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ABSTRACT: Polyfluorenes bearing thiazole (PFTH) or oxazole
(PFOX) heterocyclic units as well as triphenylamine (TPA) in
the main chain were synthesized. The ratio of thiazole or oxa-
zole/TPA in the polymer chain varies from 100/0 to 25/75. The
optical properties of polymers depend on thiazole or oxazole
contents. Cyclic voltammetry reveals that thiazole or oxazole
hinder the oxidation of polymers and only polymers with TPA
show reversible oxidation. The Electron Affinities do not practi-
cally depend on composition of the polymer chain. The sens-
ing properties of polymers PFTH100 and PFOX100 are
investigated toward several cations and anions. Polymers
detect two analytes, Fe?" and Hg?". PL quenching shows linear

INTRODUCTION Three decades since the discovery of =-
conjugated semiconducting polymers they still attract scien-
tific interest. A vast number of n-conjugated polymers has
been synthesized and used in the fields of light-emitting
diodes (LED),1 field-effect transistors,> solar cells,>™> and
laser devices.® n-Conjugated polymers offer a unique combi-
nation of superior mechanical properties and the ability to
tune their electronic/optical properties by structural
modification.

A huge progress has been made in the field of polymeric
LED (PLED) and polymeric solar cells (PSC). However, the
improvement of the external quantum efficiency of PLED
and power conversion efficiency of PSC always remains a
challenge. Molecular engineering plays the most important
role in this efforts.” Most z-conjugated polymers favor the
injection and transport of holes (p-type materials) rather
than electrons due to high LUMO levels. High efficiency of
PLED requires, balanced injection and transport of electrons
and holes in polymeric materials. One approach to increase
the electron accepting character of n-conjugated polymers is
their molecular modification through the insertion of

response to Fe?" in wide concentration region 1-800 uM. |~
anions quench the emission of polymers. Hg?" turns on the
emission of the polymer/l~ complex at concentrations as low
as 1 uM. Enhancement of polymer/I” emission exhibits linear
response to Hg?" concentration. PFTH100 is able to detect Fe?"
and Hg?" that coexist in a solution. © 2016 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2016, 00, 000-000

KEYWORDS: chemosensor; conjugated polymers; fluorescence;
iron(ll); iodide; mercury(ll); oxazole; polyfluorene; sencors; thia-
zole; triphenylamine

electron-deficient units in the polymer backbone.? Aromatic
N-heterocyclic compounds such as oxadiazole,’ triazole,'°
benzimidazole,** quino>(aline,12'13 quinoline,14 and 2,1,3-
benzothiadiazole'®!® have been used as electron accepting
units in =w-conjugated polymers. However, it has been
reported that the insertion of N-heterocyclic moiety in the
main chain of polymer transformed p-type polymers into
electron-accepting polymer.’® Detailed tuning of electroopti-
cal properties of semiconducting polymers is achieved by
introducing electron-accepting and electron-reach donor
units in the main chain.’”~?° This approach offers the ability
to finely tune the frontier orbital levels of polymer, hence
their optical properties. The donor-to-acceptor ratio as well
as their electron-donating and electron-accepting strengths
tune the electronic levels of these bipolar polymers. In bulk
heterojunction PSC, the donor-acceptor architecture is used
to tune the band gap of the polymer to match the solar
spectrum and facilitate the photoinduced electron trans-
fer.?! Therefore, the synthesis of new n-conjugated poly-
mers with optical and electronic properties tuned to fulfill
specific requirements constantly attracts the scientific
interest.?2726
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Semiconducting polymers have been proved to be efficient
chemosensors. They showed higher sensitivity than low
molecular weight sensor due to signal amplification along
the polymer backbone because of the transfer of the excita-
tion energy along the polymer backbone (molecular wire
effect).?” Molecular modification of semiconducting polymers
allows to tune their structure so as to response to diverse
analytes like explosives,28 biomolecules,?® nitric oxides,3°
and several metal ions®*?? as well as anions like cyanide.*?
Among all cations, Hg?" is of particular interest because of
its high toxicity. Although many low molecular weight sen-
sors for Hg®" have been developed,®*3® there are a few
polymeric fluorescent probes based on fluorescence quench-
ing*>*® or fluorescence “turn-on”**? mechanism. Among
transition metals iron is the most abundant in cells. Fe**
and Fe** ions play an important role in cellular life. Ferrous
ions are associated with the generation of high reactive
hydroxyl radicals.**> Low molecular fluorescent probes have
been developed for ferrous ions detection.***> To the best of
our knowledge there are a few publications on Fe** fluores-
cent probe based on p-conjugated polymer.*®*”

This article describes the synthesis and characterization of
polyfluorenes containing 4,5-diphenylthiazole (PFTH100) or
4,5-diphenyloxazole (PFOX100) in the main chain. In addi-
tion, polyfluorenes containing electron-accepting thiazole or
oxazole and electron-donating triphenylamine units in the
main chain were prepared (PFTH50, PFTH25, and PFOX50,
PF0X25). The optical and electrochemical properties of poly-
mers were investigated and correlated to their structure.
The chemosensing properties of polymers PFTH100 and
PFOX100 were also studied. The polymers were dual fluo-
rescent chemosensors. They detected Fe?* through fluores-
cence quenching and Hg®" through fluorescence
enhancement. Polymer response from Fe?" to Hg?' was
switched by means of iodide.

EXPERIMENTAL

Characterization Methods

IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum
BX spectrometer with KBr pellets. "H-NMR (400 MHz) and
13C-NMR (100 MHz) spectra were obtained using a Brucker
spectrometer. The NMR spectra were recorded using CDCls
as solvent. Chemical shifts (¢ values) are given in parts per
million with tetramethylsilane as an internal standard. GPC
analysis was conducted with a Waters Breeze 1515 appara-
tus equipped with a 2410 differential refractometer as detec-
tor (Waters Associate) and Styragel HR columns using
polystyrene as standard and THF as eluant. Differential scan-
ning calorimetry (DSC) was performed on a Netzsch 200F3
DSC thermal analyzer at a scan rate of 10 °C/min in N, with
a flow rate of 20 cm®/min. Elemental analyses were carried
out with a Carlo Erba model EA1108 analyzer. UV-vis spec-
tra were recorded on Thermo Evolution 201 UV-visible Spec-
trophotometer. Fluorescence measurements were carried out
on Perkin Elmer LS 55 Fluorescence Spectrometer. Cyclic vol-
tammetry (CV) was performed on a Basi Epsilon potentiostat
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equipped with C-3 cell stand. Grassy carbon (GC) disc, Ag/
AgCl, and Pt wire were used as working, reference, and aux-
iliary electrode, respectively.

Reagents and Solvents

Toluene and tetrahydrofuran (THF) were dried by distillation
over CaH,. 9,9-Dihexylfluorene-2,7-diboronic acid bis(1,3-
propanediol)ester was recrystallized from a mixture of ethyl
acetate/n-hexane. All other reagents and solvents were com-
mercially purchased and were used as supplied.

