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ABSTRACT: A kind of fluorene-based conjugated polymer with tethered thymine (T) groups {poly[(9,9-dioctyl)-2,7-fluorene-{9,9-dioc-
tyl-4-1,2,3-triazol-[ 5-(hydroxymethyl)tetrahydrofuran-2-yl]-5-methylpyrimidine-2,4(1H,3H)-dione}-2,7-fluorene] -co-[ (9,9-dioctyl)-2,7-
fluorene-4,7-bis(5-thiophen-2-yl)benzo-2,1,3-thiadiazole] (P-3)} was successfully synthesized by a Cu(I)-catalyzed click reaction
between the acetylene-substituted polymer precursor {poly[(9,9-dioctyl)-2,7-fluorene-(9,9-dioctyl-4-phenylacetylene fluorene)]-
co-[(9,9-dioctyl)-2,7-fluorene-4,7-bis(5-thiophen-2-yl)benzo-2,1,3-thiadiazole]} and 3’-azido-3’-deoxythymidine. The chemical
structures of the intermediates and target polymer were verified by Fourier transform infrared spectroscopy and 'H-NMR analyses. The
specific binding with Hg*" of P-3 was corroborated by ultravioletvisible spectroscopy and photoluminescence analyses against other
metal ions. The results show that P-3 possessed selectivity and sensitivity toward Hg**. Around 77% of photoluminescence intensity of
P-3 was quenched when the concentration of Hg*" reached 7.7 x 10™* M and with a detection limit in the range of about 4.8 uM. A
comparison experiment suggested that a synergic effect of the tethered T and S atoms interrelated with Hg*" existed in P-3. Most of the
fluorescence intensity of P-3 was recovered upon the addition of iodide anions to the P-3/Hg>" complex; this suggested that P-3 could
be used as a potential reversible optical Hg*" probe. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1763-1772, 2013
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INTRODUCTION a series of small molecules,'®" polymers,zo’22 DNA,*>** and

. 1.2526 : 2+ .
Highly toxic mercury ions can cause lethal threats to the nanomaterials based optical sensors for Hg"" have been suc

environment and to human beings."™ Its accumulation in
organisms cause serious illness, including prenatal brain dam-
age, cognitive problems, motion disorders, and minamata.>®
Thus, it is highly desirable to develop new methods that are
sensitive and selective for the detection of Hg*™ contamination
for the protection of the environment and human health.

Researchers have reported some methods of realizing Hg>"
detection by methods such as capillary electrophoresis,” atomic
absorption spectroscopy,® cold-vapor atomic fluorescence spec-
trometry,”™"" and gas chromatography.'> However, many of
these methods require complicated, multistep sample prepara-
tion or sophisticated instrumentation, and there is still the great
challenge of finding methods of providing technically simple
Hg”" detection.”” Optical probes have been widely developed
for detecting analytes because of their high sensitivity, low cost,
easy detection, and reusable properties in some cases.'*™” Thus,
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cessfully synthesized.

Thymine (T), a natural base in DNA, has been demonstrated to
be one of the most specific ligands for Hg>"; it forms a
T—Hg*"™—T pair with strong affinity and high selectivity.”” >’
However, most functional T bases are connected to DNA, and
they are very expensive and susceptible to the alteration of their
surroundings, such as changes in the pH and temperature. So,
this is a reasonable way to connect Ts directly with functional
compounds to widen their application scope. Some T-substi-
tuted materials with optical®®* or electrochemical activity™
have thus been synthesized, and Hg*" probing has been realized
by the detection of the alteration of optical/electrochemical
signals.

