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ABSTRACT: Two new conjugated polymers poly{3-({4-[(2-hydrazino-2-oxoethyl)(methyl)amino]cyclohexylidene}methyl)thiophe-
ne}(P1) and poly{3-({4-[(3-hydrazino-3-oxopropyl) (methyl)amino]cyclohexylidene}methyl)thiophene}(P2) were synthesized, and their
optical properties were investigated. P1 exhibited excellent selectivity toward Cu®>" ions in 50% water solution, the fluorescence color
of P1 changed distinctly from greenyellow to colorless in the presence of Cu** under UV-light, while introduction of other metal
ions could not induce such significant variation. Moreover, highly sensitive detection of Cu®" ions was demonstrated in 90% water
~!% M. These results indi-

cated that this kind of nonionic polymer containing multidentate ligand could be used as a highly selective and sensitive chemosensor

solution. Its high metal-chelating capability allowed Cu®" recognition with a detection limit of 3.2 X 10

for Cu*" detection. The proposed binding mode of P1 with Cu®>" was supported by DFT calculation using Gaussian 03. Unlike P1,
P2 showed no obvious fluorescent change in the presence of various metal ions due to its space steric hindrance resulted from N/O

distribution on the side chain of P2. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42440.
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INTRODUCTION

Although copper (Cu*) plays crucial roles in many fundamen-
tal physiological processes in organisms, excessive Cu®" can be
toxic and cause aberrant oxidative and nitrosative stress events
that accompany diseases such as cancer, cardiovascular disor-
ders, and neurodegenerative diseases.'™® Now it has become one
of the major components of the environmental pollutants.”®
Therefore, research and development of effective, rapid, and
simple method for monitoring low concentrations of Cu®" in
aqueous media is still imperative.

Conjugated polymers (CPs) have attracted considerable atten-
tion due to their signal amplication effects and potential appli-
cations in sensing of metal ions and biologically relevant
targets. CPs are very interesting and prospective tools for
designing optical sensors. One of the advantages with this type
of sensors is the collective system response given by the series of
chromophores building the polymer chain.>' A variety of
schemes has been formulated in developing ideal optical plat-
forms based on CPs."'™'* Among all the tools available for this
purpose, fluorescent chemosensors are particularly desired due
to their distinct advantages in terms of sensitivity, selectivity,

response time, and in situ observation.>™” In recent years,
there has been interest in exploiting polythiophene based poly-
mers as chemical and biological sensors due to their strong flu-
quenching.'"®*  Nonetheless, simple easily
synthesized polythiophene-based probes for direct detection of
trace metal ions, for example Cu®", remain rare and there are
still challenges in this area. This encouraged us to develop new
polythiophene derivatives with favorable characters for metal
ion sensing.

orescence and

At the heart of any chemosensor or biosensor is its recognition
unit (receptor). It is constructed for providing selective target
binding from a mixture of different and sometimes closely
related compounds. The acylhydrazine functionalized thiophene
chromophore design was adopted based on our previous experi-
ence on the m-conjugated polymer photosensitizers.”> In the
present work, we prepared two polythiophene derivatives P1
and P2 (Scheme 1), of which P1 was successfully applied as a
fluorescent probe for sensing Cu®* in Tris-HCI solutions. The
sensory system provides some advantages: (1) Incorporation of
multidentate ligand in the side chain of polythiophene was used
for efficient complexation of Cu**. (2) Facile and simple syn-
thesis. Classical FeCls-catalyzed oxidative polymerization was

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

42440 (1 of 7)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42440


http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
\ HzN HoN
[o] %H 3NM
o=<g o=¢g 0= g
0 —NH —N —N —N
\2 CH3NH; . CH;COOH AN W, NHaNHz \, FeCls AN
NaBH3CN CHZCN CH30H
R 1\ 1\ R 1\
s S s s s” /n
1 2 P2ima2

Scheme 1. The synthetic routes of P1 and P2, m represents the number
of methylene units.

chosen for synthesizing the conjugated polymer. (3) Obvious
fluorescence quenching, this sensory system performed a rapid
“turn off” response with the color change from greenyellow to
colorless.