Synthesis of Monomers (Scheme 1)

Synthesis of 4,5-Bis(4-Bromophenyl)-2-Methylthiazole

(TH)

A flask was charged with 4-bromophenylacetic acid (2.00 g,
9.30 mmol) and SOCI;, (8 mL). The mixture was heated at 50
°C for 6 h. During this time the solid was dissolved. The
excess of SOCl, was removed by distillation and bromoben-
zene (4.38 g, 27.90 mmol), AlCl; (1.61 g, 12.11 mmol) were
added. The mixture was stirred at 0 °C for 1 h and then at
room temperature overnight. Subsequently, the mixture was
poured into water (100 mL). The white precipitate was fil-
tered and recrystallized from ethanol to afford 1,2-bis(4-bro-
mophenyl)ethanone (1) as a white solid (2.63 g, 80.0%).
FTIR (KBr): v=3090, 2891, 1689, 1581, 1486, 1336, 1199,
1071, 992. 'H-NMR (400 MHz, CDCl;, §): 7.86-7.83 (d, 2H,
aromatic), 7.62-7.60 (d, 2H, aromatic), 7.46-7.44 (d, 2H, aro-
matic), 7.13-7.11 (d, 2H, aromatic), 4.20 (s, 2H, aliphatic).
3C.NMR (100 MHz, CDCl;, d): 196.00, 135.05, 133.04,
132.09, 131.86, 131.20, 130.04, 128.65, 121.17, 44.77.

Br, (1.86 g, 11.63 mmol) dissolved in CH,Cl, (7 mL) was
added dropwise in 3 h to a solution of 1 (3.75 g, 10.71
mmol) in CH,Cl, (20 mL). The mixture was stirred overnight
at room temperature. The solvent was distilled off and the
precipitate was recrystallized twice from ethanol to afford 2-
bromo-1,2-bis(4-bromophenyl)ethanone (2) as white solid
(3.70 g, 79.8%). FTIR (KBr): v=1681, 1585, 1487, 1485,
1217, 1069, 993. 'H-NMR (400 MHz, CDCls, 6): 7.85-7.83 (d,
2H, aromatic), 7.62-7.60 (d, 2H, aromatic), 7.52-7.50 (d, 2H,
aromatic), 7.40-7.38 (d, 2H, aromatic), 6.22 (s, 1H, aliphatic).
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SCHEME 1 Synthesis of monomers TH and OX.
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SCHEME 2 Synthesis of polymers PFTH100, PFTH50, and
PFTH25.

3C-NMR (100 MHz, CDCls;, 6): 189.76, 134.46, 132.63,
132.27, 132.22, 130.84, 130.59, 129.32, 123.64, 48.97.

A solution of 2 (0.80 g 1.85 mmol) and thioacetamide
(0.17 g, 2.26 mmol) in DMF was heated at 60 °C overnight.
The solution poured into water (60 mL) to give a white pre-
cipitate. It was filtered off, washed thoroughly with water
and recrystallized from acetonitrile to afford compound TH
as white solid (0.73 g, 96.4%). Anal. Calcd for CigH;,Br;NS:
C, 46.97; H, 2.71; N, 3.42. Found: C, 46.38; H, 2.68; N, 3.44.
FTIR (KBr): v= 1654, 1586, 1489, 1392, 1186, 1070, 1010,
961, 820. 'H-NMR (400 MHz, CDCls, §): 7.46-7.41 (m, 4H,
aromatic), 7.36-7.34 (d, 2H, aromatic), 7.17-7.15 (d, 2H, aro-
matic), 2.74 (s, 3H, aliphatic). "*C-NMR (100 MHz, CDCls, 6):
164.51, 148.62, 133.52, 132.08, 131.60, 131.05, 130.86,
130.57, 122.42, 122.08, 19.26.

Synthesis of 4,5-Bis(4-Bromophenyl)-2-Methyloxazole (0X)
A mixture of compound 2 (1.00 g, 2.31 mmol), sodium ace-
tate (0.21 g, 2.56 mmol), 18-crown-6 (0.10 g), and acetoni-
trile (10 mL) was reflux under N, overnight. Subsequently,
the solvent was evaporated and the residue was triturated
with methanol (12 mL). The mixture was filtered to remove
the insoluble materials and the filtrate was concentrated
under reduced pressure. The resulting solid was purified by
flash chromatography (SiO,, CH,Cl;/n-hexane 1:1 v/v) to
give 1,2-bis(4-bromophenyl)-2-oxoethylacetate (3) as a white
solid (0.62 g, 65%). FTIR (KBr): v=3091, 2939, 1740, 1695,
1586, 1486, 1368, 1373, 1234, 1060, 1011, 977, 925. 'H-
NMR (400 MHz, CDCl3, §): 7.77-7.57 (d, 2H, aromatic), 7.57-
7.49 (m, 4H, aromatic), 7.32-7.30 (d, 2H, aromatic), 6.73 (s,
1H, aliphatic), 2.20 (s, 3H, aliphatic). *C-NMR (100 MHz,
CDCl3, 6): 19255, 170.32, 133.10, 132.46, 132.14, 130.19,
130.17, 129.05, 123.91, 70.29, 20.70.

A mixture of 3 (0.60 g 1.46 mmol), ammonium acetate
(0.56 g, 7.27 mmol) and glacial acetic acid (5 mL) was
refluxed. After a short time the solid was dissolved. Heating
continued for 24 h. The solution was cooled to room temper-
ature. The white precipitate was filtered, washed with chilled
methanol and dried. It was purified by flash chromatography
(SiO,, CH;,Cly/n-hexane 1:1 v/v) to afford compound OX as
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white solid (0.31 g, 54%). Anal. Calcd. for C;¢H;;Br,NO: C,
48.89; H, 2.82; N, 3.56. Found: 48.42; H, 2.83; N, 3.53. FTIR
(KBr): v = 1580, 1492, 1478, 1396, 1286, 1264, 1072, 1010,
962. 'H-NMR (100 MHz, CDCls, §): 7.52-7.41 (m, 8H, aro-
matic), 2.55 (s, 3H, aliphatic). "*C-NMR (100 MHz, CDCls, 6):
161.28, 145.56, 135.59, 132.96, 132.83, 132,13, 130.13,
128.88, 123.61, 123.24, 14.92.

Synthesis of Polymers (Schemes 2 and 3)

Polymers were prepared by coupling the synthesized dibro-
mides (TH or OX) and 4,4’-dibromotriphenylamine with 9,9-
dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol)ester.
The compositions of polymers were tuned by adjusting
the feed ratio of dibromides TH, OX, and 4,4-
dibromotriphenylamine.

General Procedure of Polymerization

A flask was charged with 1.00 equivalent of dibromide and
1.00 equivalent of 9,9-dihexylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester. The flask was purged with argon
and then 0.02 equivalent of Pd(PPhs),, 16 equivalent of
K,CO3 as 2 M solution and toluene were added. The mixture
was vigorously stirred at 80 °C, under argon, for 48 h. Then
10 mg of phenylboronic acid and 1 mg of Pd(PPh3), were
added. After 2 h bromobenzene (10 mg) was added and
heating continued for two more hours. After cooling to room
temperature the organic layer was separated filtered and
poured in methanol. The precipitate was filtered, redissolved
in CH,Cl, and precipitated again in methanol. The resulting
yellow solid was filtered and dried in vacuum to afford
polymer.