Among the versatile functional compounds that have sprung up
in recent years, conjugated polymers (CPs) are known to pro-
vide the advantages of a collective optical response®® and have
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been used extensively as chemisensing/biosensing substrates.”>®

The sensitivity of CPs in probing applications is thus superior to
small molecular derivatives because of their signal-amplification
effect.’®** Inspired by this knowledge, some trials have been per-
formed that used CP/T composites for Hg*" detection. Ren and
Xu*!' used a combination of oligonucleotides, DNA intercalators,
and CP for the turn-on detection of Hg*" by combining the
effect of the specific binding between Hg”" and T and the opti-
cal amplification properties of CPs. Lee et al.** took advantage
of the interactions among sulfur, Hg’", and T to probe Hg>"
with S-containing CPs as optical reporters and bisthymine as
shackles. To obtain chemically stable CP/T systems, polythio-
phene and poly(para-phenylene)-based CPs with Ts covalently
bonded on the side chains have been successfully synthesized by
the research groups of Wang et al.** and Li et al.,*’ respectively.
They found that these T-substituted CPs could specifically detect
Hg”", and their optical properties could be recovered to some
extent by the addition of stronger Hg*" binding agents. In other
words, this type of CP can be used as a reusable Hg”" probe
because of its intrinsic chemical stability. Despite these obtained
efforts, the design and synthesis of chemically substituted T flu-
orescent CPs with more versatile chemical structures (and thus
with variable optoelectronic properties) via a simple reaction
under moderate conditions still need to be explored for further
modification of their optical response properties.

Inspired by these findings, in this study, we successfully
synthesized a kind of novel fluorescent CP, poly[(9,9-dioctyl)-
2,7-fluorene-{9,9-dioctyl-4-1,2,3-triazol-[ 5-(hydroxymethyl)tetra-
hydrofuran-2-yl]-5-methylpyrimidine-2,4(1H,3H)-dione}-2,7-flu-
orene]-co-[(9,9-dioctyl)-2,7-fluorene-4,7-bis(5-thiophen-2-yl)benzo
-2,1,3-thiadiazole] (P-3), with a peripheral T substituent and a flu-
orene backbone via the click postreaction of an alkyne-substituted
precursor polymer. Its response to various metal ions was investi-
gated. The results show that this polymer could act as potential
probe for Hg”" ions, and the detection limit was about 4.8 x
107° M. In this study, we aimed to provide a modified method
for the synthesis of T-substituted CPs with controllable optoelec-
tronic properties.

EXPERIMENTAL

Materials

All of the reagents, unless otherwise specified, were purchased
from Aldrich, Acros, and TCI Chemical Co. (supplied by the
local agents in China) and were used without further purifica-
tion. Diisopropylamine, toluene, and tetrahydrofuran (THF)
were distilled from sodium in the presence of benzophenone
and were degassed before use. 2,7-Bis (4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-dioctylfluorene and 4,7-bis(5-bromothio-
phen-2-yl)benzo-2,1,3-thiadiazole (DBT) were synthesized by a
procedure reported previously.**

Solutions of AI**, Ba®>*, Cu*™, K™, Mg”, Na®, Ni**, and Zn*>*
were prepared from their chloride salts; Hg*™ and Pb*" were
prepared from their acetate salts; Fe’™ and Cd** were prepared
from their sulfate salts; and Ag" were prepared from its nitrate
salts. The concentrations of the metal solutions were controlled
at 10" M in deionized water, and their stocks were subse-
quently diluted to different concentrations for further use.
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Measurements and Characterization

IR spectra were recorded on an Equinox 55 Fourier transform
infrared (FTIR) spectrometer (BRUKER OPTICS, Germany)
with KBr pellets. '"H-NMR and '?C-NMR spectra were collected
on a Varian Inova-400 spectrometer (BRUKER, Germany) oper-
ating at 400 MHz (for '"H-NMR) and 100 MHz (for >C-NMR)
in deuterated chloroform or in a THF solution with tetrame-
thylsilane as a reference. The number-average molecular weight
(M,) and weight-average molecular weight (M,,) were deter-
mined by an UltiMate3000 instrument (Dionex, United States)
in THF with a calibration curve of polystyrene standards. Ultra-
violet—visible (UV-vis) absorption spectra were recorded on a
Shimadzu UV-2450 UV-vis spectrophotometer (Shimadzu, Ja-
pan). Photoluminescence (PL) spectra were recorded on a Hita-
chi F-4500 spectrophotometer (Hitachi, Japan). Thermogravi-
metric analysis (TGA) was conducted on a Pyrisl TGA
instrument (PerkinElmer, United States) at a heating rate of
10°C/min under nitrogen.

