohua Xie (2 xa<d

Inkjet printing has drawn widespread attention and is considered as one of the most promising technologies
for mass manufacturing of optoelectronic devices. Herein, we elaborate a novel strategy to modulate the
morphologies of inkjet-printed thin films by optimizing the ink formulation and suppressing the coffee-ring
effect, combining the approach of in situ post-synthesis based on Lewis acid—base interactions. Luminescent
Lewis acid—base adducts are created immediately during inkjet printing, i.e., in situ post-synthesis based on
coordination chemistry. The electron-deficient aryl borane was employed as Lewis acid to trigger the
coordination interaction with a Lewis base of a nitrogen-containing fluorescent material, which resulted in
the rearrangement of the frontier molecular orbitals. Most likely, a reduced singlet—triplet energy gap and
charge transfer would be detectable if the Lewis base is a conjugated fluorophore. This exemplifies the great
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Introduction

Over the past three decades, organic light emitting diodes
(OLEDs) have attracted continuously increasing attention from
both academia and industry due to their advantages of self-
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diodes and encryption via inkjet printing.

illumination, quick response, full-color tunability, high flexibility,
and low power consumption, which are ideal for next-generation
displays and lighting applications. An OLED typically consists of
several organic layers sandwiched between the anode and the
cathode. Tremendous efforts have been devoted to improve the
electroluminescence (EL) performances, including deliberate
syntheses of novel luminescent materials with excellent optoelec-
tronic properties, host matrices with well-matched singlet/triplet
energy levels, high-performance charge carrier injection/transport
materials, and device engineering for efficient light outcoupling.
As the key components in OLEDs, the light-emitting layers
have undergone development from fluorescent materials to phos-
phorescent materials and then thermally activated delayed
fluorescence (TADF) materials as well as hybridized localized
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Fig. 1 Schematic diagrams of thin-film fabrication: (a) vacuum evapora-
tion and (b) inkjet printing.
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charge transfer emitters and doublet emitters. Overall, triplet
harvesting is one of the most effective ways to boost EL perfor-
mances. For instance, owing to the narrow energy gap (AEsy)
between the lowest singlet excited state (S;) and the lowest triplet
excited state (T;), TADF emitters could harvest both singlet and
triplet excitons through reverse intersystem crossing (RISC), ie.,
100% exciton utilization in theory is achievable under the elec-
trical excitation. This makes them an excellent alternative to
expensive heavy-metal-based phosphorescent complexes.

The exploration of thin-film technologies is also important
to commercial production. There are several techniques to
fabricate OLEDs, e.g., vacuum evaporation, spin-coating, blade
coating, screen printing, and inkjet printing."” In terms of
thermal evaporation (see Fig. 1a), organic small-molecule mate-
rials are heated in a high vacuum and then evaporated to the
target substrate through the shadow mask to confine the
emissive area. Although the thickness of each layer can be
easily controlled via this process, the accurate alignment
between the shadow mask and the substrate for high-
resolution displays, huge material waste during evaporation,
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and very expensive vacuum evaporators are the main concerns
which affect the cost-effectiveness for mass production.

Alternatively, the solution process is capable of employing all
kinds of luminescent compounds, including small molecules,
dendrimers, and polymers for device fabrication. For example,
spin-coating utilizes the prepared solution containing the organic
material dissolved in suitable solvents to deposit uniform films on
a substrate. Basically, the solution dropped on the substrate is
spun at a high speed to form the film by the centrifugal force and
solvent evaporation.>* The quality of the film depends on the
solution system, the spin parameters such as spin-time, speed,
atmosphere, and post treatments.”” Once spin-coating starts, the
solution covers the entire substrate quickly and the thickness of
the deposited film cannot be tuned exactly. Blade coating is
usually used to prepare the films by controlling the movement
of the blade. The gap between the blade and the substrate and
surface tension and viscosity of the ink greatly influence the
quality of the film. Alternatively, the film could also be con-
structed via screen printing.® However, one of the major concerns
is that the design of the inks for screen printing is constrained by
strict rheological requirements during printing, mesh size/num-
bers, and materials solubility.

