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Luminescent materials that can be reversibly switched by electric field stimulation are attractive since the
potential application for optoelectronic devices. Here we report a triplet-triplet annihilation upconversion
(TTA-UC) system with electrophoretic response which is developed as the electrophoretic ink. The TTA-
UC system consists of an ionic derivative of 9,10-diphenyl anthracene (DPA) as the annihilator and Pt(II)
octaethylporphyrin (PtOEP) as the sensitizer. Upon applying an electric field, migration and enrichment
of positively charged DPA derivatives towards the cathode results in a 20% enhancement of TTA-UC. A
quasi-solid film for electrically writing is made using the electrophoretic TTA system as the ink and a
platinum electrode as a pen. The prototype of TTA-UC ink demonstrates unique luminescence functions
upon electrically writing and erasing, providing a promising strategy to develop electronic devices for
display, information storage and encryption.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It has been continued endeavors of researchers to develop
stimuli-responsive optical materials for smart display, optical stor-
age and counterfeiting. Great efforts have been placed on pho-
tochromic chromophores that present absorption or emission color
changes through stimuli-induced chemical structure transforma-
tion [1]. Alternatively, the approach of electrophoretic ink which
switches between black and white by applying an electric field to
shift the ink position, has also played a role in display technology
and been commercialized in electronic books achieving mass mar-
ket success [2,3]. From the perspective of stimuli-responsive lumi-
nescence, it is attractive to develop electrophoretic luminescence
ink by merging the advantage of being electronic devices and the
diversity of luminescence materials [4]. In our continuing explo-
ration of functional triplet-triplet annihilation upconversion (TTA-
UC) materials [5-7], we speculated that developing TTA-UC materi-
als with electrophoretic response would provide new opportunities
for advanced photonic applications.
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TTA-UC is a technology that converts low-energy photons into
high-energy photons and has great potentials for a wide range of
applications [8-11], such as photovoltaics [12-14], photocatalysis
[15,16], biological imaging [17,18] and chiral luminescent materials
[19-21]. In addition, upconversion can also be used for biosensing
and chemosensing through stimuli response [22,23], which is TTA-
UC switching by responding to external stimuli such as temper-
ature [24-27], oxygen [28,29], electric field [30,31] and mechani-
cal force [32] to achieve these applications. Among them, applying
an electrical signal is a fast and simple stimulus to achieve TTA-
UC switching [30]. TTA process is highly dependent on the triplet
concentration of annihilators which provides an opportunity to be
steered by external stimuli. In this study, we developed an elec-
tric filed response TTA-UC combination using an ionic derivative
of 9,10-diphenyl anthracene (DPA) as the annihilator and Pt(II) oc-
taethylporphyrin (PtOEP) as the photosensitizer. Positively charged
DPA derivatives migrate toward the cathode and enrich there in
the presence of an electric field, generating the imbalanced distri-
bution of the DPA annihilator between the electrodes and resulting
the spatial distribution of TTA-UC emission upon electrophoretic
actuation. The electrophoretic actuation of TTA-UC material is re-
versible and a prototype of TTA-UC ink for write and erase is also
demonstrated.
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Fig. 1. Structures of the ionic annihilators and the sensitizer.

The ionic annihilators were prepared by modifying DPA with
ammonium group on the phenyl rings, followed by anion ex-
change (Scheme S1 in Supporting information). The ionic annihi-
lators of DPA2CI, DPA2BPFg and DPA2BPH, with anion Cl-, PFg~
and tetraphenylborate (BPH,~) (Fig. 1), respectively, were charac-
terized by 'H NMR, 13C NMR, MALDI-MS and FTIR spectra (Figs.
S1-S6 in Supporting information). The similar absorption, photo-
luminescence spectra and fluorescence decay of the three annihi-
lators indicate that counter ions have little effect on the photo-
physics of the annihilator (Figs. S7 and S8 and Table S1 in Sup-
porting information). The electrophoretic response of the ionic an-
nihilators was examined by monitoring the fluorescence intensity
change upon applying an electric field. Two platinum electrodes
were kept 10 mm apart and immersed in the CH3CN solutions of
the three ionic annihilators (20 umol/L), respectively (Fig. S9 in
Supporting information). The annihilator solution showed homo-
geneous blue fluorescence under 365 nm excitation in the absence
of electric field. When a voltage of 10V was applied, the emis-
sion of the solution near the cathode gradually increased while the
decreasing intensity near the anode steadily decreased. The phe-
nomenon can be attributed to the movement of positively charged
DPA chromophores toward the cathode in the presence of an elec-
tric field. The distribution of bright and dark areas in DPA2BPH,4
sample is more uniform in comparison to the other two annihila-
tors. This is probably because BPH4~ is less basic and has a lower
charge density, which makes it easier to separate from the cationic
DPA chromophore [33]. Therefore, DPA2BPH, was selected as the
representative annihilator for the following electrophoretic exper-
iments. The applied voltage was optimized with trials at 2, 4, 6,
8, and 10V. It was found that the higher the applied voltage, the
faster the DPA electrophoretic response. Therefore, a voltage of 10V
is applied in the following experiments. The compounds and the
ITO glass were not degraded during the test (vide infra).

