
Polymer
Chemistry

PAPER

Cite this: Polym. Chem., 2015, 6,
4436

Received 30th March 2015,
Accepted 10th May 2015

DOI: 10.1039/c5py00477b

www.rsc.org/polymers

Construction of regio- and stereoregular
poly(enaminone)s by multicomponent tandem
polymerizations of diynes, diaroyl chloride
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Polyhydroaminations for the synthesis of stable nitrogen-substituted conjugated polymers with well-

defined structures remain a great challenge and the control of the regio- and stereochemistry of the

enamine product of the hydroamination is non-trivial. Herein we report an efficient tandem polymeriz-

ation of alkynes, carbonyl chlorides and primary amines to afford regio- and stereoregular conjugated

poly(enaminone)s. The atom-economical one-pot sequential polycoupling–hydroamination polymeri-

zation catalyzed by Pd(PPh3)2Cl2/CuI proceeded smoothly under mild conditions, furnishing nitrogen-

substituted conjugated polymers with high molecular weights (up to 46 100) and high regio-/stereoregu-

larities (100%) in nearly quantitative yields (up to 99%). The single crystal structure of the model com-

pound, together with the NMR spectra comparison of the model compound and polymers provided

direct insight into the stereoselectivity of the polymerization, verifying the sole Z-vinylene isomer of the

polymers. Through the exquisite structural design strategy of the intramolecular hydrogen bond of the

resulting hydroamination product, the tautomerization between enamine and imine as well as E/Z isomer-

ization was successfully avoided, providing products with high chemical stability and sole Z-vinylene

isomers. The conjugated polymers display excellent solubility in common organic solvents, good film-

forming ability, and high thermal stability. The hydrogen bond formation of the polymer helps to block

the potential photo-induced electron transfer process and the polymer shows a unique aggregation-

enhanced emission phenomenon: their solutions are weakly emissive, while their nanoaggregates or thin

films are brightly emissive. Furthermore, thin films of the polymers enjoy high refractive indices

(1.9103–1.6582) in a wide wavelength region of 400–1000 nm, which can be further modulated by UV

irradiation. Meanwhile, well-resolved fluorescent photopatterns of the polymers can be fabricated

through the UV irradiation of thin films via a copper photomask.

Introduction

The construction of functional macromolecules is of great aca-
demic significance and technological implication, and has
attracted much attention among scientists.1 As an important
branch, heteroatom-containing conjugated polymers are in
great demand in many potential high-tech applications, attrib-
uted to their unique electronic and photophysical properties.2

Various polymerization methods towards heteroatom-contain-
ing conjugated polymers have been developed over the past
few decades, and hetero-elements such as sulfur, oxygen,
nitrogen, silicon, are normally incorporated into the polymer
structures.3 However, the exploration of facile polymerization
methodologies to afford regio- and stereoregular products
remains challenging.4
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Among many polymerization approaches, hydroelement
addition reactions of alkynes are considered to be one of the
most efficient methods to construct conjugated polymers with
σ–π conjugation (Scheme 1).5 Some frontier work about poly-
hydroelement additions has been reported. For example, linear
and hyperbranched poly(silylenevinylene)s were synthesized by
polyhydrosilylations of alkynes and silanes.6 Furthermore,
polyhydrothiolations of aromatic diynes and dithiols catalyzed
by rhodium complexes,7 and catalyst-free polyhydrothiolations
were reported,8 which proceeded smoothly in a regioselective
manner, affording conjugated poly(vinylene sulfide)s. In the
reported polyhydrosilylations and polyhydrothiolations,
despite that high stereoselectivities were reported in some
cases,6 both Z-vinylene and E-vinylene isomers were generally
observed in the obtained polymers.

Polyhydroaminations with direct addition of amines to
alkynes, however, are rarely reported, probably due to the poor
stability of the addition product. Of the reported small mole-
cular hydroamination reactions,9 there lies one critical issue
which limits the development of hydroaminations. As shown
in Scheme 2, the tautomerization between enamine and imine
takes place easily, and the CvN bond in imine is unstable
which can be decomposed.10 Meanwhile, the stereoselectivity
of the newly formed CvCH bond is difficult to control. It is
thus a great challenge to synthesize nitrogen-substituted con-
jugated polymers with well-defined structures through
polyhydroaminations.

