
Polymer
Chemistry

PAPER

Pu
bl

is
he

d 
on

 0
4 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 H

K
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

on
 0

1/
09

/2
01

7 
07

:4
1:

37
. 

View Article Online
View Journal  | View Issue
aDepartment of Chemistry, Institute for Adv

Engineering, The Hong Kong University o

Water Bay, Kowloon, Hong Kong, China. E-
bGuangdong Innovative Research Team, S

State Key Laboratory of Luminescent Mater

of Technology (SCUT), Guangzhou, 510640,
cHKUST Shenzhen Research Institute, No. 9

Nanshan, Shenzhen, China 518057

† Electronic supplementary information
spectra; size distribution of polymer nano
the solvent composition of the polymer so

Cite this: Polym. Chem., 2013, 4, 2841

Received 10th January 2013
Accepted 1st March 2013

DOI: 10.1039/c3py00045a

www.rsc.org/polymers

This journal is ª The Royal Society of
A new route to functional polymers: atom-economical
synthesis of poly(pyrazolylnaphthalene)s by
rhodium-catalyzed oxidative polycoupling of
phenylpyrazole and internal diynes†

Meng Gao,a Jacky W. Y. Lam,a Yajing Liu,a Jie Lia and Ben Zhong Tang*abc

A new route for atom-economical synthesis of functional polymers was developed. Oxidative polycoupling

of 3,5-dimethyl-1-phenylpyrazole with 4,40-(a,u-alkylenedioxy) bis(diphenylacetylene)s and 1,2-diphenyl-

1,2-bis[4-(phenylethynyl)phenyl]ethene, respectively, were catalyzed by [Cp*RhCl2]2, 1,2,3,4-

tetraphenylcyclopenta-1,3-diene and copper(II) acetate in dimethylformamide under stoichiometric

imbalance conditions, affording soluble poly(pyrazolylnaphthalene)s in satisfactory yields (isolation yield

up to 82%) with high molecular weights (Mw up to 35 700). All the polymers were thermally stable,

losing little of their weight at high temperatures of 323–422 �C. They possessed good film-forming

property and their thin solid films showed high refractive indices (RI ¼ 1.747 � 1.593) in a wide

wavelength region of 400–1000 nm. The polymer carrying tetraphenylethene units displayed a

phenomenon of aggregation-induced emission and showed enhanced light emission in the aggregated

state. The emission of its nanoaggregates could be quenched efficiently by picric acid in both solution

and solid states, suggesting that it is a promising sensitive chemosensor for detecting explosives for real-

world applications.
Introduction

Development of a new methodology for the synthesis of func-
tional polymers is an important research area in macromolec-
ular science. Olens have been the main sources of monomers,
whose addition polymerization yields polymers with electroni-
cally saturated backbones that are commonly used as
commodity materials. Polymerization of acetylenic monomers
can generate polymers with p-conjugated backbones that are
expected to be electronically active. Indeed, polyacetylene was
found to exhibit metallic conductivity upon doping by Shir-
akawa, MacDiarmid and Heeger in the 1970s.1 This seminal
discovery has triggered great efforts in utilizing alkynes as
building blocks to construct functional polymers. As a result, a
large number of p-conjugated polymers has been synthesized
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from alkyne monomers.2 Among various employed methods,
the polycyclotrimerization or Diels–Alder reaction could afford
polymers with stable benzene rings (Scheme 1),3 and hence
broad applications in organic light-emitting diodes,4 photovol-
taic cells5 and sensors.6

Highly substituted naphthalene derivatives are well-known
for their high thermal stability and unique electro- and
Scheme 1 Synthetic routes to polyarylenes by (a) alkyne polycyclotrimerization,
(b) Diels–Alder reaction of an alkyne with cyclopenta-2,4-dienone and oxidative
polycouplings of (c) phenylboronic acid with an internal alkyne and (d) phenyl-
pyrazole with an internal alkyne.

Polym. Chem., 2013, 4, 2841–2849 | 2841
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Scheme 2 Rhodium-catalyzed oxidative polycoupling of phenylpyrazole 1 and
internal diynes 2(m).

Scheme 4 Synthesis of pyrazolylnaphthalenes 5–8 by rhodium-catalyzed
oxidative coupling of 1 and 4.
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photochemical properties, as well as their potential uses as
organic semiconductors and luminescent materials.7 Recently,
we found that the rhodium-catalyzed oxidative polycoupling of
arylboronic acids and internal diynes proceeded smoothly
under stoichiometric imbalance-promoted conditions,8 afford-
ing poly(naphthalene)s with moderate molecular weights in
satisfactory yields (Scheme 1).9 Thanks to their high aromatic
content, the resulting polymers showed high thermal stability
and were light refractive. Although the polymerization reactions
generated boronic acids as byproducts, we would like to develop
more “green” methodologies for atom-economical synthesis of
functional polymers with high molecular weights for useful
practical applications.