Polymer PFTH100 prepared as a yellow solid in 62% yield.
M, =17,200, PDI = 2.1. T; 67 °C. 'H-NMR (400 MHz, CDCl3,
0): 7.80-7.75 (m, 4H, aromatic), 7.69-7.65 (m, 4H, aromatic),
7.57-7.55 (m, 2H, aromatic), 7.43-7.25 (m, 4H, aromatic),
2.80 (s, 3H, aliphatic), 1.08-1.01 (m, 20H, aliphatic), 0.75-
0.73 (m, 6H, aliphatic). *C-NMR (100 MHz, CDCls, 9):
160.52, 152.16, 145.53, 143.55, 140.98, 139.16, 132.55,
131.81, 129.50, 127.93, 127.40, 126.84, 55.15, 40.44, 31.53,
29.77, 22.63, 19.35, 14.02.
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SCHEME 3 Synthesis of polymers PFOX100, PFOX50, and
PFOX25.
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Polymer PFTH50 prepared as a yellow solid in 76% yield.
M, = 20,100, PDI =2.6. T, 78 °C. "H-NMR (100 MHz, CDCls,
0): 7.79-7.66 (m, 12H, aromatic), 7.57-7.43 (m, 12H, aromat-
ic), 7.36-7.22 (m, 6H, aromatic), 7.16-6.92 (m, 3H, aromatic),
2.80 (s, 3H, aliphatic), 1.09-1.02 (m, 40H, aliphatic), 0.75-
0.73 (m, 12H, aliphatic). **C-NMR (100 MHz, CDCl;, § m):
163.95, 152.64, 147.52, 146.85, 146.56, 141.13, 140.06,
139.36, 135.97, 132.53, 131.86, 130.88, 129.31, 128.80,
127.90, 125.42, 124.62, 123.71, 121.01, 119.17, 55.20, 40.42,
31.52, 29.76, 23.77, 22.61, 19.31, 14.00.

Polymer PFTH25 prepared as a yellow solid in 59% yield.
M, = 22,500, PDI = 1.8. T, 90 °C. "H-NMR (100 MHz, CDCls, 9):
7.79-7.60 (m, 12H, aromatic), 7.50-7.26 (m, 12H, aromatic),
7.17-6.96 (m, 9H, aromatic), 2.78 (s, 3H, aliphatic), 1.11-1.01
(m, 40H, aliphatic), 0.76-0.73 (m, 12H, aliphatic). **C-NMR (100
MHz, CDCl3, 6): 163.98, 151.73, 147.58, 146.91, 146.55, 141.21,
139.83,139.37, 135.95, 132.55, 132.11, 130.02, 129.48, 128.51,
127.89, 125.60, 124.59, 124.30, 123.46, 120.97, 119.96, 55.26,
40.54,31.50, 29.73, 23.84, 22.60, 19.31, 14.02.

Polymer PFOX100 prepared as a yellow solid in 79% yield.
M, = 10,700, PDI=2.5. T, 55 °C. "H-NMR (400 MHz, CDCls,
0): 7.78-7.70 (m, 4H, aromatic), 7.65-7.52 (m, 4H, aromatic),
7.45-7.25 (m, 6H, aromatic), 2.57 (s, 3H, aliphatic), 1.09-1.00
(m, 20H, aliphatic), 0.75-0.72 (m, 6H, aliphatic). *C-NMR
(100 MHz, CDCl;, 6): 160.44, 149.68, 146.35, 143.29, 140.08,
139.65, 132.70, 131.90, 129.42, 127.93, 127.47, 126.46, 55.06,
40.36, 31.53, 29.76, 23.76, 22.65, 15.12, 14.01.

Polymer PFOX50 prepared as a yellow solid in 56% yield.
M, = 13,500, PDI = 3.1. Tg 42 °C. "H-NMR (400 MHz, CDCls,
0): 7.77-7.65 (m, 12H, aromatic), 7.59-7.43 (m, 12H, aromat-
ic), 7.34-7.25 (m, 6H, aromatic), 7.06-6.92 (m, 3H, aromatic),
2.56 (s, 3H, aliphatic), 1.09-0.99 (m, 40H, aliphatic), 0.75-
0.72 (m, 12H, aliphatic). **C-NMR (100 MHz, CDCl;, 0):
160.42, 150.32, 146.57, 143.54, 140,64, 136.38, 135.91,
134.55, 132.34, 131.91, 129.54, 129.39, 128.62, 127.94,
127.88, 127.45, 125.41, 124.61, 123.75, 121.02, 54.90, 40.38,
31.52, 29.76, 23.77, 22.65, 15.12, 14.01.

Polymer PFOX25 prepared as a yellow solid in 81% yield.
M, = 16,700, PDI=3.7. T, =61 °C. "H-NMR (400 MHz, CDCls,
0): 7.76-7.74 (m, 8H, aromatic), 7.67-7.54 (m, 8H, aromatic),
7.47-7.22 (m, 8H, aromatic), 7.15-6.92 (m, 9H, aromatic),
2.57 (s, 3H, aliphatic), 1.10-1.05 (m, 40H, aliphatic) 0.76-0.74
(m, 12H, aliphatic). *C-NMR (100 MHz, CDCls, &): 160.58,
14991, 146.9, 144.41, 140,57, 136.36, 135.96, 134.42, 132.35,
132.25, 132.17, 129.60, 129.45, 128.81, 128.49, 127,98,
127.90, 127.22, 125.33, 124.62, 124.38, 121.05, 55.35, 40.52,
31.49, 29.74, 23.83, 22.59, 15.08, 14.01.

Fluorescence Titration Experiments

Fluorescence experiments were carried out in a 1 X 1 cm
quartz cuvette. The emitted light was collected 90° relative
to excitation beam. To examine polymers chemosensing
properties, an aliquot of a 10~ M aqueous stock solution of
cation or anion was added to a solution of polymer (20 ug/
mL) in THF to obtain final concentration 100 uM. Emission
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of polymer was measured in a minute after mixing. The
emission spectra of polymer before and after cation or anion
addition were compared.

For fluorescence titration experiments, in case of Fe?" and
Hg“, three aqueous stock solutions 1072103 and 10 * M
were prepared. About 3 mL of polymer’s solution (20 ug/
mL) in THF were added in a cuvette. Aliquot of the appropri-
ate stock solution was added so as the concentration of the
cations in polymer solution gradually increased from 1 to
800 uM.

RESULTS AND DISCUSSION

Monomers Synthesis

Scheme 1 shows the method for the preparation of mono-
mers TH and OX. These monomers were derivatives of thia-
zole and oxazole and they were used as starting materials
for the preparation of polymers. They were synthesized via a
multistep procedure. The key step for the synthesis of TH
and OX derivatives was the preparation of a-bromo ketone 2.
It was prepared by bromination of ketone 1. The condensa-
tion of 2 with thioacetamide gave TH. On the other hand, 2
reacted with sodium acetate to give keto-ester 3. The later
was condensated*® with CH;COONH, to give OX. The mono-
mers were characterized by FT-IR, 'H-NMR, *C-NMR as well
as elemental analysis.

Polymers Synthesis and Characterization

The monomers TH and OX were used as starting materials
for the preparation of polymers via Suzuki coupling. Two
series of polyfluorenes containing thiazole or oxazole as well
as triphenylamine (TPA) moieties were prepared. In poly-
mers’ names TH or OX stands for thiazole or oxazole, respec-
tively, while numbers 100, 50, and 25 indicate the ratio of
thiazole or oxazole in polymer chain, relative to TPA. More
particularly, Suzuki coupling of TH and 4,4’-dibromotriphe-
nylamine with 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester gave polymers PFTH100, PFTH50, and
PFTH25 (Scheme 2). These polymers differ in the content of
thiazole moieties which was achieved by changing the feed
ratio of dibromides TH/4,4’-dibromotriphenylamine. In the
same way, polymers PF0X100, PFOX50, and PFO0X25
(Scheme 3), containing oxazole moieties, prepared by Suzuki
coupling of dibromides 0X/4,4’-dibromotriphenylamine with
9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol)
ester. The polymers’ structures were verified by *H-NMR and
13C-NMR spectroscopy. Molecular weights were determined
by GPC and the M, range from 10,700 to 22,500. All these
data are shown in “Experimental” section.