Compared with the preparation technique mentioned above,
inkjet printing (see Fig. 1b) shows remarkable superiority in low-
cost, mask-free, and large-area active matrix displays, due to its
inherent advantages of non-contact and precise pixelation ability.
Inkjet printing involves a series of computer-controlled patterned
techniques and the ink droplets are directly ejected from a small
nozzle onto the substrate.” The inkjet printing technique for micro-
scale patterning is especially attractive for full-color OLED displays.
Recently, a 31-inch FHD flexible printed OLED TV via inKjet printing
has been successfully demonstrated.'® There would be two different
processing modes based on the different droplet behaviours during
inkjet printing, namely continuous inkjet and drop-on-demand
modes. The former allows the unwanted droplets to continue their
paths into a catcher and then be recirculated into the nozzles. In
contrast, the nozzles of the latter mode are inactive until they are
demanded. To remove the influence of the drop velocity, a Z
parameter, shown in eqn (1), is typically used to characterize the
printability of the ink."* The value of Z varying between 1 and 14 is
demonstrated to be a reasonable one for inkjet printing.’

7= Yird (1)

n

where r, p, n and d represents the surface tension, density, viscosity
of the ink, and diameter of the nozzle, respectively.

Considering the impact of the substrate, the velocity of
droplets should be kept within a reasonable range. The mini-
mum and maximum velocities of droplets are described as a

Weber number formulated as eqn (2) and (3), respectively.”*
d
Wemin = Z’miin =4 (2)
we'? Re'* = K(r) (3)
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where We is the Weber number <V2A'0 d), Re is the Reynolds
number (%), and K(r) represents the function of the sub-
strate roughness, respectively.

Jang et al. explored the relationship between the Z value and
the drop ejection behaviour.'” Their studies suggested that
small droplets (satellite drops) would be detached from the
main droplets when the Z value was greater than 17.3.

Since precise droplet control and thus doped films could be
directly manipulated by inkjet printing, it allowed triggering of
the in situ formation of luminescent Lewis acid-base adducts
(LABAs) in a well-defined area, e.g., a pixel for active matrix
displays. This is totally different from the commonly used pre-
mixed approach which fixes the ratios and reactions of Lewis
acid and base components in the solution condition before film
formation. The color tunability and the device design would be
much more flexible when creating luminescent LABA via inkjet
printing. Herein, we feature a comprehensive strategy and
discussion based on the preparation of homogeneous color-
tunable films via inkjet printing. Based on the concept of in situ
post-synthesis, inkjet printing of LABAS is a particularly unique
thin-film technology for display and sensing applications.
Moreover, we envisage the future direction and prospects of
inkjet-printing combined with the in situ post-synthesis
strategy.

Host-guest configuration of inkjet printing OLEDs

The configuration of printable inks usually consists of a host
matrix and a guest dopant to solve the trade-off between
photoluminescence quantum yield and charge carrier transport
in OLEDs. Poly-9-vinylcarbazole (PVK) is a common buffer and
hole-transport material before inkjet-printing of the emitting
layers (EMLs) in OLEDs, owing to its suitable energy level and
excellent film quality. Alternatively, PVK possesses a high triplet
energy level (2.6 eV) which could confine the excitons in the
emission zone as either the host or the hole-transport layer
(HTL)." When PVK is insoluble in the selected solvent for the
EML, PVK functions very well as the buffer layer which pla-
narizes the surface roughness produced by inkjet printing. For
instance, in 2021, Liu et al. fabricated red, green and blue
phosphorescent OLEDs using the ink formulations with the co-
host based on two small molecular compounds and the binary
solvents (o-dichlorobenzene and 1-chloronaphthalene) inkjet-
printed onto the PVK-based HTL."*