To develop polymerization methods with operational sim-
plicity, synthetic efficiency, high atom economy, and environ-
mental benefit, scientists have made great endeavor to
investigate multicomponent polymerizations (MCPs),11 includ-
ing the MCPs of alkynes, aldehydes and amines,12 and the
MCPs of alkynes, azides and amines/alcohols.13 In our pre-
vious work, multicomponent tandem polymerizations
(MCTPs) with maximization of the reaction efficiency and
atom-/step-economy have been developed, which include
sequential or cascade reaction processes. For example, a one-
pot, three-component, coupling–hydrothiolation–cycloconden-
sation MCTP of the alkyne, aroyl chloride, and ethyl 2-mercapto-
acetate was explored as a powerful tool for the preparation of
conjugated poly(arylene thiophenylene) with structural regu-
larity, processability and advanced functionality.14 To explore

the general applicability of this MCTP, the one-pot, two-step,
three-component coupling–addition tandem polymerizations of
alkynes, aroyl chlorides, and common aliphatic/aromatic thiols
are investigated, demonstrating an efficient polymerization
method to access sulfur-substituted conjugated polymers.15

Encouraged by the successful development of MCTPs of
alkynes, aroyl chlorides, and thiols through combining Sono-
gashira coupling and hydrothiolation, it is promising to extend
this concept by using amines instead of thiols to develop
sequential coupling–hydroamination polymerizations. In fact,
Müller et al. reported an economical and practical protocol for
the one-pot three-component coupling–addition sequential
reaction of alkynes, carbonyl chlorides and primary amines,
using Pd(PPh3)2Cl2/CuI as a catalyst to afford enaminone with
high efficiency, yielding a sole Z-isomer product due to the for-
mation of an intramolecular hydrogen bond (Scheme 3).16 The
six-membered ring linked by the intramolecular hydrogen
bond between N–H and CvO groups can help to stabilize the
Z-vinylene structure, avoiding tautomerization between
enamine and imine and E/Z isomerization, inducing high
stereoselectivity, and hence providing perfect solution to the
unsolved problems of polyhydroaminations.

In this work, a one-pot three-component coupling–hydro-
amination sequential polymerization was developed to afford
nitrogen-substituted conjugated polymers with regio- and
stereoregular structures. Tetraphenylethene (TPE) was in-
corporated into the monomer structures because it is a well-
known aggregation-induced emission (AIE) fluorophore.17 The
restriction of intramolecular motion was proposed as the main
reason for the AIE effect of TPE derivatives.18 In solution, the
phenyl rings can rotate via the single-bond axis, which serves
as a relaxation channel for the decay of excitons, rendering the
TPE molecules nonemissive. In the aggregated state, however,
such rotation is physically restricted, blocking the nonradiative
decay pathway, which enables the molecules with bright emis-
sion. The introduction of TPE units may thus endow the poly-
mers with aggregation-enhanced emission (AEE) features. The
bulky and twisted structure of TPE units can also prevent close
intermolecular interactions, which presumably benefits the
solubility of the resulting polymers. The sequential polymeriz-
ations of TPE-containing diynes (1a–b), diaroyl chloride (2)
and primary amines (3a–b) (Scheme 4) can proceed smoothly
to furnish stereospecific conjugated polymers (P1a–b/2/3a–b)
with satisfactory molecular weights (Mw) in nearly quantitative
yields. The resulting polymers possess good chemical stability,
excellent solubility, good thermal stability, aggregation-
enhanced emission, high light refractivity, as well as
photopatternability.

Scheme 3 One-pot enaminone syntheses by coupling–addition of
alkynes, aroyl chlorides and primary amines.

Scheme 1 Hydroelement additions of alkynes.

Scheme 2 Hydroamination reaction and enamine–imine
tautomerization.
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Results and discussion
Polymerization

To develop the one-pot three-component sequential coupling–
hydroamination reaction into an efficient polymerization
approach for the preparation of conjugated poly(enaminone)s,
monomers with multiple functional groups were designed.
TPE-containing diynes 1a–b were prepared according to our
previous publications.19 Commercially available terephthaloyl
chloride 2 and primary amines 3a–b were chosen as the other
two monomers. The typical polymerization was carried out in
THF under nitrogen in the presence of Pd(PPh3)2Cl2, CuI and
triethylamine (Et3N). Diynes 1a–b were first reacted with dicarb-
onyl chloride 2 for 15 min at room temperature, 3a–b were then
added with methanol for the hydroamination reaction to
proceed, affording nitrogen-substituted conjugated polymers
(Scheme 4).

The temperature effect of the hydroamination was first eval-
uated with the polymerization of 1a, 2, and 3a as shown in
Table 1. The polymerization was first carried out at room
temperature for 6 h; only a trace amount of the target polymer
was obtained. Prolonging the reaction time to 14 h did not
improve the polymerization and few desired polymeric pro-
ducts were generated in the system. The reaction temperature
of hydroamination was then increased to 80 °C. After 6 h of
polymerization, a polymer with a high Mw of 40 800 was
obtained in a high yield of 99%. High temperature is hence
necessary for the hydroamination process and further optimi-
zations of the polymerization were carried out at 80 °C.

The solvent effect of the polymerization was then systemati-
cally investigated (Table 2). Of the tested solvents including
DCM, DMF, toluene, and THF, THF presents as the most suit-
able medium for the polymerization, giving a soluble poly-
meric product with the highest Mw and yield (Table 2, no. 4).
Satisfactory results were also obtained in toluene with a high
Mw of 30 400, low polydispersity (Mw/Mn = 1.4), and a high
yield of 97%. However, only a trace amount of the polymeric
product was produced in DCM or DMF, indicating a strong
solvent effect of the polymerization.