EXPERIMENTAL

Materials

All metal salts such as CuCl,-2H,0, NiCl,-6H,O, BaCl,-3H,0,
AlCl;-6H,0, AgNO;, CdCl,-2.5H,0, PbCl,, CoCl,-6H,0, SrCls-
6H,0, CrCl;-6H,0, ZnCl,, HgCl,, MnCl,-4H,0, and LiCl were
analytical grade and used without further purification. All other
organic reagents were purchased and used as received.

Measurements

UV-vis spectra were recorded on a Shimadzu 3100 spectrometer.
Fluorescence measurements were carried out using an Edin-
burgh Instruments-FLS920 fluorescence spectrometer. 'H NMR
was recorded on a Bruker AV III 400 MHz NMR spectrometer.
Infrared spectra were recorded on a Bruker Vertex 70 FT-IR
spectrometer using KBr pellets. Gel permeation chromatography
(GPC) measurements were performed with a Waters 2410
refractive-index detector at 35°C and THF was used as the elu-
ent at a flow rate of 1.0 mL min~'. GPC data were calibrated
with polystyrene standards. Mass spectra were obtained using a
Perkin Elmer Clarus 500 mass spectrometer.

Sample Preparation

All tests described in this paper were carried out at room tem-
perature (25°C) with distilled water. In the experiments involv-
ing titration with various metal ions, the polymers were
dissolved in THF/Tris-HCl (1/9, v/v) or THF/Tris-HCl (1/1,
v/v) to afford the test solutions (1 X 107> M). Stock solutions
(1 X 107> M) of the metal salts in water were prepared. The
sum volume of each ion solution introduced to the test solution
was no more than 20 uL.

Computational Details
Density functional theory (DFT) structural optimizations were
performed with the Gaussian 03 program. In all cases, the struc-
tures were optimized using the B3LYP functional and the mixed
basis set 6-31+G(d).**

Synthesis of N-Methyl-4-(thiophen-3-ylmethylidene)
cyclohexanamine (1)

A mixture of 3-[(4-oxocyclohexylidene)methyl]thiophene
(0.74 g, 3.84 mmol) in 10 mL methylene chloride and 5 mL
acetic acid was stirred at room temperature. Then a solution of
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methylamine acetate (0.70 g, 7.69 mmol) in methylene chloride
(10 mL) was added drop-wise over 30 min and the reaction
mixture was stirred for 1 h. After adding sodium cyanoborohy-
dride (0.25 g, 3.98 mmol), the reaction mixture was kept in an
ice bath for 1 h and subsequently for 3 h at room temperature.
The final reaction mixture was diluted with water and extracted
with CHCl; (3 X 50 mL), the organic layer was washed with
water (3 X 50 mL) and dried over anhydrous Na,SO,. After fil-
tration and evaporation, the crude product was isolated by
preparative thin layer chromatography (TLC) on silica gel to
yield compound 1 (0.47 g, 59.8%) as a yellowish oil. FTIR
(KBr, cm™'): 1441 (CH=C), 1240 (C—N). 'H NMR (CDCl,,
400 MHz, ppm): 6 =7.23-7.25 (d, 1H, CH, J=8 Hz), 7.02 (s,
1H, CH), 6.99-7.01 (d, 1H, CH=CH, J=8 Hz), 6.16 (s, 1H,
CH=C), 2.44 (s, 3H, CH;), 1.94-2.06 (m, 4H, CH,), 1.69 (s,
1H, NH), 1.13-1.32 (m, 4H, CH,).

Synthesis of Methyl{methyl[4-(thiophen-3-ylmethylidene)
cyclohexyl]amino}acetate (2a)

