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Numerous researchers have paid attention to achieve metal-free phosphorescence by exploring new
structures or new mechanisms. Herein, a facile way is introduced to endow a common fluorescence dye,
tetrabromofluorescein (4Br-Flu), some fabulous optical characteristics such as dual emission including
thermally activated delayed fluorescence, room-temperature phosphorescence (RTP), and the excellent
pH-sensitivity. Shortly, 4Br-Flu with good light-emitting properties is composed into the polymer
system. The multiple bromine atoms promote the spin-orbit coupling effect and facilitate triplet
excitation. Especially, the hydrogen bonding network of the polymer restricts the molecular motion of
4Br-Flu so that the system can emit long-wavelength RTP when 4Br-Flu is doped into polyvinyl alcohol or
co-polymerized with acrylamide. Due to the reversible transformation of protonation and deprotonation,
the 4Br-Flu based polymer responded to acid and alkali like a phosphorescent switch which makes it an
excellent hydrogen chloride/ammonia gas leak detector in dry environment.
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Recently, room-temperature phosphorescence (RTP) com-
pound as one of the most promising light-emitting materials
has aroused worldwide attention attributing to its excellent
luminescence properties and potential application in in vivo
imaging [1,2], anti-counterfeiting materials [3], molecular
switches [4,5], and so forth [6-8]. Meanwhile, pure organic
materials emitting RTP is excellent in low cost and low toxicity
when compared with other conventional inorganic compounds
such as expensive metal complexes [9]. Especially, researchers
have contributed a lot to the progress of achieving amorphous RTP
materials when developing crystal RTP materials is limited by
harsh conditions in processes of single crystal cultivation [10-17].
Amorphous polymers with hydrogen bond networks can suppress
non-radiative transition which will facilitate RTP emission [18-23].
Therefore, developing new amorphous polymer with RTP is of
great importance. Tetrabromofluorescein (4Br-Flu) as promising
light-emitting monomers are introduced into the polymer system.
4Br-Flu is the first reported organic compound with thermally
activated delayed fluorescence (TADF) [24]. On the one hand, the
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heavy atoms and the aromatic carbonyl group of 4Br-Flu will
facilitate the spin-orbit coupling (SOC) effect to enhance the
intersystem crossing (ISC) of singlet excited state (S;) to triplet
excited state (T;) so that the phosphorescence quantum yield is
improved [25]. On the other hand, the different ionic states of
4Br-Flu probably endow the new polymer based on 4Br-Flu with
pH-response characteristic, which could be applied in the
production environment because there are colours and structures
changes (Scheme 1).

Herein, 4Br-Flu and 3-bromopropene were reacted together,
and the dark red crude product (intermediate 1) was purified by
column chromatography using dichloromethane and methanol as
the developing solvent (Scheme S1 in Supporting information).
Through Ma'’s previous work [26,27], polyacrylamide is a good
rigid polymer matrix that can effectively fix the luminophore, and
these hydrogen bonds formed by the intertwining of the chains
network will further strengthen this rigidity. Naturally, interme-
diate 1 and acrylamide were co-polymerized at a molar ratio of
1:50 to result polymer P1 as a dark pink powder.

An optical test was performed on the solid powder of the
product polymer P1 (Fig. 1). First, XRD of both the P1 and
intermediate 1 was carried out respectively to prove that P1 is the
amorphous material while intermediate 1 is crystal (Fig. 1c). Then
photophysical properties of intermediate 1 and polymer P1 were
shown in Fig. 1a and Fig. S3 (Supporting information) that the solid
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Scheme 1. Colours changes and corresponding structures changes of P1.
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Fig. 1. (a) Emission spectra of P1 (red line) in phosphorescent mode (A.x = 540 nm, voltage = 650 V). (b) Emission spectra of P1 (red line) in 298 K (black line) and 77 K (red
line) in phosphorescent mode (Aex = 540 nm). (c) XRD patterns of intermediate 1 (black line) and P1 (red line). (d) Lifetime of phosphorescence of P1 at 77 K (red line) and

