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Novel room-temperature phosphorescent materials based on commercialized poly(4-styrenesulfonic
acid-co-maleic acid) identified with aggregation-induced emission and
temperature phosphorescence emission characteristics. We systematically investigated their excitation-

salt have been room

wavelength and delay-time dependencies to provide new insight into the potentiality of these materials
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1. Introduction

Room-temperature phosphorescent (RTP) materials have
received increasing attention due to their unique photo-
physical processes and promising applications in photonics,
organic electronics, bio-electronics, and anti-counterfeit
labelling."®* However, the RTP materials are mainly limited
to transition-metal- and rare-earth-ion-based inorganic
materials or organic precious metal complexes because the
presence of metals can promote the spin-orbit coupling.
Normally, these RTP materials require rare and expensive
elements such as rare earth metals, platinum, and iridium.
Therefore, given the tedious preparation conditions and the
cost of noble metals, the development of low-cost and
processability rare-metal free organic RTP materials has
been drawn extensive attention over the past years.
Furthermore, it is well known that the triplet excitons are
prone to nonradiative relaxations through vibrational
stretching and external quenching (i.e., O,), making it chal-
lenging to achieve efficient RTP. Intensive effort has been
made to reduce or eliminate vibrational stretching and
external quenching of triplet excitons via chemical or phys-
ical methods. Physical methods can stabilize the triplet
excitons in a rigid environment by suppressing nonradiative
decay pathways to activate the RTP emission; typical physical
methods include crystal formation,>”** embedding into
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for multiple industrial applications, such as optical storage and anti-counterfeit labelling.

rigid hosts,™® polymer assistance,'” metal-organic frame-
work (MOF) coordination,'®2° H-aggregation,?*** and many
others.>*** Chemical methods can promote spin-orbital
coupling by incorporating functional groups such as heavy
atoms, aromatic carbonyls.?***

Currently, most studies focus on small organic compounds
in the field of RTP materials. However, it is impossible for
small RTP organic molecules to be used in ink-jet or roll-to-
roll printing for large-scale commercial production and
applications. Thus, it is essential to develop novel polymeric
RTP materials. There are two methods to obtain RTP poly-
meric materials.® One approach is to incorporate organic
phosphors into rigid polymer matrixes; the second method is
to introduce a noble metal or a heavy atom in the main chain
or side chain of the polymer to promote spin-orbit coupling.
Although great effort has been devoted in the past few years,
the development of noble-metal and halogen-atom free RTP
polymer materials remains a formidable challenge.**** In our
previous work, we demonstrated that ionic bonds restricted
the molecular motions (rotations and vibrations), thus fabri-
cating polymer materials that contained unconventional
chromophores displaying persistent phosphorescent emis-
sion behavior at room temperature.***® The presence of ionic
bonds, which have shorter bond length and higher bond
energy than hydrogen bonds, halogen bonds, and other
intermolecular forces, renders them more effective in
reducing the molecular motions that, thus, negatively impact
the non-irradiation and improve emission efficient. Indeed,
the polydispersity of the molecular weight is one of the
remarkable characteristics of polymers, which may form
multiple emitting centres®”** and emit multicolor RTP under
different excitation wavelengths.

RTP polymer materials with excitation-dependent phos-
phorescence emission properties provide a promising alter-
native for anti-counterfeit security material. However, the so
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far reported RTP materials show two different emission colors
under both UV on and UV off states and could not exhibit
three or more colors; thus, they do not fulfill the requirements
of modern anti-counterfeit applications. Recently, we
observed that phosphorescence emission from cellulose
depends on excitation wavelength at 77 K.** Huang group
reported that small organic compounds exhibit different RTP
emission at room temperature.** Nevertheless, few studies
investigated the RTP materials with excitation wavelength
dependence.