Synthesis

The synthetic route of the target polymer is outlined in
Scheme 1. 2,7-Dibromo-4-iodo-9,9-dioctylfluorene (5) was pre-
pared and purified via procedures similar to those reported in
the literature.***

Synthesis of 2,7-Dibromo-4-Triisopropylsilyl-Alkynyl-9,9-Dio-
ctylfluorene (6). 5 (0.337 g, 0.500 mmol), Pd(PPh;),Cl, (0.017 g,
0.039 mmol), and Cul (0.009 g, 0.047 mmol) were added to a 50-
mL, round-bottom flask. After the flask was purged with nitrogen
for 5 min, dry toluene (6 mL) and diisopropylamine (3 mL) were
added via syringe. The mixture was degassed and stirred for
20 min under nitrogen, and triisopropylsilyl acetylene (0.1014 g,
0.557 mmol) was injected into the flask. The previous mixture was
stirred at room temperature overnight. The crude product was
purified by column chromatography with petroleum ether as an
eluent to give the final product as a white solid (0.2879 g).

Yield: 79.1%. '"H-NMR (400 MHz, CDCl;, §, ppm): 8.47-8.44
(d, J = 12.4 Hz, 1H), 7.56-7.55 (s, 1H), 7.46-7.42 (m, 2H),
7.39-7.37 (s, 1H), 1.91-1.87 (m, 4H), 1.25-0.99 (m, 41H), 0.88—
0.81 (m, 6H), 0.59-0.57 (m, 4H). >C-NMR (100 MHz, CDCl;,
d, ppm): 152.80, 138.85, 134.65, 129.90, 126.10, 125.69, 124.05,
121.98, 120.31, 117.99, 104.19, 97.87, 77.17, 55.01, 40.16, 31.72,
29.81, 29.12, 23.53, 22.56, 18.60, 18.52, 14.03, 11.37.

Synthesis of Poly[(9,9-dioctyl)-2,7-fluorene-(9,9-dioctyl-4-trii-
sopropylsilyl alkynyl fluorene)]-co-[(9,9-dioctyl)-2,7-fluorene-
4,7-bis(5-thiophen-2-yl)benzo-2,1,3-thiadiazole] (P-1). Under
nitrogen,  2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dioctylfluorene (0.193 g, 0.30 mmol), 6 (0.175 g, 0.24 mmol),
and DBT (0.0275 g, 0.06 mmol) were added to degassed toluene
(8 mL) and 1.5 mL of a 0.2 M potassium carbonate aqueous
solution (1.5 mL). Pd(OAc), (0.003 g, 0.013 mmol) and three
drops of Aliquat 336 were added later. The previous mixture
was degassed times, and tricyclohexyl phosphine
(0.006 g, 0.021 mmol) was added afterward. The reaction was
heated at 90°C for 72 h before it was cooled to room tempera-
ture. The crude product was purified by flash column chroma-
tography with toluene as the eluent; then, it was concentrated
to a volume of about 3 mL and reprecipitated into methanol

several
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Scheme 1. Synthesis of the monomers and polymers.

(60 mL). The formed precipitate was recovered by filtration.
The obtained polymer was further purified by washing with ac-
etone in a Soxhlet apparatus for 24 h to remove oligomers and
catalyst residues, and it was vacuum dried after vacuum drying
at 50°C overnight (0.161 g).

Yield: 77%. FTIR (KBr, cm "): 3016, 2926, 2855, 2145 (C=C),
1618, 1461, 1209, 1040, 1002, 816. "H-NMR (400 MHz, CDCl;, 6,
ppm): 8.79 (m, 0.65 H), 8.19 (m, 0.65 H), 7.98-7.37 (m, 12.25
H), 2.11 (m, 7.2 H), 1.41-0.82 (m, 70.8 H). ">C-NMR (100 MHz,
CDCls, 6, ppm): 152.10, 151.82, 140.16, 126.23, 121.46, 120.03,
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114.74, 65.88, 57.86, 55.35, 40.38, 37.25, 31.64, 29.87, 29.22,
23.86, 22.74, 18.67, 14.13, 11.48. Gel permeation chromatography
(GPC): M,, = 93,000, M,, = 20,380, and M,,/M,, = 4.6.