Satoh et al. recently reported a promising method for the
preparation of pyrazolylnaphthalenes by rhodium-catalyzed
oxidative coupling of phenylpyrazoles and internal alkynes.10

This reaction is very interesting as the regioselective C–H bond
activation or cleavage can be realized by the proximate effect of
the pyrazole ring. Thus, this functional group will not be elim-
inated during the reaction. In other words, such reaction is
efficient in atom economy and the products are of high purity.
More importantly, the presence of an excess amount of phe-
nylpyrazole in the reaction mixture can improve the reaction
efficiency signicantly, suggesting that it is promising to be
developed into an atom-economical polymerization tool that
operates under stoichiometric imbalance conditions. However,
such a possibility has rarely been explored though a large
number of low molecular weight pyrazolylnaphthalenes has
been prepared via such a method. In this paper, we took such a
challenge and showed that the poly(pyrazolylnaphthalene)s
P1/2(m) and P1/3 (Schemes 2 and 3) obtained under optimized
Scheme 3 Polymerization of phenylpyrazole 1 and tetraphenylethene-con-
taining internal diyne 3.

2842 | Polym. Chem., 2013, 4, 2841–2849
conditions exhibited novel thermal, photonic and photo-
physical properties.
Results and discussion
Monomer synthesis

To develop the oxidative coupling of phenylpyrazole and internal
alkyne into a versatile methodology for the construction of
functional polymers, we synthesized 3,5-dimethyl-1-phenyl-
pyrazole (1)11 and 4,40-(a,u-alkylenedioxy) bis(diphenylacetylene)
s 2(m)9 (Scheme 2) according to the literature methods. Consid-
ering that tetraphenylethene (TPE)12 shows a phenomenon of
aggregation induced emission (AIE), we also prepared 1,2-bis-
[4-(2-phenylethynyl)phenyl]-1,2-diphenyl-ethene 3 (Scheme 3) by
palladium-catalyzed cross-coupling of 1,2-bis(4-bromophenyl)-
1,2-diphenylethene13andphenylacetylene,whosepolymerization
with 1 was expected to give a polymer with a fully conjugated
structure. All the monomers were characterized by standard
spectroscopic methods and gave satisfactory analysis data cor-
responding to their structures (see data given in theExperimental
section).
Model reaction

Before studying the polymerization of 1 with 2(m) or 3, we rst
examined whether 1 could couple with an asymmetric internal
alkyne 4 (Scheme 4).9 The oxidative coupling reaction was
catalyzed by [Cp*RhCl2]2 in the presence of Cu(OAc)2$H2O as an
oxidant and 1,2,3,4-tetraphenylcyclopenta-1,3-diene (C5H2Ph4)
Scheme 5 Mechanism for the formation of pyrazolylnaphthalenes 5–8.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Effects of oxidant and temperature on the polymerization of 1 and 2(4)a

No. Oxidant Temp. (�C) Yield (%) Mw
b Mw/Mn

b

1 Cu(OAc)2H2O 80 82 26 300 1.50
2 Cu(OAc)2H2O 60 26 24 600 1.89
3 AgOTs 80 0
4 AgCF3SO3 80 0
5 AgCF3CO2 80 0

a Carried out in DMF under nitrogen for 3 h in the presence of
[Cp*RhCl2]2, C5H2Ph4 and different oxidants. [1] ¼ 0.40 M, [2(4)] ¼
0.20 M, [Rh] ¼ 8 mM. [C5H2Ph4] ¼ 0.032 M and [oxidant] ¼ 0.40 M.
b Estimated by GPC in THF on the basis of a polystyrene calibration.

