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A conjugated polymer (CP) of poly(p-phenylene) (PPP) containing rhodamine 6G (R6G) was synthesized by
the Suzuki-coupling reaction, in which PPP acted as a blue-emitting energy donor and R6G acted as
a ligand for Fe(m) as well as the energy acceptor for Forster resonance energy transfer (FRET). The
spirolactam ring in R6G was nonfluorescent and colorless, but became open upon exposure to Fe(i) and
readily absorbed the blue emission of the PPP backbone. As the polymer was exposed to Fe(in), the blue
emission from PPP decreased and the red emission of the ring-opened R6G increased via FRET. The
sensing of the polymer for Fe(in) in ethanolic solution was not successful, because of negligible FRET. In
the solid state of the polymer, the distance between the main chain (PPP) and the side chain (R6G) was
sufficiently decreased to enable the transfer of fluorescence energy. As a result, the film sensor could
detect Fe() in an ethanol solution and a paper-based strip sensor could detect Fe(n) in an aqueous
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detection and improved the limit of detection. From the changes in the fluorescence of the polymer

sensor in the presence of Fe(in), the film and strip sensors could detect Fe() in any media. Moreover, the
film could be regenerated for repeated use after treatment with ethylenediaminetetraacetic acid (EDTA).
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Introduction

The development of synthetic probes for the detection of metal
cations has gained considerable attention, because of the
crucial role of such probes in environmental and biological
systems.'* Among the various metal cations investigated, Fe(iu)
is avital nutrient required for the survival of living cells. Indeed,
all organisms have developed their own specific metabolisms to
absorb and transport Fe(m). Also, the detection of Fe(m) is
particularly important because it catalyzes chemical reactions
that produce reactive oxygen species.*® Although a number of
fluorescent sensors capable of Fe(m) detection have been
developed, almost of these sensors are based on fluorescence
quenching mechanisms that rely on the paramagnetic nature of
Fe(w).”™ In addition, most of the fluorescence “turn-on” or
“emission shift-"based sensors have detected Fe(m) mainly in
their solutions. As such, reports on solid-based Fe(m) sensors
are rare,"*™* emphasizing the importance of the development of
Fe(m)-detecting protocols that exhibit high sensitivity and
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selectivity in the solid state, such as nanoparticles, films, and
fibers.">"

The use of the FRET mechanism to detect Fe(m) is highly
demanding, because it can avoid quenching-based sensing,
enabling ratiometric detection. FRET is a nonradiative energy
transfer process between an excited donor fluorophore and an
acceptor fluorophore through long-range dipole-dipole inter-
actions.”> In general, FRET-based CP sensors exhibit high
sensitivity over small molecules, because the fluorescence of CP
could be easily altered by minimal stimuli.**”>* We designed
a blue-emitting PPP (donor) containing R6G derivative
(acceptor) for the FRET-based detection of Fe(ur). Rhodamine
derivatives are often used as fluorescent reagents because of
their strong fluorescence and long wavelength emission.**>*
The (ring-closed) R6G that contains a spirolactam ring is
nonfluorescent and colorless, whereas its ring-opened amide
analog exhibits strong fluorescence and a pink color. The spi-
rolactam structure of R6G is easily converted to the ring-opened
amide structure by external stimuli such as acid and metal
ions.?**® Similarly, the interaction of Fe(u) with the spirolactam
ring of R6G causes the ring-opened amide form, inducing
noticeable changes in its color and fluorescence, which have
been exploited as turn-on probes for the detection of Fe(ur).**>**

Herein, we synthesized a PPP containing R6G (R6G-PPP) for
the detection of Fe(m). Using the “emission shift” effect of R6G
in the presence of Fe(ur), the R6G-PPP was expected to detect
a small quantity of Fe(ur) via FRET from the backbone of PPP to

This journal is © The Royal Society of Chemistry 2017
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R6G in the side chain. The changes in the fluorescence color of
R6G-PPP during the FRET process could be estimated with
a ratio of the fluorescent intensity of donor (blue) and acceptor
(red). For the practical use of the Fe(u) sensor, a solid-state
sensor for Fe(m) should be developed, because solid-state
sensors possess many advantages over conventional solution
sensors, such as easy handling, reusability, and a simple
fabrication method.***® The paper-based R6G-PPP strip was
useful for detecting Fe(mr) in aqueous solution and exhibited
a short response time. The strip sensor has an advantage in
portable applications and can be easily separated from the
analyte solution after the detection, providing reusability.