A solution of compound 1 (0.45 g, 2.17 mmol), NaHCO;
(2.37 g, 28.2 mmol), and methyl chloroacetate (0.26 g, 2.38
mmol) in 15 mL acetonitrile was stirred for 12 h at room tem-
perature. The solvent was removed, and saturated sodium car-
bonate solution (25 mL) was added. The mixture was extracted
with CHCl; (3 X 20 mL). The organic phase was washed with
saturated sodium carbonate solution several times and dried
over Na,SO,, the crude product was purified by TLC on silica
gel (ethyl acetate : n-hexyl acetate=4 : 1) to give the product
(0.24 g, 40%) as a faint yellow oil. FTIR (KBr, cm™ D) 1740
(C=0), 1433 (CH=C), 1196 (C—N), 1049 (C—0—C). 'H
NMR (CDCl;, 400 MHz, ppm): & =7.23-7.25 (d, 1H, CH,
J=8 Hz), 7.02 (s, 1H, CH), 6.98-7.00 (d, 1H, CH=CH, J=8
Hz), 6.14 (s, 1H, CH=C), 3.71 (s, 3H, O—CH,), 3.31 (s, 2H,
N—CH,), 2.68-2.74 (m, 1H, CH), 2.39 (s, 3H, N—CH;), 1.91—
1.99 (m, 4H, CH,), 1.24-1.41 (m, 4H, CH,).

Synthesis of Methyl 3-{methyl[4-(thiophen-3-ylmethylidene)
cyclohexyl]amino}propanoate (2b)

A solution of compound 1 (0.15 g, 0.72 mmol), NaHCO; (0.59 g,
9.39 mmol) and methyl acrylate (0.10 g, 1.16 mmol) in 15 mL
acetonitrile was stirred for 12 h at room temperature. The solvent
was removed, and saturated sodium carbonate solution (25 mL)
was added. The mixture was extracted with CHCl; (3 X 20 mL).
The organic phase was washed with saturated sodium carbonate
solution several times and dried over Na,SO,, the crude product
was purified by TLC on silica gel (ethyl acetate : methanol =1 : 2)
to give the product (0.17 g, 80.6%) as a faint yellow oil. FTIR
(KBr, cm™"): 1735 (C=0), 1436 (CH=C), 1210 (C—N), 1043
(C—0—C). '"H NMR (CDCls, 400 MHz, ppm): 6 = 7.26-7.28 (d,
1H, CH, J=8 Hz), 7.05 (s, 1H, CH), 7.02-7.04 (d, 1H, CH=CH,
J=8 Hz), 6.17 (s, IH, CH=C), 3.70 (s, 3H, O—CH,), 3.80-2.82
(t, 2H, N—CH.,), 2.48-2.52 (t, 2H, C—CH,), 2.62-2.63 (m, 1H,
CH), 2.22 (s, 3H, N—CH,), 1.86-1.96 (m, 4H, CH,), 1.26-1.51
(m, 4H, CH,).

Synthesis of 3-({4-[(2-Hydrazino-2-oxoethyl)(methyl)amino]
cyclohexylidene}methyl)thiophene (3a)

Compound 2a (0.25 g, 0.90 mmol) was dissolved in 10 mL
ethanol. Then 80% hydrazine hydrate (1.35 g, 22 mmol) was
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added. The resulting mixture was stirred at room temperature
for 12 h. After remove of the solvent, the mixture was extracted
with CH,Cl, (3 X 20 mL). The organic phase was washed with
brine for several times and dried over Na,SO,. The crude prod-
uct was purified by TLC on silica gel (ethyl acetate : methanol :
triethylamine = 15 : 1 : 5), the final product 3a (0.23 g, 92%)
was collected as a faint yellow oil. Ms (ESI): m/z = 279.14[M] ™.
FTIR (KBr, cm ™ '): 1670 (C=0), 1492 (CH=C), 1245 (C—N).
"H NMR (CDCl;, 400 MHz, ppm): 6 = 8.38 (s, 1H, NH), 7.24—
7.26 (d, 1H, CH, J=8 Hz), 7.02 (s, 1H, CH), 6.98-7.00 (d, 1H,
CH, J=8 Hz), 6.16 (s, 1H, CH=C), 3.17 (s, 2H, CH,), 2.60—
2.64 (m, 1H, CH), 2.38-2.41 (d, 2H, NH,, J=12 Hz), 2.30 (s,
3H, N—CH;), 1.85-1.96 (m, 4H, CH,), 1.24-1.43 (m, 4H,
CH,).