Table 2 Concentration effects on the polymerization of 1 and 2(4)a

No. [1] (M) [2(4)] (M) Yield (%) Mw
b Mw/Mn

b

1 0.10 0.05 61 19 400 2.19
2 0.15 0.075 68 22 600 1.85
3 0.20 0.10 76 25 100 1.70
4c 0.40 0.20 82 26 300 1.50
5 0.20 0.20 71 18 200 1.61

a Carried out in DMF at 80 �C under nitrogen for 3 h in the presence of
[Cp*RhCl2]2, C5H2Ph4 and Cu(OAc)2$H2O. Molar ratio of
[1] : [2(4)] : [Rh] : [C5H2Ph4] : [Cu] ¼ 2.0 : 1.0 : 0.02 : 0.08 : 2.0.
b Estimated by GPC in THF on the basis of a polystyrene calibration.
c Data taken from Table 1, no. 1.
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as a replacement ligand in dimethylformamide (DMF) at 80 �C
under nitrogen, which furnished a mixture of pyrazolylnaph-
thalenes 5–8 in a total yield of 91% aer purication. Since 5–8
possess similar physical properties, it is hard to separate them
by column chromatography. They also resonate at very similar
chemical shis, thus preventing us to determine their molar
ratios by 1H NMR spectroscopy. However, their high resolution
mass spectrum exhibited an M+ peak at 586.2661, which was in
good agreement with their calculated molar mass (586.2620)
and hence conrmed their structures.

What is the mechanism for this reaction? It is believed that it
involves rst the coordination of 1 to RhIIIX3 species by regiose-
lective C–H bond cleavage to afford the intermediate A (Scheme
5). Then, insertion of 4 into the C–Rh bond of A formed inter-
mediates B and B0, which underwent the second cyclorhodation
at the 30-position of the phenyl ring to give intermediates C and
C0. The insertion of the second alkyne molecule into C and C0

followed by reductive elimination afforded amixture of 5–8. The
resulting RhIX species was oxidized by a copper(II) salt to
regenerate RhIIIX3. Since intermediates C and C0 are more reac-
tive than speciesA, the insertion of the second alkynemolecule is
much faster than the rst one (KA�KB). As a result, the presence
of an excess amount of 1 in the reaction mixture will not affect
but indeed improve the reaction efficiency. If a diynemonomer is
used, alkyne groups will always exist at the chain ends, which
suppresses undesirable intrachain cyclization that leads to the
formation of polymers with low molecular weights.
Table 3 Polymerization of 1 and 2(m) or 3 under optimized conditionsa

No. Polymer Yield (%) Mw
b Mw/Mn

b

1c P1/2(4) 82 26 300 1.50
2 P1/2(6) 74 27 300 1.53
3 P1/2(8) 79 26 000 1.58
4 P1/2(10) 77 35 700 1.66
5 P1/3 66 17 900 1.71

a Conducted in DMF at 80 �C under nitrogen for 3 h in the presence of
[Cp*RhCl2]2, C5H2Ph4 and Cu(OAc)2$H2O. [1] ¼ 0.40 M, [2(m)] ¼ 0.20 M,
[Rh] ¼ 8 mM, [C5H2Ph4] ¼ 32 mM and [Cu] ¼ 0.40 M. b Estimated by
GPC in THF on the basis of a polystyrene calibration. c Data taken
from Table 1, no. 1.
Polymerization

Although 1 can be coupledwith 4 efficiently under the conditions
stated in Scheme 4, their suitability for the polymerization of 1
and 2(m) or 3 remains uncertain. To search for optimum
parameters, we rst studied the effects of different oxidants and
temperature on the oxidative polycoupling reaction using 1 and
2(4) as monomers. In the presence of Cu(OAc)2$H2O, a polymer
was obtained in a good yield of 82%with anMw value of 26 300 at
80 �C for 3 h (Table 1, no. 1). Temperature exerted a strong
inuence on the polymerization: a polymer was isolated in a
much lower yield of 26%at 60 �C (Table1, no. 2).While silver salts
such as AgOTs, AgCF3SO3 and AgCF3CO2 are good oxidants to
oxidize RhIX to RhIIIX3 (ref. 10) and for the polycoupling of phe-
nylboronic acid and internal diyne,9 we found that none of them
was capable of initiating the polymerization (Table 1, no. 3–5).

The inuence of monomer and catalyst concentrations on
the polymerization was then investigated. When the concen-
trations of 1 and 2(4) were increased progressively from 0.10 M
and 0.50 M to 0.40 M and 0.20 M, respectively but keeping the
monomer and catalyst feeding ratios unchanged, both the iso-
lated yield and molecular weight of the polymer were enhanced
accordingly (Table 2, no. 1–4). The polymerization of 1 and 2(4)
carried out at a molar ratio of 1 : 1 gave a poorer result (Table 2,
no. 5). Thus, it seems that it is benecial to perform the poly-
merization in an excess amount of 1 or under stoichiometric
imbalance conditions.