Experimental
Instrumentation

"H and "*C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker DRX-300 spectrometer with tetrame-
thylsilane as the internal standard (Korea Basic Science Insti-
tute). Elemental analysis (EA) was performed with an Elemental
Analyzer EA 1108 (Fisons Instruments). Fourier transform-infra
red (FT-IR) spectra were recorded on a Bruker Tensor 27
spectrometer. Ultraviolet-visible (UV-vis) absorption spectra
were obtained with a PerkinElmer Lambda 35 spectrometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrometer equipped with a xenon flash lamp
excitation source. The molecular weight of the polymer was
determined by gel-permeation chromatography (GPC). Tetra-
hydrofuran (THF) was used as the eluent with a polystyrene
standard, and GMHHR-M columns and a Bischoff Lambda 1000
detector were used.

Reagents and materials

All chemicals were purchased from Sigma-Aldrich and solvents
were purchased from Samchun Chemicals. All reagents were
used without further purification unless otherwise noted. 1,4-
Bis(octyloxy) benzene (1), 1,4-dibromo-2,5-bis(octyloxy)benzene
(2), 1,4-di(ethyl-4-oxy-butyrate)benzene (3), 1,4-dibromo-phenyl-
2,5-dioxybutyric acid (4), and rhodamine 6G-ethylenediamine
(5) were synthesized according to previously published
methods.*™*

Synthesis of 6

4 (1 g, 2.28 mmol) was dissolved in DMF (40 mL) under argon
atmosphere.  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) (1.09 g, 5.7 mmol) was added to the solution and then
the mixture was stirred at room temperature for 1 h. N-
Hydroxysuccinimide (NHS, 0.92 g, 7.98 mmol) was added to the
mixture and the mixture was stirred at room temperature. After
1 h stirring, 5 (2.60 g, 5.7 mmol) was added to the mixture and
the mixture was stirred at room temperature for 24 h. After the
reaction, the mixture was slowly added to water (200 mL) and
the precipitate was isolated by filtration. The precipitate was
purified by silica-gel column chromatography and dried in
a vacuum oven. Yield: 1.45 g (45%). "H NMR (CDCl;, 300 MHz)
8.0 (2H, s), 7.9 (2H, m) 7.48 (6H, m), 7.08 (2H, m), 6.34 (4H, s),
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6.2 (4H, s), 3.5 (4H, s), 3.2 (8H, m), 3.0 (4H, m), 1.9 (12H, m), 1.7
(8H, s), 1.3 (24H, m) ppm. FT-IR (KBr pellet, cm™): 3388 (N-H),
2970-2870 (C-H), 1678 (C=0), 1635 (N-H), 1622 (C=C), 1517
(C=C), 1269 (aromatic C-H). Anal. calcd for C,(Hg,Br,NOg: C,
63.63%; H, 6.10%; N, 8.48%. Found C, 64.36%; H, 6.14%; N,
9.06%.