The reaction time of the hydroamination after the addition
of 3a and methanol was then tested in THF. As shown in
Table 3, the polymerization is very efficient. In general, with
the second step reaction time ranging from 2 to 24 h, the
yields of P1a/2/3a were excellent which remained almost con-
stant (∼98%), and the Mw values of the polymers were gener-
ally larger than 36 000. The polymers obtained after 12 h and
24 h became partially soluble in common organic solvents.

The influence of the monomer concentrations on the
polymerization was also investigated (Table 4). When the con-
centrations of 1a and 2 were both 0.10 M, an insoluble gel was
rapidly formed within 2 h. The concentrations of 1a and 2
were then decreased to 0.08 M, while keeping [1a] : [2] : [3a] =
1 : 1 : 4, a partially soluble polymer was produced in high yield.
The best polymerization result was achieved with a monomer

Scheme 4 Polymerizations of diynes 1a–b, carbonyl chloride 2, and
primary amines 3a–b.

Table 1 Temperature effect on the polymerization of 1a, 2 and 3aa

No. T (°C) t (h) Yield (%) Mw
b Mw/Mn

b

1c 25 6 /
2c 25 14 /
3 80 6 99 40 800 2.3

a Carried out in THF under nitrogen in the presence of Pd(PPh3)2Cl2,
CuI and Et3N. [1a] = 0.05 M, [2] = 0.05 M, [3a] = 0.20 M, [Pd] = 4 mol%,
[Cu] = 8 mol%, [Et3N] = 0.10 M. Monomer 1a was reacted with 2 for
15 min at room temperature prior to the addition of 3a. bDetermined
by GPC in THF on the basis of a linear polystyrene calibration.
cUndesired polymeric products were obtained.

Table 2 Solvent effect on the polymerization of 1a, 2 and 3aa

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

b

1 DCM/methanol Trace
2 DMF/methanol Trace
3 Toluene/methanol 97 30 400 1.4
4c THF/methanol 99 40 800 2.3

a Carried out in the solvents under nitrogen at 80 °C in the presence of
Pd(PPh3)2Cl2, CuI and Et3N. [1a] = 0.05 M, [2] = 0.05 M, [3a] = 0.20 M,
[Pd] = 4 mol%, [Cu] = 8 mol%, [Et3N] = 0.10 M. Monomer 1a
was reacted with 2 for 15 min at room temperature prior to the
addition of 3a, DMF = dimethyl formamide. bDetermined by GPC in
THF on the basis of a linear polystyrene calibration. cData taken from
Table 1, no. 3.

Table 3 Time course on the polymerization of 1a, 2 and 3aa

No. t (h) Yield (%) Sb Mw
c Mw/Mn

c

1 2 99 √ 36 400 2.3
2 4 99 √ 46 100 2.9
3d 6 99 √ 40 800 2.3
4 12 99 Δ 42 100 3.0
5 24 98 Δ 41 800 3.2

a Carried out in THF under nitrogen at 80 °C in the presence of
Pd(PPh3)2Cl2, CuI and Et3N. [1a] = 0.05 M, [2] = 0.05 M, [3a] = 0.20 M,
[Pd] = 4 mol%, [Cu] = 8 mol%, [Et3N] = 0.10 M. Monomer 1a was
reacted with 2 for 15 min at room temperature prior to the addition of
3a. b S = solubility tested in common organic solvents such as THF,
DCM, and chloroform: √ = completely soluble and Δ = partially
soluble. cDetermined by GPC in THF on the basis of a linear
polystyrene calibration. dData taken from Table 1, no. 3.
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concentration of 0.05 M. Further dilution of the monomers to
0.02 M led to a dramatically decreased yield and Mw.

Last but not least, other monomer structures were tested
under the optimum conditions to explore the general applica-
bility of this polymerization and the results are summarized in
Table 5. All the polymerizations proceeded smoothly, affording
polymers with high Mw (21 400–40 800) and low polydispersity
(2.0–2.3) in high yields (95–99%). It is noteworthy that the
polydispersity of the polymers obtained from this sequential
polymerization is much smaller compared with the previously
reported polymers prepared by similar MCTPs.14

Model reaction

A model compound was also prepared to assist the structural
characterization of the polymers (Scheme 5). TPE-containing
monoyne 5 was first reacted with benzoyl chloride 6, catalyzed
by Pd(PPh3)2Cl2/CuI under nitrogen at room temperature for

3 h. The reactive intermediate obtained from the first step
then directly underwent the next in situ reaction at 80 °C after
addition of 3a, affording model compound 4. To provide direct
insight into the molecular structure, single crystals were
obtained from the hexane/DCM solution of 4. From the X-ray
analysis shown in Fig. 1A and Table S1,† the Z isomer of the
newly formed CvC bond was obtained exclusively with the for-
mation of an intramolecular hydrogen bond between N–H and
OvC groups. In addition, the crystals are observed to emit
green, yellow and red fluorescence under UV, blue, and green
light irradiation of the fluorescence microscope, respectively
(Fig. 1B–D). Upon irradiation with different excitation lights,
the emission light with a wavelength smaller than the exci-
tation light wavelength was eliminated by specific filters.
Hence a different fluorescence of model compound 4 was
observed.