Table 3 summarizes the polymerization of other monomer
pairs under optimum conditions. All the polymerization
This journal is ª The Royal Society of Chemistry 2013
reactions proceeded smoothly, giving their corresponding
polymers P1/2(m) and P1/3 in good yields with high molecular
weights up to 35 700 and narrow distributions down to 1.5
(Table 3, no. 1–5). Even though they are constructed from
aromatic rings, all the polymers show good solubility in
common organic solvents, such as dichloromethane, chloro-
form, tetrahydrofuran (THF) and toluene, and can fabricate into
tough, thin solid lms by spin-coating or static-casting
processes, presumably due to the irregular distribution of the
repeating units of 5–8 along the polymer chains.
Structural characterization

All the polymers were characterized by standard spectroscopic
methods and gave satisfactory analysis data corresponding to
Polym. Chem., 2013, 4, 2841–2849 | 2843
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Fig. 1 1H NMR spectra of CDCl3 solutions of (A) 1, (B) 2(4), (C) a mixture of 5–8
and (D) P1/2(4) (sample taken from Table 3, no. 1).
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their structures. For example, the IR spectrum of P1/2(4)
showed absorption peaks inherited from 1 and 2(4) except that
associated with C^C stretching vibrations at 2218 cm�1 (Fig. S1
in the ESI†). Fig. 1 shows the 1H NMR spectra of P1/2(4), 1, 2(4)
and a mixture of model compounds 5–8. The absorption peak at
d 5.99 in 1was associated with the aromatic proton resonance of
the pyrazole ring, which shied upeld to d 5.34 in the
Fig. 2 13C NMR spectra of CDCl3 solutions of (A) 1, (B) 2(4), (C) a mixture of 5–8
and (D) P1/2(4) (sample taken from Table 3, no. 1). The solvent peaks are marked
with asterisks.

2844 | Polym. Chem., 2013, 4, 2841–2849
spectrum of P1/2(4). Themethyl proton resonances at d 2.31 and
2.30 in 1 also shied to d 2.01 aer the polymerization. Mean-
while, new peaks emerged at the aromatic absorption regions of
d 7.83–7.78 and 6.42–6.28 in P1/2(4) due to the formation of new
naphthalene rings in the polymer. The spectrum of P1/2(4)
resembled those of 5–8 but depicted much broader absorption
peaks, revealing its polymeric nature.

The 13C NMR spectrum of P1/2(4) exhibited no resonance
peaks of acetylene carbon atoms of 2(4) at d 89.2 and 88.9
(Fig. 2). Its spectral pattern largely resembled those of 5–8,
conrming that the polymeric product was indeed P1/2(4) with
a molecular structure as shown in Scheme 2. Similar observa-
tions were also found in other polymers (Fig. S2–S9†).

Thermal stability

The thermal stability of P1/2(m) and P1/3 was evaluated by
thermogravimetric analysis (TGA). As shown in Fig. 3, all the
polymers were thermally stable, losing 5% (Td) of their weight at
temperatures higher than 300 �C under nitrogen. Among them,
polymer P1/3 showed the highest thermal stability (Td¼ 422 �C),
which might be ascribed to its higher aromatic content.

Light refraction

Polymers with high refractive indices (RI or n) are promising
candidate materials for various practical applications,
including lenses, prisms, optical waveguides and holographic
image recording systems.14 As P1/2(m) and P1/3 are constructed
from aromatic rings, they may show high refractive indices.
Indeed, light yellow transparent thin lms of the polymers
deposited on a silica substrate showed high RI values (1.747–
1.593) in a wide wavelength region of 400–1000 nm (Fig. 4).

The RI values of the polymers at 632.8 nm were all >1.61
(Table 4), which were much higher than those of the commer-
cially important optical plastics, such as polyacrylate (n ¼
1.492), polycarbonate (n ¼ 1.581) and polystyrene (n ¼ 1.587).
The magnitude of the RI value at 632.8 nm was in the order of
P1/3 (1.725) > P1/2(4) (1.628) > P1/2(6) (1.625) > P1/2(8) (1.617) >
P1/2(10) (1.613), which was in some sense expected and was in
Fig. 3 TGA thermograms of P1/2(m) and P1/3 recorded under nitrogen at a
heating rate of 10 �C min�1.

