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Organic fluorescence-phosphorescence dual-emission materials are attracting broad attention for their wide
potential applications in information technology, display media, etc. Most reported organic systems rely on the
combination of two or more luminogens that emit different-colored phosphorescence and fluorescence respec-
tively. By contrast, the fluorescence-phosphorescence dual-emission from one single luminogen system are
especially appealing, as they can offer many advantages such as improved luminescence stability, simplified
fabrication process and excellent reproducibility. Nevertheless, it remains challenging to achieve stimuli-
responsive fluorescence-phosphorescence dual-emission in monochromophore-based organic material. Herein,
we specially designed one new bromine-substituted naphthalimide molecule and incorporated it into a dynamic
carboxyl hydrogen-bonded polyacrylic acid (PAA) network to produce the robust multi-stimuli-responsive
fluorescence-phosphorescence dual-emission materials. Detailed studies demonstrated that high-density
carboxyl hydrogen-bonded crosslinks play important roles in the achievement of intense phosphorescence by
providing a rigid environment and efficient oxygen barrier to stabilize the triplet-excited states. On this basis,
responsive fluorescence-phosphorescence dual-emission characteristic was guaranteed to realize interesting
luminescence color changes, because many environmental stimuli (e.g., temperature, humidity, or alcohol) were
known to dissociate the carboxyl hydrogen-bonded crosslinks. This reported strategy is expected to be universal
and promising for the future development of powerful organic fluorescence-phosphorescence dual-emission
materials with versatile uses.

1. Introduction only after turning off the irradiation light, which makes the reported

applications highly dependent on time-resolved imaging technology and

Organic materials with stimuli-responsive fluorescence-phosphores-
cence dual-emission at room temperature have recently emerged as a
new type of smart luminescent materials, and are attracting increasing
interest owing to their wide applications in the field of optical sensing,
bio-imaging, information technology and display media [1]. However,
since the triplet-excited states of most organic materials are sensitive to
temperature/oxygen and usually unstable, their phosphorescence
emission efficiency is lower than their fluorescence efficiency [2]. As a
result, most organic materials usually display visible phosphorescence

largely restricts the development of direct visualization-based applica-
tions [3]. Therefore, in order to achieve efficient fluorescence-
phosphorescence dual emission, such difficult challenges as oxygen
quenching and fast nonradiative decay of the excited triplet states (T;) at
room temperature should be well addressed to control the proportion
between T; and the excited singlet states (S;) through delicate material
design [4]. One effective strategy is to confine the chromophores in a
relatively rigid environment through molecular crystallization [5],
incorporation into a molecular cavity [6], or polymer matrix [7]. In this
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way, molecular motion is largely restricted, and oxygen exposure is also
partially blocked, thus activating the phosphorescence emission. Among
these approaches, confining luminogens into an amorphous polymer
matrix is particularly attractive, because the polymer matrix not only
opens the possibility for easy material processability but also leads to
flexible fluorescence-phosphorescence dual-emission films with diverse
potential uses [8].

So far, a number of fluorescence-phosphorescence dual-emission
polymeric materials have been developed by incorporating two or more
luminogens that emit different-colored phosphorescence and fluores-
cence respectively into a polymer matrix [6d,9]. By contrast, the
fluorescence-phosphorescence dual-emission from one single luminogen
system can offer many advantages, including improved luminescence
stability, a simplified fabrication process, and excellent reproducibility.
Especially, if such phosphorescence-fluorescence emission ratio could be
largely varied in response to external stimuli (e.g., environmental tem-
perature, humidity), the dynamic and reversible luminescence color
changes would be envisaged to bring many potential applications such
as rewritable display and color-changing paintings. However, despite its
potential, the achievement of stimuli-responsive fluorescence-phos-
phorescence dual-emission in the monochromophore-based organic
material still remains a formidable challenge.

