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Room-temperature phosphorescent materials have been a major focus of research and development
during the past decades, due to their applications in OLEDs, photovoltaic cells, chemical sensors, and

bioimaging. However, achieving polymeric phosphorescent materials without heavy-metal atoms and
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Accepted 23rd August 2018 alogens under ambient conditions remains a major challenge. Here, we report a polymeric phosphor,
namely polyanetholesulfonic acid sodium salt, which not only has room temperature phosphorescence

DOI: 10.1035/c8ra06178e characteristic but also aggregation-induced emission and dependence on the excitation wavelength
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1. Introduction

Polymeric luminophores are promising materials for applica-
tions in various areas such as light-emitting diodes, plastic
lasers, solar cells, chemosensors and bioprobes.’” In response
to the growing demand, a large number of polymeric lumines-
cent materials have been synthesized. However, many of them
are highly radiative in dilute solutions while being weakly
luminescent or quenched in concentrated solutions or in the
solid state, exhibiting concentration quenching and
aggregation-caused quenching (ACQ) problems.® The ACQ
effect has limited the scope of technological applications
because luminescent materials have to be used in the solid state
(e.g. as thin films), where the luminophores tend to form
aggregates.® To alleviate the ACQ effect in the condensed phase,
various chemical, physical and engineering approaches have
been developed. For example, branched chains, spiro kinks,
and dendritic wedges have been covalently attached to aromatic
rings to impede aggregate formation. However, those attempts
have met with limited success.’

Aggregation-induced emission (AIE) characteristic, which is
opposite to the ACQ effect was discovered by Tang et al. in 2001.
Since then, many organic and polymeric AlE-active materials
have been synthesized and applied in various fields.'® However,
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characteristics. Moreover, it can recognize Fe®* effectively.

in the field of polymeric AIE-active materials, most studies focus
on fluorescent polymeric materials,"** few literature examples
deal with phosphorescent polymers at ambient or cryogenic
temperatures.**”

Polymeric room temperature phosphorescent (RTP) mate-
rials have attracted a great deal of interest due to their
potential applications in organic light-emitting diodes
(OLED)," photovoltaics,' photocatalytic reactions,* and bio-
imaging.”* Phosphorescent compounds have a large Stokes
shift and long lifetimes.** Therefore, for applications in bio-
probes, phosphorescent probes can distinguish the back-
ground signals from each other by using time-resolved tech-
niques, thus improving the signal-to-noise and sensitivity of
detection.” Large numbers of polymeric RTP materials that
have been developed so far are rare metal complexes involving
Ir and Pt. However, these compounds have potential toxicity
and instability in aqueous environments. And these noble
metals are not only costly but also resource-limited, which
have hindered the development of phosphorescent materials.
Also, most organic RTP materials that have been reported are
compounds containing halogen atoms, which are essential
units to facilitate intersystem crossing.**->” However, aromatic
halogen-containing compounds may have adverse effects on
the environment and human health.**-*° Therefore, polymeric
luminophores without noble metals and halogens might be
better choices.

Herein, a noble metal- and halogen-free polymer material
(Scheme 1) based on commercial polyanetholesulfonic acid
sodium salts (PASAS, CAS number: 52993-95-0) is purified and
further studied. The results show that PASAS is AIE active, and
the photoluminescence quantum yield (PLQY) of its solid
samples (Pyq154) i 7.57%. More importantly, PASAS also exhibits
RTP, and the phosphorescence lifetimes at 460 and 525 nm are
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Scheme 1 Chemical structure of polyanetholesulfonic acid sodium
salts.

0.24 ms and 0.77 ms, respectively. In addition, it can also
recognize Fe’" effectively in aqueous solution.

2. Experimental
2.1 Materials

PASAS was obtained from J&K Scientific., Ltd. Metal salts of
LiCl, CuCl, AgNO;, CaCl,, MgSO,, AlCl,-6H,0, CuNO;-3H,0,
FeCl,-4H,0, FeCl;-6H,0, ZnNO;-6H,O were obtained from
Xilong Chemical Co., Ltd. CoCl,-6H,0, K,CO;, CdCl,-5/2H,0
and NiCl,-6H,0 were obtained from Adamas Reagent Co., Ltd.
Distilled water was prepared by Milli-Q Pure Water instrument.
The commercially available reagents were used without further
purification.