In 2000, Yang et al. fabricated two bilayer inkjet-printed
OLEDs containing PVK as the HTL and buffer layer."”> The EML
was composed of tris(4-methyl-8-quinolinolato)Al (m) (Almgqs)
and (4-(dicyanomethylene)-2-methyl-6-(4-dimethyl
tyryl)-4H-pyran) (DCM) as the neat emitters, respectively, which
resulted in green-blue and orange-red emissions. However, due
to the concentration quenching in the absence of a host, the
external quantum efficiencies (EQEs) of both devices were less
than 0.1%. Although PVK is widely used in the spin-coated
phosphorescent OLEDs, the poor electron transport properties
result in the imbalanced charge injection and transport which

aminos-
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deteriorate the device efficiency. In 2003, Gong et al. reported
electrophosphorescent devices based on the inkjet-printing and
screen-printing techniques, respectively fabricated by using a
blend of PVK and 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazol
(PBD) as the mixed host and a heavy-metal complex as the guest,
which led to bright and efficient devices."® Singh et al. developed
an iridium-based phosphorescent dye and prepared the inks by
mixing the emitter with PVK and PBD in the solvent of 1,
2-dichlorobenzene.”” The device fabricated by inkjet printing
realized an EQE of 2.5% and a peak luminance of over
10000 cd m™>.

In 2011, Ma’s group fabricated small molecular OLEDs by inkjet
printing of the EML of 2-(t-butyl)-9,10-bis (20-naphthyl) anthracene
(TBADN) doped with 4,40-bis [2-{4-(N,N-diphenylamino) phenyl
vinyl] (DPAVBI) from the solution of chlorobenzene respectively
mixed with a-chloronaphthalene and cyclohexylbenzene with high
boiling points and high viscosities to create the pinhole-free
EMLs."® The current efficiency of the inkjet-printed device was
only slightly lower than that of the corresponding spin-coated one
(0.71vs. 1.08 cd A "). In 2012, Jung et al. fabricated phosphorescent
OLEDs with the EQE of 11.7% by inkjet printing tris(2-phenyl-
pyridine)iridium(u) (Ir(ppy)s) doped 4,4’-Bis(carbazol-9-yl)biphenyl
(CBP) as the EML. In 2019, Kang et al. investigated the impact of
the co-host mixing ratio of tris(4-carbazoyl-9-ylphenyl) amine
(TCTA) and pyrido [3',2":4,5]furo[2,3-b] pyridine (3CzPFP) on the
solubility, morphology, and device efficiency." After optimizing the
ink formulation, a high EQE of 8.9% and a low efficiency roll-off of
below 10% at 1000 cd m~> were achieved in the inkjet-printed
OLED. In 2020, Mu et al. reported an inkjet printable phosphor-
escent OLED which consisted of a new host material of 3-(3,6-
di-t-butylcarbazol-9-yl)-3"-(2-(4-t-butylphenyl) benzoimidazol-1-yl}1,
1’-biphenyl] and an iridium complex dopant of bis(2-
methyldibenzo[ f,z]quinoxaline)(acetylacetonate)-iridium ()
(Ir(MDQ)2(acac)).?® The inkjet-printed device showed the max-
imum current efficiency of 17.9 cd A" which was comparable
with that of the spin-coated ones.

Although polymers are usually considered as one of the ideal
materials for inkjet-printing due to the excellent morphologic
characteristics and multi-layer deposition by means of ortho-
gonal solvents, there are some drawbacks, such as an intrinsic
difficulty in purification, inferior reproducibility, and clogged
nozzles due to high viscosity.>® Compared with polymers,
the versatile small molecular luminescent materials would be
favorable in practical applications for achieving high-efficiency
and stable OLEDs, since they have well-defined structures, ease
of purification, controllable reproducibility, and low viscosity.
However, in many cases, it is challenging to prepare uniform
films using the inkjet-printing process with only small mole-
cules, especially for the multi-layer deposition. Recrystalliza-
tion, phase separation, and coffee-rings of small materials are
obstacles to forming nm-scale amorphous films for high-
performance OLEDs.>?