Herein, we design one special organic molecule (Bis-BrNpA) con-
taining two bromine-substituted naphthalimide luminogens and
assemble it into the dynamic hydrogen-bonded polyacrylic acid (PAA)
matrix to produce flexible luminescent film material Bis-BrNpA-PAA
(BB-PAA). Intriguingly, although Bis-BrNpA shows only fluorescence
in organic solvents, the self-assembled polymer film emits the desired
fluorescence-phosphorescence dual-emission in an air atmosphere at
room temperature, rather than mere phosphorescence emission. The
high-density carboxyl hydrogen-bonded (H-bonded) crosslinks in the
BB-PAA film material are believed to account for the observed
fluorescence-phosphorescence dual-emission by providing a rigid envi-
ronment and efficient oxygen barrier. Importantly, owing to the dy-
namic nature of H-bonded crosslinks in PAA, the as-prepared BB-PAA
film displays reversible phosphorescence-to-fluorescence conversion
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and thus emission color changes in response to multiple environmental
stimuli such as temperature, humidity, or alcohol. Importantly, this
proposed strategy has been proved to be generally applicable to realize
efficient room temperature fluorescence-phosphorescence dual emission
in a series of other dynamic hydrogen-bonded polymeric materials (e.g.,
poly (2-hydroxyethyl methacrylate) and polyvinyl alcohol). Such
monochromophore-based polymer systems with both fluorescence-
phosphorescence dual-emission and multi-stimuli responsive lumines-
cence color changes have been seldomly reported, but are highly
appealing. Their potential applications for rewritable information
display and color-changing paintings are further exploited (Scheme 1).

2. Materials and methods
2.1. Materials

Methanol (MeOH, 99%), ethyl alcohol (EtOH, 99%), and dimethyl
formamide (DMF, 99%) were purchased from Sinopharm Chemical
Reagent Co. Ltd. Dimethyl sulfoxide (DMSO, 99%), tetrahydrofuran
(THF, 99%), ethylene glycol (EG, 99%), sodium bromide (K2SO4, 99%),
lithium chloride (LiCl, 98%), sodium carbonate (NaxCO3, 99%), poly-
acrylic acid (PAA, M,,: 4.5 x 10° g-mol 1) and 2-hydroxyethylmethacry-
late (HEMA, 99%, stabilized with MEHQ) were obtained from Aladdin
Chemistry Co. Ltd. 4-Bromo-1,8-naphthalic anhydride (97%) was pro-
vided by Alfa Aesar Chemical Co. Ltd. Polyvinyl alcohol (M,,: 1.7 x 10°
g-mol™!) was gotten from Energy Chemical. 2,2-azoisobutyronitrile
(AIBN, 99%) was provided by J&K Scientific Ltd. 1,4-butylenediamine
(98%) was supplied by Shanghai Macklin Biochemical Co. Ltd. AIBN
was purified by recrystallization, and vacuum distillation. HEMA passed
through an alumina column to remove the stabilizer before use. Other
materials were used without further purification.

2.2. Synthesis of Bis-BrNpA

4-butylenediamine (0.503 mL, 0.005 mol) was added to a suspension
of 4-bromo-1,8-naphthalic anhydride (3.048 g, 0.011 mol) in 120 mL of
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Scheme 1. Schematic illustration showing the responsive fluorescence-phosphorescence dual-emission of thin polymeric film (BB-PAA) for rewritable information
display. The PAA matrix provides tunable oxygen barrier property and a rigid environment that serves to stabilize the triplet state of the organic molecule Bis-BrNpA.
Meanwhile, the dynamic nature of the H-bonded crosslinks in PAA endows the film with responsive and reversible luminescence color change to enable rewritable

information display.
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absolute ethanol. The mixture was kept stirring and heated at reflux for
8 h. After the reaction mixture was cooled to room temperature, the
precipitate was filtered to get the crude product. Then the crude product
was washed with 500 mL saturated NapCOs aqueous solution and
filtered again, afterward dried in a vacuum for 24 h to obtain Bis-BrNpA
(3.0215 g, 93%) as a slightly yellow solid. 1y NMR (400 MHz, CDCl3) 6
8.62 (d, J = 7.2 Hz, 2H), 8.56 (d, J = 8.6 Hz, 2H), 8.38 (d, J = 7.8 Hz,
2H), 8.02 (d, J = 7.9 Hz, 2H), 7.83 (t, J = 7.9 Hz, 2H), 4.25 (t, 4H), 1.88
(m, 4H). 1*C NMR (151 MHz, CDCl3) § 163.64, 133.27, 132.08, 131.27,
131.09, 130.65, 130.25, 129.06, 128.07, 123.13, 122.27, 40.18, 25.73.
HR-ESI-MS: CygH;gBraN.Oy4 for [M + H]™T, calculated 606.96, found
606.96.

2.3. Fabrication of BB-PAA film

Bis-BrNpA was first dissolved in methanol at 50 °C for 6 h to prepare
a spare solution with a concentration of 1.6647 x 10™* M. 5.0 g PAA was
dissolved in 100 mL of stock solution at room temperature under stirring
for 2 h. The concentration of the solution was 0.05 g-mL~'. The meth-
anol solution of PAA (10 mL) and Bis-BrNpA (10 mL) were mixed and
then added into Petri dish mold (inner diameter 60 mm). The solvent
slowly evaporated at room temperature and polymeric film was
obtained.