This journal is ª The Royal Society of Chemistry 2013
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Table 4 Refractive indices and chromatic dispersions of P1/2a

No. Polymer n632.8 nD D

1 P1/2(4) 1.6278 16.7239 0.0598
2 P1/2(6) 1.6245 18.0229 0.0555
3 P1/2(8) 1.6165 18.6389 0.0537
4 P1/2(10) 1.6128 19.6315 0.0509
5 P1/3 1.7254 91.8275 0.0109

a All data were taken from Fig. 4. Abbreviation: n ¼ refractive index (at
632.8 nm). nD ¼ Abbé number ¼ (nD � 1)/(nF � nC), where nD, nF and nC
are the RI values at wavelengths of Fraunhofer D, F and C spectral lines
of 589.2, 486.1 and 656.3 nm, D ¼ chromatic dispersion ¼ 1/nD.

Fig. 4 Wavelength dependence of refractive index of thin films of P1/2(m) and
P1/3.

Fig. 5 Normalized UV spectra of P1/2(m) and P1/3 in THF solutions. Concen-
tration: 10 mM.

Fig. 6 (A) Photographs of P1/3 in THF–H2O mixtures with different water
fractions (fw) taken under 365 nm UV irradiation from a hand-held UV lamp. (B) PL
spectra of P1/3 in THF and THF–water mixtures with different fw values.
Concentration: 10 mM; excitation wavelength: 322 nm. (C) Plot of relative PL
intensity (I/I0) versus the solvent composition of THF–water mixtures of P1/3.
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good correlation with their aromatic content. The Abbé number
(nD) of a material is a measure of the variation or dispersion in
its RI value with wavelength. The nD values of P1/2(m) and P1/3
were in the range of �16–92, corresponding to D values of 0.01–
0.06. Thus, the high refractivity and low optical dispersion of
the polymers make them promising optical materials.

Optical property

The UV spectrum of a diluted THF solution (10 mM) of P1/2(4)
exhibited a broad hump centered at�303 nm (Fig. 5). The spacer
length exerts little inuence on the ground-state electronic
transitions: the UV spectra of P1/2(6), P1/2(8) and P1/2(10) are
practically the same as that of P1/2(4). On the contrary, P1/3
absorbs at the redder region with higher intensity, thanks to the
conjugated TPE unit. The absorptionmaximum (327 nm) occurs
at a much longer wavelength than that of TPE (299 nm),12e

indicative of extensive conjugation in the polymer system owing
to the electronic communication between the peripheral TPE
unit and the central naphthalene core.

Since TPE is an archetypical AIE luminogen, P1/3 is antici-
pated to be AIE-active. This is indeed the case, as suggested by
the photographs of its THF solution and THF–water mixtures
shown in Fig. 6A. While the pure THF solution of P1/3 emitted
no light upon UV irradiation, weak green emission was
observed in a THF–H2O mixture with 20% water content, whose
intensity increases on increasing the water content.
This journal is ª The Royal Society of Chemistry 2013
Instead of visual observation, we also measured the photo-
luminescence (PL) of P1/3 in the solution and aggregated states
using a spectrouorometer. A weak broad peak centered at
�490 nm was recorded in THF solution and THF–water
mixtures with low water contents (Fig. 6B). The spectral pattern
remained unchanged but the PL intensity rose gradually with an
increase in the water content. From THF solution to aqueous
mixture with 99% water content, the relative PL intensity
increased by �14-fold (Fig. 6C). Because P1/3 is insoluble in
water, its chains must have been aggregated in aqueous
mixtures with high water contents. However, the aqueous
mixture is homogeneous without precipitates even at a water
content of 99%, revealing that the particles are of nano-
dimension. To prove this, we analyzed the particle size of P1/3
in a 99% aqueous mixture using a zeta potential analyzer
(Fig. S10†), from which particles with a mean diameter of
�146 nm and a polydispersity of 0.11 were deduced. Evidently,
P1/3 exhibits the AIE phenomenon, whose mechanism is
ascribed to the restriction of intramolecular rotation of the
Polym. Chem., 2013, 4, 2841–2849 | 2845
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peripheral phenyl rings of the TPE unit in the aggregated state.11

The uorescence quantum yield (FF) of P1/3 in a THF solution
calculated using quinine sulfate in 0.1 M sulphuric acid (FF ¼
54%) was merely 1.91%, which rose to 20.47% in the 99%
aqueous mixture (Fig. S11†). Clearly, unlike conventional
conjugated polymers, aggregate formation has enhanced,
instead of quenching, the light emission of P1/3.
Fig. 8 Fluorescent photographs of P1/3 coated on TLC plates before and after
spotting with aqueous PA solutions with different concentrations.
Explosive detection

