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Colorful, persistent luminescence materials are in great demand in many technological fields but their
synthesis remains a challenge. Herein, a unique strategy is reported, that is, a full spectrum adjustment
of the persistent luminescence was achieved by using an organic polymer fluorescent dye (PFD) as an
efficient light-conversion material. The observed emission spectra upon photoexcitation of these
polymer films were assigned to dual emission bands: the fluorescence emission of the PFD and the
phosphorescence emission of the phosphor. There is a balance point between the two emission bands,
and thus we can precisely control the luminescence colors by adjusting the left and right luminous
intensity. Moreover, phosphorescence emission colors of films can be tuned from blue, purple and
green to red by varying the concentration of PFD and the type of phosphor. These emission lights were
achieved through a radiative energy transfer pathway between light-conversion molecules and the
phosphor. A possible mechanism of the light conversion process was proposed. The results presented
here would offer a promising way to effectively and conveniently broaden the color of persistent
luminescence, which may open up new opportunities for individual customization, colorful surface
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Introduction

Persistent luminescence, also known as long-lasting phosphores-
cence or an afterglow, is a special optical phenomenon character-
ized by the ability of some materials to emit light even after the
cessation of external light stimulations." In 1996, Matsuzawa et al.
first reported an ultralong green phosphor, rare earth-doped stron-
tium aluminate with 30 hours of afterglow lifetime.” Currently,
blue and green persistent luminescence phosphors have been well-
developed and commercialized due to their excellent perfor-
mance,”® but persistent luminescence materials of other
colors are still being developed in the laboratory due to their difficult
synthesis and poor performance. Colorful spectra will open up
opportunities for persistent luminescence materials for
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coating and anti-counterfeiting of polymers.

applications, especially in new types of light sources,®® optoelec-
tronic devices,'®™** individual customization,”*'* and advanced
information security/information anticounterfeiting.">™"” Therefore,
the development of color-tunable photoluminescence materials has
important scientific significance and practical value but remains
challenging.

Recently, more efforts have been devoted to preparing tun-
able multicolor materials.'®>' A straightforward and effective
way to achieve a considerable variation in the emission color is
to combine materials with different luminescence bands.**>®
Gong et al. reported full-spectrum persistent luminescence
tuning by spinning the CsPbX; perovskite quantum dots as
an efficient light conversion layer on the surface of a CaA-
1,0,:Eu**)Nd** afterglow phosphor.?® Shintaro Furukawa et al.
prepared a polymer film with tunable luminescence color by
adding a 2-(2’-hydroxyphenyl) imidazo [1,2-«] pyridine
derivative.”” The polymer films exhibit a wide range of colors,
from purple to orange, by changing the concentration and the
type of the polymer matrix. Since their preparation methods are
all spin coating, the application in many scenarios is restricted.
Zhao dan et al. used the inclusion complex of rhodamine 6G
with (2-hydrosypropyl)-B-cyclodextrin as light conversion mate-
rials to fine-tune the persistent luminescence from green to
orange.”® However, small-molecule organic dyes undergo fast
dye photodegradation, which hinders their practical applica-
tion. Polymer fluorescent dyes (PFDs) are functional polymers
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Fig. 1 (a) lllustration for full-spectrum persistent luminescence tuning using PFD; (b) schematic diagram of synthesis of PFD by covalently attaching the

rhodamine fluorescent dye onto PEDO-based aliphatic polyester chains.

which have a chromophoric center within their structure.”™**

Owing to their inherent non-leaching behavior and light aging
combined with the special properties of polymers, polymer
bonded dyes or reactive dyes may play more important
roles.***°

Herein, we prepared a series of fascinating multicolored
photoluminescent composite films by simple mixing PFDs with
three kinds of persistent luminescence phosphors in silica gel
medium at room temperature (Fig. 1a). The spectroscopic and
photophysical properties of composite films were characterized
and the possible mechanism of the light conversion process
were investigated. Remarkably, the corresponding films show
various emission colors as precisely measured from the CIE
coordinates, which demonstrate that a full spectrum adjust-
ment can be achieved through radiative energy transfer.***?