Polymerization of R6G-PPP

2 (0.34 g, 0.68 mmol), 6 (0.1 g, 0.076 mmol) and 1,4-benzene-
diboronic acid bis(pincol) ester (0.26 g, 0.76 mmol) were dis-
solved in a mixture of THF containing aqueous 2 M potassium
carbonate solution (3 mL) under argon atmosphere. After
addition of tetrakis(triphenylphosphine) palladium(0)
(0.0438 g, 0.0379 mmol), the mixture was refluxed for 30 h. The
mixture was cooled and poured to methanol (300 mL). The
precipitate was isolated by filtration. The polymer was washed
with water, methanol, and acetone. The polymer was extracted
with chloroform for 24 h in a Soxhlet apparatus to remove
oligomers and catalyst residues and the solution was precipi-
tated in n-hexane. Finally, a gray powder was obtained after
drying under vacuum. Yield: 0.29 g (78%). "H NMR (300 MHz,
CDCl3) 7.7 (s), 7.4 (m), 7.1-6.9 (m), 6.3 (s), 6.1 (s), 3.9 (m),
3.5 (m), 3.3 (m), 2.9 (m), 2.2-2.0 (m), 1.7-1.6 (m), 1.3-1.1
(m) ppm. "*C NMR (CDCl;) 124.35, 72.70, 72.48, 72.27, 71.85,
64.90, 27.1, 24.96, 21.39, 17.94, 9.37 ppm. FT-IR (KBr pellet, cm™):
3418 (N-H), 2925-2850 (C-H), 1680 (C=O0), 1487 (C=C), 1209
(aromatic C-H). Anal calcd For Cz9Hyp4Np.4805.4: C, 80.89%; H,
9.25%; N, 1.5%. Found: C, 78.39%; H, 9.06%; N, 1.51%.

Preparation of R6G-PPP film and sensing test

A film of R6G-PPP was prepared via spin-casting on a glass slide
from a 1 wt% chloroform solution. Then the film was immersed
in an ethanolic Fe(i) solution for 2 h and air-dried for 5 min.
Changes in the fluorescence of the film were recorded with the
fluorescence spectrometer.

Preparation of R6G-PPP strip and sensing test

A cellulosic filter paper (Advantec no. 2) with a diameter of
5 mm was immersed in a THF solution of R6G-PPP
(0.01 mg mL ™). After 30 s, the filter paper was removed from
the solution and air-dried. The prepared R6G-PPP strip was
immersed in the aqueous Fe(i) solution for 5 min and dried for
5 min (heating may be needed for fast drying). The changes in
the fluorescence intensity of the R6G-PPP strip were then
recorded with the fluorescence spectrometer.

Results and discussion

Rhodamine 6G-ethylene diamine 5 was synthesized by the
reaction of R6G with ethylene diamine according to a previously
published method.** Monomer 6 was synthesized via a conven-
tional EDC-NHS coupling reaction between the carboxylic acid
moiety of 4 and the amino group of 5 (Scheme S1%). For the
polymerization of R6G-PPP, the Suzuki coupling of 2, 6, and
1,4-benzenediboronic acid bis(pinacol ester) was carried out in
the presence of Pd(0) catalyst, as shown in Scheme 1. The
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Scheme 1 Synthesis of R6G—-PPP.

resulting R6G-PPP was soluble in common organic solvents,
including chloroform and THF. The chemical structure of the
polymer was confirmed by 'H NMR, "*C NMR, IR spectroscopy,
and EA. The molar composition (m : n) of R6G-PPP was calcu-
lated to be 0.86 : 0.14 from the EA. GPC measurement indicated
that the weight-average molecular weight of R6G-PPP was
11 270 with a polydispersity of 2.67. The UV-vis and fluores-
cence spectra of R6G-PPP were investigated in THF solution
(0.01 mg mL ") and as a spin-cast film (Fig. S1t). The absorp-
tion wavelengths of R6G-PPP in THF solution and solid state
were found to be at 348 and 354 nm, respectively. The emission
wavelengths of R6G-PPP in both the solution and the solid were
observed at 415 nm, emitting a blue fluorescence color (shown
in the inset photographs in Fig. S17).

