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a b s t r a c t

For the first time, a new disubstituted polyacetylene (P1) was utilized to sense a-amino acids based on
a ‘‘turn-on’’ model, through an indirect approach. Thus, first, the strong blue fluorescence of P1 was
quenched by trace copper ions efficiently, then the addition of a-amino acids to the P1/Cu2þ complex
could recover the strong fluorescence of P1 to report the presence of a-amino acids. Interestingly, the P1/
Cu2þ complex demonstrated much higher sensitivity towards histidine, with the detection limit of
w2 ppm (w1.3� 10�5 mol/L). With the aid of a normal UV lamp, histidine could be differed from other
a-amino acids visually by the observation of its strong blue fluorescence, at the concentration as low as
4.0� 10�5 mol/L. Due to the convenient synthesis of P1, and the so far reported many other conjugated
fluorescent polymers, the work reported here might open up a new avenue to develop new biosensors.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Naturally occurring a-amino acids have attracted much atten-
tion and special interest due to their biological prominence. Thanks
to the enthusiastic efforts of scientists, many analytical methods
have been developed to recognize and sense a-amino acids and
their derivatives as guests, such as NMR, UV absorption, fluorescent
emission and various separation techniques in the molecular
recognition of amino acids [1–8]. Among them, the fluorophore
chemosensors were becoming increasingly popular due to their
easy use in solution as well as the high sensitivity and selectivity,
though only limited reports were concerned on the fluorescence-
based recognition of a-amino acids [1–8]. On the other hand,
conjugated polymer-based fluorescent (CPF) chemosensors were
the hot topic in the research field of chemosensors, since ‘‘molec-
ular wire effect’’ in conjugated polymers usually greatly enhanced
the sensitivity of the polymer-based chemosensors because of the
enhanced electronic communication among them. Many kinds of
CPF chemosensors were designed to probe different analytes,
including metal ions, anions, explosives, small organic molecules
and biomolecules [9–11]. So far, many biomolecules could be
detected sensitively and selectively, such as adenosine triphosphate
(ATP), sugars, proteins, DNA [12,13]. However, it seemed that there
were no reports concerned on the CPF chemosensors for a-amino
: þ86 27 68756757.

008 Published by Elsevier Ltd. All
acids, possibly due to the difficulty in designing fluorescent che-
mosensors, which could give out fluorescent signal while inter-
acting with a-amino acids directly.

Polyacetylene (PA) was the archetypal conjugated polymer, the
seminal discovery of the metallic conductivity of its doped form has
triggered a huge surge of interest on conductive polymers and has
spawned an exciting area of research on conjugated polymers.
Structurally, PA was a linear polyene chain [–(HC]CH)n–]. The
existence of two hydrogen atoms in its repeat unit offered ample
opportunity to decorate the backbone with pendants: replacement
of hydrogen in each repeat unit by one or two substituents yielded
monosubstituted and disubstituted PAs, respectively. Till now,
thousands of mono- or disubstituted PAs have been prepared, and
the research fields were extended from the initial traditional
conductive polyacetylenes to the modern liquid crystals, polymeric
light emitting diodes, helical polymers, gas separation membranes,
organic–inorganic hybrids, nonlinear optical and magnetic mate-
rials, etc. [14–16]. Generally, disubstituted PAs were superior to
their monosubstituted counterparts in performance: for example,
poly(1-phenyl-1-octyne), a disubstituted PA, strongly resisted
thermal decomposition (no molecular weight change detectable
after annealing in air at 120 �C for 20 h) and efficiently emitted blue
light, while poly(phenylacetylene), a monosubstituted PA, readily
degraded and emitted weakly [17]. The stability and strong lumi-
nescence of disubstituted PAs made them good candidates as
polymer chemosensors. However, there were very scarce reports
concerned on the properties of disubstituted PAs as chemosensors,
since it was still a big challenge for the preparation of disubstituted
rights reserved.
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PAs containing some acceptor groups to interact with the analytes,
such as bipyridyl, terpyridyl, and quinoline segments [17].