All polymers were readily soluble in organic solvents such as
dichloromethane, chloroform, and THF. Polymer solutions
with concentration up to 2% were prepared. Transparent
and pinhole-free films were formed by casting polymers’ sol-
utions. Thermal properties of polymers were investigated by
DSC. The T, of polymers were determined from second heat-
ing scan and range from 42 to 90 °C (see “Experimental”
section). The rather low T, should be attributed to the
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TABLE 1 Optical Properties of Polymers

Solution? Film

PO'Vmer /la,maxb )~f,maxc (Dfd )~armaxb ;hfrmaxc Ege
PFTH100 339 428 0.50 344 445 2.70
PFTH50 344 431 0.64 345 456 2.77
PFTH25 371 438 0.91 383 488 2.56
PFOX100 322, 344 418 0.84 319, 345 444 2.64
PFOX50 322, 343 426 0.85 319, 341 483 2.60
PFOX25 377 437 0.95 396 493 2.70
2 In THF. ¢ PL maxima (obtained by excitation at the corresponding Za max)-

b Absorption maxima in solution or in thin film. Underlined values indi-
cate a shoulder peak.

kinked 4,5-diphenylthiazole or 4,5-diphenyloxazole and to
the propeller-like TPA units that reduced the stiffness of
backbone.

Optical Properties

Optical properties of polymers were investigated by
means of UV-vis and photoluminescence (PL) spectroscopy.
UV-vis and PL spectra were obtained in both solution and
thin film. These data are summarized in Table 1. Figures 1
and 2 depict the absorption and emission spectra of poly-
mers in solution. Except PFOX100 and PFOX50, the poly-
mers showed single absorption maxima at 339-377 nm in
THF solutions. The former polymers presented a main peak
around 322 nm which was attributed to the diphenyloxa-
zole moieties and a shoulder at 344 and 343 nm from n-
n* transition of the main chain. Emission spectra of poly-
mers were recorded in THF solutions with photoexcitation
at the corresponding absorption maxima. The emission of
PFOX100 and PFOX50 was obtained with excitation at the
shoulder absorption peak, 344 and 343 nm, respectively.
All polymers displayed the typical pure blue emission of
polylfuorene®® with maxima at 418-438 nm. The fluores-
cence quantum yields (@) in solution were measured using
quinine sulfate as reference. The polymers exhibited high

—— PFTH100
—e— PFTHS50
—=—PFTH25

Absorbance (a.u.)
PL Intensity (a.u.)

450 500 550 600 650
Wavelength (nm)

300 350 400

FIGURE 1 Absorption and emission spectra of PFTH100,
PFTH50, and PFTH25 in THF solution.
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9 PL quantum yield in solution.
¢ Optical band gap calculated from the absorption edge.

quantum yields ranged from 0.50 to 0.95. Although it is
known that PF displays usually high quantum yields, above
50%, the presented values are among the highest reported
for PFs. Among polymers with same heterocyclic rings the
lower @ values exhibited polymers PFTH100 and
PFOX100 which bear the highest contents in heterocyclic
rings. Polymers with oxazole (PFOX) showed higher quan-
tum yields than polymers with same percentage of thiazole
(PFTH).

The synthesized polymers showed a large hypsochromic shift
of absorption maxima relative to PF*® which showed absorp-
tion maximum at about 380 nm. This suggests a reduction in
electron delocalization due to the introduction of kinked TH
or OX units. The absorption maxima were more than 30 nm
red-shifted as the percentage of heterocyclic segments
reduced in going from PFTH100 to PFTH25 or from
PF0X100 to PFOX25. This verifies that the presence of TH
or OX moieties disrupted the conjugation length of polymer
chain. This behavior has also been observed for PF bearing
kinked quinoxaline units.™®

In contrast to the absorption, the emission maxima were
comparable to PF emission maximum. PF showed well
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FIGURE 2 Absorption and emission spectra of PFOX100,
PFOX50, and PFOX25 in THF solution.
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FIGURE 3 Absorption and emission spectra of PFTH100,
PFTH50, and PFTH25 films.

resolved emission spectra with maxima around 420 and
445 nm.*® The PL maxima of present polymers were 418-
438 nm but there was a loss of vibronic emission bands of
PF. This is attributed to kinked TH or OX units that reduced
the chain ordering. In a series of polymers with the same
heterocyclic unit (PFTH or PFOX) the PL maxima were red-
shifted as the content of heterocyclic units TH or OX
decreased. The same trend was observed for absorption
maximum too, but the emission maxima showed smaller red-
shift on going from PFTH100 to PFTH25 or from PFOX100
to PFOX25. All the polymers showed a large Stokes shift
(60-90 nm) which implies a possible conformational change
upon photoexcitation.

In order to get insight in polymer optical properties, their
absorption and emission spectra were recorded in different
solvents like toluene, CH,Cl,, THF, and DMF (Supporting
Information Figs. 1S and 2S). The absorption spectra of all
polymers were almost insensitive on solvent polarity, which
indicates that there is no strong charge transfer in the
ground state. Therefore, the conjunction of donor and accep-
tor units stemmed from their © orbitals interactions, without
evidence of charge transfer. Interestingly, for emission spec-
tra we observed two different trends. The emission maxima
of PFTH100 and PFOX100 were practically independent on
solvent. The PL maxima of the rest polymers, that contained
TPA units, strongly depended on solvent polarity and they
were shifted to low-energy region with the increase in sol-
vent polarity. The magnitude of the solvatochromic shift
depended on the contents of TPA units in polymer chain. For
example, the bathochromic shift for PFTH50 was 13 nm
from toluene (422 nm) to DMF (435 nm), while for PFTH25
was 41 nm from toluene (426 nm) to DMF (467 nm). The
dependence of emission on solvent polarity indicates that
photoinduced charge transfer in the excited state. Obviously,
the existence of strong electron donor TPA in polymer chain
facilitated this progress. This behavior has been observed for
molecules bearing TPA and certain electron-accepting
units.>*>? In contrast, polymers PFTH100 and PF0X100,
which lack TPA units, did not display such behavior.
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Thin films of polymers were prepared by spin-casting on
quartz substrate from THF solutions. The UV-vis and PL
spectra of polymers’ films are shown in Figures 3 and 4. The
absorption spectra of films were slightly broader than the
corresponding solution spectra, except PFOX25 which
showed a much broader spectrum. The absorption maxima
of polymers’ films ranged from 319 to 396 nm. They were 0
to 19 nm red-shifted relative to absorption maxima of solu-
tions. These indicate that some polymer form aggregates in
solid state. Polymers PFTH100 and PHOX100 exhibited lim-
ited tendency to form aggregates, judging from the negligible
red-shift of their absorption maxima. The optical band gaps
were estimated from absorption edges and they were 2.56-
2.77 eV. They were in good agreement with the optical band
gap of PF containing quinoxaline’® or 2,5-diphenyloxazole
units.>® PL spectra of films were recorded by excitation to
their absorption maxima. The films showed pure blue emis-
sion with maxima 444-493 nm. All polymers displayed bath-
ochromic shifts 17-57 nm relative to emission maxima in
solution. This red shift on going from solution to film was
more intense for emission spectra than for absorption spec-
tra. In addition polymers presented much larger Stokes shifts
in films (97-142 nm) than in solutions (60-89 nm). This
behavior indicated that the emission of polymers in solid
state stemmed from interchain or intrachain species.