Herein, we report our recent progress in the fabrication of
polymeric RTP materials from commercialized poly(4-
styrenesulfonic acid-co-maleic acid) (PSSMA) salt ionomer
(Chart 1). These materials not only exhibit aggregation-induced
emission activity and excitation wavelength-dependent emis-
sion color but also their phosphorescence is dependent on the
delay time; in other words, the color of their phosphorescence
activity is related to the length of time after the excitation light
stops. To the best of our knowledge, this is the first investiga-
tion of the relationship between phosphorescent emission color
and delay time at room temperature.

2. Experimental
2.1 Materials

PSSMA was obtained from J&K Scientific., Ltd. Metal salts of
zinc acetate dihydrate and calcium chloride hydrate were ob-
tained from Adamas Reagent Co., Ltd. Distilled water was
prepared by the Milli-Q Pure Water instrument. The commer-
cially available reagents were used without further purification
unless otherwise stated.

2.2 Characterization

UV-vis absorption spectra were obtained using a UV3600 UV-vis
spectrophotometer at ambient conditions. The mean diameter
(Dm) and polydispersity (PD) of PSSMA solution were deter-
mined on a Malvern Zetasizer nano ZS90 instrument equipped
with a He-Ne laser (A = 633 nm) at a scattering angle of 90° at
25 °C. X-ray diffraction (XRD) measurements were performed on
an X' Pert PRO X-ray diffractometer. The emission spectra,
solids quantum yields, and lifetime were recorded on a Fluo-
roMax-4 fluorescence spectrophotometer. Quantum yields (®)
of solutions were estimated using 2-aminopyridine (¢ = 60% in
0.1 N H,S0,) as standard.*

0« _OR
Zn?*
s 27, zn-PSSMA
n
o7 “OR
Ca®t
o=s=o PSSMA ——— Ca-PSSMA
OR R=H or Na

Chart 1 Chemical structure of PSSMA and synthetic routes to
generate Zn-PSSMA and Ca-PSSMA.
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Fig.1 The absorption (a) and fluorescence (b) spectra of the different
concentrations PSSMA aqueous solutions at room temperature.
Photographs in (a) are PSSMA water solutions with different concen-
trations taken under 365 nm UV light illumination. The excitation
wavelength of the fluorescence spectrum is 300 nm.

3. Results and discussion

PSSMA was purified by the solution-precipitation method.
Firstly, a small amount of PSSMA was dissolved in water and
then added dropwise into methanol via a cotton filter to
precipitate this polymer. Both Ca-PSSMA and Zn-PSSMA were
prepared by ion-change methods via 100 mg PSSMA with
10 mg Zn>" and Ca®*, respectively; then, they were purified by
dialysis to remove excess zinc or calcium salt and then
precipitated in methanol. Final products were characterized
(Fig. S1, ESIY).

3.1 Aggregation-induced emission (AIE)

Fluorescence spectra and UV absorption spectra of PSSMA
aqueous solutions with different concentrations were
measured under room temperature. As shown in Fig. 1, the
absorption intensity gradually increases, while the absorption
wavelength gradually red-shifts as the concentration gradually
increases due to the scattering effect caused by aggregated
nanoparticles (Dy, = 5.75, PD = 0.29, Fig. S2, ESI{). As shown
in Fig. 2a, under the irradiation of a 365 nm UV lamp, the low-
concentration solution does not emit light, whereas the high-
concentration solution emits significant light. Besides, the @

=300 nm
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Fig. 2 The fluorescence spectra of PSSMA water solutions (a) and
solids samples (b) with different excitation wavelengths at room
temperature. The solution concentrations were 10 mg mL™2.
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values of solutions with 0.1 and 10 mg mL ™' are 0.18 and
5.32%, respectively. The emission intensity grows with an
increase in concentration. To gain more information on the
AIE process, the emission spectra of PSSMA aqueous solution
and tetrahydrofuran (THF)/water mixtures were measured
(Fig. S3, ESIf). THF was employed because it was a non-solvent
for PSSMA, and, thus, the polymer chains may be aggregated
in the mixture with high THF fractions. When the THF fraction
(frur) is 0%, only a weak signal is recorded. However, when
frur has increased to 99%, the emission intensity rapidly
increases as well due to molecular aggregation leading to
a strong blue emission at ~380 nm. These results indicate that
aggregates are formed when the nonsolvent content is
increased and the emission intensity is enhanced; therefore,
PSSMA is an AlE-active polymer.