Synthesis of Poly[(9,9-dioctyl)-2,7-fluorene-(9,9-dioctyl-4-phe-
nylacetylene  fluorene)]-co-[(9,9-dioctyl)-2,7-fluorene-4,7-bis
(5-thiophen-2-yl)benzo-2,1,3-thiadiazole] (P-2). A solution of
P-1 (0.161 g, 0.175 mmol) in anhydrous THF (14.3 mL) was
vigorously stirred under a nitrogen atmosphere in a round-
bottom flask, and tetrabutyl ammonium fluoride (1M in THE,
0.89 mL, 0.89 mmol) was added to this solution. The mixture
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was stirred at room temperature overnight. The crude product
was purified by flash column chromatography with toluene as
the eluent; it was then concentrated and reprecipitated in meth-
anol. The final product was obtained after vacuum drying at
50°C overnight (0.129 g).

Yield: 95%. FTIR (KBr, cm™'): 3300 (=C—H), 3016, 2925, 2853,
1622, 1460, 1040, 816. 'H-NMR (400 MHz, CDCls, J, ppm):
8.66 (m, 0.55 H), 8.19 (m, 0.55 H), 7.98-7.36 (m, 12.59 H),
3.60-3.58 (m, =C—H, 0.64 H), 2.11 (m, 7.2 H), 1.26-0.82 (m,
54 H). PC-NMR (100 MHz, CDCls, 6, ppm): 152.60, 151.85,
146.92, 140.27, 126.41, 121.69, 120.16, 113.30, 65.94, 59.00, 57.91,
55.36, 40.50, 37.24, 31.81, 29.24, 24.18, 22.74, 19.73, 14.13. GPC:
M,, = 186,300, M,, = 20,600, and M,/M, = 9.0.

Synthesis of P-3. P-2 (0.030 g, 0.0386 mmol) was dissolved in
dry THF (15 mL) and diisopropylamine (0.5 mL) under a
nitrogen atmosphere. Then, Cu(PPh;);Br (0.005 g, 0.0054
mmol) and 3’-azido-3'-deoxythymidine (0.022 g, 0.08 mmol)
were added sequentially. The previous mixture was stirred at
50°C overnight; then, the product was concentrated and repreci-
pitated in methanol and was vacuum dried at 50°C overnight
(0.0310 g).

Yield: 81%. FTIR (KBr, cm '): 3408 (O—H and N—H), 3065,
2924, 2852, 1887, 1689 (C=0), 1573, 1460, 1374, 1270, 815.
'"H-NMR (400 MHz, THE-dg, 6, ppm): 10.40 (m, N—H),
8.38-7.44 (m, Ar H), 6.53 (m), 5.60 (m), 4.66 (m), 4.50 (m),
2.18-0.69 (m, alkyl H). GPC: M,, = 31,400, M,, = 14,100, and
M, /M, = 2.2.

RESULTS AND DISCUSSION

Synthesis and Characterization
The synthetic route of intermediates and target polymer is
shown in Scheme 1.

2,7-Dibromo-4-iodofluorene (4) was synthesized from 2,7-
dibromofluorene as the starting material by sequential nitrifica-
tion, ammonification, and iodination at the 4 site.*>*® Com-
pound 5 was readily obtained by the alkylation of 4.** The
introduction of triisopropylsilyl acetylene groups in monomer 6
happened exclusively at the iodide site by a Sonogashira reac-
tion because of the much higher reactivity of the iodide site
compared to that of the bromo sites. P-1 was successfully
synthesized via Suzuki polymerization and deprotected by the
disilylation of BuyNF in THF at room temperature to give P-2
with a high yield. The T-substituted target polymer, P-3, was
synthesized with P-2 and 3'-azido-3'-deoxythymidine as starting
materials via a click reaction with Cu(PPh;);Br as the catalyst
in THE The introduction of T groups into optical compounds
in previous studies was mainly done by condensation reactions
between haloalkane and T***! or aminoalkane and carboxylic
acid-substituted T**** and was limited by relatively low reaction
yields and complicated syntheses. The highly efficient Cu(I)-
catalyzed click reaction was applied in this study to favor the
introduction of Ts under mild conditions and high yield. Both
P-1 and P-2 are readily soluble in common organic solvents
such as THE chloroform, and toluene at room temperature,
whereas P-3 is just soluble in THF and is almost insoluble
in toluene, chloroform, dimethylformamide, and dimethyl
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Figure 1. FTIR spectra of P-1, P-2, P-3, and 3'-azido-3'-deoxythymidine.