298 K (black line).

powder of intermediate 1 hardly emits RTP in the phosphorescence
mode and the possible reason is that the internal movement of the
molecule is too violent, which causes non-radiative loss of triplet.
The polymer P1 exhibited double emission peaks at 570 nm and
700 nm after being excited by visible light at 540 nm. Since the
delayed emission at 570 nm of polymer P1 was the same as the
fluorescence emission (Fig. S2 in Supporting information), it was
attributed to TADF emission. In order to further verify this
hypothesis, the intensity tests were carried out on the emission
peaks at 570nm and 700nm of P1 at different temperatures
(Fig. 1b). The Iuminous efficiency of TADF was specifically
decreased with the decrease of temperature, which is exactly
the opposite of that of phosphorescence. The lifetime of the
700 nm emission increased with the decrease of temperature
(Fig. 1d), which is 6.94 ms at 77 K while the lifetime is 1.85 ms at
298 K (Fig. S1 in Supporting information). Therefore, the emission
at 570nm belongs to TADF while the emission at 700 nm is
attributed to RTP.

Dual emission was resulted from the formation of a strong
hydrogen bond network between the polyacrylamide chains,
which largely inhibited the molecular motion of 4Br-Flu. At the
same time, the four bromine atoms also greatly promoted the SOC
process, so the RTP emission peak of P1 is formed at 700 nm. As
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shown in Scheme 1, fluorescein is featuring with the varied states
of protonation and tautomeric form [28,29], which endows 4Br-Flu
a reversible transformation of protonation and deprotonation in
different concentration of acid and alkali environment so that the
photophysical properties of P1 can be changed accordingly. In
acidic solutions, 4Br-Flu exists in the form of cations and its
conjugation degree is small while 4Br-Flu exists in the hydroxyl
form in alkaline solutions and the degree of conjugation increases
so that the pH of the environment has an influence on both the
color and luminescence directly. Thus, P1 was treated with HCI
solutions (pH 0.25, 2.50) and NaOH solutions (pH 8.70, 10.95) to
adjust its corresponding TADF and RTP emission. It can be seen
from Fig. 2 that with the pH decreased, the intensity of the TADF
and RTP emission of the P1 decreased compared with the initial
state of P1 in the phosphorescence mode and there was also a 5 nm
blue shift of value of 0.25, the TADF and RTP emissions of P1 were
almost disappeared. Subsequently, the NaOH solution was added
to the acidic polymer and its pH value increased, which led to the
corresponding solid polymer TADF and RTP emission intensity
gradually increased again. When the pH value of the solution is
10.95, the TADF and RTP emission peak intensities of the obtained
polymer P1@pH 10.95 restored to half of that of P1, not to the
original intensity, which is probably because strong alkaline
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Fig. 2. The corresponding emission changes of solid powder in phosphorescent
mode after successively treated with HCI solutions of pH 2.50 and pH 0.25, NaOH
solutions of pH 8.70 and pH 10.95 (the excitation wavelength of acidic polymer is
520 nm, and that of alkaline polymer is 540 nm).

environment causes the collapse of the hydrogen bonding net so
that P1 cannot recover to its original structure. After the sequential
treatments of HCl and NaOH solutions, the polymer was also
changed from dark pink to orange and back to dark pink under
sunlight (Fig. S5 in Supporting information). Then the reversible
repeatability test was also carried out (Fig. 3). The emission
intensity of TADF and RTP was changed with the times of HCI and
NaOH solution treatments, and P1 had certain reversible
repeatability after five cycles of test. In a word, polymer P1 has
achieved an acid-base response at good repeatability when treated
with acid-base solutions of different pH value. It is noteworthy that
there are few reports about fluorescein-based polymers whose RTP
emission is in the red region, and the most striking thing is its
responsiveness to the pH value of the environment.