3.2 Excitation dependent fluorescence emission

Many reported polymer materials and carbon dots exhibit
emission dependence on the excitation wavelengths.**** The
fluorescence emission spectra of PSSMA aqueous solution
(10 mg mL™") and solids samples were measured at different
excitation wavelengths to assess the presence of such depen-
dence. The excitation-wavelength dependence fluorescence
emission is evident in Fig. 2; there, the emission peak wave-
length of PSSMA aqueous solutions is red-shifted from 360 nm
to 465 nm, while the emission peak wavelength of the solid
powder is red-shifted from 360 nm to 470 nm. Interestingly, the
solution (10 mg mL™") emission intensity gradually decreases
while the emission peaks red-shift as the excitation wavelength
gradually increases from 300 to 400 nm (Fig. 2). However, by
increasing the excitation wavelengths, the emission intensity of
solid sample tends to increase first and then decrease. When
excited at 380 nm, the fluorescence intensity is at its maximum.
Zn-PSSMA and Ca-PSSMA solid powder also exhibit excitation-
wavelength dependence fluorescence emission under different
excitation wavelengths (Fig. S4, ESIt). XRD spectra contain no
sharp peaks (Fig. S5, ESIT), which suggests the amorphous state
nature. Therefore, the solid emission due to ion bond fixes the
conformations, decreasing the thermal deactivations and
promoting the light emissions from clustering-induced emis-
sion of carbonyl and sulfonic acid groups. The presence of the
excitation-dependent fluorescence emission indicates that
PSSMA solution and solids possess versatile optical properties.

3.3 Room-temperature phosphorescence

Carbonyl and sulfonic acid groups are beneficial for enhancing
intersystem crossing and achieving phosphorescence emission.
PSSMA, Zn-PSSMA, and Ca-PSSMA solid samples were taken
under 312 nm UV lamp; a after the removal of the UV lamp,
remarkable long green afterglow can be observed at second
scale in both Zn-PSSMA and Ca-PSSM; these features are not
present in the PSSMA sample (Fig. 3). These results indicate that
Zn-PSSMA and Ca-PSSMA have RTP properties. To gain deeper
insight into the photophysical properties of PSSMA, Zn-PSSMA,
and Ca-PSSMA solids samples, the prompt and steady-state
photoluminescence spectra were collected under ambient

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Pictures of PSSMA, Zn-PSSMA, and Ca-PSSMA under 312 nm
UV source and different times after removal of the UV source. Phos-
phorescence spectra (b) and time-resolved measurements (c) of
480 nm emission from PSSMA, Zn-PSSMA, and Ca-PSSMA solid
samples at room temperature. The excitation wavelength of spectrum
is 320 nm.

conditions. Besides, the time-resolved photoluminescence
spectra were obtained delayed 10 m s after excitation, while
emission-decay curves with different excitation wavelengths
were measured; for these experiments, the delayed emission
peaks were located at 480, 490, and 495 nm, respectively. Under
excitation wavelength of 320 nm, the peaks of the prompt
emission of the solution, solid powder, and solid delayed
emission of PSSMA are located at 379, 381, and 480 nm,
respectively (Fig. 2 and 3b). The prompt and delayed emission
peaks differ by ~100 nm, indicating that the delayed emission
peaks are assigned to the phosphorescence emission
phenomena.

The longest phosphorescence lifetime of PSSMA is 18.78 m s,
but the lifetime of Zn-PSSMA and Ca-PSSMA was extended to
40.64 m s and 28.54 m s (Fig. 3b and c). The sums of quantum
efficiency of phosphorescence and fluorescence (@) of PSSMA,
Zn-PSSMA, and Ca-PSSMA were 10.02%, 32.77%, and 30.37%,
respectively. High quantum efficiency and long lifetime of Zn-
PSSMA and Ca-PSSMA contribute to restricting the molecular
motions (rotations and vibrations) of Zn>* and Ca** ionic bonds
via crosslink; these materials display persistent phosphorescent
emission behavior at room temperature.