Structural characterization

All the monomers, model compounds and polymers were
characterized by standard spectroscopic techniques, which
provided satisfactory analysis data corresponding to the
expected molecular structures (see the Experimental section).
For example, the IR spectra of 1a, 2, 3a, 4 and P1a/2/3a are
shown in Fig. 2 for comparison. The absorption bands of 1a
associated with uC–H and CuC stretching vibrations were
located at 3275 and 2106 cm−1, respectively. Meanwhile, an
absorption band with double peaks in the IR spectrum of 3a
was observed at 3348 and 3279 cm−1, which was associated
with the NH2 stretching vibration. The bands disappeared in
the spectra of both 4 and P1a/2/3a, confirming that the term-
inal triple bonds and NH2 groups have been completely con-
sumed by the reaction.

Furthermore, their 1H NMR spectra are compared in Fig. 3.
The resonances of the acetylene protons of 1a at δ 3.03 dis-

Table 5 Polymerization of 1a–b, 2 and 3a–ba

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

b

1c 1a/2/3a 99 40 800 2.3
2 1b/2/3a 99 21 400 2.2
3 1a/2/3b 95 25 200 2.0

a Carried out in THF under nitrogen at 80 °C in the presence of
Pd(PPh3)2Cl2, CuI and Et3N for 6 h. [1a] = [1b] = [2] = 0.05 M, [3a] = [3b] =
0.20 M, [Pd] = 4 mol%, [Cu] = 8 mol%, [Et3N] = 0.10 M. Monomer 1a/1b
was reacted with 2 for 15 min at room temperature prior to the addition
of 3a/3b. bDetermined by GPC in THF on the basis of a linear
polystyrene calibration. cData taken from Table 1, no. 3.

Table 4 Monomer concentration on the polymerization of 1a, 2 and
3aa

No. [1a] (M) t (h) Yield (%) Sb Mw
c Mw/Mn

c

1 0.10 2 Gel
2 0.08 6 96 Δ 20 200 2.5
3d 0.05 6 99 √ 40 800 2.3
4 0.02 6 43 √ 13 400 2.3

a Carried out in THF under nitrogen at 80 °C in the presence of
Pd(PPh3)2Cl2, CuI and Et3N for 6 h. [2] = [1a], [3a] = 4 [1a], [Et3N] = 2 [1a],
[Pd] = 4 mol%, [Cu] = 8 mol%. Monomer 1a was reacted with 2 for
15 min at room temperature prior to the addition of 3a. b S = solubility
tested in common organic solvents such as THF, DCM, and chloroform:
√ = completely soluble and Δ = partially soluble. cDetermined by GPC in
THF on the basis of a linear polystyrene calibration. dData taken from
Table 1, no. 3.

Scheme 5 Synthetic route to model compound 4.

Fig. 1 (A) Single crystal structure (CCDC 1009262) and fluorescence
images of 4 taken under a fluorescence microscope with an excitation
light of (B) 330–385 nm, (C) 460–490 nm, and (D) 510–560 nm.
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appeared in the spectra of 4 and P1a/2/3a. The resonances of
the aromatic protons of 2 at δ 8.25 and the CH proton of 3 next
to the NH2 group at δ 2.40 shifted to δ 7.87 and δ 3.19, respecti-
vely, in the model compound and polymer after the reaction.
On the other hand, new peaks emerged at δ 5.69 and δ 11.40
in the spectra of both 4 and P1a/2/3a, representing the newly
formed CvCH group next to the carbonyl group, and the N–H
group, respectively. The N–H resonance was located at a low
field, indicating the formation of an intramolecular hydrogen
bond. Generally, the resonance peaks of P1a/2/3a are broader
than those of 4, suggesting its polymeric nature. Similarly, in
the 13C NMR spectra, the resonances of CuC–H of 1 at δ 83.9
and 77.7 were absent in the spectra of 4 and P1a/2/3a (Fig. 4).
The absorption of the carbonyl group of 2 at δ 170.8 was
shifted to δ 188.1 after the reaction. In the spectra of 4 and
P1a/2/3a, two new peaks emerged at δ 166.1 and 93.4, which
were associated with the vCAr(N) and vCH(COAr) olefin
carbons, respectively. In addition, the newly formed olefin
group was confirmed to be a Z-isomer in 4 by X-ray single
crystal structure analysis. From the above discussed 1H/13C
NMR spectra, P1a/2/3a shares exactly the same NMR spectral
pattern with 4, without any additional peaks observed for the
E-isomer, proving its highly regio- and stereospecific structure
as shown in Scheme 4.Fig. 2 IR spectra of (A) 1a, (B) 2, (C) 3a, (D) 4 and (E) P1a/2/3a.