Recently, we have successfully prepared some disubstituted
polyacetylenes bearing high polar side groups, such as azo moie-
ties, indole groups, amine and pyridine ones, which were inacces-
sible from the direct polymerization of their corresponding
monomers, through the postfunctionalization approach [18]. These
results prompted us to design disubstituted PA chemosensors by
using the postfunctionalized strategy. Thus, as presented in this
paper, we realized this idea, obtained an imidazole-functionalized
disubstituted polyacetylene (P1) (Scheme 1), which could report
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the presence of trace copper ions based on the fluorescence ‘‘turn-
off’’, and it could also probe the presence of a-amino acids sensi-
tively, by an indirect approach, with the detection limit of histidine
as low as w2 ppm (w2.7�10�5 mol/L). Herein, we would like to
report the syntheses, characterization, and chemosensing proper-
ties of this disubstituted polyacetylene.

1.1. Materials and instrumentations

N,N-Dimethylformamide (DMF) was dried over and distilled from
CaH2 under an atmosphere of dry nitrogen. Tetrahydrofuran (THF) was
dried over and distilled from K–Na alloy under an atmosphere of dry
nitrogen. All of the amino acids were purchased from Japan, and other
reagents were of analytical reagent grade and used without further
purification. Doubly distilled water was used for all experiments.

1H NMR spectroscopic study was conducted with a Varian
Mercury300 spectrometer using tetramethylsilane (TMS;
d¼ 0 ppm) as an internal standard, or 1H and 13C NMR spectra were
measured on a Bruker ARX 300 spectrometer using tetrame-
thylsilane (TMS; d¼ 0 ppm) as an internal standard. The Fourier
transform infrared (FTIR) spectra were recorded on a PerkinElmer-2
spectrometer in the region of 3000–400 cm�1. UV–vis spectra were
obtained using a Shimadzu UV-2550 spectrometer. Elementary
analysis was taken on a Vario EL III elementary analysis instrument.
Gel permeation chromatography (GPC) was used to determine the
molecular weights of polymers. GPC analysis was performed on an
Agilent 1100 series HPLC system and a G1362A refractive index
detector. Polystyrene standards were used as calibration standards
for GPC. THF was used as an eluent and the flow rate was 1.0 mL/
min. Photoluminescence spectra were performed on a Hitachi F-
4500 fluorescence spectrophotometer.

1.2. Synthesis of (5-chloro-pent-1-ynyl)-benzene (1)

To a 250 mL flask were added copper(I) iodide (90 mg, 0.47 mmol),
dichlorobis(triphenylphosphine)palladium (180 mg, 0.26 mmol) and
triphenylphosphine (90 mg, 0.34 mmol) in the glove box. Triethyl-
amine (250 mL), iodobenzene (10.2 g, 50 mmol) and 5-chloro-1-
pentyne (5.2 g, 50 mmol) were then injected. The resultant mixture
was stirred at room temperature overnight. The solid was removed by
filtration and the solvent was evaporated. The crude product was
purified on a silica gel column using chloroform as eluent. Colorless oil
of 1 was obtained in 89% yield (7.9 g). 1H NMR (300 MHz, CDCl3),
d (TMS, ppm): 7.41 (dd, J¼ 5.4 Hz, 2H), 7.28 (m, 3H), 3.70 (t, J¼ 8.0 Hz,
2H), 2.60 (t, J¼ 8.1 Hz, 2H), 2.04 (m, 2H). 13C NMR (75 MHz, CDCl3),
d (TMS, ppm): 131.7, 128.5, 127.7, 123.7, 88.1, 81.4, 43.7, 31.5, 16.9.
1.3. Synthesis of P0