Experimental
Chemicals

Aluminum oxide (Al,03, 99.99%), strontium carbonate (SrCO3,
99.99%), europium nitrate hexahydrate (Eu(NO;);-6H,0,
99.99%), dysprosium nitrate hexahydrate (Dy(NO;);-6H,0,
99.99%), calcium carbonate (CaCOs, AR), europium(m) oxide
(Eu,05, 99.99%), neodymium(m) oxide (Nd,O;, 99.99%),
lanthanum(m) oxide (La,03;, 99.99%) and boric acid(H;BOs;,
AR) were purchased from Aladdin Chemistry Co., Ltd (Shang-
hai, China). A silicone elastomer and the curing agent were
purchased from Beijing Sanjing Xinde Technology Co., Ltd
(Beijing, China). The PFD was kindly provided by Zhejiang
Wanlong Chemical CO., Ltd. (Zhejiang, China). All the agents
were used as received without any further purification.

Synthesis of SrAl,04: Eu”*, Dy** (SA,0,) phosphors

The powders of SA,0, phosphors were synthesized via the
solid-state reactions at 1350 °C according to the reference
method.*”® The molar ratio of SrCO;, Al,03;, Eu(NO;);-6H,0,
Dy(NOj3);-6H,0, and H;BO3 is 1:1:0.02:0.04:0.1. The starting
materials were mixed thoroughly in a ball mill for 4 h and
subsequently heated to 1350 °C under a mild reducing atmo-
sphere of activated carbon for 4 h. After cooling, the sintered
products were re-milled and sieved to get the phosphors.
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Synthesis of Sr;Al;,0,5: Eu®*, Dy** (S;A,,0,5) phosphors

The powders of S;A;,0,5 phosphors were prepared using the solid-
state reaction method.** The molar ratio of SrCO;, Al,O3, Eu(NO;);:
6H,0, Dy(NO,);-6H,0, and H;BO; is 4:7:0.02:0.04:0.1. The raw
materials were thoroughly mixed by using a ball mill for 4 h. After
being dried at 120 °C for 24 h, the final luminescent powders were
obtained by calcining the raw mixture at 1350 °C for 4 h in a
reducing environment.

Synthesis of CaAl,O,: Eu**, Nd**, La>* (CA,0,4) phosphors

The powder of CA,0, were prepared by the solid-state reactions
method.*® The molar ratio of CaCO;, Al,O;, Eu,0;, Nd,Os,
La,O; and H3BO; is 1:1:0.02:0.02:0.01:0.1. The starting
materials were mixed in a ball mill for 4 h and subsequently
heated to 1320 °C under a mild reducing atmosphere of
activated carbon for 2 h. After cooling, the sintered products
were re-milled and sieved to get the phosphors.

Preparation of SA,0,/PFD, S4A,40,5/PFD and CA,0,/PFD
composite films

The SA,0,/PFD, S;A;,0,5/PFD and CA,0,/PFD composite were
fabricated through addition of PFD and phosphors onto the
flexible silicone substrates, respectively. The mixture of a
silicone elastomer, the curing agent, phosphors and PFD with
a weight ratio of 5:5: 2: x (0#: x = 0 wt%, 1#: x = 0.01 wt%, 2#:
x = 0.025 Wt%, 3#: x = 0.05 Wt%, 4# x = 0.1 Wt%, 5# x = 0.15 wt%,
6#: x = 0.2 wt%, 7#: x = 0.25 wt%, 8#: x = 0.5 wt%, 9#: x =
0.75 wt%, 10#: x = 1 wt%, 11#: x = 1.25 wt%, 12#: x = 1.5 wt%,
13#: x = 1.75 wt%, 14#: x = 2 wt%, x were based on the
percentage of phosphor mass) were stirred at room tempera-
ture. Then, the mixture was poured into a round mold with a
diameter of ~3 cm and a thickness of 1 mm. The mixture
formed a thin film and was aged at 60 °C for 1 h.