2.2 Characterization

UV-vis absorption spectra were obtained using a UV3600 UV-vis
spectrophotometer under ambient conditions. Fluorescence
spectra of the solutions were obtained from a Cary Eclipse
fluorescence spectrophotometer. The mean diameter (D,,) and
polydispersity (PD) of PASAS solution were determined 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 a X' Pert
PRO X-ray diffractometer. The fluorescence lifetimes were
measured with an FLS-980 fluorescence spectrophotometer.
The emission spectra, quantum yields and phosphorescence
lifetime of solid samples were recorded on a FluoroMax-4
fluorescence spectrophotometer. Quantum yields (@) of PASAS
in water as solvent were estimated using 2-aminopyridine (¢ =
60% in 0.1 N H,SO,) as standard.** Centrifugation was carried
out with CT14D high-speed table centrifuge.

2.3 Purification of PASAS

First, a PASAS solution was obtained by dissolving it in a small
amount of water. Then, a straw-stuffed with a small amount of
cotton at the tip was used for sucking the solution into a beaker
filled with a large amount of methanol, so that the solid
samples of PASAS could slowly precipitate. At last, the pure solid
samples of PASAS were obtained by centrifugation and drying.
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2.4 Preparation of selectivity towards Fe**

Solutions of the following metal ions (Li*, K*, Ag*, Cu*, Ca*",
Mg>, Zn**, Cd*', Co™", Ni**, cu®, Fe*’, Fe**, and AI*', 2.0 x
10~ mol L") were prepared in distilled water. A stock solution
of PASAS (5.0 mg mL ') was prepared with distilled water. The
resulting solutions were obtained by mixing the metal ion
solutions (2 mL) with the polymer solutions (5 mL), respectively.
Then the absorption and fluorescence measurements of the
mixed solutions were conducted.

2.5 Preparation of fluorescence assay for detecting Fe**

Solutions of Fe*" with different concentrations (0, 0.02 x 103,
0.04 x 1073, 0.06 x 1072, 0.08 x 107>, 0.1 x 107>, 0.2 x 1073,
0.4 x 1073 0.8 x 1073, 1.2 x 1073 1.6 x 1073, 2.0 x
10 mol L") were prepared with distilled water. The stock
solution of PASAS (5.0 mg mL ') was prepared with distilled
water at room temperature. The resulting solutions were ob-
tained by mixing the Fe*" solutions (2 mL) with polymer solu-
tions (5 mL). Then the absorption and fluorescence
measurements of the mixed solutions were conducted.

3. Results and discussion
3.1 Excitation dependent fluorescence emission

Photoluminescence properties of many polymer materials have
a dependence on the excitation wavelengths because of the
dispersity of their molecular weight.**=** To verify whether it had
a dependence on excitation wavelengths, the fluorescence
emission spectra of PASAS aqueous solution (10 mg mL ") were
measured at different excitation wavelengths. As shown in
Fig. 1a, when excited at 310 nm, it showed a maximal emission
at 372 nm. With increasing excitation wavelengths, the emis-
sion intensity tended to increase first and then decrease,
meanwhile the emission wavelength gradually redshifted.
When excited at 320 nm, the fluorescence intensity was the
strongest. At the same time, we could also observe that the
illuminant colors were deep blue and sky blue under 312 nm
and 365 nm UV radiation, respectively. To compare the optical
behavior of different emissions, we measured the time-resolved
photoluminescent (PL) decay curves, as shown in Fig. 1b. The
fluorescence lifetimes at 372 nm and 420 nm were 27.97 ns and
4.31 ns, respectively. These results indicated PASAS had versa-
tile optical properties.