Into a baked 80 mL Schlenk tube with a stopcock in the sidearm
was added monomer 1 (1.14 g). The tube was evacuated under
vacuum and then flushed with dry nitrogen three times through
the sidearm. Freshly distilled toluene (16 mL) was injected into the
tube to dissolve the monomer. The catalyst solution was prepared
in another tube by dissolving tungsten(VI) chloride (127.2 mg,
0.32 mmol) and tetraphenyltin (137.6 mg, 0.32 mmol) in toluene
(16 mL). The two tubes were aged at 60 �C for 15 min and the
monomer solution was transferred to the catalyst solution using
a hypodermic syringe. The reaction mixture was stirred at 60 �C for
24 h. The resultant solution was then cooled to room temperature,
diluted with chloroform (35 mL), and added dropwise to methanol
(2500 mL) through a cotton filter under stirring. The precipitate
was allowed to stand overnight, which was then filtered. The
polymer was washed with methanol and dried in a vacuum oven to
a constant weight, shallow green powder (0.78 g, 68.4%).
Mw¼ 15 700, Mw/Mn¼ 2.27 (GPC, polystyrene calibration). IR (thin
film), n (cm�1): 3064 (Ar–H stretching), 2954, 2870 (CH2 stretch-
ing). 1H NMR (300 MHz, CDCl3), d (TMS, ppm): 0.8–2.6 (–CH2–),
2.6–3.4 (–CH2–), 6.5–7.8 (ArH). 13C NMR (75 MHz, CDCl3), d (TMS,
ppm): 140.8, 128.6, 46.2, 33.4, 31.5, 30.6. UV–vis (Ethanol,
1.06�10�4 mol/L): lmax (nm): 302 nm.
1.4. Synthesis of P1

P0 (89 mg), imidazole (68 mg, 1.0 mmol), potassium hydroxide
(140 mg, 2.5 mmol) were added to dry DMF (10 mL). After stirring
at 80 �C for 3 days, the resultant mixture was filtered, then the
filtrate was added to a dialyzer bag. The bag was immersed in
distilled water (the water was changed every 2 h) for several days
to remove small molecules, such as imidazole (which would enter
into water as its molecular weight is lower than 800). It was
observed that some yellow precipitant yielded in the bag during
the dialyzing process. The yellow powder was collected, and dried
in a vacuum oven to a constant weight (47 mg, 44.7%). 1H NMR
(CH3OD) d (ppm): 0.9–2.5 (–CH2–), 2.5–4.4 (–CH2–), 6.0–7.9 (ArH).
Elemental analysis (EA): Found: C 73.09, H 6.62, N 9.02. UV–vis
(Ethanol, 1.06�10�4 mol/L): lmax (nm): 302 nm.
2. Preparation of solutions of amino acids, Cu2D, histamine,
imidazole, acetic acid and BSA

1 mmol of each amino acid was dissolved in distilled water
(10 mL) to afford a 0.10 mol/L aqueous solution. 0.1 mmol of Cu2þ

was dissolved in distilled water (10 mL) to afford a 1�10�2 mol/L
aqueous solution. 1 mmol of histamine, imidazole or acetic acid was
respectively dissolved in distilled water (10 mL) to afford
a 0.10 mol/L aqueous solution. 30 mg BSA was dissolved in distilled
water (3 mL) to afford a 10 mg/mL aqueous solution. The stock
solutions could be diluted to desired concentrations with water
when needed.
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2.1. Preparation of polymer solutions

P1 (2.0 mg) was dissolved in ethanol to afford the stock solution
with the concentration of 5.81�10�4 mol/L. This stock solution was
diluted to 1.06�10�4 mol/L.

2.2. Fluorescence titration of P1 with Cu2þ

A solution of P1 (1.06�10�4 mol/L) was prepared in ethanol.
The solution of Cu2þ was prepared in distilled water. A solution of
P1 (3.0 mL) was placed in a quartz cell (10.0 mm width) and the
fluorescence spectrum was recorded. The Cu2þ solution was
introduced in portions and fluorescence intensity changes were
recorded at room temperature each time (excitation wavelength:
335 nm).

2.3. Fluorescence titration of P1þ Cu2þ with amino acids

A solution of P1 (1.06�10�4 mol/L) was prepared in ethanol.
The solutions of amino acids were prepared in distilled water
(1�10�2 mol/L). A solution of P1 (3.0 mL) was placed in a quartz
cell (10.0 mm width) and the fluorescence spectrum was recorded.
The solution of Cu2þ (1�10�2 mol/L, 4 mL) was added to quench the
fluorescence. The amino acid solution was introduced in portions
and the fluorescence intensity changes were recorded at room
temperature each time (excitation wavelength: 335 nm).

2.4. Fluorescence titration of P1þ Cu2þ with imidazole and water

A solution of P1 (1.06�10�4 mol/L) was prepared in ethanol.
The solution of imidazole was prepared in distilled water
(1�10�2 mol/L). A solution of P1 (3.0 mL) was placed in a quartz
cell (10.0 mm width) and the fluorescence spectrum was recorded.
The solution of Cu2þ (1�10�2 mol/L, 4 mL) was added to quench the
fluorescence. The imidazole solution or water was introduced in
portions and fluorescence intensity changes were recorded at room
temperature each time (excitation wavelength: 335 nm).