As shown in Fig. 2, the conventional inkjet printing of full-
color displays employs the major solutions, i.e., red, green, and
blue. Each solution most likely is composed of a host-guest
system and mixed solvents. This definitely complicates the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic illustrations of conventional (a) and in situ post-
synthesis (b) approaches to generate full-color displays via inkjet printing.

device optimization since different inkjet printing recipes are
required for the individual emissive film. Apart from the
complicated organic synthesis, luminescent materials could
be generated by manipulating the interactions of Lewis acids
with the electron-deficient properties and conjugated fluores-
cent compounds. In such cases, one of the options is to deposit
a layer of the Lewis base as the seeding layer. The color
tunability depends on the amount of the Lewis acid inkjet-
printed onto the seeding layer, and vice versa. Ideally, only a
single component solute, either a Lewis acid or a Lewis base, is
required to prepare the ink. As illustrated in Fig. 2b, full-color
displays are achievable via in situ post-synthesis via inkjet
printing if the luminescent LABA is sensitive to the concen-
tration of the ink.

As a proof-of-concept, the fluorescent molecule containing
spirodifluorene and 1,3,5-triazine moieties, namely DTSF-2-DP-
TRZ, and an aryl borane (BCF) were employed as the Lewis base
and Lewis acid, respectively.”® A novel strategy of in situ post-
synthesis based on fast Lewis acid-base interaction has been
proposed by our group (see Fig. 3). Unexpectedly, the bandgap
and the singlet-triplet splitting (AEsy) were both narrowed
down due to the coordination chemistry of the Lewis acid-base
pair.>* This concurrently induced the thermally activated
delayed fluorescence (TADF) and thus the triplet excitons
underwent the reverse intersystem crossing (RISC) process,
which significantly improved the utilization of triplet excitons
under the electric excitation. The effect of the coordination
induced TADF mechanism was also confirmed by the calcu-
lated spatial separation of the distributions of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), shown in the insets of Fig. 3.
Experimentally, it was also identified by the prolonged delayed
fluorescence lifetimes once BCF was mixed with DTSF-2-DP-
TRZ. It is well-known that the small AEg; is one of the
prerequisites to open the triplet exciton up-conversion chan-
nels, which is also essential to achieve high-performance
OLEDs. As expected, under the optimization of solvent system
and film thickness, the EQE was greatly improved and sur-
passed the upper limit (5%) of the conventional fluorescent
devices, which confirmed that triplet excitons are effectively
utilized in the RISC process.

As the common complexing agents, Lewis acids are usually
doped with the polymers to enhance the conductivity while the
luminescence intensity would be quenched dramatically.>

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Luminescent mechanisms of the Lewis base before and after
adding the Lewis acid.

Based on this consideration, we fabricated OLEDs by inkjet
printing of the single component of BCF onto the seeding layer
of DTSF-2-DP-TRZ mixed with PVK which was prevented from
being dissolved in the solvent completely. Surprisingly, the ink
concentration used for inkjet printing significantly affect the
amount of the generated Lewis acid-base adducts and thus
effectively tuned the emissive colors from deep-blue to orange-
red. Alternatively, the color tunability could be demonstrated by
simply repeating the times of inkjet printing. The single-
component-solute ink exhibits great advantages, such as easy
preparation, long storage time, low viscosity, and fast nozzle
cleaning. Unlike the conventional inkjet printing of the EML
shown in Fig. 2a, the concentration and luminescence quench-
ing effects can be effectively alleviated at the interface between
the inkjet-printed layer and the seeding layer which was par-
tially dissolvable by the ink solvents to form the self-host-like
emissive zones. To realize the full-color pixelations via the
conventional inkjet printing, the ink cartridges containing
different light-emitting materials are demanded. In contrast,
the in situ post-synthesis strategy requires only one cartridge
with the single solute, which would be more powerful for
precisely controlling the EL wavelengths by adjusting the
printing times, printing sequence, and printing dot spacing,
respectively.