2.4. Fabrication of BB-PHEMA film

The preparation of BB-PHEMA film was similar to that of BB-PAA
film. The methanol solution of PHEMA (10 mL) and Bis-BrNpA (10
mL) were blended. Then they were added into Petri dish mold and the
solvent slowly evaporated at room temperature. Finally, the polymeric
film was gained.

2.5. Fabrication of BB-PVA film

Mixture of PVA (1.0 g) and Bis-BrNpA (2.8 mg) was first dissolved in
the deionized water/ ethylene glycol (EG) mixture (1/1, w/w) at 95 °C.
After being entirely dissolved, the solution was cast into glass square
mold and then cooled at —20 °C for 20 min. Subsequently the mold was
removed to give organohydrogel. The organohydrogel was soaked in
deionized water for 48 h to exchange EG with excessive water to get
hydrogels. The BB-PVA film was obtained by water evaporating
naturally.

2.6. Characterization

'H NMR and '3C NMR spectra of Bis-BrNpA were measured on
Bruker Advance AMX-400 spectrometer in CDCls. ESI-MS spectra were
recorded on AB Seciex Triple TOF 4600. UV-Vis absorption and trans-
mittance spectra were tested from a UV-Vis spectrophotometer (Lambda
1050+, Perkin Elmer Co., Ltd.). The digital photos of the polymeric films
were taken under a UV lamp (ZF-5, 8 W, 365 nm), and all fluorescent
photographs were taken by the same UV lamp using a smartphone
(iPhone 12mini). FT-IR spectra were obtained with a Thermo Fisher
Scientific Nicolet 6700 FT-IR spectrometer with 32 scans, spanning a
spectral range of 4000-800 cm ™~ with a resolution of 4.0 cm ™. Raman
scattering characterizations were taken by a Raman system (in Via-
reflex, Renishaw) with a 785 nm excitation wavelength. The cross-
section morphology of the film was performed by field-emission scan-
ning electron microscopy (SEM, S-4800, Hitachi) with an accelerating
voltage of 5.0 kV. Steady-state photoluminescence spectra and time-
resolved emission spectra were performed with a Horiba FL3-111 fluo-
rescence spectrofluorometer with a 400 nm long wave pass (LWP) filter
at room temperature with a 450 W Xenon lamp, delay time (0.05 ms),
flash count (40), time per flash (30 ms). Temperature-dependent
delayed emission spectra were obtained by the same spectrofluorom-
eter but equipped with a temperature controller. The
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photoluminescence quantum yields were measured by Otsuka Photal
Electronics QE-2100 Quantum Efficiency Tester and the excitation
wavelength was 365 nm. The lifetime (t) of the emission was deter-
mined by fitting the decay curve with a multiexponential decay
function:

I(t) = ZA,e*i

where A; and 7; represent the amplitude and lifetime of an individual
component for multiexponential decay profiles, respectively.

The average lifetimes were calculated according to the following
equation:

2
Tayg = E oiT; [oyT;

All DFT calculations were performed using the Gaussian 16 software
package. The optimized geometries of the Bis-BrNpA molecule and the
corresponding HOMOs and LUMOs were performed at B3LYP/def2tzvp.
The solvent effect was considered by the continuum solvent model. The
So to S1, Sp to T; vertical transitions were obtained through TD-DFT
using PBE1PBE/def2tzvp.

3. Results and discussion
3.1. Synthesis and photophysical properties of Bis-BrNpA

The luminescent molecule (Bis-BrNpA) as the organic chromophore
(Fig. 1a) was conveniently synthesized by one-step condensation reac-
tion of 4-bromo-1,8-naphthalic anhydride and 1,4-butylenediamine in
ethanol at elevated temperature (Fig. S1) [10]. Its molecular structure
was clearly characterized by 'H and '*C NMR spectra, Fourier Transform
Infrared (FT-IR) spectroscopy and ESI-MS spectrum (Fig. S2-S5). The
typical 'H signals around 1.8 and 4.3 ppm (methylene hydrogen) and
multiple peaks at 7.8 ~ 8.7 ppm (naphthalene ring hydrogen), as well as
the !3C signals at 163.6 ppm (carbonyl carbon), 25.7, and 40.2 ppm
(methylene carbon) clearly indicated the synthesis of Bis-BrNpA.