The absorption and emission maxima of polymers were com-
pared with those of polyfluorene PFTPA containing TPA moi-
eties (Chart 1) in order to gain further information. PFTPA
was prepared form equimolar amount of 9,9-dihexylfluor-
ene-2,7-diboronic acid bis(1,3-propanediol) ester and 4,4’-
dibromotriphenylamine according to the general procedure
for polymerizations (see “Experimental” section). It showed
absorption and emission maxima at 380 and 433 nm in solu-
tion as well as 379 and 487 nm in film, respectively. These
values are in good agreement with bibliography.>* Within a
series of polymers with the same heterocyclic ring (TH or
0X), the absorption and emission maxima were reduced with
increase of heterocyclic moieties in the polymer chain
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FIGURE 4 Absorption and emission spectra of PFOX100,
PFOX50, and PFOX25 films.
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CHART 1 Polymer PFTPA.

(Supporting Information Fig. 3S). Eventually, PFTH100 and
PF0X100 presented the lower absorption and emission max-
ima. On the other hand polymers PFTH25 and PFOX25,
bearing the highest percentage of TPA moieties, had the
highest absorption and emission maxima among the poly-
mers. These values were almost equal to absorption and
emission maxima of PFTPA. A sharp drop in absorption and
emission maxima in both solution and film was detected as
the ratio of TH or OX/TPA in polymer chain increased from
25/75 to 50/50. Interestingly, when equimolar amounts of
TH or OX and TPA exist in the polymers chain, the optical
properties of polymers were defined by heterocyclic seg-
ments. When the molar amount of TPA was higher than that
of TH or OX the optical properties of polymers were gov-
erned by TPA.

Electrochemical Properties

Cyclic voltammetry was used to estimate the redox proper-
ties of polymers in thin film. Polymers’ films were prepared
by drop-casting on working electrode and dried in air. Tetra-
butylammonium hexafluorophosphate (BuyNPF¢) 0.1 M in
acetonitrile was used as supporting electrolyte. The potential
values obtained in reference to Ag/AgCl electrode. Ferrocene
was used as internal reference. HOMO and LUMO levels
were estimated from the onset (E,,s) of oxidation or reduc-
tion peak, respectively, on the basis of the reference energy
level of ferrocene (4.8 eV below the vacuum level) with the
equations"’5
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HOMO/LUMO= —(Eqps—Efer)—4.8 €V

The lonization Potential (IP) and Electron Affinity (EA) of
polymers were estimated from HOMO and LUMO levels.

Figures 5 and 6 present the CV traces of polymers. The data
are summarized in Table 2. The polymers were separated
into two groups on the base of oxidation features. Polymers
PFTH100 and PFOX100 showed no obvious oxidation pro-
cess up to 2.0 V. Probably the electron-accepting character of
thiazole and oxazole units complicated the oxidation process
of polyfluorene. This feature was previously observed for
polyfluorene containing 2,5-diphenyloxazole®® or quinoxa-
line'? electron-acceptors. However, the introduction of these
acceptors along the polymer chain increased the oxidation
potential of PF but they did not prevent the oxidation. Prob-
ably, the kinked structure of heterocyclic units TH and OX,
which disrupted the backbone conjugation, contributed to
oxidation prevention of PFTH100 and PFOX100. PF contain-
ing bithiazole units showed irreversible oxidation.>®> In con-
trast, the rest polymers, with both heterocyclic and TPA
moieties in the backbone, showed reversible oxidations.
Obviously, this feature was assigned to TPA units. During
anodic scan these polymers showed oxidation onset (E,,) at
0.93-1.01 V relative to Ag/AgCl. These values were compara-
ble to the oxidation potential (1.04 eV vs. SCE) of triphenyl-
amine.’® The lonization Potentials (IP) were determined
from the oxidation onset and they were estimated to be
5.28-5.36 eV. These values were higher than IP of 5.25 eV of
PFTPA which contains only the triphenylamine in the main
chain (Supporting Information Fig. 4S). The higher IP of
PFTH and PFOX polymers relative to PFTPA indicate that
the insertion of electron-deficient TH or OX units made the
oxidation process of polymers more difficult. Generally, these
polymers showed more facile p-doping than poly(9.9-di-n-
octylfluorene) which showed an IP 5.80 eV’

Upon cathodic scan irreversible reduction waves were
observed for the polymers. The reduction onsets (E,.q) were
comparable and in the range 0.64-0.67 V relative to Ag/
AgCl. Consequently, the estimated Electron Affinities (EA)

b

—PFTH100

0 400 800
E (mV) vs Ag/AgCl

1200

0 -400 -800 -1200

E (mV) vs Ag /AgCl

FIGURE 5 CV traces (a) anodic scan and (b) cathodic scan of PFTH100, PFTH50, and PFTH25 films on glassy carbon disc electrode

(BuyNPFg 0.1 M in acetonitrile, scan rate 100 mV/s).
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FIGURE 6 CV traces (a) anodic scan and (b) cathodic scan of PFOX100, PFOX50, and PFOX25 films on glassy carbon disc electrode

(BusNPFg 0.1 M in acetonitrile, scan rate 100 mV/s).

were comparable (Table 2). This means that the reduction
process was not affected by structural variation of the main
chain. This suggests that the LUMO levels are localized on
the heterocyclic electron-deficient unit (oxazole or thiazole)
with limited contributions from adjacent TPA and fluorene
moieties. This feature has also been reported for donor-
acceptor polymers containing isoindigo units.>>2° In contrast
to HOMO levels (see above), the LUMO levels of polymers
were independent on structure polymer chain. Calculations
of Density Functional Theory on donor-acceptor polymers
have shown that the HOMO is delocalized over the conjugat-
ed backbone while LUMO is localized on the acceptor mono-
mer.>® No significant dependence of LUMO on the kind of
heterocyclic unit was observed. It has been reported that PF
bearing quinoxaline or thieno[3,4-b]-pyrazine'? electron-
acceptor showed irreversible reduction. In contrast, incorpo-
ration of 2,5-diphenyloxazole units®® in PF chain resulted in
polymer with reversible reduction. The band gaps (E,) were
estimated electrochemically from the HOMO-LUMO differ-
ence and they fairly agreed with optical band gap.

Sensing Properties

The potential use of polymers PFTH100 and PFOX100 as
fluorescent chemosensors was investigated toward several
cations and anions. The sensing properties were studied
using polymer solution 20 pg/mL in THF by adding aqueous

TABLE 2 Cyclic Voltammetry Data

solutions of salts at a final concentration 100 pM. The
absorption and emission of polymers’ solution were recorded
within 1 min. Figure 7 presents the effect of certain cations
on PL intensity of polymers PFTH100 in THF solution. Gen-
erally, the addition of cations in polymer solution did not
shift the absorption and emission maxima. This indicates
that cations did not form new species in polymer chain.
However, they caused PL quenching which may be attributed
to heavy atom effect.>® Except Fe?", the other cations did
not quench significant the PL of polymers. Fe?" quenched PL
about 50%. Analogous results were obtained for PFOX100
(Supporting Information Fig. 5S). Therefore, we tried to
exploit this quenching behavior for detection and quantifica-
tion of the Fe?". When Fe?’" was added to a solution of
PFTH100 or PFOX100 containing other cations like Ba®",
Co%*, Pd?*, cd®", cu™, or Hg2+ caused a drastic quenching
of PL of polymers. Therefore, it was possible to detect Fe?"
in the presence of other ions. Fluorescent titration studies
were applied to further evaluate quenching behavior of Fe®".
Upon addition of Fe?* to PFTH100 solution in THF the
emission intensity at 428 nm was quenched gradually. Figure
8 depicts the fluorescence quenching of PFTH100 in THF
solution upon increase of quencher Fe?" concentration. The
Stern-Volmer plot for PFTH100 reveals a fine linear rela-
tionship (R® = 0.9979) between the PL quenching (ratio Fo/
F) and Fe*" concentration over a large region (1-800 uM).