Thin-film morphology control of inkjet
printing
Morphology optimization

To achieve successful applications for inkjet-printed OLEDs,
attention should be paid to the key factors to enable the
formation of uniform films, including the ink formulation,

Chem. Commun., 2023, 59, 5030-5038 | 5033
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viscosity, surface energy control, substrate structures, and dry-
ing conditions.>**® The surface energy as well as surface
morphology determine the wettability of a homogeneous sub-
strate which can be modulated by controlling of the hydro-
philicity or hydrophobicity of the pixel-defined substrate.>”*®
In 2011, Ding et al. adopted a binary solvent system by mixing
chlorobenzene with cyclohexylbenzene which possessed a
higher boiling point and higher viscosity to improve the film-
forming properties of the inkjet-printed small molecular
EML."® Their study demonstrated that the higher boiling point
and the higher viscosity were respectively the decisive factors of
thermodynamics and kinetics to dewet the films. Nevertheless,
the inkjet-printed device performance was still lower than that
of the spin-coated device. In 2016, Wei et al. reported a cross-
linkable electron transport material and found that cross-
linkable units could improve the solubility and promote the
formation of compact films." The device based on the inkjet-
printed electron-transport material achieved the maximum
EQE of 13.8%, which was comparable with that of spin-
coated OLEDs (15.6%). Zhou and co-workers developed prin-
table halogen-free binary solvents and modulated the ratio of
the assistant solvent to enable the homogeneous film morphol-
ogy of the EML.”" The surface properties of the substrates and
the influence of the annealing temperature on the film quality
had also been systematically studied. The inkjet-printed device
showed the superior luminance and efficiency, compared with
the spin-coated OLEDs.

In 2019, Hu et al. reported two novel Ir(m) complexes
with the excellent solubility and film formation ability.>® They
fabricated the simple device structure with the inkjet-printed
HTL and EML. The inkjet-printed device exhibited a higher
EQE (7.2%) than the spin-coated one (5.3%), which was
ascribed to the different surface roughness of thin-films
processed via these two different techniques. Liu et al. devel-
oped the two printable Ir(m) complexed polydendrimers.*® By
using the iridium precursor complexes, their comparative
study suggested that the introduction of the solublizing steric
hindrance groups and polymerization could effectively
enhance the film-forming ability. The inkjet-printed device
with greenish-blue emission based on polydendrimers
achieved the maximum current efficiency of 1.81 cd A~" and
the maximum luminance of 642 cd m~2. Mu et al. developed a
new host with highly soluble and amorphous properties.”’ It is
found that the morphology of the EML strongly depended on
the substrates and the solvents. After rationally selecting the
solvent and HTL, a uniform EML was obtained and the device
achieved the maximum current efficiency of 17.9 cd A" which
was comparable with that of the spin-coated device. Zheng
et al. obtained a smooth EML by modifying the weight ratio of
the inkjet-printed host material and emitter and fabricated
the inkjet-printed blue OLEDs with a maximum EQE of 5.03%
and the maximum luminance of 3743 cd m™ >*' Liu et al
adopted PVK as the HTL to improve ink spreading and film
uniformity. Eventually, the fabricated red, green and blue
phosphorescent OLEDs achieved the high luminance of
2812, 2366, and 2286 cd m ™2, respectively.'*

5034 | Chem. Commun., 2023, 59, 5030-5038
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Fig. 4 Strategies to optimize the film morphology via inkjet printing.

In order to acquire the good film morphology of LABAs, we
optimized the process of fiml-formation by designing a suitable
seeding layer, rationally tuning the solvent system of the ink,
and controlling the substrate heating conditions.>* We selected
PVK as an additive for the small-molecular seeding layer of the
Lewis base to the reduce film roughness and slightly changed
the solvent resistance. The binary solvent system, i.e., chloro-
benzene and cyclohexanone, was used to regulate an appro-
priate Z value which guaranteed the solution to form the stable
and uniform droplets. The drying conditions were also opti-
mized by delicately controlling the substrate temperature.
Finally, the uniform EML was prepared and employed to
evaluate the EL and encryption properties. Based on this
investigation, as shown in Fig. 4, we figure out the general
rules to realize the uniform and highly emissive films for
displays and sensing.