sulfoxide; this might be due to the complicated influence of its
polarity, which is brought about by the substitution of T
groups. The M,, values of P-1 and P-2 were measured by means
of GPC analysis with THF as the eluent against polystyrene
standards; the values were 20,380 and 20,600 with polydisper-
sities of 4.6 and 9.0, respectively, whereas the corresponding M,
value for P-3 (~14,100) was smaller than those of P-1 and P-2.
This might have been due to P-3’s lower solubility in THF com-
pared with those of P-1 and P-2 (presumably brought about by
the complicated influence of its polarity after the introduction
of T groups).

The chemical structures of P-1, P-2, and P-3 were verified by
FTIR and NMR analyses. As shown in Figure 1, clear changes in
the FTIR spectra between P-1 and P-2 appeared at about
2145 cm™ ' and about 3300 cm . In the spectrum of P-2, the
absorption signal intensity at about 2145 cm™"' (corresponding
to the C=C stretching vibrations) weakened significantly com-
pared to that of P-1, and a new band at about 3300 cm™'
appeared exclusively in the spectrum of P-2. This was assigned
to the typical stretching absorption signal of =C—H. This indi-
cated that the disilylation of TIPS (triisopropylsilyl) groups
occurred successfully. The =C—H stretching vibration in P-2
almost vanished in the spectrum of P-3, and for P-3, new
absorption signals appeared at about 3408 and 1689 cm™'; these
might have been typical O—H and N—H and C=O stretching
vibrations, respectively, in the tethered T groups. When we
made a comparison between the FTIR spectra of the click reac-
tion substrates (3'-azido-3'-deoxythymidine and P-3), we found
that the strong absorption signal of the —Nj group at about
2086 cm™ ' in 3'-azido-3'-deoxythymidine did not appear in the
spectrum of P-3; this illustrated that there was no presence of
unreacted 3'-azido-3’-deoxythymidine in P-3 and that the C=0
vibration in P-3 should have been attributed to the correspond-
ing covalently bonded product.
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Figure 2. "H-NMR spectra of P-1, P-2 (in deuterated chloroform), and
P-3 (in deuterated THF).

The "H-NMR spectra of the polymers are shown in Figure 2.
The "H-NMR spectra of P-1 and P-2 were similar to each other
as a whole, except that a proton signal at about J 3.60 ppm
appeared exclusively in the spectrum of P-2; this corresponded
to the signal of substituted acetylene (=C—H) groups. This
result was consistent with the findings of the FTIR analysis;
from this, we concluded that the desilylation reaction occurred
successfully. From spectrum of P-3 (with THF-dg as the
solvent), we found that weak characteristic signals of protons
on the pendent deoxythymidine groups appeared at about
10.40, 6.53, 5.60, 4.66, and 4.50 ppm (their possible assignment
is marked in the inset in Figure 2); this suggested that the T
groups were successfully attached onto P-3. The other alkyl and
aromatic protons signals were also reasonable and matched their
chemical structures.

Thermal Properties

The thermal properties of the polymers were evaluated with
TGA (temperature = 25-800°C in nitrogen), and the corre-
sponding results are shown in Figure 3. TGA revealed that the
decomposition onsets of P-1 and P-2 appeared at about 400

100 3
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Figure 3. TGA studies of P-1, P-2, and P-3.
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Figure 4. Normalized (a) UV-vis and (b) PL spectra of P-1, P-2, and P-3
in THF (~3 x 107> M).

and 380°C, respectively; these values may have corresponded to
the removal of alkyl side chains. A two-step decomposition
(with onset temperatures of about 240 and 380°C, respectively)
was found in P-3; this was presumably because of the presence
of two groups of leaving units (pendant T and alkyl groups)
in P-3.