Polymer Eox (V)2 Ereq (V)?
PFTH100 ND® -0.67
PFTH50 1.01 -0.65
PFTH25 0.97 —-0.64
PFOX100 ND —0.66
PFOX50 0.95 ~0.66
PFOX25 0.93 —0.65

@ Onset of oxidation or reduction potential versus Ag*/AgCl.
® lonization potential.
¢ Electron affinity.
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IP® (eV) EA° (eV) Eg elec”
- 3.68 -

5.36 3.70 1.66
5.32 3.71 1.61

- 3.69 -

5.30 3.69 1.61
5.28 3.70 1.58

9 Band gap calculated from Eg ¢lec = HOMO — LUMO.
¢ ND not detected.
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FIGURE 7 Change of PFTH100 emission in THF solution (20 ug/
mL) upon addition of 100 uM of metal ions.

The K, was 0.43 X 10* M™L. The results indicate that poly-
mer PFTH100 quantify Fe?" with no interference from other
metal ions. For PFOX100 a fine linearity between the PL
quenching and Fe?" concentration was detected up to 80
UM Fe?™ (Fig. 9). The corresponding K, was 0.5 X 10* M~ 1L,
The shorter linearity of PFOX100/Fe®" than PFTH100/Fe?"
system could be attributed to the lower molecular weight of
PF0X100.

The fluorescence response of PFTH100 and PFOX100 in
presence of certain anions was also investigated. Figure 10
shows the PL quenching of PFTH100 in the presence of 100
uM COs*~, H,PO,, HPO,%", AcO", F, CI, Br, and . A
selective response to iodide is clearly observed. lodides
quenched PL intensity of polymers in THF solution up to
40%. The other anions had negligible effect on polymer’s
emission. Analogous behavior has been reported for poly-
phenyls with laterally attached thiazole rings.*? In case of
PF0X100, fluorescence was quenched about 30% by iodide

o 5
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PL Intensity (a. u.)

100
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FIGURE 8 Change of fluorescence of PFTH100 in THF solution
(20 ug/mL) with increasing Fe?* concentration. Inset shows the
Stern-Volmer plot.
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FIGURE 9 Change of fluorescence of PFOX100 in THF solution
(20 pg/mL) with increasing Fe?" concentration. Inset shows the
Stern-Volmer plot.

ion (Supporting Information Fig. 6S). This indicates that the
heterocyclic segment of polymers influenced the interaction
of iodide quencher with polymers. Moreover, after iodide
addition the solution adopted a yellow color which indicates
the creation of a new species. Therefore there was an inter-
action of polymers with iodide in ground state. Figure 11
presents the changes of UV-vis spectrum of PFOX100 upon
iodide addition. It is seen that a new band at about 296 nm
is gradually generated as the concentration of iodides
increase. Moreover the absorption maximum of polymer is
bathochromically shifted up to 15 nm. The same results
were obtained for PFTH100 (Supporting Information Fig.
7S). The findings verify electronic interaction of polymers
PFTH100 and PFOX100 with iodide in ground state. There-
fore the quenching by iodide could be attributed to static
quenching.59 In contrast Fe?" quencher did not influence the
absorption spectra of polymers. The interaction of polymers
with iodide could be detected with naked eyes as a yellow

08

F/Fo

0.6

¥ d v 2 R -

4 o . o al F- 1 Br-
o Qx, Qz:,53

FIGURE 10 Change of PFTH100 emission in THF solution (20
ug/mL) upon addition of 100 uM anions.
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FIGURE 11 Change of UV-vis spectrum of PFOX100 in THF
solution (20 pg/mL) upon addition of 50, 100, and 250 uM | .

color developed upon iodide addition. The intensity of yellow
color increased with the time. In case of PFTH100 the was
fully developed in 5 min (Supporting Information Fig. 8S)
but the interaction PFOX100/1" was slower taking 10 min
to develop the final color. The time dependent on PL quench-
ing by iodide has also been observed.®°

The ability of PFTH100 and PFOX100 to detect selectively
iodide ions was investigated. To a PFTH100/1" solution 100
uM of anions (CO%, H,PO,, HPO,%~, AcO, F, CI, Br ) or
cations (Ba?*, Co?*, Pd?**, €d®", Cu*, Hg®") were added. No
changed of PFTH100/I emission was detected upon addi-
tion of anions. Except Hg*", the other cations did not signifi-
cantly affect the emission of PFTH100/1 . Hg®" ions caused
a significant increase in the emission of the complex

500 - LISE y=0.017 x +0.98
E R? = 0.9963
3 1.10
z 400 - é 1.05
3_5: =
B 1.00
§ e 0 2 4 6 8 10
2 [Hg2*] / (M)
=
= 200 F
B 800
[Hg"]/ uM
100 -
1
0 1 " L i 1 i 1 =
400 450 500 550 600
Wavelength (nm)

FIGURE 12 Emission “turn-on” of PFTH100/I" in THF solution
(20 ug/mL) upon addition Hg®*. Line with open cycles is
PFTH100/I emission, line with solid cycles is the emission of
pristine PFTH100 in THF solution (20 pg/mL), the other lines
are PFTH100/I” emission upon addition Hg?* (1-800 xM). Inset:
Plot of emission enhancement (F/F,) at 433 nm of PFTH100/I™
versus Hg?" concentration (1-10 uM).
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FIGURE 13 Polymer PFTH100 detected and distinguished Fe?*
and Hg?" coexisting in a solution. (i) Emission of pristine
PFTH100 (line with squares) in THF solution (20 ug/mL), (ii)
emission quenching upon addition of 100 uM Fe?* and 100 M
Hg2+ (line with triangles), (iii) emission “turn-on” upon addi-
tion of 100 uM 1~ (line with circles).

PFTH100/1 , restoring the PL intensity of PFTH100 (see
Fig. 12). This feature has been described for polyphenyls
containing thiazole rings.*? Upon addition of Hg?* the yellow
color of PFTH100/I" solution faded resulting in a transpar-
ent colorless solution. Therefore PFTH100/1 complex could
be a chemosensor for naked eyes detection of Hg?".