Synthesis of 3-({4-[(3-Hydrazino-3-oxopropyl) (methyl)amino]
cyclohexylidene}methyl)thiophene (3b)

Compound 2b (0.10 g, 0.34 mmol) was dissolved in 10 mL
ethanol. Then 80% hydrazine hydrate (0.65 g, 13 mmol) was
added. The resulting mixture was stirred at room temperature
for 12 h. After removing the solvent, the mixture was extracted
with CH,Cl, (3 X 20 mL). The organic phase was washed with
brine for several times and dried over Na,SO,. The crude prod-
uct was purified by TLC on silica gel (ethyl acetate : methanol :
triethylamine = 4 : 1 : 1), the final product (0.09 g, 90.3%) was
collected as a yellow oil. Ms (ESI): m/z =293.16]M]*. FTIR
(KBr, cm™'): 1658 (C=0), 1458 (CH=C), 1244 (C—N). 1H
NMR (CDCI3, 400 MHz, ppm): 6 =9.50 (s, 1H, NH), 7.24—
7.26 (d, 1H, CH, J=8 Hz), 7.02 (s, 1H, CH), 6.99-7.00 (d, 1H,
CH, J=4 Hz), 6.15 (s, 1H, CH=C), 2.64-2.70 (t, 2H,
N—CH,), 2.42-2.48 (m, 1H, CH), 2.37-2.40 (t, 2H, C—CH,),
2.23 (s, 3H, N—CH,), 2.01-2.03 (d, 2H, NH,, J= 8Hz), 1.84—
1.96 (m, 4H, CH,), 1.31-1.49 (m, 4H, CH,).

Synthesis of Poly{3-({4-[(2-hydrazino-2-oxoethyl)
(methyl)amino]cyclohexylidene}methyl)thiophene} (P1)
Anhydrous ferric chloride (0.45 g, 1.7 mmol) was suspended in
20 mL dry chloroform and stirred for 30 min under nitrogen
and then compound 3a (0.12 g, 0.43 mmol) was added drop-
wise. The mixture was stirred at 0°C for 24 h. Treatment of the
reaction mixture with methanol (10 mL) resulted in the precipi-
tation of the polymer which was carefully de-doped by repeat-
edly treating a chloroform solution of the polymer with 25%
ammonium hydroxide at ambient temperature. The crude prod-
uct was obtained as a red solid after evaporation of the chloro-
form. The solid polymer was then purified by Soxhlet
extraction with n-hexane and THF to remove impurities and
oligomers. Finally P1 (0.04 g, 33.3%) was obtained as a red
solid. FTIR (KBr, cm™'): 1671 (C=0), 1447 (CH=C), 1220
(C—N). '"HNMR (CDCl;, 400 MHz, ppm): 6 =28.38 (s, 1H,
NH), 6§=7.68 (s, 1H, CH), 6.19 (s, 1H, CH). GPC:
Mn = 3183 g/mol, PDI = 1.23.

Synthesis of Poly{3-({4-[(3-hydrazino-3-oxopropyl)(methyl)
amino]cyclohexylidene}methyl)thiophene} (P2)

P2 was synthesized in a similar way with P1, and a claret-
colored solid was obtained with a yield of 41.1%. FTIR (KBr,
Cm_l): 1661 (C=0), 1441 (CH=C), 1232 (C—N). '"HNMR
(CDCl;, 400 MHz, ppm): 6 =9.50 (s, 1H, NH), 6 =7.51 (s,
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Figure 1. Normalized absorption and emission spectra of P1 and P2 (1 X
107° M). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

1H, CH), 6.16 (s, 1H, CH=C). GPC: Mn=4940 g/mol,
PDI =1.21.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Monomers and
Polymers

The synthesis of P1 and P2 is described in Scheme 1. The start-
ing material was prepared according to the reported methods,*”
then the target products were obtained by several steps of
reductive amination, esterification, hydrazinolysis, and FeCl;
oxidative polymerization. All monomers have been validated
with 'H NMR, FTIR, and MS characterization, and the resulting
polymers were characterized by "H NMR, FTIR, and GPC (Sup-
porting Information Figures S1-S14). The molecular weight and
polydispersity index (PDI) of P1 and P2 measured by GPC
were Mn =3183 g/mol, PDI=1.23 and Mn =4940 g/mol,
PDI = 1.21, respectively. The GPC results of this two polymers
show the moderate molecular weight.