3.4 Excitation-dependent phosphorescence emission

The time-resolved (delayed) photoluminescence spectra (tq =
0.5 m s) of solid powders (PSSMA, Zn-PSSMA, and Ca-PSSMA)
with different excitation wavelengths were measured, and the
heat maps were made at the same time. When excitation

RSC Adv., 2019, 9, 36287-36292 | 36289
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Fig. 4 Phosphorescence spectra (a—c) with different excitations and excitation-phosphorescent emission heat maps (d—f) of PSSMA (a and d),

Zn-PSSMA (b and e), and Ca-PSSMA (c and f) solid powders.

wavelength is 280 nm, the photoluminescence spectra of these
materials contain two peaks. As the excitation wavelength
increases, the distance between two peaks shortens until coa-
lescence. However, once the excitation wavelength has reached

320-330 nm, the two peaks are separated again but with the
opposite trend (Fig. 4). The excitation-wavelength dependence
emission of the polymers is mainly due to the polydispersity of
the high polymer amount and various condensed states that
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Fig. 5 Phosphorescent emission spectra with different delay times (a—c) and counterpart CIE chromatic coordinates (d—f) of PSSMA (a and d),
Zn-PSSMA (b and e), and Ca-PSSMA (c and f) solid powders. The excitation wavelength of PSSMA, Zn-PSSMA, and Ca-PSSMA are 355, 290, and

350 nm, respectively.
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form different excitation seeds. The strongest emission wave-
length of these excited seeds is closely related to the excitation
wavelength. Thus, the excitation wavelength dependence of RTP
is confirmed.

3.5 Delay-time dependent phosphorescence emission

We found that the RTP emission of these materials has delay-
time dependent characteristics. The time-resolved RTP spectra
of PSSMA, Zn-PSSMA, and Ca-PSSMA solid powders with
different delay times were recorded. All the phosphoresces
spectra as well as the CIE chromatic coordinates were illustrated
in Fig. 5. By increasing the delay time, the spectrum profile
changes with the two emitting peaks becoming a single emit-
ting peak positioned at ~480 nm; at same time, the CIE coor-
dinates (Tables S1 and S2, ESIt) have varied significantly,
leading to a color variation as well. These results suggest that
these RTP emissions possess delay time dependence properties.
To explain the time dependence of the phosphorescence
emission the free volume theory proposed by Fox and Flory can
be used. According to this theory, the volume of a polymer
consists of two parts: one is the volume occupied by the mole-
cule, called the occupied volume, while the other is the unoc-
cupied free volume and is dispersed throughout the material in
the form of “holes”. It is because of the existence of the free
volume that it provides space for changing the conformation for
the relaxation of the excited states. Delay-time dependent
phosphorescence emission due to the conformation and energy
level between T, and S, changes over time. It is worth noting
that the RTP emission of PSSMA also has a delay time depen-
dence under different excitation wavelengths (Fig. S6, ESI).

4. Conclusions

In conclusion, halogen- and noble-metal-free polymer materials
based on commercialized PSSMA possess aggregation-induced
emission and RTP characteristics. The excitation intensity,
excitation wavelength, and temperature dependence of photo-
luminescence, especially fluorescence, have been previously
reported in literature. However, this work focused on the delay-
time-dependent RTP emission for the first time in literature.
This phenomenon is due to excited state relaxation dynamics
with a slower transition rate from the excited triplet state to the
ground state. In this process, the triplet excited state may be
unstable, and the molecular conformation of the triplet excited
state changes with time, causing energy level changes and the
time dependence of RTP emission. Due to their unique optical
properties, these polymers may be widely used in bioimaging,
sensing, optoelectronic devices, and so on. The photophysical
processes and potential applications of these polymers will be
thoroughly studied and reported in due course.
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