Fluorescent titration experiments were carried out in order to
explore if PFTH100/I  response to Hg®" could be used for
quantification. About 100 uM iodide was added to a solution
of PFTH100 or PFOX100 in THF (20 mg/mL) and the mix-
ture was allowed standing 5 or 10 min, respectively. This
incubation time was necessary in order to complete the inter-
action of polymers with [ (see above). After that, the titra-
tion experiments were carried out. The Hg2+ concentration
ranged from 1 to 800uM. As the concentration of Hg”"
increased the emission intensity of PFTH100/I  solution
gradually increased along with a 5-7 nm blue shift of the
emission maximum. After addition of 800 uM Hg®" the 94%
of the original emission intensity (before I~ addition) of
PFTH100 and the 90% of PFOX100 were recovered (Fig. 12
and Supporting Information Fig. 9S). Finally, the pure emis-
sion of PFTH100 and PFOX100 were almost restored. In
case of PFTH100 the PL “turn-on” was detected with the
addition 1 uM Hg®". Quantification of Hg?* was based on the
enhancement of PL intensity at 433 nm. Figure 12 shows the
plot of PL intensity at 433 nm of PFTH100/iodide versus
Hg?" concentration. A fine linear response to analyte
(R*=09963) was detected in the region 1-10 uM. For
PFOX100/1" complex the quantification of ng+ based on PL
enhancement at 422 nm. Emission “turn-on” was observed
upon addition of 4 uM Hg®". A linear response to Hg*" ions
at concentration 4-100 M was realized (Supporting Informa-
tion Fig. 9S). Therefore, the polymers could be considered as
probes for detection Hg?" in a wide range of concentrations.
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FIGURE 14 Detection of Hg2+ with PFTH100 film. (i) Emission
of pristine PFTH100 film (line with squares). (ii) Emission
quenching after immersion in 0.01M |~ solution for several sec-
onds (line with open circles). (iii) Emission “turn-on” after
immersion in 0.01 M Hg?" solution for several seconds (line
with solid circles).

The ability of the PFTH100 to detect simultaneously the two
analytes (Fe?” and Hg?") was also investigated. For this rea-
son 100 uM of both Fe?* and Hg*" were added at a solution
of PFTH100. A 60% drop of PL intensity was recorded. This
was attributed mainly to Fe?* since Hg®" decreased PL inten-
sity of PFTH100 no more than 6% (see Fig. 7). Upon addition
of 100 uM iodide the PL intensity increased due to formation
of PFTH100/I" complex and subsequent dequenching effect of
Hg?" (Fig. 13). These findings indicate that indeed PFTH100
can detect analytes Fe*" and Hg?" that coexist in a solution.
This feature was not observed for polymer PFOX100.

Finally, the sensing properties of PFTH100 and PF0X100
were investigated in solid state. Films of polymers were pre-
pared by drop-casting on a quartz substrate. To detect Fe?*
ions the polymer film was immersed in solution of 0.01 M
Fe?" for several seconds. A 46% quenching of film’s emission
was detected for PFTH100 (Supporting Information Fig. 10S)
and 30% for PFOX100. To examine the response to Hg*" ions
fresh polymer film was fist immersed in solution 0.01 M I for
several minutes, in order to produce the polymer/I complex
and then in solution 0.01M Hg?" for a few seconds. Treatment
of polymer film with iodide solution decreased the PL of films
about 87% (PFTH100) and 37% (PFOX100). When, subse-
quently the polymer film was immersed in Hg2+ solution the
70% (PFTH100) and 90% (PFOX100) of the PL intensity of
pristine film was restored (Fig. 14). Therefore the polymers’
films can be used for detection of analytes Fe?* and Hg?".

CONCLUSIONS

Two series of polyfluorenes (PF) containing thiazole (PFTH)
or oxazole (PFOX) as well as triphenylamine (TPA) moieties
in the main chain were prepared. The molar ratio of thia-
zole/TPA or oxazole/TPA in polymer backbone was adjusted
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at 100/0, 50/50, and 25/75. Polymers showed absorption
maxima blue-shifted relative to PF due to the presence of het-
erocyclic units. However, their emission maxima were compa-
rable to PF emission maxima. The emission of polymers
showed a positive solvatochromism which was depended on
TPA content. Polymers containing TPA showed photoinduced
charge transfer due to strong electron donor triphenylamine
and electron acceptor thiazole or oxazole. Cyclic voltammetry
of polymers PFTH100 and PFOX100 containing only thiazole
and oxazole units, respectively, did not show clear oxidation.
The introduction of TPA in polymers PFTH50, PFTH25 and
PFOX50, PFOX25 facilitated the oxidation process and poly-
mers showed reversible oxidation. Irreversible reduction was
observed for all polymers. The Electron Affinities of polymers
were comparable, which suggests that the LUMO levels are
localized on the heterocyclic electron-deficient unit (oxazole
or thiazole). The sensing properties of PFTH100 and
PFOX100 were investigated. Polymers were able to detected
two analytes, Fe’* and Hg®". lodide switched the fluores-
cence response of polymers to Fe** or Hg?*. Fe*" directly
quenched the emission of polymers. Linearity between the PL
quenching and Fe?* concentration over a large region (1-800
uM) was detected. lIodide interacted with polymers in ground
state and quenched their emission. Addition of Hg?" in poly-
mer/I solution almost restored the original emission of poly-
mers. Hg?" ions were detected and quantified via emission
“turn-on” mechanism. PFTH100/I showed fine linear
response (R®=0.9963) to Hg?" concentration. It was able to
detect as low as 1 uM Hg?*. In case of PFOX100/1  linearity
was observed in 4-100 uM Hg?*. PFTH100 was able to
detect the Fe?* and Hg®" coexisting in a solution. Net films of
polymers could detect both analytes.

REFERENCES AND NOTES

1 A. C. Grimsdale, K. L. Chan, R. E. Martin, P. G. Jokisz, A. B.
Holmes, Chem. Rev. 2009, 109, 897.

2 A. R. Murphy, J. M. J. Fréchet, Chem. Rev. 2007, 107, 1066.

3 S. Glines, H. Neugebauer, N. S. Sariciftci, Chem. Rev. 2007,
107, 1324.

4 B. C. Thompson, J. M. J. Fréchet, Angew. Chem. Int. Ed.
2008, 47, 58.

5Y. J. Cheng, S. H. Yang, C. S. Hsu, Chem. Rev. 2009, 109,
5868.

6 N. Tessler, G. J. Denton, R. H. Friend, Nature 1996, 382, 695.

7 X. Guo, M. Baumgarten, K. Mullen, Prog. Polym. Sci. 2013,
38, 1832.

8 J. J. Intemann, J. F. Mike, M. Cai, S. Bose, T. Xiao, T. C.
Mauldin, R. A. Roggers, J. Shinar, R. Shinar, M. Jeffries-EL,
Macromolecules 2011, 44, 248.

9 S. C. Kim, S. M. Park, J. S. Park, S. J. Lee, S. H. Jin, Y. S. Gal,
J. W. Lee, J. Polym. Sci. Part a: Polym. Chem. 2008, 46, 1098.

10 S. H. Chen, Y. Chen, C. S. Shiau, C. J. Tsai, J. Polym. Sci.
Part a: Polym. Chem. 2007, 45, 136.

11 J. D. Harris, C. Mallet, C. Mueller, C. Fischer, K. R. Carter,
Macromolecules 2014, 47, 2915.

12 W. C. Wu, C. L. Liu, W. C. Chen, Polymer 2006, 47, 527.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 00, 000-000



12

ARTICLE

13 A. P. Kulkarni, Y. Zhu, S., A. Jenekhe, Macromolecules 2005,
38, 1553.

14 J. A. Mikroyannidis, M. Fakis, I. K. Spiliopoulos, J. Polym.
Sci. Part a: Polym. Chem. 2009, 47, 3370.

15 X. Li, Y. Zhang, R. Yang, J. Huang, W. Yang, Y. Cao, J.
Polym. Sci. Part a: Polym. Chem. 2005, 43, 2325.

16 P. Karastatiris, J. A. Mikroyannidis, I. K. Spiliopoulos, A. P.
Kulkarni, S. A. Jenekhe, Macromolecules 2004, 37, 7867.