The photophysical properties of Bis-BrNpA were then systematically
studied in solution. Fig. 1b, ¢ depicted its UV-Vis and steady-state
photoluminescence (PL) spectra in various solvents (2 x 10 M). Its
absorption spectra are quite similar in THF, DMF, and DMSO solution,
which show two absorption bands around 342 nm and 356 nm that are
ascribed to the n—zn* transition of the bromine-substituted naph-
thalimide luminogen [11]. The gradual increase in polarity of solvents,
including THF (Ao = 340 nm), DMF (A4 = 342 nm), and DMSO (Ayp =
344 nm), leads to a redshift (~ 4 nm) of their maximum absorption
peaks. Even though the polarity of MeOH is not the biggest among the
selected solvents, the longer wavelength absorption with elevated
baseline in MeOH solution is observed, which is ascribed to the Mie or
light scattering effects as MeOH is a poor solvent and tends to induce the
aggregation of Bis-BrNpA molecules [12]. As for the luminescent spectra
measurement, the excitation wavelength of 320 nm was chosen because
the Bis-BrNpA molecule has intense light absorption at this wavelength
range. As shown in Fig. 1c, its THF solution exhibited one single emis-
sion band around 389 nm, while noticeable redshifts (~ 9 nm) were
observed in the emission spectra of its DMSO solution. As expected, a
more evident red shift was observed for its MeOH solution. These results
suggested that their luminescence spectra show an obvious dependence
on solvent polarity. Similar solvent-dependent photoluminescence
behavior was observed at a lower-concentration solution (Fig. S6). This
is possibly because the Bis-BrNpA molecule has intramolecular charge
transfer (ICT) owing to the presence of an electron-withdrawing Br atom
[13], thereby inducing the fluorescence emission. To better understand
the inherent ICT transition of the Bis-BrNpA molecule, density func-
tional theory (DFT) calculations were then conducted [14]. As illus-
trated in Fig. 1d, the electron cloud is localized around the whole
bromine-substituted naphthalimide luminogens at its highest occupied
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Fig. 1. Molecular structure of Bis-BrNpA and its photophysical properties. a) Chemical structure of Bis-BrNpA. b) Normalized absorbance spectra of Bis-BrNpA in
various organic solvents (2 x 10° M). ¢) Normalized photoluminescence spectra of Bis-BrNpA in various organic solvents (Aex = 320 nm). d) Calculated ground state
HOMO/LUMO energy profiles of Bis-BrNpA in DMSO. DFT calculations were performed with B3LYP/def2tzvp using the Gaussian 16 program.

molecular orbital (HOMO) state, while the lowest unoccupied molecular
orbital (LUMO) is mainly localized at the two naphthalimide groups,
suggesting the possible occurrence of electron transfer from bromo
groups to naphthalimide groups when Bis-BrNpA molecule was excited.

3.2. Fluorescence-phosphorescence dual emission through the
confinement of Bis-BrNpA in dynamic polymer networks

Encouraged by the solvent polarity-dependent luminescent proper-

ties of the Bis-BrNpA molecules, we next explored the possibility to
confine these luminogens into polymer networks for developing soft

EMER.PAA film

luminescent polymer films with tunable emission. Towards this end,
polyacrylic acid (PAA) was first chosen as the polymer matrix due to its
good film-forming capacity and dynamic hydrogen-bonded (H-bonded)
crosslinks. As schemed in Fig. S7 in supporting Information, the thin
polymer films (BB-PAA) were prepared by pouring the mixed methanol
solution of Bis-BrNpA and PAA (Bis-BrNpA/PAA, weight ratio of 1:500)
into a Petri dish mold and then allowing the solvent to slowly evaporate
at room temperature. The concentration of Bis-BrNpA in methanol is
1.6647 x 10* M (Fig. S8) and at this point, the solution is saturated.
During the film-forming process, high-density H-bonded crosslinks were
formed between the pendent carboxylic acid groups and the carbonyl
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Fig. 2. Fluorescence-phosphorescence dual emission property of the flexible BB-PAA thin film. a) Photographs showing BB-PAA film under daylight, 365 nm UV light
(Scale bar is 5 mm), and its SEM image of cross section. b) EDS mapping of N and Br in BB-PAA film. c) Normalized photoluminescence spectra of Bis-BrNpA solid and
BB-PAA film. d) The delayed (0.05 ms) photoluminescence spectra of Bis-BrNpA solid and BB-PAA film. e) Calculated energy gaps (eV) between S;, Ty, and So based

on the optimized T; geometry for Bis-BrNpA. (Aex = 365 nm).
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groups of Bis-BrNpA to facilely give the flexible BB-PAA film (Fig. 2a).
The as-prepared BB-PAA film (thickness ~ 350 pm, obtained from the
scanning electron microscope images, SEM) was highly transparent
under daylight with transmittance above 85% at 400 nm (Fig. S9). As
shown in Fig. 2b, the results of elemental mapping (for N and Br) by
energy-dispersive X-ray spectroscopy (EDS) further indicated the uni-
form distribution of Bis-BrNpA molecules in the obtained polymer films.