Suppression of the coffee-ring

The film morphology has a predominant impact on the overall
performances of the optoelectronic devices. During inkjet
printing, the solutes tend to stay or aggregate along with the
periphery of the droplet covered and then dried on the sub-
strate. This creates a dense and ring-like deposit, leading to the
lower thickness inside. This is known as the coffee-ring effect,
which affects the morphology and uniformity of the inkjet-
printed thin-film. It is proposed that coffee rings are attributed
to the capillary flow induced by the droplet evaporation at a
pinned contact line.?”

To effectively suppress the coffee-ring effect during inkjet
printing, a Marangoni flow should be induced to overcome the
capillary force. The concentration gradient could modulate the

This journal is © The Royal Society of Chemistry 2023
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Marangoni flow. Kim et al. fabricated the uniform conductive
patterns through the inward Marangoni flow by adding the
composite solvents with high boiling point and low surface
tension.® In 2008, Soltman et al studied the effect of
the droplet spacing and the substrate temperature on the
inkjet-printed line morphology.** A uniform film can be
inkjet-printed at intermediate spacings and temperature, and
a cooled substrate was favorable to suppress edge evaporation
rate and thus eliminate the coffee rings.

In 2011, Yunker et al. found that anisotropic particles can be
used to eliminate the coffee-ring effect because the strong long-
ranged interparticle capillary effectively inhibited the outward
flow.>® Jiang et al. obtained flat quantum-dot films without
coffee rings by employing the mixed solvents of 1,
2-dichlorobenzene with cyclohexylbenzene to reduce surface
tension and introducing a poly-etherimide (PEI) modified ZnO
nanoparticle layer to increase the surface free energy.’® The
maximum luminance of the device based on inkjet-printed
green quantum dots reached 12000 cd m™ 2. In 2018, Li et al.
reported that dendrimers as monodisperse building blocks
were capable of circumventing the coffee-ring effect to form
homogeneous film via in situ gelation triggered by a thioace-
tate-disulfide transition which counterbalanced the capillary
forces.”” Yu et al. improved the thickness uniformity by adding
the assistant solvent with the high boiling point and high
viscosity to the main solvent.*® The low evaporation rate and
the high viscosity of the mixed solvents could effectively resist
the radial flow induced by the fast evaporation, leading to the
decrease of solution volume and thus coffee rings.

Liu et al. fabricated perovskite nanocomposite microarrays
with the excellent morphology by using the polymer
poly(vinylpyrrolidone) (PVP) as an additive which increased
the viscosity and then eliminated the outward capillary flow
which accounted for the coffee-ring effect.>® In 2020, Gao et al.
constructed perovskite microarrays with a uniform surface and
no coffee rings via inkjet printing of the perovskite quantum-
dot ink, which was optimized to strengthen the Marangoni flow
and balance the capillary flow by tuning the volume ratios of
dodecane with a high boiling point and toluene with a low
boiling point.*® In 2021, Li et al. reported that the coffee-ring
effect can be successfully circumvented via optimizing the
thickness of the interfacial layer PVP on the hydrophobic HTL
and the temperature during the inkjet printing stage.*' The
optimized inkjet-printed perovskite light-emitting diodes rea-
lized the EQE of 9% with a high brightness of 3640 cd m 2.
Recently, Yoon et al. investigated the effects of the combination
of different solvents on the inkjet-printed pixel pattern quality.
Their study has shown that the mixed solvents with different
boiling points were effective in reducing the roughness of the
film surface. After optimizing the condition of the ink formula-
tion, a uniform stripe without the remarkable coffee-ring
defects was formed.*? In 2022, Han et al. constructed a supra-
molecular conjugated polymer with 3D cross-linked networks
which impeded the transport of the aggregates to the droplet
edges, and thus suppressed the coffee-ring effect and obtained
a high-quality and continuous film.**

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Approaches to tackle with coffee rings.