17 P. Karastatiris, J. A. Mikroyannidis, |I. K. Spiliopoulos, J.
Polym. Sci. Part a: Polym. Chem. 2008, 48, 2367.

18 R. H. Lee, H. F. Hsu, L. H. Chan, C. T. Chen, Polymer 2006,
47, 7001.

19 Y. Lin, T. L. Ye, Y. Chen, D. G. Ma, Z. K. Chen, Y. F. Dai, Y.
X. Li, J. Polym. Sci. Part a: Polym. Chem. 2010, 48, 5930.

20Y. L. Yang, Y. H. Lee, C. J. Chang, A. J. Lu, W. C. Hsu, L.
Wang, M. K. Leung, C. A. Dai, J. Polym. Sci. Part a: Polym.
Chem. 2010, 48, 1607.

21 L. Biana, E. Zhua, J. Tanga, W. Tanga, F. Zhangb, Prog.
Polym. Sci. 2012, 37, 1292.

22 J. Qi, J. Han, X. Zhou, D. Yang, J. Zhang, W. Qiao, D. Ma, Z.
Y. Wang, Macromolecules 2015, 48, 3941.

23 S. Tao, L. Li, J. Yu, Y. Jiang, Y. Zhou, C. S. Lee, S. T. Lee, X.
Zhang, O. Kwon, Chem. Mater. 2009, 21, 1284.

24 M. Bisen, C. N. Scott, Macromolecules 2014, 47, 8196.

25 G. W. P. van Pruissen, J. Brebels, K. H. Hendriks, M. M.
Wienk, R. A. J. Janssen, Macromolecules 2015, 48, 2435.

26 R. Stalder, J. Mei, J. R. Reynolds, Macromolecules 2010, 43,
8348.

27 S. W. Thomas, lll, G. D. Joly, T. M. Swager, Chem. Rev.
2007, 107, 1339.

28 J. S. Yang, T. M. Swager, J. Am. Chem. Soc. 1998, 120,
11864.

29 X. Liu, L. Ouyang, Y. Huang, X. Feng, Q. Fan, W. Huang,
Polym. Chem. 2012, 3, 703.

30 R. C. Smith, A. G. Tennyson, M. H. Lim, S. J. Lippard, Org.
Lett. 2005, 7, 3573.

31 T. Liu, S. Liu, Anal. Chem. 2011, 83, 2775.

32 X. Liu, X. Zhou, X. Shu, J. A. Zhu, Macromolecules 2009,
42, 7634.

33 X. Wu, B. Xu, H. Tong, L. Wang, Macromolecules 2011, 44, 4241.

34 X. J. Zhu, S. T. Fu, W. K. Wong, J. P. Guo, W. Y. Wong,
Angew. Chem., Int. Ed. 2006, 45, 3150.

35 A. Caballero, R. Martinez, V. Lloveras, |. Ratera, J. Vidal-
Gancedo, K. Wurst, A. Tarraga, P. Molina, J. Veciana, J. Am.
Chem. Soc. 2005, 127, 15666.

36 E. M. Nolan, S. J. Lippard, J. Am. Chem. Soc. 2003, 125,
14270.

37 J. V. Ros-Lis, M. D. Marcos, R. Martinez-Manez, K. Rurack, J.
A. Soto, Angew. Chem., Int. Ed. 2005, 44, 4405.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 00, 000-000

WWW.POLYMERCHEMISTRY.ORG

JOURNAL OF Polymer
poLvMER sciEncE Chemistry

38 A. M. Costero, R. Andreu, E. Monrabal, R. Martinez-Manez,
F. Sancenon, J. Soto, J. Chem. Soc. Dalton Trans. 2002, 8,
1769.

39 C. Li, C. Zhou, H. Zheng, X. Yin, Z. Zuo, H. Liu, Y. Li, J.
Polym. Sci. Part a: Polym. Chem. 2008, 46, 1998.

40 A. Balamurugan, M. L. P. Reddy, M. Jayakannan, J. Polym.
Sci. Part a: Polym. Chem. 2009, 47, 5144.

41 J. Li, Y. Wu, F. Song, G. Wei, Y. Cheng, C. A. Zhu, J. Mater.
Chem. 2012, 22, 478.

42 S. Hussain, S. De, P. K. lyer, ACS Appl. Mater. Interfaces
2013, 5, 2234.

43 C. C. Winterbourn, Toxicol. Lett. 1995, 82/83, 969.

44 P. Li, L. Fang, H. Zhou, W. Zhang, X. Wang, N. Li, H. Zhong,
B. A. Tang, Chem. A Eur. J. 2011, 17, 10520.

45 J. Nandre, S. Patil, P. Patil, S. Sahoo, C. Redshaw, P.
Mahulikar, U. Patil, J. Fluoresc. 2014, 24, 1563.

46 L. J. Fan, W. E. Jones. Jr, J. Am. Chem. Soc. 2006, 128,
6784.

47 A. Kirvak, B. B. Carbas, M. Zora, A. M. Onal, React. Funct.
Polym. 2012, 72, 613.

48 R. Epple, C. Cow, Y. Xie, M. Azimioara, R. Russo, X. Wang,
J. Wityak, D. S. Karanewsky, T. Tuntland, V. T. B. Nguyen-Tran,
C. C. Ngo, D. Huang, E. Saez, T. Spalding, A. Gerken, M.
Iskandar, H. M. Seidel, S. S. Tian, J. Med. Chem. 2010, 53, 77.
49 R. Abbel, A. P. H. J. Schenning, E. W. Meijer, J. Polym. Sci.
Part a: Polym. Chem. 2008, 46, 790.

50 K. M. Omer, S. Y. Ku, J. Z. Cheng, S. H. Chou, K. T. Wong,
A. J. Bard, J. Am. Chem. Soc. 2011, 133, 5492.

51 D. Thirion, J. Rault-Berthelot, L. Vignau, C. Poriel, Org. Lett.
2011, 13, 4418.

52 Y. L. Liao, C. Y. Lin, K. T. Wong, T. H. Hou, W. Y. Hung, Org.
Lett. 2007, 9, 4511.

53 T. Yamamoto, K. Namekawa, I.
Polymer 2007, 48, 2331.

54 C. P. Kuo, Y. S. Lin, M. Leung, J. Polym. Sci. Part a: Polym.
Chem. 2012, 50, 5068.

55 J. Lee, B. J. Jung, S. K. Lee, J. I. Lee, H. J. Cho, H. K. Shim,
J. Polym. Sci. Part a: Polym. Chem. 2005, 43, 1845.

56 G. Casalbore-Miceli, A. D. Esposti, V. Fattori, G. Marconi, C.
A. Sabatini, Phys. Chem. Chem. Phys. 2004, 6, 3092.

57 H. J. Su, F. I. Wu, C. F. Shu, Y. L. Tung, Y. Chi, G. H. Lee, J.
Polym. Sci. Part a: Polym. Chem. 2005, 43, 859.

58 C. Risko, M. D. McGeheeb, J. L. Bredasa, Chem. Sci. 2011,
2, 1200.

59 B. Valeur, M. N. Berberan-Santos, In Molecular Fluores-
cence: Principles and Applications, 2nd ed.; Wiley-VCH: Wein-
heim, Germany, 2012, p 146.

60 M. Vetrichelvan, R. Nagarajan, S. Valiyaveettil, Macromole-
cules 2006, 39, 8303.

Yamaguchi, T. Koizumi,

Wiley Online Library



	l