Optical Properties

The optical properties of the three polymers were measured in
THF (with a concentration of ~3 x 107> M). Figure 4(a) shows
the UV-vis spectra of these polymers in normalization. As
shown in the figure, two absorption bands at about 380 nm
and about 520 nm were present for all of these polymers; these
bans could be assigned to the absorption of the fluorene and
4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole segments, respec-
tively. The UV-vis spectra of the three polymers highly
resembled each other; this might have been due to their identi-
cal backbone structures. Their band gaps were not pronoun-
cedly affected by the the decoration of the side chains. The PL
emission spectra of the polymers are shown in Figure 4(b). The
spectra of P-1 and P-2 were almost identical to each other,
whereas for P-3, there was a tiny difference from the others.
That is, the intensity of the shoulder emission of the

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38817

1767



1768

ARTICLE
200 4 — P3
—{—Ag’
—a—Al"
e Baz‘
? 150 —a—d”
o ——cu”
: = R
= —h— Hg"'
w
s 19 o ~.|'7"—;Q[ulb‘:,'. = ,THW ——K
E Ag’ AI" Ba Cu”Fe” K Mg Na Ni Pb™ Zn" Hg Mg:.
w3 —}—Na’
& 0 ——Ni
7 —v—Pb”
0 T T T T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

Figure 5. Fluorescence intensity changes of P-3 in THF (concentration ~
3 x 107° M) in the presence of various metal ions (concentration ~8.3
x 107" M). The inset illustrates the column spectra of P-3’s PL intensity
alterations toward various metal ions. The excitation wavelength was 380
nm, and the slit width was identical in all cases.

blue-emitting fluorene segment at about 444 nm increased, and
the red emission at about 620 nm decreased slightly. The fluo-
rescence quantum yields of P-1, P-2, and P-3 in THF were
investigated with 9,10-diphenylanthracene’s cyclohexane solution
as a standard, and their values were about 0.17, 0.18, and 0.24,
respectively.

Investigation of P-3’s Probing Properties

As mentioned in the Introduction, a specific binding with Hg*"
can be realized by T groups. To verify that such an interrelation
also worked in P-3, the metal-ion response of P-3 was investi-
gated in this study. Figure 5 shows the changes in P-3’s PL
intensity with the presence of different metal ions (the concen-
trations of P-3 and each ion were controlled at ~ 3 x 107> and
3.3 x 10°* M, respectively, and the PL spectra were recorded 3
min later after the addition of each ion). As shown in Figure 5,
compared to the other metal ions, Ag™ and Hg’" caused more
obvious fluorescent quenching.

In view of the previous situation, the question that urgently
needed to be solved was whether the distinct detection of Hg*"
and Ag" could be realized by P-3. The difference between the
UV-vis changes in P-3 upon the titration of Hg*" and Ag" was
thus enlightened to answer the aforementioned question, and
the corresponding results are shown in Figure 6. Figure 6(a,b)
illustrates the gradual variation of the UV-vis spectra of P-3
with the presence of incremental amounts of Hg*" and Ag™,
respectively. As shown in Figure 6(a), with the enhancement of
the concentration of Hg”", the UV—-vis spectra of P-3 remained
approximately unchanged within the low-concentration range,
whereas the curves turned up and prominent changes were
detected when the concentration of Hg*" exceeded about 1.1 x
10~* M. However, for Ag" [Figure 6(b)], the absorption shape
was retained, and a monotonous decrease in the absorption
intensity was detected within the titration process. The UV-vis
changes in P-3 with the presence of deionized water (80 uL)
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were also tested to clarify that alteration of the UV-vis spectra
had no connection with the participation of water. The combi-
nation of PL and UV-vis analyses indicated different interrela-
tions between P-3 and these two metal ions, and P-3 possessed
the capability of discriminating these two ions to some extent.