2.5. Fluorescence intensity changes of P1þ Cu2þ with histamine,
imidazole, acetic acid and BSA

A solution of P1 (1.06�10�4 mol/L) was prepared in ethanol.
The solutions of histamine, imidazole, acetic acid (1�10�2 mol/L)
and BSA (1 mg/mL) were prepared in distilled water. A solution of
P1 (3.0 mL) was placed in a quartz cell (10.0 mm width) and the
fluorescence spectrum was recorded. The solution of Cu2þ

(1�10�2 mol/L, 4 mL) was added to quench the fluorescence. The
solution of histamine, imidazole, acetic acid or BSA was introduced
(12 mL) respectively and fluorescence intensity changes were
recorded at room temperature each time (excitation wavelength:
335 nm).

3. Results and discussion

3.1. Synthesis and characterization

P1 was obtained by a postfunctional strategy. As shown in
Scheme 1, monomer 1 was easily prepared from the coupling
reaction of iodobenzene and 5-chloro-1-pentyne with high yield,
by using Pd as catalyst under mild reaction conditions [19]. Then
through the direct polymerization, this monomer was successfully
converted to its corresponding polymer, P0, whose chlorine atoms
could be readily substituted by imidazole groups in the presence of
a base to give the final product, P1. This synthetic route was
designed according to our previous case of the disubstituted poly-
acetylene bearing indolyl moieties in the side chain (Scheme S1)
[18c], since both indole and imidazole moieties would be ‘‘toxic’’ to
the transition-metal catalysts used in the polymerization process of
alkyne monomers. The successful synthesis of P1 further confirmed
that the postfunctionalization strategy was a good alternative
approach to yield disubstituted polyacetylenes inaccessible from
their corresponding monomers through the direct polymerization
reactions. This route avoided the problem that the functional
groups poisoned the transition-metal catalysts for acetylene poly-
merization and opened up a new avenue for attaching polar func-
tional groups to the PA backbone. It should be pointed out that P0
with chlorine atoms in the side chains could be considered as
reactive PA intermediate; it was anticipated that many other
functional disubstituted PAs could be prepared by this versatile
polymer reaction strategy. And actually, we have successfully
partially converted the chlorine atoms to azido groups, and many
high polar groups were introduced to the PA backbone through the
popular ‘‘click’’ reactions [18a]. Further research on the preparation
of functional disubstituted polyacetylenes through the post-
functionalization strategy was still under way in our laboratory.

The purification procedure was very simple; we only needed to
isolate monomer 1 by a silica gel column and P0 could be purified
easily by precipitations from their THF solutions into methanol.
After most of the chlorine atoms in P0 were converted to imidazole
moieties, the solubility of the resultant polymer P1 changed
dramatically: P1 could dissolve in alcohol, in contrast to most of the
reported disubstituted polyacetylenes. Thus, after the polymer
reaction between P0 and imidazole in DMF, the reaction mixture
was filtered to remove some inorganic salt and the excess base, the
filtrate was added to a dialyzer bag, which was immersed in
distilled water for several days to remove small molecules, such as
imidazole. The yellow precipitate in the bag during the dialyzing
process was collected, and dried in a vacuum oven to give P1.

Monomer 1 and polymers P0 and P1 were well characterized,
and gave satisfactory data corresponding to their expected molec-
ular structures (see Experimental section and Supporting infor-
mation). As it was not an easy way to estimate the exact
concentration of imidazole moieties in P1 from its 1H NMR spec-
trum (Figs. S2 and S3), the results of the elemental analysis were
used to calculate the ratio of chlorine atoms and the imidazole
groups, which was determined to be about 36:64 as follows:
x and y were calculated according to the results of elementary
analysis. EA: Found: C 73.09, H 6.620, N 9.015.