Based on the strategies discussion above, there are many
successful tactics to overcome the coffee-ring effect during the
inkjet printing process. Basically, controlling the capillary flow
and preventing the pinning of the contact line are the key
approaches. These are closely related to the physical properties
of the inks used in inkjet printing. The surface energy of the
substrate plays a vital role in the wetting behaviors and film
formation during inkjet printing. To modulate the ink proper-
ties, one of the most effective ways is to introduce the mixed
solvents, e.g., high- and low-boiling points solvents to modulate
the evaporation flux along the droplet edges. Following the
general rules to tackle with coffee rings indicated in Fig. 5,
the uniform and highly luminescent films are achievable when
the process condition and ink formulation are appropriately
controlled. Most importantly, rationally modulating the solvent
properties of the inks is one of the most effective and promising
way to eliminate the coffee rings.

In situ process for anticounterfeiting
and encryption applications

Anti-counterfeiting technologies are urgently required and have
attracted considerable attention due to the great demand in
information security.** Recently, photoluminescent materials,
including metal nanoclusters, nanocomposites, quantum dots,
nanocrystal, hydrogels, and lanthanide complexes, have been
rationally synthesized and applied for information storage and
encryption applications due to their unique properties of vivid
visualization, facile identification, and difficulty in duplication.
In situ fabrication of light-emitting materials via inkjet printing
possesses advantages of facile procedures and easy construc-
tion of large area films and arbitrary patterns.

Bao et al. introduced monodispersed microspheres into the
inks to in situ fabricate a dot-matrix-constructed 2D pattern
with the regularly arranged pixels which revealed the applica-
tions in encoding and anticounterfeiting.”> In 2018, Feng et al.
reported an optical encoding and encryption nanohybrid based
on variable valence Eu*'/Eu®" co-encapsulated where Eu®" was

partially in situ reduced to Eu**.*®* When exposed to acidic or
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basic vapor, the nanohybrid exhibited the time-gated response
due to the different intensity and lifetimes of Eu*" and Eu®*
ions. In 2019, Sun et al. reported in situ monitoring of gelation
and self-healing processes via turn-on fluorescence -by covalent
bond-induced emission of the fluorescent gels with the
aggregated-induced emission properties.”” By coding these
multi-color fluorescent self-healing gels, the fluorescence codes
could only be read out under UV light. The emerging perovskite
patterns could be used for anti-counterfeiting as well.

Shi et al. developed perovskite quantum-dot patterns by
in situ inkjet printing the ink containing the perovskite pre-
cursors onto the polymer films.*® The emission of perovskite
patterns can be easily turned from blue to red by varying the
halides in precursor solution from Cl to Br and I, respectively.
The fabricated 2D codes with the microdisk arrays weren’t
visible under sunlight but easily recognized under UV
excitation.

Liu et al. reported in situ inkjet-printed perovskite nanocom-
posite patterns with the excellent homogeneity at the macro
scale.*® They fabricated two-dimensional codes and bar-codes
with green emission under UV light while totally transparent in
the ambient environment. In 2020, Li’s group demonstrated
the fingerprint arrays by introducing in situ grown perovskite
crystals for multi-level anticounterfeiting.*® After spin coating a
poly (methyl methacrylate) (PMMA) layer onto perovskite pat-
terns, 3D height information from perovskite crystals can be
transformed into the colorful 2D interferometric fringes.

Hydrogels with luminescent properties exhibit promising
applications in information encryption. Li et al. constructed
hybrid hydrogels with luminescence on-off switching behavior
via in situ copolymerization of acrylamide, lanthanide com-
plexes, and diarylethene photochromic units.’® The fabricated
luminescent patterns using hydrogel blocks with various colors
were masked under the irradiation of UV light (300 nm) while
the encoded information turned to be readable under irradia-
tion of visible light (>450 nm).

Liu’s group reported a luminescent 2D nanocomposite and a
strategy that the desired luminescence patterns can be pro-
duced by in situ printing the eggshell membrane from CuSO,
solution with dithiothreitol solution at room temperature. The
luminescence patterns vanished and reappeared when treated
with ethanol and NaBH,, respectively.”’ In 2020, Wang et al.
obtained a series of binuclear lanthanide complexes via in situ
self-condensation reaction, in which the Tb-based complex
exhibited the potential application in the visual detec-
tion.”* The fabricated patterns and codes using the Th-based
complex showed significant differences between white-light
and UV-light conditions.