Fig. 3 1H NMR spectra of (A) 1a, (B) 2, (C) 3a, (D) 4 and (E) P1a/2/3a. Fig. 4 13C NMR spectra of (A) 1a, (B) 2, (C) 3a, (D) 4 and (E) P1a/2/3a.
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Solubility and thermal stability

Although the resulting polymers are composed of conjugated
aromatic backbones, they possess good solubility in common
organic solvents, such as THF, DCM, chloroform, etc. The
introduction of TPE units into the polymer backbone played a
major role in improving the solubility, owing to the bulky and
twisted structure of TPE units, which may result in large inter-
molecular distance and hence provide free volume for solvent
molecules. Moreover, the polymers generally possess good
film-forming ability and can be readily fabricated into thin
films by the spin-coating process. With their conjugated
polymer backbones and aromatic components, the polymers
enjoy good thermal stability. Their thermal properties were
evaluated by thermogravimetric analysis, indicating that the
degradation temperatures (Td) of P1a–b/2/3a–b at their 5%
weight losses under nitrogen were in the range of 318–351 °C
(Fig. 5).

Photophysical properties

With the typical AIE-active TPE units embedded in the mole-
cular skeletons, AIE or AEE characteristics can be expected for
both model compounds and the corresponding polymers. The
photophysical properties of 4 and P1a/2/3a were hence system-
atically investigated. The absorption spectra of 4 and P1a/2/3a
in pure THF solutions with a concentration of 10 μM were
firstly measured as shown in Fig. 6. The absorption maxima of
4 and P1a/2/3a were located at 355 and 387 nm, respectively,
indicating better conjugation in the polymer.

Both polymers and model compounds are comprised of
TPE as the fluorophore, which is linked with amine moieties,
representing a typical photo-induced electron transfer (PET)
system (Fig. S1†).20 In the general PET process, when the fluoro-
phore is irradiated, the electron on the highest occupied
molecular orbital (HOMO) is excited to the lowest unoccupied
molecular orbital (LUMO). If the HOMO level of the amine
moiety with lone pair electrons is located between the LUMO

and HOMO levels of the adjacent fluorophores, the electron on
the HOMO level of the amine will be easily transferred to the
HOMO level of the fluorophores. Such a process hinders the
return of the electron on the LUMO level of the fluorophores
to its HOMO level, and hence causes fluorescence quench-
ing.21 However, in 4 and P1a/2/3a, the potential PET process
was blocked by the intramolecular hydrogen bond, rendering
the fluorophores emissive.

The photoluminescence (PL) of both 4 and P1a/2/3a was
estimated by using a spectrofluorometer (Fig. 7 and 8). The
THF solution of 4 was weakly emissive with a flat peak at
460 nm in its PL spectrum. The emission intensity slowly
increased with the addition of water, a poor solvent of 4, until
70 vol% of water was added. Eventually, the emission intensity
increased by 8.9-fold when nanoaggregates formed in the THF/
water mixture with 99 vol% water content and the emission
peak was red-shifted to 500 nm. The emission maximum of
P1a/2/3a in THF solution was located at 536 nm, bathochromi-

Fig. 6 Absorption spectra of 4 and P1a/2/3a in THF solutions. Solution
concentration: 10 µM.

Fig. 7 (A) Emission spectra of 4 in THF/water mixtures with different
water fractions ( fw). (B) Plot of relative emission intensity (I/I0) versus the
water fraction of the aqueous mixtures of 4. Inset: fluorescence photo-
graphs of 4 in THF solution and 95% aqueous mixture taken under
365 nm UV irradiation. Solution concentration: 10 µM; excitation wave-
length: 355 nm.

Fig. 5 TGA thermograms of 4 and P1a–b/2/3a–b recorded under
nitrogen at a heating rate of 10 °C min−1.
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cally shifted about 76 nm compared with that of 4. In contrast
to the small molecule, the fluorophores of the polymer were
covalently-linked in the polymer backbone, which partially
restricted the free rotation of the phenyl rings to some extent
in the solution. Thus the THF solution of P1a/2/3a was faintly
emissive. The continuous addition of water into the THF solu-
tion of P1a/2/3a with a constant concentration of 10 μM gradu-
ally enhanced its emission intensity without a noticeable shift
in the emission peak. The highest emission intensity was
observed in the THF/water mixture with 70 vol% water and its
intensity was about 3.0-fold higher than that of its THF solu-
tion, demonstrating aggregation-enhanced emission character-
istics. When more water was added, the emission intensity
decreased because of the poor solubility of P1a/2/3a in the
aqueous mixtures.

The fluorescence photographs of 4 and P1a/2/3a in THF
and THF/water mixtures are displayed in the insets of Fig. 7B
and 8B. With an identical dye concentration, the THF solution
of 4 was almost non-emissive and the nanoaggregates formed
in the THF/water mixture with 95 vol% water fraction were
brightly emissive under UV irradiation. Similarly, the nano-
aggregates of P1a/2/3a formed in the THF/water mixture are
more emissive compared with their THF solution. The PL
study suggested that the formation of intramolecular hydrogen
bonds prevented the electron transfer from the HOMO level of
the amine group to the HOMO level of the TPE fluorophores.
The quantum yields of 4 and P1a–b/2/3a–b were also measured
in the solution and aggregate state, respectively. The detailed
information is summarized in Table S2,† which further
demonstrates their AIE and AEE characteristics.