3.2 Aggregation-induced emission (AIE) characteristics

In order to find out whether it had AIE characteristics, fluo-
rescence spectra and UV absorption spectra of PASAS aqueous
solutions with different concentrations were measured. As
shown in Fig. Sia (ESIf), the absorption intensity gradually
increased and the absorption wavelength gradually red-shifted
as the concentration gradually increased. Meanwhile, the
absorption spectra also showed the end tailing phenomenon.
These phenomena could be due to the scattering effect caused
by the accumulation of aggregated particles in the system. As
shown in Fig. 2b, when the concentration was 0.1 mg mL ", the
emission intensity was very weak. The emission intensity

n
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Fig. 1 (a) Fluorescence spectra of PASAS aqueous solution (10 mg
mL~Y) with different excitation wavelengths. (b) The effect of excitation
wavelength on fluorescence lifetime of PASAS aqueous solution
(10 mg mL™Y).

continuously strengthened with the increase in concentration.
When increased to 10 mg mL ™' (D, = 185 nm, PD = 0.48,
Fig. S1b, ESIT), the emission intensity rapidly increased due to
molecular aggregation, giving a strong blue emission at about
380 nm. Meanwhile, it could also be seen that the luminescence
intensity increased with the increase in concentration under
365 nm UV radiation (Fig. 2a), which indicated aggregation-
induced emission (AIE) characteristics.

To gain more information on the AIE process, emission
spectra of PASAS aqueous solution and ACN/water mixtures
were measured (Fig. S2at). ACN was adopted because it was
a nonsolvent for PASAS, the polymer chains may be aggregated
in the mixture with high ACN fractions. When the ACN fraction
(facn) was 0%, only a weak signal was recorded. However, when
facn was increased to 99% (D, = 116.2 nm, PD = 0.37, Fig. S2b,
ESIt), the emission intensity rapidly increased. This also indi-
cated that aggregates formed with the increase in the non-
solvent content. Besides, the ®g,ution Values of PASAS aqueous
solution were as low as 1.70%. However, the ®gy;q values of
PASAS solids increased to 7.57%, and those results also suggest
that PASAS is AIE active.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Photographs taken under 365 nm UV light and (b) fluores-
cence spectra of PASAS aqueous solutions with different
concentrations.

3.3 Room temperature phosphorescence (RTP)
characteristics

Preliminary studies found PASAS solids could emit light blue
luminescence with excitation by a UV lamp at 365 nm under
ambient conditions (Fig. 3a). To gain deeper insight into the
nature of the light blue emission, the prompt and steady-state
photoluminescence spectra of solid samples were collected
under ambient conditions. As shown in Fig. 3b, the fluorescence
emission wavelength gradually red-shifted with an increase in the
excitation wavelength, which also indicated a dependence on the
excitation wavelength. Time-resolved (delayed) PL spectra were
obtained 0.5 ms after excitation (Fig. 3c). The delayed spectra were
found to exhibit dual emission bands peaking at around 460 and
525 nm. Furthermore, the difference between the peak positions of
the prompt spectrum and the delayed spectrum was nearly 80 nm
under excitation of 320 nm, which indicated that it was room
temperature phosphorescence rather than delayed fluorescence.
To further confirm PASAS solids had room temperature phos-
phorescence characteristics, time-resolved decay curves at 460 and
525 nm were recorded (Fig. 3d). The results showed that the life-
times of both were in milliseconds, which accorded with the
phosphorescence characteristic of the long lifetime. Therefore, the
above results showed that PASAS solids had RTP characteristics.*
RTP was ascribed to restricted molecular motions (RMM)*® from
the strong ionic bond and abundant hydrogen bonding in the
crystalline state (Fig. S3, ESIf). Such intermolecular and intra-
molecular interactions greatly rigidified the molecular conforma-
tion and drastically decreased the nonradiative deactivation
channels of the triplet excitons, thus giving rise to phosphorescent
emission at room temperature.’**”

RSC Adv., 2018, 8, 31231-31236 | 31233
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(a) The photograph of PASAS solids taken under 365 nm UV radiation. (b) and (c) are the fluorescence and phosphorescence spectra of

PASAS solids, respectively. (d) Time-resolved decay curves of PASAS solids at 460 and 525 nm. Excitation wavelength and delay time of

phosphorescence spectra are 320 nm and 0.5 ms, respectively.