Instrumentation

The samples were tested using a Fourier-transform infrared
(FT-IR) spectrometer (Thermo Fisher Nicolet iS 50) in the range
of 500-4000 cm ' with a resolution of 4 cm™'. Ultraviolet-
visible (UV-vis) absorption spectra were recorded on a UV-vis-
NIR spectrophotometer (Agilent Cary 5000). The surface
morphologies of the phosphor particles and phosphor/PFD
composites were inspected using a Field Emission Scanning

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Electron Microscope (FESEM, Thermo Fisher-Apreo S LoVac).
The X-ray diffraction (XRD) measurements were carried out on
an X-ray powder diffractometer (Rigaku Miniflex 600, Cu Ko
radiation, 2 = 1.5418 A) with an angle (20) range of 3° to 70°. The
photoluminescence performances (excitation and emission
spectra), steady state photoluminescence quantum yield and
CIE chromaticity coordinates were measured using a Fluores-
cence Spectrometer (Edinburgh Instruments FLS 980, under
365 nm excitation). Afterglow decay curves were tested using a
PR-305 afterglow Brightness tester (SENSING Instruments Co.,
Ltd. China) where the samples were excited using a 150 W
xenon arc lamp, and the excitation wavelength is 365 nm. The
excitation time is 15 min with excitation illumination of 1000 Ix
to ensure that our samples fully absorb energy. The detector is
HAMAMATSU CR114. The data were recorded 10 s later. All of
the measurements were carried out at room temperature.

Results and discussion

In this work, we employed organic polymer fluorescent dyes
as high-efficiency light conversion materials to realize the full
spectrum controllable adjustment of the persistent
luminescence.

As outlined in Fig. 1b, the PFD was produced by covalently
attaching the rhodamine B (RhB) fluorescent dye onto 1,5-
pentanediol (PEDO)-based aliphatic polyester chains via ester-
ification followed by polycondensation. Fig. 2a shows the FT-IR
spectrum of PFD, RhB and PEDO. Comparing the FT-IR spectra
of PFD to PEDO, the absorption peaks at 2936 cm ' and
2853 cm ™' of the methylene group on PEDO can be observed
from the FT-IR spectra of PFD. Due to the esterification reac-
tion, the absorption peak of the hydroxyl group on PEDO at
3300 cm ™! is weakened in PFD. Meanwhile, it can be seen from
the FT-IR spectra of PFD and RhB that there is no obvious
difference between the two spectra at the main characteristic
absorption peaks. Typical absorption peaks of RhB can be
observed from the infrared spectrum of the PFD.*

1601 cm ™, 1503 cm ™' and 1450 cm ™' were assigned to the
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Fig. 2 (a) FT-IR spectra of PFD, RhB and PEDO. (b) UV-Vis absorption
spectra of SA,04/PFD composite films (0#, 5#, 10#) and PFD. (c) UV-Vis
absorption spectra of S4A140,5/PFD composite films (0O#, 5#, 10#) and
PFD. (d) UV-Vis absorption spectra of CA,O4/PFD composite films (0#, 5#,
10#) and PFD.
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Fig. 3 (a) XRD patterns of PFD and silicone, respectively. (b) XRD patterns
of SA,O4 and SA,O4/PFD composite films. (c) XRD patterns of S;4A14055
and S4A14025/PFD composite films. (d) XRD patterns of CA,O4 and CA,O4/
PFD composite films.

stretching resonances of the benzene ring on RhB; 1254 cm ™"

was assigned to the characteristic absorption peak of the
stretching vibration of C—=0 on RhB; 1068 cm ™' was assigned
to the stretching resonances of -C-O-C- on RhB; 3502 cm ™"
was assigned to the stretching resonances of -OH on RhB. The
enhancement of the stretching vibration peak of C=O at
1254 cm™ ' and the weakening of the stretching vibration peak
of the terminal hydroxyl at 3502 cm ' on the PFD infrared
spectrum can explain the higher molecular weight of polyester
to a certain extent.””*® The peak of the terminal hydroxyl group
on the PFD infrared spectrum shifted from 3340 cm™' to
3502 cm ™', indicating that RhB formed a strong hydrogen
bond with the polyester after being grafted onto the polyester
segment.