Photophysical properties of the obtained BB-PAA thin film were then
systematically studied. Fig. S10 compared its UV-Vis spectra and that of
the pure Bis-BrNpA solid. They showed similar absorption behaviors. In
consistency with the high transparency under daylight, no evident ab-
sorption band of the film was observed in the visible region. As shown in
Fig. S10, the primary absorption band was centered at 347 nm, which
was significantly redshifted compared with that of the Bis-BrNpA
molecule recorded in dilute THF solution (~ 340 nm, THF is a good
solvent for Bis-BrNpA). Moreover, a red-shifted absorption spectrum
was also observed for the MeOH solution of Bis-BrNpA, because MeOH is
a bad solvent for Bis-BrNpA and prone to form Bis-BrNpA aggregates.
These experimental results suggested that Bis-BrNpA may form aggre-
gates in the obtained BB-PAA film. As shown in Fig. 2c and S11, the Bis-
BrNpA solid displayed an emission band centered at 433 nm with nearly
negligible photoluminescence quantum yield (0.1%) and very short
nanosecond fluorescence lifetime (T433 nm = 11 ns), which should be
ascribed to fluorescence rather than thermally activated delayed fluo-
rescence. Fig. S12 showed the photographs of Bis-BrNpA solid under
daylight and 365 nm UV light. Astonishingly, not only a red-shifted
emission band at 438 nm but also a new emission band at 568 nm was
observed in the steady-state photoluminescence spectra of BB-PAA film
taken in air at room temperature. The photoluminescence quantum
yield of BB-PAA film was 7.2%. To reveal the origination of this new
long-wavelength emission, the time-resolved (delayed) photo-
luminescence spectra (Fig. 2d) obtained 0.05 ms after excitation was
recorded, which exhibited only one single emission band at 573 nm. This
observation, together with its microsecond lifetime (ts6g nm = 6.3 ms)
shown in Fig. S13, suggested that this red-shifted emission band around
568 nm should be assigned as phosphorescence, and its phosphores-
cence quantum yield was calculated to be 5.5%, while the higher-energy
emission band at 438 nm with nanosecond lifetime (t438 nm = 20 ns)
should originate from fluorescence [1b]. Moreover, the value of the
energy gap between S; and T; (AEgy) for the BB-PAA film could be
obtained as 1.8 eV according to the time-dependent density functional
theory (TD-DFT) calculation. The AEgy in the doped film was large
enough to block the reverse intersystem crossing for T; to S;, which
facilitated the phosphorescence emission (Fig. 2e) [6b,15]. The
computational details can be found in the supporting Information for
Bis-BrNpA (Fig. S14). Next, the ratio of Bis-BrNpA has a great influence
on the phosphorescence/fluorescence emission ratio (defined as Isgg nm/
I438 nm) of BB-PAA film. In order to obtain the film possessing stronger
emission, we prepared the film containing different weight ratio of Bis-
BrNpA (Fig. S15). As shown in Fig. S15, the phosphorescence/fluores-
cence emission ratio of BB-PAA film was highly dependent on the Bis-
BrNpA/PAA weight ratio. It was found that when the Bis-BrNpA/PAA
weight ratio was 1:500, the ratio of Ises nm/l4ss nm reached the
maximum. Therefore, the Bis-BrNpA/PAA weight ratio of 1:500 was
employed for the studies except as otherwise noted. Compared with the
BrNpA doped polymer film (0.5% by weight [13a]), our Bis-BrNpA
doped polymer film exhibited intense room-temperature fluorescence
phosphorescence dual-emission with a longer lifetime (6.3 ms), possibly
because the closer proximity of two BrNpA luminogens in Bis-BrNpA
could enable more stable triplet excitons. Interestingly, nearly iden-
tical fluorescence and phosphorescence peaks were recorded in air or Ny
atmosphere, suggesting the negligible influence of oxygen (O3) on the
photophysical properties of BB-PAA film (Fig. S16). In this way, the
flexible polymer film with unexpected dual-mode luminescence was
prepared, which was capable of emitting stable fluorescence and phos-
phorescence in the air at room temperature.
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3.3. Temperature-responsive phosphorescence change and the mechanism