The electrophoretic response of the annihilator is reversible.
When the electric field is turned off, the bright and dark separa-
tion disappears and the homogeneous blue emissive solution reap-
pears. The emission intensity distribution is flipped while the ap-
plied voltage is inverted (Fig. 2 and Movie S1 in Supporting infor-
mation). The emission regulation by the electric field was further
monitored by photoluminescence spectra from the cathode and an-
ode region before and after applying the voltage, respectively (Fig.
2b). There was about 40% increase in the cathode area and a 25%
decrease in the anode area as a result of the electrophoretic shift
of DPA chromophores. The absorption, emission, and mass spectra
(Figs. S10 and S11 in Supporting information) of DPA2BPH,4 did not
show obvious change before and after the electrophoretic test, in-
dicating that the chromophore did not undergo chemical transfor-
mation. Therefore, the electrophoresis-induced concentration or di-
lution of DPA2BPH,4 provides the potential for further TTA-UC ma-
nipulation.

A typical sensitizer, PtOEP, was combined with DPA2BPH, to
construct the electric field-responsive TTA-UC system. The indi-

vidual absorption and emission spectra of DPA2BPH, and PtOEP
in acetonitrile are depicted in Fig. S12 (Supporting information).
Upon selectively exciting PtOEP of the TTA-UC system by 532 nm
light, the phosphorescence of PtOEP was significantly quenched
by DPA2BPH4, accompanied by the appearance of typical upcon-
verted emission from the DPA chromophore. The upconverted
emission increased while the phosphorescence of PtOEP decreased
as the DPA2BPH4; concentration increased, clearly demonstrat-
ing concentration-dependent TTA upconversion. The upconversion
emission and quantum yield reached a plateau with DPA2BPH, of
greater than 200 pmol/L (Figs. S13 and S14 in Supporting informa-
tion). When a voltage of 10V was applied, the luminescence near
the anode turned red and the blue emission near the cathode in-
tensified under the radiation of 365 nm light (Fig. 3a), and a clear
boundary in the middle between to electrode appeared. The emis-
sion change is attributed to the electrophoretic shift of the cationic
DPA chromophores toward the cathode, leading to more quench-
ing of the phosphorescence of PtOEP. The applied voltage had no
effect on the phosphorescence distribution in the control experi-
ment with only PtOEP (Figs. S15 and S16 in Supporting informa-
tion), further confirming that the emission change resulted from
the electrophoresis of DPA2BPH,. The effect of electric field on the
upconversion emission was observed under the excitation with a
532 nm laser (200 mW/cm?). The emission of TTA-UC solution pre-
sented the superposition of the blue upconversion emission and
the red phosphorescence of PtOEP, which was visible as magenta
emission. The DPA2BPH,4/PtOEP system displays a prolonged up-
converted emission lifetime of 17 ps in contrast to DPA2BPH, di-
rectly excited by UV laser (5.2 ns, Fig. S8), which is characteristic
of delayed fluorescence arising from TTA of the long-lived triplet
(Fig. S17 in Supporting information). In the absence of electric field,
the upconversion emission and the phosphorescence seen behind
a 470nm and a 660nm bandpass filter, respectively, were even
along the laser pathway (Fig. 3b). After applying the electric field,
the upconversion emission near the cathode became more intense
while the phosphorescence near the anode became more evident.
The mixed color in the corresponding area seen with the naked
eye changed as well. The emission spectra collected in the cath-
ode areas gave a ca. 20% increase of upconversion emission and a
decrease of phosphorescence under the electric field, whereas the
anode area showed the opposite change (Fig. 3c). In the absence
of electric field, the QY of the DPA2BPH, (60 pmol/L)/PtOEP (10
umol/L) is 1.16%. After applying the voltage, the quantum yields in
the cathode and the anode region are estimated to be 1.43% and
0.87%, respectively, based on the percentage of the emission en-
hancement and reduction.