Detailed fluorescence changes of P-3 with the gradual titration
of Hg”" ions in increasing concentrations were also investigated,
and the corresponding results are shown in Figure 7. As
expected, when the concentration of Hg*" was increased, P-3’s
PL intensity begun to quench continuously [as shown in Figure
7(a,b)]. This might have been to the quenching effect resulting
from T-Hg(ID-T (T—Hg—T) base pair induced aggregation
between the polymer chains.”’~>* Around 77% of the intensity
of P-3 was quenched when the concentration of Hg*" reached
7.7 x 10* M, and the detection limit was in the range of about
4.8 x 107° M [based on the 3 sigma (30) criteria, the standard
deviation (0.013) was obtained by 10 measurements of blank P-
3 solutions, and the slope was evaluated by the linear response
range from 10 to 50 uM in Figure 7(b)]. Such a detection limit
was comparable®®! or slightly better’*? to the corresponding
data for the reported T-decorated probes. Although the detec-
tion limit obtained in this study was inferior to reported results
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Figure 6. UV-vis spectra of P-3 (concentration ~ 3 x 107> M) in the
presence of incremental (a) Hg”" and (b) Ag" in THE.
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Figure 7. (a) Fluorescence spectra of P-3 in THF (~3 x 107> M) upon
incremental addition of Hger (0 to 7.7 x 10~* M) in deionized water, (b)
corresponding Iy/I values versus Hg”" concentration, and (c) correspond-
ing normalized ones.

about DNA*' and nanoparticle®* involved probes, their fluo-

rescence reversibility (discussed later) is a unique property that
most existing Hg*" probes from other designs do not possess.
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Figure 7(c) shows the normalized fluorescence spectra of P-3 in
THF upon the gradual titration of Hg’*. As shown in the fig-
ure, with increasing concentration of Hg", the relative intensity
of the blue emission peak (~422 nm) decreased, whereas that
of the red emission (~620 nm) increased sequentially; this was
accompanied by the gradual broadening of the spectral profiles
in the wavelength range between 400 and 550 nm; this was
another reflection of the previously mentioned T—Hg—T
induced aggregation between P-3 chains.

The aforementioned investigations suggested that P-3 could act
as potential probe for Hg*". However, it is well known that the
optical properties of a lot of sulfur-containing CPs are affected
intrinsically because of the interaction between S atoms and
Hg*".>>*>* S atoms existed in all three of the polymers in this
case. So another issue laid before us was whether P-3’s optical
response to Hg”" was really related to the T groups in the pres-
ence of S atoms in its structure. The PL intensity alterations of
P-1, P-2, and P-3 against Hg®" were thus investigated with
identical experimental conditions (a repetitive experiment on
P-3 was conducted once again here with selective concentrations
of Hg”") to obtain some clues for the aforementioned question.

The PL characteristics of the monomer DBT toward incremental
Hg*" was detected first to determine whether there was any
interaction between DBT and Hg”"; the results are shown in
Figure 8 (the PL spectra within the low-concentration range of
Hg*" are not shown here because these alterations were not
apparent). We found that the PL intensity of DBT was subse-
quently quenched by the addition of Hg”"; this suggested
the presence of an interrelation between the S atoms in DBT
and Hg*".

Figure 9(a—c) shows the fluorescence intensity changes of P-1,
P-2, and P-3 in THEF in the presence of incremental Hg”" ions,
respectively. PL intensity quenching was detected for all of these
polymers. By careful comparison, we found that the quenching
of P-3 was more noticeable compared to the others, especially
in the low-concentration range of Hg*". When the concentra-
tion of Hg2+ reached 6.67 x 107> M, about 35% of P-3’s PL
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—e—Hg™'( 6.67x
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. — :
400 450 500 550 600 650 700
Wavelength (nm)

Figure 8. Fluorescence spectra of DBT in THF (~3 x 107> M) upon
incremental addition of Hg*" (0 to 8.33 x 10~* M) in deionized water.
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Figure 9. Fluorescence intensity alterations of (a) P-1, (b) P-2, (c) P-3, and (d) P-4 in THF (concentration ~ 3 X 10> M) in the presence of incremen-

tal Hg*" ions and (e) corresponding Io/I values versus Hg”" concentration.