The UV-vis absorption spectra of SA,0,/PFD composite films
(o#, 5#, 10#), S4A140,5/PFD composite films (0#, 5#, 104),
CA,04/PFD composite films and PFD were recorded in
Fig. 2b-d. Generally, the flexible silicone substrates had no
absorption in the range of 350-700 nm. The composite film 0#
has strong absorption in the range of 350-470 nm, 350-460 nm
and 350-425 nm, which is derived from the absorption of
SA,04, S4A14,0,5 and CA,0, phosphors, respectively. The PFD
had a wide visible-light absorption band in the range of 410-
590 nm. Therefore, with the gradual increase of PFD content
from sample 04 to sample 10#, the absorption of SA,0,/PFD
composite films, S4A1,0,5/PFD composite films and CA,0,/PFD
composite films in the range of 430-590 nm gradually
increased.

The XRD patterns of PFD, silicone, SA;O,4, S4A140,5, CA5Oy4,
and the related PFD composite films are shown in Fig. 3a-d.
Fig. 3a shows the XRD patterns of PFD and silicone substrates.
The broad peak indicates these two compounds are amorphous
structures (Fig. 3a). The prepared SA,0,, S4A140,5 and CA,0,
long afterglow powders were analyzed using MDI Jade5.0 soft-
ware and compared with standard PDF cards. It can be seen
from Fig. 3b that the characteristic diffraction peaks of the
SA,0, long afterglow powder are completely consistent with

Mater. Adv,, 2022, 3, 6291-6297 | 6293
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Fig. 4 (a) SEM micrograph of SA,O4. (b) SEM micrograph of S4A1405s.
(c) SEM micrograph of C,A40. (d) SEM micrograph of PFD. (e and f) SEM
micrograph of CA,O4/PFD composite films with different scales.

those of monoclinic SrAl,O, (JPCDS No. 34-0379), and the
relevant lattice parameters are a = 8.4427 A, b = 8.8220 A,
¢ = 5.1603 A. It can be seen from Fig. 3c that the characteristic
diffraction peaks of the S;A;,0,5 long afterglow powder are
completely consistent with those of the monoclinic S4A;40,5
(JPCDS No. 52-1876), and the relevant lattice parameters are
a=24.791 A, b = 8.4858 A, ¢ = 4.8865 A. It can be seen from
Fig. 3d that the characteristic diffraction peaks of CA,0, long
afterglow powder are completely consistent with the orthor-
hombic CA,0, (JPCDS No. 53-0191), and the relevant lattice
parameters are a = 8.68683 A, b = 8.08354 A, and ¢ = 15.19239 A.
This means that we have successfully prepared SA,04, S4A1,0,5
and CA,0, long afterglow powders, ensuring the luminescence
properties of the long afterglow powders. Meanwhile, from the
Fig. 3b-d, we can see that the SA,O,4, S;A140,5 and CA,O,
phosphors in the composite films still maintain their crystal
structure, which can ensure the luminescence properties of
phosphor.

The morphologies of SA,04, S4A1,0,5, CA,O, phosphors and
PFD are shown in Fig. 4a-d, respectively. The as-synthesized
SA;04, S4A140,5, C,A,0 phosphors are neat and tidy, with some
debris from grinding, and the particle size is between 10 and
20 um. This particle size does not affect its dispersibility in
applications, and can also ensure its luminous intensity, which
was confirmed in subsequent applications. The PFD displays a
loose lamellae-shaped assembly with some large agglomerates
of nanoparticles (Fig. 4d). SEM characterization of the hybrid
films (Fig. 4e) clearly illustrates a homogeneous distribution of
the phosphor and PFD within the film. The cross-section of the
film shows that the phosphor and PFD are well embedded and
dispersed in the flexible silicone substrates (Fig. 4f).
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View Article Online