We further developed a prototype of electric write-and-erase
demonstration based on the aforementioned electrophoretic re-
sponse of TTA-UC system. A quasi-solid TTA-UC system was pre-
pared by mixing DPA2BPH,4, PtOEP, DMSO and silica nanoparticles
[34-36] and the immobilization of the annihilator and the sensi-
tizer had no effect on the luminescence distribution compared to
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Fig. 2. (a) Schematic illustration of ion migration upon voltage stimulation, and the photographs of electrochromic fluorescence of DPA2BPH, (20 pmol/L) in CH3CN
(Aex =365nm). (b) Emission spectra of DPA2BPH, near cathode and anode after applying voltage, together with or without the electric field.
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Fig. 3. (a) Photographs of luminescence change process of PtOEP and DPA2BPH, in CH3CN within 1 min after applying a voltage of 10V (Aex =365 nm). (b) Photos of TTA-UC
solution taken under excitation 532 nm laser (200 mW/cm?) before and after applying a voltage of 10V. (c) Normalized emission spectra measured in the anode and cathode

regions before and after applying a voltage of 10V, respectively.

that in solution state (Fig. S18 in Supporting information). DMSO
and quasi-solid matrix guarantee the TTA-UC is not inactivated
by oxygen [37,38]. The quasi-solid TTA-UC showed the same elec-
trophoretic response as the solution sample (Fig. S19 in Support-
ing information), indicating that the gel-like material did not in-
hibit the electrophoresis of the annihilator [39]. Then an upconver-
sion device for electrical write-and-erase was developed by coating
the quasi-solid TTA-UC film on indium-tin oxide (ITO) glass con-
nected to the anode. A movable Pt needle connected to the cath-
ode was used as a pen (Fig. 4a). As the Pt pen contacts the TTA-UC
film and moves, an electric field is applied between the pen and
the ITO glass which causes the electrophoresis of the annihilator
and consequently record the trace of the Pt pen. When the volt-
age is reversed, the recorded trace can be erased by the Pt pen
(Fig. 4a). As shown in Fig. 4b, a letter ‘L’ has been written onto
the TTA-UC film which is visible as a blue pattern under UV light
and 532 nm laser (245 mW/cm?). The intense blue fluorescence of
DPA chromophore masks the red phosphorescence of PtOEP un-
der UV irradiation, since the emission quantum yield and concen-
tration of DPA chromophore are much higher than that of PtOEP.
The thin film made of only the annihilator showed the “L” letter
under UV irradiation but no image upon 532nm excitation. The
thin film with only PtOEP had no active response toward the elec-
trically writing or photoluminescence readout. The demonstration
provides a possible approach for electrophoretic display and infor-
mation encryption.
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Fig. 4. (a) An illustration of the electrical recording device and the photos of the
quasi-solid film based on electrophoretic upconversion emission, showing handwrit-
ten letters “TTA” under 532 nm excitation. (b) The photographs taken under 532 or
365 nm excitation of the letter "L" written under a voltage of 10V on different elec-
trophoretic films consisting of DPA2BPH,/PtOEP, DPA2BPH, and PtOEP, respectively.

In summary, we have developed an electrophoretic upcon-
version system capable of reversible modulation under electric
field, allowing a fast-response luminescent write-and-erase. Under
the electric field, the positively charged annihilator molecules are
driven to enrich near the cathode, resulting in localized upcon-
version emission enhancement. Experiment shows that the elec-
trophoresis of the annihilator leads to an increase of approxi-
mately 20% in the upconverted emission from the cathode region.
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This electrophoretic upconverted emission is reversible. The TTA-
UC material has been utilized to fabricate a fast-response elec-
trophoretic ink that enables erasable handwriting under electric
field modulation, which shows electrophoretically responsive up-
conversion feature. This electrophoretic upconversion system pro-
vides a potential way for the fabrication of new materials for appli-
cations in information encryption and electrophoretic display de-
vices.
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