ð2� 14:01Þy=ð210:27yþ 178:66xÞ � 100% ¼ 9:015%
xþ y ¼ 1

�
x ¼ 0:36
y ¼ 0:64

3.2. Optical properties

UV–vis absorption spectra of polymers are demonstrated in
Fig. 1. The absorption peaks of P0 and P1 at about 302 nm could be
assigned to the p–p* transition of the PA conjugated backbone,
indicating that the linkage of the imidazole moieties to the PA
backbone did not influence the absorption behavior in a larger
degree. However, upon excitation, the maximum emission
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Fig. 1. The UV–vis absorption and fluorescence spectra of P1 (a) and P0 (b) in ethanol.
The polymer concentration is 1.06�10�4 mol/L. Excitation wavelength (nm): 335.
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wavelength of P1 was blue-shifted 14 nm, in comparison with P0.
This disclosed that there might be still some interactions between
the PA backbone and the introduced imidazole groups, leading to
the big difference in the emission process, although the excitation
wavelength was the same. And this interaction might offer P1 the
chemosensing ability towards analytes, due to the metal ion-
coordinating ability of imidazoles.

In the reported literature [20], other conjugated polymers con-
taining imidazole moieties demonstrated good selective sensing
property for copper ions with high sensitivity, thus, we checked if
P1 could report the presence of trace copper ions based on the
fluorescence ‘‘turn-off’’. As shown in Fig. 2, P1 demonstrated
350 400 450 500 550 600 650
0

400

800

1200

1600

2000

2400

2800

3200

0.00
0.02
0.04
0.06
0.08
0.11
0.13
0.17
0.21
0.25
0.32
0.42
0.53
0.64
1.48

I
n

t
e
n

s
i
t
y
 
(
a
u

)

Wavelength (nm)

CCu2+ (ppm)

Fig. 2. Emission quenching of the solution of P1 by Cu2þ. Polymer concentration:
1.06� 10�4 mol/L. Excitation wavelength (nm): 335.
sensitive response to the added trace copper ions (Fig. 2), due to the
affinity of imidazole moieties towards copper ions: the quenching
of the fluorescence of P1 was observed at very low level of Cu2þ

(0.02 ppm), and the fluorescent intensity decreased rapidly upon
the increase of the added concentration of Cu2þ. While the
concentration of Cu2þwas 1.48 ppm, nearly no luminescence could
be seen. The quenching efficiency was nearly fit to the Stern–
Volmer equation, I0/I¼ Ksv[A]þ 1, which related the fluorescence
intensity, I, at different concentrations of analyte quencher, [A],
where I0 was the intensity at [A]¼ 0, and Ksv was the Stern–Volmer
constant. According to the fluorescence titration of P1 with Cu2þ,
Ksv was determined to be 3.7�105 M�1.

It was known that a-amino acids could form stable complexes
with some metal ions, i.e. copper ions (Scheme 2) [21]. Thus, if
some a-amino acids were added into the solution of the P1/Cu2þ

complex, the added a-amino acid might snatch the copper ions
from the P1/Cu2þ complex to form a 2:1 amino acid/Cu2þ complex
as shown in Scheme 2. If this was the case, the quenched strong
fluorescence of P1 might recover, while the copper ions, actually
the quencher, were snatched by the added a-amino acid.
To test the above idea, Glycine (Gly) was added to the solution of
the P1/Cu2þ complex, immediately, the quenched fluorescence of
P1 turned on (Fig. 3) at the concentration as low as 7.0�10�6 mol/
L. While the concentration of Gly increased, the intensity increased
rapidly, and the fluorescent intensity could recover to about 87% of
the original one of P1, when the concentration of Gly was about
6.5�10�4 mol/L. Thus, the obtained results confirmed that the P1/
Cu2þ complex could report the presence of a-amino acids. Or in
another word, P1 could sense trace copper ions based on the
fluorescence ‘‘turn-off’’, then the quenched fluorescence of P1
could be recovered upon the addition of the a-amino acid, making
P1 a new chemosensor for a-amino acids based on the fluorescence
‘‘turn-on’’. Thus, this was an indirect approach for P1 to probe
a-amino acids, and we could summarize the cycle of ‘‘turn-off–on’’
more visually as demonstrated in Scheme 3.
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To check whether the method was a common one for all the a-
amino acids or just special case for Gly, we repeated the experiment
by utilizing other a-amino acids (their structures are shown in
Fig. 5. Photographs of solutions of P1 (A), P1þ Cu2þ (B), and P1þ Cu2þ þ amino acids (C–X)
Asp (N), Glu (O), Lys (P), Arg (Q), His (R), Trp (S), Cit (T), Orn (U), a-ABA (V), b-ABA (W), g-ABA
and 1.33�10�5 mol/L, respectively. The concentration of all the amino acids was fixed at 4
Chart S1) instead of Gly. As shown in Figs. S4–S40, all the other a-
amino acids could be detected, indicating that this indirect
approach was a normal method to probe a-amino acids. However,
different a-amino acids demonstrated different sensitivity, in
accordance with their different structure. Among them, the
detection of histidine (His) demonstrated even higher sensitivity
with the detection limit lower than 1.3�10�5 mol/L (2.1 ppm)
(Fig. S33), and the fluorescent intensity of P1 could recover to about
88% at the concentration as low as 1.1�10�4 mol/L. Because of the
high sensitivity of P1 towards His, we wondered if it was possible to
know the presence of His at very low concentration just with the
aid of a normal UV lamp, but not a fluorescence spectrophotometer.
As shown in the photographs of the solutions of P1, the P1/Cu2þ