3.4 Selectivity of polymer chemosensor towards Fe**

The UV absorption and fluorescence response of PASAS (5 mg
mL ") to various metal ions including Li*, K", Ag*, Mg**, Ca®",
Zn**, cd*, Cu’, Cu*", Co*™, Ni*", Fe**, Fe’" and AI’* (2 x
102 mol L") were studied in aqueous solution (5:2, v/v).
365 nm UV photographs had preliminarily indicated that only
Fe** could quench the luminescence of the solution (Fig. 4a).
Meanwhile, only Fe*" could enhance the absorption intensity,
which changed a little after addition of other metal ions (Fig. S4,
ESIT). Interestingly, when 2 mL of different metal ions were
added, only the addition of Fe®" significantly quenched the
fluorescence intensity of PASAS at 380 nm (Fig. 4b). Other metal
ions could not induce a significant change in fluorescence
intensity of PASAS. To gain a deeper insight into the mechanism
of fluorescence quenching, the fluorescence lifetimes before
and after the addition of Fe*" (0.2 x 107® mol L") were

31234 | RSC Adv., 2018, 8, 31231-31236

measured. Here, the lifetime values of PASAS solution before
and after the addition of Fe*" ion are determined as 11.2 and 8.6
ns (Fig. S5, ESIT), respectively. The results show that the lifetime
becomes shorter after the addition of Fe**. Thus, the reason of
fluorescence emission quenching was the stronger coordina-
tion ability to the polymer sensor and photoinduced electron
transfer (PET) process®®* from sodium benzene sulfonic acid
moiety to the coordinated metal ions (Fe**). Therefore, Fe**
could be rapidly distinguished from other metal ions by
comparing the luminescence intensity of the solution. It also
indicated that PASAS was a highly selective fluorescence probe
for Fe*" among various metal ions.

3.5 Fluorescence assay for detecting Fe>*

To evaluate the Fe*" sensing property of PASAS, the UV
absorption and fluorescence response of PASAS (5 mg mL™ ') in

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Photographs taken under 365 nm UV light and (b) fluores-

cence spectra of PASAS aqueous solution (5 mg mL™Y) in the presence
of various metal ions (2 x 10™° mol L™3).

aqueous solution towards various concentrations of Fe** were
investigated. As shown in Fig. S6a (ESI}), the UV absorption
intensity increased with the increase in Fe*" concentration due
to the absorption of FeCl;. Upon the addition of Fe*", significant
fluorescence quenching could be observed visually in the
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Fig. 5 (a) Photographs taken under 365 nm UV light and (b) fluores-

cence spectra of PASAS aqueous solution (5 mg mL™) on addition of
different concentrations of Fe>*.
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aqueous solution under 365 nm UV lamp irradiation. Remark-
ably, the emission intensity (at 380 nm) was quenched by about
5.9-fold when the concentration of Fe*' increased to 2 x
10~® mol L™ (Fig. 5). The fluorescence intensity against the Fe®**
concentration exhibited a good linear relationship (R* = 0.9997)
in the range of 0.1 x 107> t0 0.8 x 10> mol L ™" (Fig. S6b, ESI?).
Based on the above results, it can be confirmed that this poly-
mer sensor could quantitatively detect Fe’" in aqueous
solution.*®

4. Conclusions

In summary, an AIE-active room temperature phosphorescence
polymer without heavy-metal atom and halogen was investi-
gated. This polymer is weakly emissive in solution, but could be
induced to emit intensely in highly concentrated solutions or in
the solid state. The PLQY of the solid sample is 7.57%. More-
over, PASAS also emits RTP under ambient conditions, the
phosphorescence emission peak and lifetime at 460 and 525 nm
were 0.24 ms and 0.77 ms, respectively. Furthermore, the
potential application of this polymer as a fluorescence sensor
has been demonstrated by using it as a Fe** probe. All these
advantages make it a very promising material for developing
luminescent devices for a large number of applications.
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