Materials Advances

Fig. 5a shows the PL excitation spectrum of the SA,O,,
S4A140,5, and CA,0, phosphors monitored at the maximum
emission wavelengths 450 nm, 490 nm and 525 nm, respec-
tively. Fig. 5b shows the PL excitation spectrum monitored at
the emission wavelength 616 nm and emission spectrum of the
PFD. The excitation spectrum of the PFD overlapped with the
emission spectrum of phosphor (Fig. 5c). Therefore, theoreti-
cally, the phosphor can be used as an excitation light source to
excite the PFD effectively, to produce color converted long
afterglow films. Furthermore, as shown in Fig. 5d-f, the phos-
phorescence emission spectra of S,A,O/PFD composite films,
S4A1,0,5/PFD composite films and CA,0,/PFD composite films
were recorded, respectively. Since the silicon substrate is trans-
parent, there are no fluorescence absorption and emission
signals. Thus, the observed emission spectra upon photoexcita-
tion of these polymer films were assigned to dual emission
bands: the fluorescence emission of the PFD and the phosphor-
escence emission of phosphor. After further observation and
research, there is an equal strength point between the two
emission bands (Fig. 5d-f). Since the luminescence color of the
composite films was a mixed fluorescence color of the phos-
phor and PFD, around this point, by adjusting the left and right
luminous intensities, in other words, by changing the mass
ratio of the phosphor and PFD, a precise control of the
luminescence color was achieved. In order to further study
the mechanism of light conversion, we selected sample 104 in
the three groups of composite films to perform peak fitting. As
shown in Fig. 5d-f, the left peaks between 450 nm to 575 nm,
430 nm to 570 nm and 400 nm to 530 nm were assigned to the
typical afterglow phosphorescence emission of S;A4, S4A140;5
and CA,O,, respectively. The right peaks were assigned to the
photoluminescence fluorescence emission of PFD. When the
mass ratio of phosphor/PFD composite films increased from
0 wt% to 2 wt%, the emission intensity of left peaks at the
wavelength of 450 nm, 490 nm and 525 nm decreased respec-
tively. The reason for the decrease in the intensity of the left
peak is that the PFD partially absorbs the photons emitted by
the phosphor. In contrast, the maximum emission peak inten-
sity of right peaks gradually increased and shifted from 595 nm
to 612 nm, which is assigned to the concentration effect. The
intensity of the right peak is much higher than that of the left
peak, indicating that the phosphor successfully transfers
energy to the PFD. The emission peaks of the SA,0,/PFD,
S4A140,5/PFD, CA,0,/PFD composite films 104 (Fig. 5g-i) were
well fitted, in which fitting curves 10-1 could be divided into 10-
2, 10-3 and 10-4 sub-peaks, respectively. The ratio of the peak
area is 0.18:0.26:0.56 for the fitting peaks 10-2, 10-3, and 10-4
of the SA,0,/PFD composite films 10#. The ratio of peak area is
0.13:0.32:0.55 for fitting peaks 10-2, 10-3, and 10-4 of the
S4A1,0,5/PFD composite films 10#. The ratio of peak area is
0.1:0.35:0.55 for fitting peaks 10-2, 10-3, and 10-4 of the
CA,0,/PFD composite films 10#, which is consistent with the
concentration ratio of adding PFD. Although the physical
meaning of three-component peak was not clear, it is signifi-
cant that this method can be used to make a semi-quantitative
interpretation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Excitation of SA,04, S4A140,5, and CA,O4 phosphors. (b) Excitation and emission spectrum of PFD. (c) Emission spectrum of SA,O4, S4A1405s,

and CA,O4 phosphors (Aex = 365 nm) and excitation spectrum of PFD (igm = 525 nm). (d) Emission spectrum (Agx = 365 nm) of SA,O4/PFD composite
films with various contents of PFD. (e) Emission spectrum (igx = 365 nm) of S;A140,5/PFD composite films with various contents of PFD. (f) Emission
spectrum (Zgx = 365 nm) of CA,O4/PFD composite films with various contents of PFD. Multi-peak fitting curve of prepared SA,O4/PFD composite films
10# (9), S4A140,5/PFD composite films 10# (h), and CA,O4/PFD composite films 10# (i).