Owing to dynamic H-bonded crosslinks of the PAA matrix, the
fluorescence-phosphorescence dual-emission BB-PAA thin film dis-
played interesting temperature-dependent luminescence spectra. As
shown in Fig. 3a, a large phosphorescence reduction (75%) at 568 nm
was observed upon raising the temperature from 25 °C to 85 °C, while
there was only slight fluorescence intensity loss (23%) at 438 nm. This
observation was consistent with the excitation-emission mapping results
(Fig. 3b), which showed significant intensity loss of the red phospho-
rescence at elevated temperature. These results indicated that the
phosphorescence intensity of BB-PAA thin film was more sensitive to
temperature variations, resulting in noticeable temperature-dependent
emission color changes (Fig. S17). Dynamic “color-changing leaves”
paint was also demonstrated (Fig. S18, Movie S1) in which these red
leaves quickly turned to be purplish at an elevated environment tem-
perature. To gain insight into the detailed molecular interactions in BB-
PAA film for such luminescence responses, variable-temperature FT-IR
spectroscopy was conducted. As shown in Fig. 3c, upon temperature
elevation from 23 to 95 °C, the signal around 1750 em~! (free C=0)
gradually increased, and meanwhile, the signal around 1660 em™! (H-
bonded C=0) decreased, indicating the dissociation of H-bonded in-
teractions [16]. Another prominent absorption band (attributed to the
O-H stretch) was centered around 3100 cm™! and extending approxi-
mately from 2800 cm™! to 3400 cm™! mainly due to the strong inter-
molecular H-bonding interactions of the pendant carboxylic acids [17].
As can be seen from Fig. 3c below, its signal intensity gradually
decreased with increasing temperature, indicating the weakening of
these intermolecular H-bonding interactions. As a powerful tool for
extracting more subtle spectral information, two-dimensional correla-
tion spectroscopy (2DCOS) analysis was carried out to discern the
sequential thermal response of different species (Fig. 3d) [18]. The
response order of these peaks was speculated as follows: v (3100 cm %)
- v (1660 cm™ 1) = v (1750 ecm™ ). According to Noda’s judging rule
[19], these results suggested that with increasing temperature, the O-H
moieties moved first to dissociate the H-bonds with C=0 groups. On the
basis of these findings, the microscopic molecular mechanism for such
temperature-dependent fluorescence-phosphorescence responses of BB-
PAA thin film could be speculated and schemed in Fig. 3e. At room
temperature, the Bis-BrNpA molecules were firmly incorporated in the
H-bonded PAA network, which provided a rigid environment and oxy-
gen protection to activate efficient room-temperature phosphorescence.
At elevated temperature, these H-bonded interactions were gradually
dissociated to enable fast nonradiative decay and oxygen quenching,
resulting in noticeable luminescence spectral change. After returning to
room temperature, H-bonded polymer network was reformed to recover
the phosphorescence (Fig. S19).

3.4. Multi-stimuli responsiveness

Having demonstrated that the dynamic H-bonded polymer network
is essential for the intense phosphorescence of flexible BB-PAA thin film
around 568 nm, we next explored the possibility to regulate its emission
spectra and color by employing environmental humidity or alcohol
vapor that can form strong H-bonds with PAA. To this end, steady-state
photoluminescence spectra were recorded at different time intervals
after placing the as-prepared BB-PAA thin film in a high-humidity
environment (Relative humidity, RH~ 98%). Note that the water solu-
bility of BB-PAA film is very good, water cannot be directly dropped on
the film. As summarized in Fig. 4a and S20, the phosphorescence band
was found to gradually decrease within tens of minutes, which is
attributed to the fact that more water molecules diffuse into the film
with time, dissociating the H-bonded PAA network and thus destroying
the rigid environment and oxygen protection provided by the PAA
network. As a result, humidity-dependent emission color change was
visible because there is significant phosphorescence loss for the BB-PAA
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Fig. 3. Temperature-responsive phosphorescence change of the BB-PAA film. a) Steady-state photoluminescence spectra of BB-PAA film measured at 25, 40, 55, 70,
and 85 °C. b) Luminescence mapping of BB-PAA film at 25 °C (left) and 85 °C (right). ¢) Temperature-dependent FT-IR spectra of BB-PAA film upon heating from 23
to 95 °C (interval: 3 °C). d) Two-dimensional COS synchronous and asynchronous spectra wherein red and blue colors are defined as positive and negative intensity,
respectively. e) Schematic illustration showing the possible mechanism of the luminescence color variation of BB-PAA film when the temperature changed. (Aex =

365 nm).