Light refraction

Processable macromolecules with high refractive indices (n)
are promising candidates due to a variety of practical appli-
cations in advanced optoelectronic fabrications, such as
lenses, prisms, substrates for advanced display devices, optical

adhesives of organic light-emitting diode devices, and micro-
lens components for charge coupled devices or complemen-
tary metal oxides, etc.22 Generally, conventional organic
polymer materials including polystyrenes, poly(methyl-
methacrylate)s, and polycarbonates possess refractive indices
in the region of 1.49–1.58.23 Usually, polymer materials with a
large number of well-known contributors for increasing refrac-
tivity such as carbonyl groups, heteroatoms, and aromatic
rings can be expected to display high refractivity. Polymers
P1a–b/2/3a–b comprised plenty of carbonyl groups, hetero-
atoms, TPE moieties, and a conjugated polymer backbone.
Hence, the thin films of P1a/2/3a, P1a/2/3b, and P1b/2/3a fab-
ricated through the spin-coating process exhibited high n
values of 1.9103–1.6582, 1.9758–1.6501, and 2.0182–1.6403 in
a wide spectral region of 400–1000 nm, respectively (Fig. 9A).
Such high refractivity is presumably derived from both the
special polymer structure and the TPE building blocks.

Modulation of the refractive index is another critical tech-
nology in optical communication and optical data storage
devices such as compact discs, digital versatile discs, blue ray
discs, holographic recording materials, etc.24 Therefore, it is of
great importance to develop materials with high and facilely
tunable refractive indices. P1a/2/3a was investigated as an
example and the changes in the n values of its thin film with
different UV irradiation times are shown in Fig. 9B. When UV
irradiation was applied on the polymer thin film in air, photo-
oxidation reaction occurred, which changed the chemical com-
posites of the film and hence the n values. The n values
dropped quickly in the same wavelength region upon the
exposure of UV light. Particularly, after 30 min UV irradiation,
the n values of the film decreased to 1.6746–1.5590 in the
wavelength region of 400–1000 nm, and the difference of the n
value was about 0.1204 at 632.0 nm, demonstrating efficient
refractivity modulation.

Fluorescent photopatterning

It is highly desirable to fabricate fluorescent photopatterns for
the construction of photonic and electronic devices, and bio-
logical sensing and probing systems.25 Since the polymers
exhibit good film-forming ability, photosensitivity, and high

Fig. 9 Wavelength dependence of refractive indices of thin films of (A)
P1a–b/2/3a–b and (B) P1a/2/3a with different UV irradiation times.

Fig. 8 (A) Emission spectra of P1a/2/3a in THF/water mixtures with
different water fractions ( fw). (B) Plot of relative emission intensity (I/I0)
versus the water fraction of the aqueous mixtures of P1a/2/3a. Inset: flu-
orescence photographs of P1a/2/3a in THF solution and 70% aqueous
mixture taken under 365 nm UV irradiation. Solution concentration: 10
µM; excitation wavelength: 387 nm.
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emission efficiency in the solid state, it is of great potential to
fabricate them into luminescent photopatterns through photo-
lithography. P1a/2/3a and P1a/2/3b were dissolved in 1,2-
dichloroethane, to form emissive thin films on silicon wafers
by spin-coating. Afterwards, the films were irradiated under
UV light through a copper photomask for 20 min and two-
dimensional patterns with high resolution and sharp edges
were observed under a fluorescence microscope (Fig. 10). The
fluorescence of the exposed region was quenched due to the
photo-oxidation reaction in air.

Conclusions

In this work, we have reported an efficient one-pot coupling–
hydroamination polymerization of alkynes, carbonyl chlorides,
and primary amines. The one-pot sequential Sonogashira
coupling of the alkyne and carbonyl chloride, and hydro-
amination of the internal alkyne proceeded smoothly under
mild conditions, furnishing nitrogen-containing conjugated
polymers with high regioselectivity and stereoselectivity, and
high molecular weights in excellent yields. Through the design
of intramolecular hydrogen bond formation between N–H and
CvO groups in the product, 100% stereoselectivity of the
newly formed olefin groups was achieved. Moreover, benefited
by the hydrogen bond-bound six membered ring, the Z-isomer
was stabilized, the transformation between Z-vinylene and
E-vinylene was blocked, and the enamine–imine tautomeri-
zation was inhibited. Most importantly, the intramolecular
hydrogen bonds hampered the potential PET process and
enabled the polymers to show aggregation-enhanced emission
behaviors. The well-defined conjugated polymers enjoyed good
solubility in common organic solvents, excellent film-forming
ability, high thermal stability, large and tunable refractivity,
photosensitivity, etc.

Through this efficient and convenient one-pot tandem
polymerization approach towards functional conjugated
polymer materials, polyhydroamination can be realized, over-
coming the perennial problems such as low efficiency,
unstable product structure, poor regioselectivity and stereo-

selectivity, and tautomerization. We believe that the general
applicability of such an efficient approach will pave the way for
the facile syntheses of heteroatom-containing conjugated poly-
mers with well-defined structures and multiple functionalities.