The CIE 1931 chromaticity diagram of the luminescing films is
shown in Fig. 6a. When changing the molar ratio and the type of
excitation light source, we observed that the film colours varied
from green, blue and purple to red, respectively. The phosphor in
the luminescent film acts as an energy storage light source to
harvest the photons and store the excitation energy, and then slowly
releases photons. The persistently emitted photons from phosphors
are captured by PFD molecules, followed by photon emission
through a down-conversion process. The emitted light color of
these composites is a linear combined color of the PFD and
phosphor.”® Therefore, the colors of luminescent films can be
facilely fine-tuned by changing various the concentration of PFD
and the type of the phosphor light sources, which is consistent with
the change of the fluorescence spectrum. In fact, from the CIE
chromaticity diagram, we have successfully achieved tuneable per-
sistent luminescence through three directions.

To gain more insights into the energy transfer process in
composite films, we recorded the afterglow decay curves of the
SA,04/PFD composite films, S;A;,0,5/PFD composite films,
and CA,0,/PFD composite films, respectively. As shown in
Fig. 6b-d, the afterglow intensity of the film slowly decreased
over a period of time, and the intensity remained at a relatively
high level after attenuation for 2 h, confirming that the long
afterglow composite films were fabricated. The afterglow decay
process shows the process of phosphorescence. The afterglow
decay process shows a similar tendency: rapid decay and slow

© 2022 The Author(s). Published by the Royal Society of Chemistry

decay process, verifying the similar radiant energy transfer
mechanism.?®°° Meanwhile, as the PFD content increases,
the initial brightness of afterglow gradually decreases. This is
because that the three phosphors are energy storage light
sources,” and the photons emitted by the phosphors were
partially absorbed by the PFD.*® Through calculations, we
obtain the energy transfer efficiency (1gr) of the composite
films.”>>® The specific npy date of the composite film are
summarized in Table S1 (ESIT) and the efficiency curves are
shown in Fig. S2 (ESIt). It can be concluded from the calcula-
tion that the energy transfer efficiency of the composite film
decreases with the increase of the PFD content. The highest
energy transfer efficiencies of the SA,0,/PFD, S;A;,0,5/PFD and
CA,04/PFD composite films are 16.5%, 27.7% and 15.5%,
respectively. From the afterglow optical images (Fig. 6e-g), we
can clearly observe that the colors of luminescent films gradu-
ally changed from green, blue and purple to red, which demon-
strates that full spectrum adjustment can be achieved through
radiative energy transfer.

Conclusions

In summary, full spectrum adjustment has been successfully
achieved through a simple, fast and low-cost procedure. By
changing the concentrations of PFD and the type of the
phosphor light source, light intensity of the two types of
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(a) CIE 1931 chromaticity diagram for SA,04/PFD composite films, S4A140,5/PFD composite films, and CA,O4/PFD composite films with various contents

of the PFD. (b—d) Afterglow decay curves (0—-3600 s) of SA,O4/PFD composite films, S4A140,5/PFD composite films, and CA,O,4/PFD composite films with various
contents of the PFD. (e—g) Optical images photographed in the darkroom of SA,O4/PFD composite films, S4A140,5/PFD composite films, and CA,O,4/PFD
composite films with various contents of the PFD (afterglow images recorded at a delay time of 5 min after saturated excitation with a 365 nm UV lamp).

emissions can be tuned, respectively, resulting in a tunable
luminescence color of the PFD-doped polymer films. We
demonstrated how to make full spectrum luminescence in a
wide range of colors from blue, purple and green to red,
respectively. The composite films have various uses, such as
in optical materials and surface coating. Our strategy provides a
promising system for fine-tuning the persistent luminescence,
which may open up new opportunities for persistent lumines-
cence materials toward individual customization, colorful sur-
face coating and anti-counterfeiting of polymer, etc.
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