Photophysical Properties

P1 and P2 displayed maximum absorption peaks at 408 nm
and 398 nm in their UV-vis spectra and maximum emission
peaks at 524 nm and 516 nm respectively in THF-tris buffer
solution (Figure 1). The similar absorption and emission spectra
observed for P1 and P2 was due to their same conjugated back-
bone. UV-vis spectra of P1 showed a larger maximum absorp-
tion wavelength relative to P2, indicating an increase in effective
conjugation and increased planarity. In addition, the conjugated
polymers readily dissolve in common solvents, such as DMSO,
CH;0H, THF, and CHCIs, which can be attributed to the polar
and flexible substituents on thiophene units as side chain of the

polymers.

The Selective Fluorescence Recognition of P1 on Cu®*

In our previous report,” we incorporated acylhydrazine unit
into the conjugated polymer, and found that the hydrochloride
of the polymer (PM1-HCI and PM2-HCl) showed strong inter-
action with Hg2+ and Cu®" ions. For P1 and P2 in this work,
the methylamine was attached to the hexacyclic ring, and non-
ionic polymers were obtained. These structural differences had a
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Figure 2. The fluorescence quenching efficiency (1 —1/I,) of P1 and P2 (1
X 107> M) with various metal ions in 5 mM Tris-HCI buffer solutions
(THF/Tris, v/v, pH 7.4). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

prodigious influence on their fluorescence properties relative to
PM1-HCI and PM2-HCL

The selectivity of a probe should be taken into consideration
when designing a metal ion sensor. Investigation of the sensing
properties of the polymers was carried out in Tris—=HCI (5 mM,
pH = 7.4) buffer solution by a fluorescence method. Preliminary
observations (Supporting Information Figures S10 and SI1)
indicated that in both aqueous solutions containing different
ratio of water the florescence “on-off” effect by coordination
with copper ions could be conducted in neutral and alkaline
conditions. To avoid the formation of insoluble hydroxides in
alkaline systems, Cu>" sensing experiments were carried out in
neutral condition which conformed to biological conditions.
Both P1 and P2 were treated with Mn?*, Co*", Sr**, Ba’™,
cet, cdPt, Hg2+, APT, Ni?t, Pb*Y, Ag+, Li", Zn®", and
Cu’" as the chloride or nitrate salts to compare the different
binding ability of P1 and P2 toward metal ions in THEF/Tris-
HCI buffer containing 50% and 90% water. As can be seen
from Figure 2, P1 exhibited pronounced selective quenching
behavior toward Cu®* ions relative to the other metal ions in
50% water solution. The quenching efficiency (1-1/I,) expressed
by the ratio of the fluorescence intensity of polymers in the
presence (I) and absence (Ip) of 1 equivalent of metal ions was
72% for Cu®* ions. Other metal ions did not present such sig-
nificant effects and the ratio was less than 10% even for the
most interfering metal ions. In addition, the fluorescence varia-
tions of P1 from greenyellow to colorless can also be readily
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Figure 4. Fluorescence spectra of P1 (1 X 107> M) with addition of equi-
molar metal ions. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

observed by the naked eye (Figure 3). While in 90% water solu-
tion, the quenching efficiency reached 79% for Cu** ions, other
metal ions also induced non-ignorable influences on fluores-
cence intensity of P1. Apparently, P1 showed a higher selectivity
toward Cu®" in 50% water solution, which could be attributed
to higher affinity of P1 with Cu®" over other ions in a more
polar system. For P2, it can be observed that none of the metal
ions exerts virtually any effect on the fluorescence intensity in
any of the two systems containing different proportion of water.
The fluorescence quenching efficiency is below 20% even for
Cu®". Thus, P2 had a very low ability to complex metal ions.
This suggested that nitrogen or oxygen atoms on the side chain
of P2 failed to form stable coordinate bonds with metal ions
due to their distribution.

Competition experiments were also carried out by monitoring
the change in fluorescence intensity at 524 nm upon addition of
1 equivalent Cu®" ion to a mixed solution of P1 and different
metal ions (1 equivalent) in 50% water solution (Figure 4).
Although the addition of mixed metal ions to the P1 solution
caused a fluorescence quenching of the sensor, the fluorescence
intensity of the sensor was largely reduced upon further addi-
tion of Cu®" ions into the above mixture. These results indi-
cated that the recognition of Cu’* by P1 was not significantly
influenced by other coexisting metals.