The AIE feature of P1/3 encourages us to explore its potential
application as a uorescent chemosensor for detecting explo-
sives because of the involved potential anti-terrorism implica-
tion.15 2,4,6-Trinitrophenol (picric acid, PA) is used as a model
compound because it is commercially available, while nano-
aggregates of P1/3 in a 99% aqueous mixture were utilized as
the explosive probe. As shown in Fig. 7A, with an increase in the
amount of PA in the aqueous mixture, the PL of P1/3 was
weakened progressively. The uorescence quenching could be
clearly observed at a PA concentration as low as 10 mM. At a PA
concentration of 0.4 mM, the emission from the polymer was
quenched completely. The Lewis acid–base interactions
between the electron-rich polymer chains and electron-decient
PA molecules may be responsible for the emission quenching
process. The Stern–Volmer plot of relative PL intensity (I0/I � 1)
versus the PA concentration gave an upward bending curve
instead of a linear line (Fig. 7B), indicative of a super-
amplication effect.16 Large quenching constants up to 289,
500 M�1 were deduced from the plot, which were higher than
those of polysiloles and polygermoles reported previously
(6710–11 000 M�1) in solutions.17 When a PA molecule enters
the three-dimensional network of nanoaggregates of P1/3 in an
aqueous mixture, it may quench the light emission of multiple
TPE units in the vicinity. This makes the PL of the nano-
aggregates of the polymer highly susceptible to the quencher
concentration, thus resulting in the observed superquenching
effect.

For real-world applications, it is preferable to perform the
detection on a solid support because it requires no complex and
expensive equipment and is thus simple, quick and convenient.
Fig. 7 (A) PL spectra of P1/3 in THF–water mixtures with 99% water fraction
containing different amounts of picric acid (PA). (B) Stern–Volmer plot of (I0/I� 1)
values versus PA concentrations in 99% aqueous mixtures of P1/3. I0 ¼ peak
intensity at [PA] ¼ 0 M. Concentration: 10 mM; excitation wavelength: 322 nm.
Inset: (A) chemical structure of PA.

2846 | Polym. Chem., 2013, 4, 2841–2849
With such regard, we tested whether the PA sensing can be
performed in the solid state. We rst coated chains of P1/3 on
TLC plates by dipping the plates into the polymer solution. Aer
solvent evaporation, aqueous PA solutions of different concen-
trations were spotted on the plates using a capillary tube to give
circles with an area of �0.5 cm2. When observed under 365 nm
UV irradiation from a hand-held UV lamp, the blank plate gave
strong blue-green emission, whereas the spotted area showed
no light due to the emission quenching by the PA molecules
(Fig. 8). The appearance between the bright and dark portions
was so different that it enabled lowering the detection limit
down to 10�9 M.

Conclusions

In this work, we developed a new polymerization route for
atom-economical synthesis of functional polymers. Oxidative
polycoupling of phenylpyrazole and internal diynes was
mediated by [Cp*RhCl2]2, C5H2Ph4 and Cu(OAc)2$H2O under
stoichiometric imbalance conditions in DMF for 3 h, gener-
ating poly(pyrazolylnaphthalene)s with high molecular weights
in satisfactory yields. The polymers were completely soluble,
lm-forming and thermally stable. Thin solid lms of the
polymers exhibited high refractive indices (RI ¼ 1.747 � 1.593)
in a wide wavelength region of 400–1000 nm. The TPE-con-
taining poly(pyrazolylnaphthalene) was AIE-active and its
nanoaggregates worked as sensitive chemosensors for detect-
ing explosives in both solution and solid states.

Experimental section
General information

Tetrahydrofuran (THF) was distilled under nitrogen from
sodium benzophenone ketyl immediately prior to use. Dime-
thylformamide (DMF) was distilled over calcium hydride and
stored over molecular sieves. The rhodium complex
[RhCp*Cl2]2, named 1,2,3,4-tetramethylcyclopentadienylrho-
dium(III) chloride dimer, was prepared according to the litera-
ture method.18 Chemicals such as copper(II) acetate
monohydrate Cu(OAc)2$H2O, silver 4-toluenesulfonate (AgOTs),
silver triuoromethanesulfonate (AgCF3SO3) and silver tri-
uoromethanecarboxylate (AgCF3CO2), and other reagents were
all purchased from Aldrich and used as received without further
purication.