film at high humidity. This observation was consistent with the
excitation-emission mapping results (Fig. 4b), which showed significant
intensity loss of the red phosphorescence after a long exposure time (30
min). To provide direct evidence for such humidity-triggered phospho-
rescence change, in-situ Raman mapping of the BB-PAA film surface
(Fig. 4c) was conducted, which suggested that a large quantity of water
molecules have diffused into the BB-PAA film surface after being placed
at RH~ 98% for 30 min to vanish the red phosphorescence [20].
Meanwhile, there was only a relatively small intensity change for the
blue fluorescence band, thus leading to environmental humidity-

triggered emission color changes (Fig. S21), and the corresponding
luminescent photos of BB-PAA were shown in Fig. S22. Interestingly,
such humidity-responsive emission response was proved to be highly
reversible, as evidenced by the fact that the intense phosphorescence
peak could be fully recovered after re-placing the film in a dry atmo-
sphere (RH~ 11%) to trigger the re-formation of H-bonded polymer
network (Fig. 4d). Following a similar mechanism, reversible emission
color change was also observed for the BB-PAA thin film upon exposure
to alcohol vapors such as ethanol. Also, interesting emission color
change was noticed under the illumination of different-wavelength
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Fig. 4. Multi-stimuli-sensitive luminescence color changes of BB-PAA film and Bis-BrNpA in different polymer matrixes. a) Time-dependent photoluminescence
spectra of BB-PAA film recorded in RH~ 98% and b) luminescence mapping of BB-PAA film before and after being placed in RH~ 98% for 32 min. ¢) Raman mapping
of BB-PAA film surface before and after being placed in RH~ 98% for 30 min. The red color means higher water content. d) A plot of the Is¢g nm/I438 nm Of BB-PAA
film versus the number of cycles by varying the RH between 11 and 98 % alternately. ) Luminescence photos showing the multi-color changes of BB-PAA film in
response to multiple environmental changes. I: in RH~ 11%, at 25 °C. Scale bar is 5 mm. All photos were taken under a 365 nm UV lamp. f) Photoluminescence
spectra of BB-PHEMA film and BB-PVA film at RH~ 11%. g) Time-dependent Iyhes/Ifuo. changes of these films after being placed in RH~ 98%. (hex = 365 nm).

excitation lights (e.g., from 365 nm to 254 nm), because Bis-BrNpA
molecules have strong absorption bands at longer wavelength ranging
from 300 nm to 390 nm. Fig. 4e summarized the luminescent images of
BB-PAA thin film in response to various environmental stimuli such as
temperature, humidity, alcohol, and light.

In the above studies, the fluorescence-phosphorescence dual-emis-
sion polymer materials with desired multi-responsive emission color
changes have been demonstrated by assembling the organic chromo-
phore (Bis-BrNpA) into a dynamic H-bonded PAA network. Actually,
this reported strategy can be generally applicable. As shown in Fig. 4f,
the fluorescence-phosphorescence dual-emission polymer films have
also been prepared by utilizing poly (2-hydroxyethyl methacrylate)
(PHEMA) and polyvinyl alcohol (PVA) bearing plenty of pendant hy-
droxyl groups as the polymer matrix. The preparation of BB-PHEMA film
was similar to that of BB-PAA film, while the fabrication of BB-PVA film
was shown in Fig. S23 in supporting information. Both of the films
(thickness of BB-PHEMA film ~ 190 pm, BB-PVA film ~ 80 pm, obtained
from SEM, Fig. S24) were also highly transparent under daylight
(Fig. S25) and flexible (Fig. S26). Compared with that of BB-PAA film,
the phosphorescence intensities of BB-PHEMA film and BB-PVA film

were relatively small. Such observation could be understood, because
the H-bonded polymer networks in BB-PHEMA film and BB-PVA film
were formed between the pendant ~-OH groups, and thus displayed a
weaker restriction environment and less efficient oxygen barrier than
the carboxyl H-bonded polymer network in BB-PAA film. As expected,
these BB-PHEMA film and BB-PVA films also exhibited humidity-
responsive emission spectra and color changes (Fig. S27, S28), and the
corresponding luminescent photos of BB-PHEMA and BB-PVA were
shown in Fig. S29. Nevertheless, the phosphorescence of these poly-
meric films displayed different sensitivity to humidity (Fig. 4g). In-situ
Raman mapping of the films surface (Fig. 4c, S30) demonstrated a
large quantity of water molecules have diffused into these films surface
to vanish the phosphorescence. As a comparison, the responsive lumi-
nescent spectra of Bis-BrNpA solid in response to temperature, humidity,
and alcohol have been also conducted and summarized in Fig. S31. In
general, luminescent behaviors of the Bis-BrNpA solid were slightly
sensitive to temperature, humidity, and ethanol. However, when
compared with that of BB-PAA film, BB-PHEMA and BB-PVA film, it was
obvious that the Bis-BrNpA solid has only fluorescence emission but
almost no phosphorescence emission.
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3.5. Responsive luminescence color changes for rewritable or interactive
display