The FRET-based detection mechanism of Fe(ur) using R6G-
PPP is illustrated in Scheme 2. When R6G-PPP is exposed to the
Fe(m), R6G moiety, which is present in the side chain of R6G-
PPP, will interact with Fe(m), resulting in the ring-opening,
causing red fluorescence. Simultaneously, the blue emission
of the phenylene backbone (energy donor) is transferred to the
red emission of the R6G moiety (energy acceptor) through the
FRET mechanism, leading to a red emission that is more
intense than that excited at the absorption of R6G. To obtain
FRET, the emission of the polymer backbone and the absorp-
tion of ring-opened structure of the R6G moiety should have
a spectral overlap (Fig. S2at). Upon exposure of R6G-PPP to
Fe(m) in ethanol solution, the blue emission of R6G-PPP
decreased, whereas the red emission increased (Fig. S2bf),
indicating that the ring of the R6G moiety was opened by an

" ¥ N
N AN FRET

Ny FRET N

Blue emission

Scheme 2 FRET-based detection mechanism of Fe(i) using ring-
opening of R6G—-PPP.
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interaction with Fe(ir). However, the fully extended structure of
the PPP backbone and the R6G side group in the solution might
inhibit an efficient energy transfer. The fluorescent intensity at
560 nm of the R6G-PPP solution upon excitation at 525 nm
(absorption of R6G) was more intense than that upon excitation
at 348 nm (absorption of PPP), indicative of the poor energy
transfer in the solution (Fig. S2ct). Thus, we sought the possi-
bility of energy transfer in solid-state sensors such as a film and
a paper-strip for detection of Fe(m) via FRET, because the
distance between the PPP backbone and the R6G moiety would
be sufficiently shorter in the solid state than in the solution
state to obtain efficient FRET.

To enhance the sensitivity toward Fe(u1) via FRET, R6G-PPP
was fabricated into a spin-cast film on a glass substrate. The
sensing procedure was simple; the R6G-PPP film was immersed
in an ethanol solution of Fe(m) and the changes in UV-vis and
fluorescence spectra were investigated. The changes in
absorption and fluorescence of the film were monitored over
various exposure times. Upon exposure to Fe(ui), the absorption
at 525 nm increased because of the ligand interactions between
Fe(ur) and R6G in the R6G-PPP, leading to ring-opening of the
spirolactam in R6G (Fig. 1a). The blue emission (415 nm) of the
PPP unit decreased and, concomitantly, the red emission (560
nm) of the R6G moiety increased because of FRET from PPP to
the ring-opened R6G (Fig. 1b). The changes in fluorescence
became saturated after immersion for 30 min (Fig. 1c), indi-
cating that the interaction time between the two species was
short enough for use as a sensory material. Moreover, the long
wavelength (560 nm) emission intensity of the film was stronger
when excited at the absorption of PPP unit (354 nm) than at
525 nm (Fig. 1d), indicating that efficient FRET was
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Fig.1 Changesin (a) UV-vis and (b) fluorescence spectra of R6G-PPP
film with exposure time in Fe() in ethanol solution (excitation wave-
length ¢, = 354 nm). (c) Relationship between fluorescence intensity
ratio of acceptor and donor (Isgo/l415) in R6EG—PPP film under various
exposure times to Fe(in) solution. Isgg and /415 correspond to fluores-
cence intensity at 560 nm and 415 nm, respectively. (d) Partial fluo-
rescence spectra of R6G-PPP film upon exposure to Fe(i) excited at
354 nm (A) and 525 nm (A). [Fe**] = 5.0 x 107° M.
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accomplished in the film state, in contrast to the case in the
ethanol solution.