In view of the acid-base response characteristics of P1, a
detection agent for visually monitoring hydrogen chloride gas and
ammonia gas was available (Fig. 4). When a small amount of dry
hydrogen chloride gas was passed into P1, the color of P1 was
changed from pink to orange. Then ammonia gas was passed into
orange P1, the color was changed from orange back to pink. It was
consistent with changes of P1 after acid and alkali solution
treatment. Obviously, P1 can achieve pH response in the air.
Making use of this feature, P1 can be applied to a hydrogen
chloride gas leaking detection agent while the acidified P1 can be
used as an ammonia gas leaking detection agent. In a word, the
color change of P1 allowed qualitative monitoring of the hydrogen
chloride gas and the ammonia gas leak by naked eyes.

To further explore the factor of RTP emission of P1, 1 wt%
polyvinyl alcohol (PVA) thin film was synthesized for proving that
RTP intensity could be enhanced by hydrogen bonding (Fig. 5a).
The method is to dissolve 4Br-Flu into methanol and mix with PVA
aqueous solution while continuously stirring and heating. After the
two components were mixed completely, it was coated on the
quartz plate by dripping and dried to form a thin film. Photo-
luminescence of thin film was tested in phosphorescence mode. As
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Fig. 3. Reversible repeatability test of the intensity of corresponding solid powder
polymers at their respective (a) RTP and (b) TADF maximum emission intensity after
treated with acid/alkali solution.
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Fig. 4. The corresponding polymer changes in color under (a) daylight and (b)
365 nm UV light after treated with HCl and NH3 gas.

(a)

O “oon
on
Br. Br
H(m('—‘—(u{ = ’ O + W
o o oH H  OH
B Br l

OH OH OH OH OH

= PVA

(b)

800

= 600

400

Intensity (a.u

200

0
300

500 600 700 800
Wavelength (nm)

400

Fig. 5. (a) The structural diagram and (b) time-resolved luminescence (delay time:
0.1 ms) spectra of 4Br-Flu/PVA thin film (1 wt%).

shown in Fig. 5b, when excited with 527 nm visible light, the 4Br-
Flu/PVA thin film was found to emit TADF at 554 nm and RTP at
682 nm. Compared with polymer P1, the emission was almost the
same but there was a 23 nm blue shift of thin film, which is
probably because that the carboxyl of 4Br-Flu was substituted in
polymer P1. All in all, 4Br-Flu thin film with RTP emission proved
that there was an interaction among the hydroxyl on the PVA chain
and the hydroxyl and carboxyl of 4Br-Flu, which formed a dense
hydrogen bonding network that suppressed the motion of
phosphor. In fact, hydrogen bonding network contributes a lot
to achieving organic RTP.

In conclusion, 4Br-Flu with multiple heavy atoms and a large
degree of conjugation was the basic luminophore to realize RTP in
polymer system. After a simple etherification reaction and
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copolymerization with acrylamide to form a polymer or doping
into PVA to form a film, polymers that can emit both orange-yellow
TADF and red RTP at the same time was achieved. First of all, the
strong hydrogen bond network formed between polyacrylamide
chains can suppress the non-radiative vibration of the lumino-
phore. In addition, the participation of four bromine atoms also
strongly strengthened the SOC effect so that the polymer can
achieve RTP emission. Herein, strategies such as increasing the
conjugate structure of the fluorescein body [30] can be used to
obtain a more red-shifted wavelength emission and applied to the
field of near-infrared phosphorescent probes in the future.
Meanwhile, considering how to weaken TADF to obtain phospho-
rescence with higher quantum yield is meaningful. More
interestingly, the emission of polymer TADF and RTP will play a
leading role one after the other under different temperature
environments, which will provide an excellent sample for the
future design of temperature-controlled TADF/RTP materials.
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Supplementary material related to this article can be found, in the
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