The flexible BB-PAA thin film, characterized by multi-responsive
dynamic and reversible emission color changes, further encouraged us
to explore their intelligent display functions and uses [21]. To show this
potential, we first utilized a Petri dish mold to prepare one round-shaped
BB-PAA thin film. As shown in Fig. 5a, b, the blue luminescent “Hi” word
was capable of being clearly printed on the purplish-red luminescent BB-
PAA thin film substrate by using water as the ink, because water has
been demonstrated to quench its red phosphorescence. Interestingly, the
water-written word would be completely self-erased after being placed
in a dry atmosphere (RH~ 11%) to allow the evaporation of water ink
and thereby the recovery of red phosphorescence. As a result, another
word or pattern could be written on the BB-PAA thin film substrate and
subsequently self-erased to enable the re-writing or re-printing of new
information. Since the water ink is green and free-of-residue, our flexible
BB-PAA thin film holds great potential to serve as an ideal rewritable
“paper” to reduce single-use paper consumption.

Besides rewritability, interactive display function could also be
guaranteed for the flexible BB-PAA thin film owing to its satisfying
environmental humidity-responsive phosphorescence-to-fluorescence
conversion nature. Fig. 5c showed a “flowers and leaves” picture

Water

N

N
N\

Substrate
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example, in which the three “flower” parts were prepared from BB-PAA
film, and other parts were made with non-responsive commercial
luminescent paint. In a low-RH environment (~ 11%), the flower kept
red luminescent. But when the environment RH increased to 98%, time-
dependent emission color change would be noticed for these three
flowers as an increasing amount of water molecules diffused into BB-
PAA film to gradually reduce the red phosphorescence with prolong-
ing time (Movie S2). Other examples showing the humidity-trigged color
changing process of “colorful leaves” was presented in Fig. 5d. These
leaves were made from two kinds of luminescent polymeric films BB-
PAA and BB-PHEMA, which were capable of exhibiting two-stage
luminescence color changes because of their differential humidity
sensitivity. Similarly, dynamic color-changing “underwater world” paint
was also demonstrated in Fig. S32 in supporting Information. In this
way, the environment-interactive multicolor display was achieved for
our flexible films, suggesting its potential uses for dynamic
luminescence-color changeable paints.

4. Conclusion
In summary, a promising approach for producing a new type of

luminescent polymeric film is developed by assembling the specially
designed bromine-substituted naphthalimide molecules into a dynamic

writing erasing

O — G — O

B3 BB-PHEMA film

Relative humidity 98% — “

Color change

g Luminescent ink

I 1 ]

v

Color change

Fig. 5. Rewritable display and environment-interactive color-changing paintings. a) and b) Photos showing the information “writing-erasing-rewriting” process on
the BB-PAA film surface by using water as the ink. Photos showing the humidity-trigged color changing process of c¢) “withering flowers” and d) “colorful leaves”
placed in RH~ 98%. All photos were taken under a 365 nm UV lamp. Scale bar is 1 cm.
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H-bonded PAA matrix. The obtained monochromophore-based poly-
meric films show intense phosphorescence and fluorescence dual-
emission characteristics and multi-stimuli responsive luminescence
color changes. Systematical studies suggest that high-density carboxyl
H-bonded crosslinks in the obtained polymeric films play important
roles in achieving such phosphorescence-fluorescence dual-emission,
which provide rigid environments and efficient oxygen barriers to sta-
bilize triplet excitons. Moreover, the proposed strategy has been
demonstrated to be universally applicable for achieving efficient fluo-
rescence and phosphorescence dual emission at room temperature in a
range of dynamic hydrogen-bonded polymeric materials, such as PAA,
PHEMA, and PVA. Under external stimuli (e.g., environmental temper-
ature and humidity), these carboxyl H-bonded crosslinks are prone to be
dissociated to largely vary the phosphorescence-fluorescence emission
ratio and thus produce visible luminescence color change, paving the
way for rewritable display and color-changing painting applications.
Considering the modular design principle of the developed luminescent
films, the reported strategy contributes to the development of smart
luminescent materials and is expected to be further generalized to
fabricate robust phosphorescence-fluorescence dual-emission polymeric
films for versatile uses.
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