Experimental
Materials and methods

THF was distilled from sodium benzophenone ketyl under a
nitrogen atmosphere prior to use. Terephthaloyl dichloride
and Et3N were purchased from Sigma-Aldrich. Pd(PPh3)2Cl2,
CuI and methanol were ordered from Zhejiang Metallurgical
Research Institute Co., Ltd, International Laboratory USA, and
Merck, respectively. All of them were used as received without
further purification except for special illustration. Diynes 1a–b
and monoyne 5 were prepared according to the literature
procedures.19

1H and 13C NMR spectra were recorded on a Bruker ARX
400 NMR spectrometer using CDCl3 as the solvent and tetra-
methylsilane (TMS; δ = 0 ppm) as the internal standard. IR
spectra were recorded on a Perkin-Elmer 16 PC FT-IR spectro-
photometer. High resolution mass spectra (HRMS) were evalu-
ated on a GCT Premier CAB 048 mass spectrometer operated
in MALDI-TOF mode. Single crystal X-ray diffraction data were
collected at 100 K on a Bruker-Nonius Smart Apex CCD diffr-
actometer with graphite monochromated Mo-Kα radiation.
Analysis of the data was carried out through the SAINT and
SADABS routines, and the structure and refinement were
obtained by employing the SHELTL suite of X-ray programs
(version 6.10). The weight average molecular weights (Mw),
number average molecular weights (Mn), and polydispersity
indices (Mw/Mn) of the polymers were evaluated by a Waters
Associates gel permeation chromatography (GPC) system
equipped with a RI detector. Distilled THF was used as the
solvent to dissolve the polymers (∼2 mg mL−1). The solutions
were filtered through 0.45 μm PTFE syringe-type filters before
being injected into the GPC system, and THF was used as the
eluent at a flow rate of 1.0 mL min−1. A set of linear poly-
styrene standards (Waters) covering the Mw range of 103–107

were utilized for Mw and PDI calibration.
A Milton Roy Spectronic 3000 array spectrophotometer and

a Perkin-Elmer LS 55 spectrofluorometer were utilized to
record the UV-Vis absorption spectra and PL spectra, respecti-
vely. Quantum yields were determined by using a calibrated
integrating sphere. TGA was carried out under nitrogen on a
Perkin-Elmer TGA 7 analyzer with a heating rate of 10 °C
min−1. Refractive indices were measured through a
J. A. Woollam M-2000 V multi-wavelength ellipsometer from
400 nm to 1000 nm. Photopatterning and refractivity modu-
lation of the polymer films were conducted on a Spectroline
ENF-280C/F UV lamp as the light source at a distance of 3 cm
with an incident light intensity of ∼18.5 mW cm−2. The films
were prepared by spin-coating of the polymer solutions (10 mg
polymer in 1 mL 1,2-dichloroethane) at 1000 rpm for 1 min on
silicon wafers. The films were dried in a vacuum oven at room

Fig. 10 Two-dimensional fluorescent photopatterns generated by
photo-oxidation of thin films of (A) P1a/2/3a and (B) P1a/2/3b. The
photographs were taken under UV light illumination (330–385 nm).
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temperature overnight. The patterns were generated by UV
irradiation on the film through a copper photomask for
20 min. All of the photos were taken under a UV light source
by using an optical microscope (Olympus BX 41).

Polymerizations

All the polymerizations were carried out under nitrogen using
a standard Schlenk technique. A typical procedure for the syn-
thesis of P1a/2/3a from Table 1, no. 3 is given below as an
example. A 25 mL Schlenk tube equipped with a magnetic
stirrer was placed with TPE-containing diyne 1a (76 mg,
0.20 mmol), terephthaloyl chloride 2 (41 mg, 0.20 mmol),
Pd(PPh3)2Cl2 (6 mg, 0.008 mmol), and CuI (3 mg, 0.016 mmol).
The Schlenk tube was evacuated under vacuum and flushed
with dry nitrogen three times. 3.5 mL of THF and 0.06 mL of
Et3N were then injected and the resulting solution was stirred
for 15 minutes at room temperature. Afterwards, cyclohexyl-
amine 3a (0.10 mL, 0.80 mmol) was injected with 0.50 mL of
methanol (THF/methanol = 7/1). The reaction mixture was
stirred for 6 h at 80 °C under nitrogen and was then added
dropwise into 200 mL of methanol via a cotton filter to precipi-
tate. The precipitate was allowed to stand overnight and col-
lected by filtration. The polymer was washed with methanol
and dried under vacuum at room temperature to a constant
weight.