Changes in the absorption and fluorescence properties of
R6G-PPP film in the presence of various concentrations of Fe()
are shown in Fig. 2. To see clear spectroscopic changes of the
films, the exposure time was fixed to 2 h. Upon increasing the
concentration of Fe(ur) in an ethanolic solution (from 1.6 x 107>
to 1.0 x 1072 M), the absorption at 525 nm increased because of
the ligand interactions (Fig. 2a). Similar to the fluorescence
spectra of R6G-PPP in solution, the blue emission of the film
decreased, while the red emission of rhodamine moiety
increased (Fig. 2b). Such increase (560 nm) and decrease
(415 nm) in each emission band was more intense when excited
at the absorption of PPP (354 nm) via FRET than when excited at
the absorption of the ring-opened R6G (525 nm) (Fig. 2c). The
relative intensity ratio of Ise0/l415 was highly dependent on the
Fe(mr) concentrations and the limit of detection (LOD) was
calculated to be 4.14 x 10™* M, based on the 3g/slope, where o
is the standard deviation of four independent measurements
(Fig. 2d). The concentration-dependent, fluorescence color
change of R6G-PPP (blue-to-red) can be seen by the naked-eye
(Fig. 2e). To test the reproducibility of the R6G-PPP film,
EDTA was used to remove Fe(ur) from the R6G-PPP film. After
exposure to Fe(m), the R6G-PPP film exhibited red emission.
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Fig. 2 Changes in UV-vis (a) and fluorescence spectra (b) and (c) of
R6G-PPP film upon exposure to Fe(in) with various concentrations in
ethanol solution (excitation wavelengths (b): 354 nm; (c): 525 nm).
Inset corresponds to the partial fluorescence spectra. [Fe®'] = 0 (@);
16 x 10°M(0); 31 x 10>M (A); 63 x 10> M (A); L3 x 107" M
(¥); 25 x 100* M (V); 50 x 107" M (#); 1.0 x 107* M (<). (d)
Relationship between fluorescence intensity ratio (/sgo//415) of R6G—
PPP film and concentration of Fe(i). (€) Photographs of R6G—PPP film
under UV light (365 nm) before and after immersion in Fe() solution.
Exposure time: 2 h.
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Fig. 3 Reversible regeneration of R6G-PPP film by EDTA. (a)
Reversible change in the fluorescence intensity ratio (/seo//415) and (b)
photographic images of R6G—-PPP film in the presence of Fe(i) and
EDTA under UV illumination (365 nm). The polymer film became
stripped after continuous immersion in both solutions. Exposure time:
1 h. [Fe**] = 5.0 x 107 M; [EDTA] = 0.01 M; excitation wavelength
Aex = 354 nm.

control Fe*

The red emission turned to blue again when the R6G-PPP film
was immersed in an ethanolic EDTA solution. Fig. 3a shows the
reproducible regeneration of the R6G-PPP film, indicating that
the fluorescence intensity ratio Iseo/I415 Was reversibly changed
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film under ambient (upper) and 365 nm UV light (bottom) after
immersion in various metal-ion solutions.
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over four cycles. Such reversibility could be clearly observed by
the naked-eye (Fig. 3b).

The selectivity of the R6G-PPP film toward various metal
ions was investigated using absorption and fluorescence
spectra. Among a series of cations, including Fe**, Cd**, Ni*",
Pb>, Cu®', Zn**, Mg>" and Cs, only Fe(ur) rendered spectro-
scopic changes of the film (Fig. 4a and b). The increases in the
absorption at 537 nm and in the intensity of fluorescence at
560 nm of the R6G-PPP film were observed upon exposure to
Fe(mr), and no spectroscopic change was found for the other
metal ions, mainly because of the selective ring-opening of the
spirolactam ring through the chelation of Fe(ur) with the two
oxygen atoms and two nitrogen atoms of the R6G side chain.
Comparison of the fluorescence intensity ratio (Is¢0/I415) showed
that only Fe(m) was selectively bound to R6G-PPP to induce
FRET (Fig. 4c). This phenomenon could be clearly observed by
the naked-eye, in which pink color and red emission were seen
under ambient and UV light (365 nm), respectively (Fig. 4d).
Such immersion in a metal-ion solution has a practical problem
when using the spin-cast film. Repeated exposure to the
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Fig. 5 (a) Changes in fluorescence spectra of R6G-PPP strip with
immersion time in aqueous Fe(i) solutions. (Excitation wavelength
Aex = 354 nm). The inset shows an enlargement of the fluorescence
spectra. (b) Relationship between the acceptor/donor fluorescence
intensity ratio (/sso/l415) of R6G—PPP strip with immersion time.
[Fe**] = 0.01 M.
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solution can strip the film from the substrate (as can be seen in
Fig. 3b). Therefore, the dropping technique was used when
exposing metal-ion solutions to the R6G-PPP film. Similar to
the results obtained from the immersion technique, changes in
the UV absorption and emission of the R6G-PPP film were
observed (Fig. S37).