Weight- (Mw) and number-average (Mn) molecular weights
and polydispersities (Mw/Mn) of the polymers were estimated by
This journal is ª The Royal Society of Chemistry 2013
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a Waters Gel Permeation Chromatography (GPC) system
equipped with a Waters 515 HPLC pump, a set of Styragel
columns (HT3, HT4 and HT6; molecular weight range: 102 to
107), a column temperature controller, a Waters 486 wave-
length-tunable UV-vis detector, a Waters 2414 differential
refractometer and a Waters 2475 uorescence detector. The
polymers were dissolved in THF (�1 mg mL�1) and ltered
through 0.45 mm PTFE syringe-type lters before being injected
into the GPC system. THF was used as an eluent at a ow rate of
1.0 mL min�1. The column temperature was maintained at
40 �C and the working wavelength of the UV-vis detector was set
at 254 nm. A set of monodispersed polystyrene standards
(Waters) covering the molecular weight range of 103 to 107 were
used for the molecular weight calibration. IR spectra were
recorded on a Perkin-Elmer 16 PC FTIR spectrophotometer. 1H
and 13C NMR spectra were measured on Bruker ARX 400 NMR
spectrometers using chloroform-d as the solvent. High resolu-
tion mass spectra (HRMS) were recorded on a GCT Premier CAB
048 mass spectrometer operated in a MALDI-TOF model.
Thermogravimetric analyses (TGA) were conducted under
nitrogen on a Perkin-Elmer TGA 7 analyzer at a heating rate of
10 �C min�1. Particle sizes of the polymer aggregates in a THF–
water mixture were measured on a BeCoulter Delsa 440SX Zeta
potential analyzer. Refractive indices were determined on a J A
Woollam Variable Angle Ellipsometry System with a wavelength
tunability from 300 to 1000 nm.

Monomer synthesis

Monomer 3 was prepared according to a modied literature
method19 as stated below. To a suspended solution of 1,2-bis-
(4-bromophenyl)-1,2-diphenylethene (0.98 g, 2.0 mmol) in tri-
ethylamine (30 mL) and toluene (15 mL), triphenylphosphine
(105 mg, 0.40 mmol), copper(I) iodide (76 mg, 0.40 mmol) and
Pd(PPh3)2Cl2 (140 mg, 0.20 mmol) were added under nitrogen.
Phenylacetylene (0.66 mL, 6.0 mmol) was then injected through
a septum under stirring and the reaction mixture was heated to
80 �C for 12 h. Aer being cooled to room temperature, the
reaction mixture was dried under vacuum and extracted with
CH2Cl2 (60 mL � 3). The organic layers were combined and
dried over Na2SO4. Aer ltration and solvent evaporation, the
crude product was puried by silica gel column chromatog-
raphy using petroleum ether/ethyl acetate as the eluent. Yellow
solid; yield 80% (0.85 g). IR (KBr), n (cm�1): 3027, 1594, 1495,
1440, 753, 694. 1H NMR (CDCl3, 400 MHz), d (ppm): 7.50–7.47
(m, 4H), 7.32–7.24 (m, 10H), 7.14–6.99 (m, 14H). 13C NMR
(CDCl3, 100 MHz), d (ppm): 143.1, 143.0, 142.51, 142.46, 140.3,
131.0, 130.9, 130.8, 130.7, 130.5, 130.4, 127.7, 127.6, 127.3,
127.2, 126.3, 126.2, 122.7, 120.8, 120.6, 89.2, 89.1, 88.90, 88.86.
HRMS (MALDI-TOF): m/z 532.2186 (M+, calcd 532.2191).

Model reaction

In a 15 mL Schlenk tube with a three-way stopcock on the
sidearm [RhCp*Cl2]2 (2.47 mg, 0.004 mmol), C5H2Ph4 (5.95 mg,
0.016 mmol), Cu(OAc)2$H2O (40 mg, 0.20 mmol), 1 (34.4 mg,
0.20 mmol) and 4 (41.6 mg, 0.20 mmol) were placed under
nitrogen. Freshly dried DMF (0.5 mL) was then injected into the
This journal is ª The Royal Society of Chemistry 2013
tube using a hypodermic syringe. The resulting mixture was
stirred at 80 �C under nitrogen for 3 h. The reaction mixture was
then cooled to room temperature and extracted with CH2Cl2
(30 mL � 3). The organic layer was washed with water (50 mL �
3) and dried over Na2SO4. Aer purication by silica gel column
chromatography using a hexane–ethyl acetate mixture as the
eluent, a yellow solid of a mixture of 5–8 (53.3 mg, 91%) was
obtained. IR (KBr), n (cm�1): 1281, 1236, 1171 (C–O stretching).
1H NMR (CDCl3, 400 MHz), d (ppm): 7.79–5.20 (aromatic
protons), 3.75, 3.63, 3.56, 3.54, 3.52 (OCH3 protons), 2.04, 2.02,
2.00 (CH3 protons).