The Sensitive Fluorescence Recognition of P1 on Cu**
To evaluate the suitability of P1 as an active fluorescence sensor
for the turn-off detection of Cu®’" in aqueous solution, the

Figure 3. Changes in the color of P1 (1 X 107> M) in THEF/Tris buffer (50/50, v/v, pH 7.4, Tris-HCl 5mM) induced by the addition of various metal
ions (1 X 10> M). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

42440 (4 of 7)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42440


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
1500 -
=5
= 1000 -
z
7]
=
]
£
o 5004
o
0 T T T T 1
500 550 600 650 700
Wavelength/nm

Figure 5. Fluorescence spectra of P1 (10 uM) with addition of various
concentrations of CuCl, (0.0004—50 uM) in THF/Tris-HCI buffer (10/90,
v/v, pH 7.4, Tris-HCl 5mM) with an excitation at 450 nm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

emission properties of polymer P1 and its turn-off behaviors
were investigated in 90% water solution. The conjugated poly-
mer displayed greenyellow fluorescence centered at 527 nm with
the excitation at 450 nm. It was evident from Figure 5 that
obvious fluorescence quenching of P1 could be observed in the
presence of 4 X 107'° M Cu®", indicating an upper detection
limit. The fluorescence intensity of P1 solution kept decreasing
with increasing amount of Cu’’ ions. When the addition
amount reached 5 X 10 ° M, which was only half amount of
P1, the emission was almost completely quenched and was
accompanied with an obvious color change of the solution from
greenyellow to colorless under UV light (Figure 5, inset). The
fluorescence intensity remained unchanged upon addition of
access amount of Cu®" ions. The quenching effect could be
attributed to the coordination of the amino groups on the side
chain of P1 with Cu*", resulting in the chelation-induced fluo-
rescent turn off effect. The fluorescent wavelength of the metal-
chelated polymer appears a slight hypochromatic shift, which
may be caused by the deconjugation effect on the polymer
backbone after coordination of specific copper ions.*®

To further quantify the turn-off efficiency of P1, the fluores-
cence intensities of the polymer with Cu®* ion at various con-
centrations were fitted into the Stern-Volmer equation: Io/
I=1+K,[Cu®"], where I, and I are the initial and final emis-
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Figure 6. The Stern—Volmer plot of P1 in THF/Tris-HCI buffer (10/90, v/
v, pH 7.4, Tris-HCl 5mM) upon addition of increasing amounts of Cu’*.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]

sion intensity of the chromophores and K, is the Stern-Volmer
quenching constant.”” The quenching efficiency increases with
increasing tendency of the polymer to associate with the
quencher in solution. This association can occur either through
the formation of a non-luminescent complex between the poly-
mer and the quencher (static quenching) or due to collisions
between the photo-luminescent macromolecule and the
quencher (dynamic quenching). As depicted in Figure 6, the
Stern-Volmer plot for P1 displayed a linear relationship in a
Cu®" concentration range of 0-0.1 X 10~° M, the correspond-
ing Ksy was determined to be 1.7 X 10" M~ " and the detection
limit for Cu®** of 3.2 X 107 !® M was obtained based on 3J/s,
where 0 is the standard deviation of blank measurements, and s
is the slope between fluorescence intensity versus Cu®" concen-
tration. The high sensitivity is consistent with the signal ampli-
fication ability of conjugated polymers due to facile energy
migration along the polymer backbone.?® Simultaneously, a cur-
vilinear relationship of the plot within the concentration range
of 0.1-10 X 10™° M demonstrated the coexistence of static and
dynamic fluorescence quenching of P1 toward the analytes.