To elucidate a more practical use of R6G-PPP in aqueous
solution, R6G-PPP was introduced to a cellulose-based filter
paper to prepare a sensor strip, which could avoid detachment
from the substrate and provide a versatile use in aqueous
solution. The use of such a strip sensor allowed changes in the
fluorescence of R6G-PPP in the presence of Fe(m) in aqueous
solution (Fig. 5a). Changes in the fluorescence of the R6G-PPP
strip were observed and a decrease in the blue emission was
accompanied by an increase in the red emission of R6G-PPP in
the presence of Fe(um). Unexpectedly, such emission changes
were completed within 1 min, which showed excellent sensi-
tivity, compared with detection in solution or with film sensors,
mainly because of the porous structure of the paper-based
sensor strip (Fig. 5b). The changes in the fluorescence of the
R6G-PPP strip in the presence of various concentrations of
Fe(ur) in water are shown in Fig. 6, where the sensor strip was
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Fig. 6 Changes in fluorescence spectra of R6G—-PPP strip in the
presence of Fe(in) with various concentrations in aqueous solutions (a)
and (b). Excitation wavelength Ay = 354 nm. (c) Relationship between
the fluorescence intensity ratio (Isso//415) of R6G—PPP strip and Fe(in)
concentrations. [Fe3*] = 0 (@), 6.3 x 107° (O), 1.3 x 107° (4), 2.5 x
1073 (A), 5.0 x 1072 (¥), and 1.0 x 10~* M (V). Exposure time: 5 min.
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immersed only 5 min. Upon increasing the Fe(ur) concentration
(6.3 x 107% to 1.0 x 10~* M), the decrease in the blue emission
of the R6G-PPP strip was accompanied by an increase in the red
emission via FRET (Fig. 6a and b). The intensity ratio (I550/I415)
was linearly dependent on the concentration of Fe(u), and the
LOD was found to be 1.0 x 10~® M, which was enhanced
compared with that of the R6G-PPP film (4.14 x 10™* M)
(Fig. 6¢). Considering the solid-state sensor, the LOD of the
paper-based R6G-PPP strip was comparable to other
fluorescence-based Fe(m) sensors reported in literature
(Table S17).

Conclusions

R6G side chains were successfully introduced to a PPP back-
bone to use the ring-opening property of R6G in Fe(ur) detection.
Upon interaction of the R6G moiety with Fe(in), changes in the
fluorescence of R6G-PPP were observed because of the spi-
rolactam ring opening. Though the R6G-PPP showed
a response to Fe(mr) in solution, FRET-based emission amplifi-
cation was negligible, presumably because of the extended
distance between the polymer backbone (PPP) and the side
chain (R6G), which rendered the energy transfer difficult. In the
case of the solid state of R6G-PPP including film and paper-
based strip, the FRET distance was sufficient to allow energy
transfer to take place. Thus the R6G-PPP film exhibited better
FRET-based detection performance toward Fe(m) including
selectivity and reusability. The sensing of Fe(m) in the aqueous
phase was also possible using a paper-based sensor strip with
high sensitivity mainly because of its porous structure. As
a result, R6G-PPP provided versatility as a Fe(ur) sensor in
organic and aqueous media.
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