13C NMR (CDCl3, 100 MHz), d (ppm): 158.0–
110.7, 55.1, 55.0, 54.7, 13.2, 12.1. HRMS (MALDI-TOF): m/z
586.2661 (M+, calcd 586.2620).
Polymerization

All the polymerization reactions were carried out under
nitrogen atmosphere using a standard Schlenk technique. A
typical procedure for the polymerization of 1 and 2(4) is given
below as an example.

In a 15 mL Schlenk tube with a three-way stopcock on the
sidearm [RhCp*Cl2]2 (2.47 mg, 0.004 mmol), C5H2Ph4 (5.95 mg,
0.016 mmol), Cu(OAc)2$H2O (40 mg, 0.20 mmol), 1 (34.4 mg,
0.20 mmol) and 2(4) (44.2 mg, 0.10 mmol) were placed under
nitrogen. Freshly distilled DMF (0.5 mL) was then injected into
the tube using a hypodermic syringe. The resulting mixture was
stirred at 80 �C under nitrogen for 3 h. The solution was added
dropwise into 200 mL of methanol via a cotton lter under
stirring. The precipitate was allowed to stand overnight and
then collected by ltration. The polymer was washed with
methanol and dried under vacuum at room temperature to a
constant weight. A brown powder of polymer P1/2(4) was
obtained in 82% yield.Mw: 26 300; Mw/Mn: 1.50 (Table 3, no. 1).
IR (KBr), n (cm�1): 1280, 1236, 1170, 1105, 1019 (C–O stretch-
ing). 1H NMR (CDCl3, 400 MHz), d (ppm): 7.83–5.34 (aromatic
protons), 3.97–3.67 (OCH3 protons), 2.01–1.66 (CH3 protons).
13C NMR (CDCl3, 100 MHz), d (ppm): 157.5, 156.5, 156.3, 142.9–
111.8, 67.4, 67.3, 67.0, 25.8, 13.3, 12.4.

P1/2(6). Brown powder; yield: 74%. Mw: 27 300; Mw/Mn: 1.53
(Table 3, no. 2). IR (KBr), n (cm�1): 1281, 1236, 1171, 1106, 1019
(C–O stretching). 1H NMR (CDCl3, 400 MHz), d (ppm): 7.40–5.43
(aromatic protons), 3.92–3.70 (OCH3 protons), 2.01–1.33 (CH3

protons). 13C NMR (CDCl3, 100 MHz), d (ppm): 157.6, 156.8,
140.4–111.9, 67.7, 67.6, 67.4, 29.1, 25.8, 13.5, 12.5.

P1/2(8). Brown powder; yield: 79%. Mw: 26 000; Mw/Mn: 1.58
(Table 3, no. 3). IR (KBr), n (cm�1): 1280, 1237, 1171, 1106, 1023
(C–O stretching). 1H NMR (CDCl3, 400 MHz), d (ppm): 7.85–5.44
(aromatic protons), 3.92–3.68 (OCH3 protons), 2.08–1.21 (CH3

protons). 13C NMR (CDCl3, 100 MHz), d (ppm): 157.6, 156.7,
156.5, 140.7–111.7, 67.8, 67.7, 67.5, 29.2, 29.1, 25.8, 13.5, 12.5,
10.3.

P1/2(10). Brown powder; yield: 77%.Mw: 35 700;Mw/Mn: 1.66
(Table 3, no. 4). IR (KBr), n (cm�1): 1282, 1241, 1174, 1107, 1028
(C–O stretching). 1H NMR (CDCl3, 400 MHz), d (ppm): 7.84–5.29
(aromatic protons), 3.91–3.68 (OCH3 protons), 2.07–1.21 (CH3

protons). 13C NMR (CDCl3, 100 MHz), d (ppm): 157.7, 156.7,
149.1–105.6, 67.9, 67.8, 67.6, 29.4, 29.1, 26.0, 25.9, 13.5, 12.3.
Polym. Chem., 2013, 4, 2841–2849 | 2847
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P1/3. Brown powder; yield: 66%. Mw: 17 900; Mw/Mn: 1.71
(Table 3, no. 5). IR (KBr), n (cm�1): 3023, 1599, 1553, 1492,
1439, 1382, 751, 696 (C–O stretching). 1H NMR (CDCl3, 400
MHz), d (ppm): 7.82–6.42 (aromatic protons), 2.05–1.99 (CH3

protons). 13C NMR (CDCl3, 100 MHz), d (ppm): 149.3–105.8,
13.5, 12.3.
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