In 2022, Feng et al. developed a stable nanocrystal with a
high polar solvent resistance and thermal stability via an in situ
surface coordination reaction.*® Based on the different capa-
cities of polar solvent resistance and thermal stability between
zero-dimensional Cs,PbBrg and the coordinated Cs,PbBrg—
Zn(moi),, they fabricated the optical anticounterfeiting labels
by using these two nanocrystals as light-sensitive security inks.
Zhou et al. prepared Au nanoassemblies with the necklace-like
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Fig. 6 Schematic diagram of generating anti-counterfeiting and encryp-
tion films via inkjet printing of LABAs.

and spherical nanoarchitectures featuring the tunable colors
of the amphiphilic block copolymer-assisted self-assembly
via in situ synthesis.>® The encrypted information could
be decrypted stepwise by regulating the wavelength of
excitation light.

Given the simple synthesis and remarkable luminescent
properties of LABAs with the conjugated components, it is
feasible to promote the optical anticounterfeiting applications
(see Fig. 6). We successfully fabricated the sophisticated QR
code patterns and color-tunable letters via in situ post-synthesis
assisted and controlled by inkjet printing.*®

For instance, by controlling the printing times of the diluted
BCF ink at a fixed concentration onto the Lewis-base film with
the deep-blue fluorescence DTSF-2-DP-TRZ, the emissive
colors of the encoded patterns and the letters gradually
bathochromic-shifted from bluish-green to orange-red under
UV light, which was ascribed to the dose of BCF dominated
generation of the luminescent LABAs.>?

The encrypted information could only be authenticated by
the external stimuli of UV light. Furthermore, since the LABAs
with different amounts of BCF exhibited different delayed
lifetimes, more applications of the analogues in the time-
gated encryption are envisaged and conceivable. This investiga-
tion evidenced the strategy of in situ post-synthesis combined
with the inkjet printing would be very attractive and versatile.

Conclusions and perspectives

By virtue of the non-contact, precise patterning, mask-free, on-
demand, and low material consumption, inkjet printing affords
a facile and low-cost processing platform which has been
regarded as a promising technology to achieve large-area,
high-resolution array, and cost-effective mass production of
optoelectronic films and devices. In this feature article, we
summarized the recent advances in rationally controlling the
ink formulation and thin-film process by inkjet printing for
optoelectronic applications. We specify the in situ post-
synthesis of the luminescent Lewis acid-base adducts via inkjet
printing. Our work provides a simple and cost-effective strategy to
evoke the thermally activated delayed fluorescence characteristics
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from a conjugated fluorescent compound, which would be uni-
versal for creating color-tunable emission, time-gated responses,
and even more efficient electroluminescence. An in-depth study of
the intermolecular coordination effect on the frontier molecular
orbital energy levels was exemplified and explored for displays
and encryption.

The in situ post-synthesis provides a facile and alternative
way to avoid time-consuming and tedious molecular syntheses.
The simplified ink formulation and processing recipes enables
the growth of the optoelectronic thin films with homogeneous
morphology, fine patterns, and large area via inkjet printing
technology. By combining the merits of inkjet printing technol-
ogy and in situ post-synthesis, the desired compounds are
expected to be generated instantaneously at the on-demand
substances. The combination of in situ post-synthesis and
inkjet printing is a promising strategy for a variety of optoelec-
tronic applications, e.g., organic light-emitting diodes,”® per-
ovskite light-emitting diodes,>® anticounterfeiting labels,”” thin
film transistors,>® biomedical diagnosis,> solar cells,* and
sensors.®’ To increase the versatility of this strategy, the
inkjet-printable materials, flow characteristics of droplets, mor-
phology of the interfaces as well as coordination interactions
between Lewis acid and base are worth further investigation.
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