intensity was quenched, and for P-1 and P-2, the quenching
degrees were just about 3 and 9%, respectively. We deduced
from Figure 9(a—c) that the aggregation in P-3 was more pro-
nounced relative to that of the other polymers because of the

synergic effect of the tethered T and S atoms to interrelate with
Hg>". That is, the Hg>" detection capability of such S-atom-
containing polymers was modified by the introduction of T. To
find more evidence for the aforementioned synergic effect
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between S atoms and T, a control polymer, P-4 (its chemical
structure is shown in Scheme 1), which did not have any benzo-
thiadiazoles but had the same quantity of T units as P-3, was
synthesized, and its fluorescence response toward Hg>™ was
investigated under the same conditions as those used for P-1 to
P-3. Figure 9(d) shows the fluorescence intensity alterations of
P-4 in THF in the presence of incremental Hg”" ions, and the
corresponding Iy/I values versus the Hg*" concentration for P-1
to P-4 are shown in Figure 9(e) for direct comparison of their
quenching efficiencies. When we made a comparison between
the curves of P-3 and P-4, we found that with a given amount
of Hg*", P-3 displayed more pronounced quenching compared
to P-4; this supported the previously mentioned hypothesis on
the synergic effect between the S atoms and T.

Figure 10 illustrates the interference of other metal ions for P-3
against Hg”". From it, we found that the addition of Hg*"
caused stronger quenching compared to those only with back-
ground metals, and for Ag*, an additive effect was detected
with the introduction of Hg®". Because these spectra were
recorded in a short time interval without a long-time standing
at room temperature (3 min later with the addition of each
ion) and with its anti-interference and sensitivity, P-3 might be
act as a potential immediacy optical probe for Hg”".

As mentioned earlier, reversibility is an advantageous characteristic
for such T-decorated Hg*" probes. To determine whether P-3 was
a reversible probe for Hg?", I” was added to the P-3/Hg*" system
(because of the high interrelation constant between Hg*™ and I~
according to a previous report’'). Hg?" ions should have been
extracted from the T—Hg”™—T complexes because of their stron-
ger binding with I to release P-3 and restore its fluorescence. As
shown in Figure 11, with the increasing concentration of I, P-3’s
PL intensity recovered continuously, and this was accompanied by
the recovery of the spectral profiles (the intensity of the blue emis-
sion at ~422 nm increased continuously and became stronger
than the shoulder emission at ~441 nm when I /Hg*" reached
~0.32). This suggested the release of the polymer chains from the

I metal ion
[ metal ion+Hg™"
S AN

Tof1:l

0 + + + + + .24 + 13
Ag’ A" Ba™ cd”Cu® Fe” K' Mg™ Na' Ni** Pb*Zn™Hg

Figure 10. Fluorescence quenching of P-3 in THF (concentration /3.0 x
107> M) in the presence of various background metal ions (concentration
= 3.3 x 10°* M for each ion) and with the sequential addition of Hg*"
(3.3 x 107* M). The excitation wavelength was 380 nm.
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Figure 11. Fluorescence spectra of P-3/Hg”" in THF (concentrations =3
x 1077 and 8.3 x 10°* M for P-3 and Hg’", respectively) with the
sequential addition of I™ ions (from 0 to 8.3 x 10~* M). The inset is the
plot of I/Iy versus the I/Hg>" ratio. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

aggregate state. When the concentration of I reached about 8.3 x
107* M (I"/Hg*" = 1), about 91% of the fluorescence intensity of
P-3 was recovered. This suggested that P-3 could act as a potential
reversible optical Hg*" probe. Further work to modify the solubil-
ity and optoelectronic and probing properties of this type of
Hg’"-sensing polymer by adjustment of its chemical structures
and T composition ratios is under way.

CONCLUSIONS

A conjugated fluorene-based fluorescent polymer with tethered
T, P-3, was successfully prepared via click postpolymerization
between an acetylene-containing precursor polymer and an
azide-substituted T derivative. The optical properties of the pre-
cursor polymers and P-3 were systematically investigated in this
study. By studying the metal-ion response of P-3, we found that
this polymer could act as potential reversible, anti-interferential,
selective, and sensitive Hg*" optical probe in THEF solution.
Further work to prepare Hg>" fluorescent sensing polymers
through the tuning of their chemical structures and T composi-
tion ratios for probing in an aqueous environment and with
improved sensitivity is under way.
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