P1a/2/3a. Yellow powder; 99% (Table 1, no. 3). Mw: 40 800;
Mw/Mn: 2.3 (GPC, polystyrene calibration). IR (KBr), ν (cm−1):
3054, 3027, 2930, 2853, 1575, 1504, 1445, 1322, 1256, 1229. 1H
NMR (400 MHz, CDCl3), δ (TMS, ppm): 11.47, 7.87, 7.15, 7.08,
5.69, 3.22, 1.75, 1.36, 1.15. 13C NMR (100 MHz, CDCl3), δ

(TMS, ppm): 187.38, 166.17, 165.96, 144.93, 144.82, 143.04,
142.20, 141.43, 141.25, 134.36, 134.23, 131.65, 131.51, 128.11,
127.10, 93.60, 93.56, 53.16, 53.08, 34.45, 34.33, 25.46, 25.37,
24.83, 24.71.

P1b/2/3a. Yellow powder; 99% (Table 5, no. 2). Mw: 21 400;
Mw/Mn: 2.2 (GPC, polystyrene calibration). IR (KBr), ν (cm−1):
3054, 3027, 2930, 2853, 1575, 1504, 1445, 1400, 1322, 1258. 1H
NMR (400 MHz, CDCl3), δ (TMS, ppm): 11.49, 7.88, 7.15, 7.06,
5.71, 3.20, 1.76, 1.36, 1.20. 13C NMR (100 MHz, CDCl3), δ

(TMS, ppm): 187.40, 166.11, 144.63, 143.25, 142.22, 139.53,
134.28, 131.58, 131.49, 127.99, 127.20, 127.08, 93.55, 53.15,
34.44, 25.46, 24.81.

P1a/2/3b. Yellow powder; 95% (Table 5, no. 3). Mw: 25 200;
Mw/Mn: 2.0 (GPC, polystyrene calibration). IR (KBr), ν (cm−1):
3054, 3027, 2927, 2856, 1578, 1485, 1400, 1324, 1298, 1227. 1H
NMR (400 MHz, CDCl3), δ (TMS, ppm): 11.43, 7.89, 7.15, 7.08,
5.73, 3.14, 1.53, 1.29, 0.88. 13C NMR (100 MHz, CDCl3), δ

(TMS, ppm): 187.75, 167.15, 145.09, 144.98, 143.04, 142.26,
141.40, 133.91, 131.53, 128.12, 127.35, 127.24, 127.11, 93.49,
44.98, 31.55, 30.97, 26.61, 22.72, 22.67, 14.24, 14.21.

Model reaction

(Z)-3-(Cyclohexylamino)-1-phenyl-3-(4-(1,2,2-triphenylvinyl)-phenyl)-
prop-2-en-1-one (4): a 25 mL Schlenk tube equipped with a mag-
netic stirrer was charged with TPE-containing monoyne (5)

(178 mg, 0.50 mmol), benzoyl chloride (6) (0.06 mL,
0.50 mmol), Pd(PPh3)2Cl2 (8 mg, 0.01 mmol), and CuI (4 mg,
0.02 mmol). 3.5 mL of THF and 0.08 mL of Et3N were injected
under nitrogen and then stirred at room temperature for 3 h.
Cyclohexylamine 3a (0.06 mL, 0.50 mmol) and 0.50 mL of
methanol were injected subsequently by using a syringe. The
reaction mixture was further stirred for 24 h at 80 °C under
nitrogen. 20 mL of water was added to quench the reaction
and the solution was extracted with 30 mL of DCM three
times. The solvent was evaporated and the resulting crude
product was purified by a silica-gel chromatography column
using DCM/hexane (v/v 1/1) as the eluent to give a light yellow
solid in 72% yield. IR (KBr), ν (cm−1): 3051, 3025, 2931. 2851,
1581, 1496, 1443, 1333, 1300, 1256, 1225. 1H NMR (400 MHz,
CDCl3), δ (TMS, ppm): 11.40 (d, J = 9.3 Hz, 1H), 7.88 (d, J = 6.4
Hz, 2H), 7.39 (m, 3H), 7.16–7.09 (m, 9H), 7.07–7.01 (m, 8H),
5.69 (s, 1H), 3.19 (d, J = 9.8 Hz, 1H), 1.77 (m, 4H), 1.38 (m, 2H),
1.21 (m, 4H). 13C NMR (100 MHz, CDCl3), δ (TMS, ppm):
188.12, 166.08, 145.27, 143.69, 143.42, 143.28, 142.19, 140.57,
140.36, 134.09, 131.56, 131.53, 131.48, 131.45, 130.74, 128.33,
128.03, 127.92, 127.89, 127.19, 127.04, 126.91, 126.89, 126.85,
93.25, 77.23, 53.11, 34.48, 25.49, 24.87. HRMS (MALDI-TOF):
m/z 560.2910 [M + H+, calcd 560.2953].

Preparation of nanoaggregates

Stock THF solutions of 4 and P1a/2/3a with a concentration of
1 mM were prepared. Then 0.10 mL of the stock solutions were
transferred to 10.00 mL volumetric flasks. After addition of an
appropriate amount of THF, water was added dropwise under
vigorous stirring to prepare 10 µM THF/water mixtures with
water fractions ( fw) of 0–99 vol%. The absorption and emission
measurements of the resulting solutions were immediately
performed.
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