complex before/after the addition of His, under UV illumination
(Inset in Fig. 4), really, the difference was apparent and could be
observed visually, even the concentration of His was only
4.0�10�5 mol/L.

The difference between His and other a-amino acids could be
presented more clearly as shown in Fig. 4 and Fig. S41. This indi-
cated that the P1/Cu2þ complex could probe His selectively to some
degree. In the photographs of the solutions of P1, the P1/Cu2þ

complex before/after the addition of a-amino acids, under UV
illumination (Fig. 5), the difference was also apparent, and the
: Gly (C), Ala (D), Val (E), Leu (F), Ile (G), Pro (H), Phe (I), Ser (J), Thr (K), Met (L), Asn (M),
(X), taken under UV illumination. The concentrations of P1 and Cu2þ were 1.06� 10�4

.0� 10�5 mol/L.
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bottle of His (R) could be differed visually. Thus, with the aid of an
UV lamp, His could not only be detected but also differed selec-
tively. In the literature, there were reports concerned on the
selective sensing of His over other a-amino acids, since His could
form more stable 2:1 amino acid/Cu2þ complex [7a].

Some of the related analytes were used to evaluate the a-amino
acid-selective nature of P1, such as imidazole, acetic acid, n-
butylamine, histamine and BSA. Also, to know the affect of water in
the added a-amino acid solutions, the influence of pure water on
the fluorescent signal was studied. As shown in Figs. S42 and S43, it
was easily seen that these analytes nearly gave no disturbance to
the selective sensing of amino acids. Thus, the selectivity of P1 for
amino acids over other related analytes was relatively high.

Considering there were generally three isomers of amino acids,
a-, b- and g-amino acids, we would like to study if P1 could give
different response to them. Accordingly, a-, b- and g-aminobutyric
acids (ABAs) (Chart S2) were used to evaluate the selectivity of P1
towards a-amino acids. As shown in Fig. 6, while the addition of
a-ABA turned on the strong fluorescence of P1, the P1/Cu2þ

complex only emitted weak fluorescence upon the addition of
b- and g-ABAs, respectively. The difference could be also observed
visually (Fig. S50): under the UV illumination, a-ABA-containing
Bottle C emitted visible luminescence, while nearly no light could
be seen in Bottles D and E, to which b- and g-ABAs were added
respectively. The main reason might be that the complexes of
a-amino acids and copper ions were more stable with the formed
five-membered rings, than those from b- and g-amino acids. These
results demonstrated that P1 could be considered as a good
selective chemosensor for a-amino acids.
4. Conclusion

In summary, we have successfully prepared a new imidazole-
functionalized disubstituted polyacetylene (P1) by utilizing the
postfunctional strategy. The strong fluorescence of P1 could be
efficiently quenched by trace copper ions. By utilization of the
coordinating properties of a-amino acids towards the copper ions,
the quenched fluorescence of P1 could turn on upon the addition of
a-amino acids, making P1 a new and good chemosensor for a-
amino acids. It is believed that the indirect approach of the ‘‘turn-
off–on’’ cycle reported here would benefit the further development
of new CPF chemosensors, and many good chemosensors could be
developed according to this idea.
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