P1 was also titrated with Cu®?" ions in 50% water solution
(Supporting Information Figure S12). Unlike the fluorescent
characteristics of it in 90% water solution, the emission attenu-
ated gradually after the addition of 2 X 107° M Cu?", and it

Table I. Comparison of Proposed Cu®*-Selective Sensor with Reported Sensors

Applied Polymer -

Fluorophore Solvent Limit of detection (M) Kev Selectivity pH
Poly(HEMA-co-DCPDP)?° Water/ethanol buffer ND 1.42x10°M1 High 7
1,3,5-Triphenylbenzene=° Phosphate buffer 1.9x1071° 1.50%x107 M~1 High 8
Polyfluoreneethynylene®* Methanol ND 7.5x108 M~ High ND
Polyfluorene copolymers®? Aqueous solution 2x1078 1.44 x107 M1t Moderate ND
Polythiophene derivative Water/THF buffer 3.2x1071° 1.70x107 M~ High 7.4
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Scheme 2. Proposed binding mode of P1 toward Cu®" ions. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

could not be quenched by introduction of access amount of
Cu®*. From Supporting Information Figure S13, the correlation
between Io/I and [Cu’"] indicates that multiple equilibria
existed in the copper binding process.

Previous reports on fluorescent detection of Cu®" ions using
CPs were listed by Table I for comparison. The newly developed
polymer P1 exhibits relatively good performance in terms of the
sensitivity, detection limits, and selectivity. Moreover, the sens-
ing material has several advantages, such as facile preparation,
low cost, and label free detection.

Proposed Binding Mode

Based on the above discussion, a possible binding mode
between P1 and Cu®>* was proposed in Scheme 2. For P1, lone-
pair nitrogen atoms of primary and tertiary amine could partic-
ipate in binding with Cu®" ions, where electron transfer from
the 7* orbit at the excited state of P1 to the 3d orbital of Cu**
ions, thereby causing the subsequent Cu®"-mediated interpoly-
mer 7n-stacking aggregation, resulting in the rapid quenching of
fluorescence.'”**** Moreover, the main chain structures of poly-
thiophene are easily changed in aqueous solution with stimuli.
The complexing disrupts the coplanarity of polymer chain, and
thus lead to a hypochromatic shift of maximum emission to
some extent. In more polar solution, solvent effect may benefit
thiophene aggregates, which act synergistically in the fluores-
cence quenching of P1. Hence P1 exhibited high sensitivity
toward Cu®" in 90% water solution. On the other hand, this
kind of high affinity lowered its selective target binding from
different metal ions. So, P1 presented excellent selectivity in less
polar condition, that is, in 50% water solution where the metal
ion coordination is very weak except for Cu®". For P2, the
nitrogen atoms could not join in the Cu?* binding simultane-
ously due to space steric hindrance resulted by their relatively
distant location on the side chain. Therefore, less prominent
fluorescence quenching of P2 by metal ions could be observed.

The proposed binding mode was supported by quantum com-
putation using Gaussian 03 program. The main coordinated
bond lengths at the probable binding sites are summarized in

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1
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Supporting Information Table S1. The coordinated bond lengths
of Cu-N(21) and Cu-N(38) are slightly shorter than the
reported Cu-N bond length, suggesting a strong interaction
between the amino groups and Cu®’. By contrast, the Cu—
0O(31) and Cu-N(32) bond lengths exceed the range of the
bond force, inferring that the carbonyl group and secondary
amine moieties have almost no interaction with Cu®". Thus,
only primary and tertiary amine of P1 could act as binding sites
for Cu®" ions to form P1-Cu?** complex.

CONCLUSIONS

In conclusion, we have synthesized and characterized two new
conjugated polymers based on 3-(cyclohexylidenemethyl)thio-
phene. Thereinto, P1 presented excellent selectivity toward
Cu®” ions in 50% water solution, the fluorescence color of P1
disappeared only after addition of Cu®", which can be easily
detected by naked eyes. Highly sensitive detection of Cu®" ions
was demonstrated in 90% water solution. This sensor allowed
Cu®" recognition in a range of nanomolar concentrations with
a detection limit of 3.2 X 10~ '® M. These results indicated that
this kind of nonionic polymer could be used as a highly selec-
tive and sensitive chemo-sensor for Cu®>* detection. Unlike P1,
P2 showed no significant fluorescent changes in the presence of
various metal ions. Therefore, subtle structure adjustment of a
conjugated polymer can make a big difference on its optical
properties, which is pivotal guidance to our later work on
designing some other type of sensors with desired attributes.
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