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Electron-deficient N-heteroaromatic polymers are

crucial for the high-tech applications of organic mate-

rials, especially in the electronic and optoelectronic

fields. Thus, the development of new polymerizations

to afford adaptable electron-donating–accepting

scaffolds in N-heteroaromatic polymers is in high de-

mand. Herein, we have developed metal-free multi-

component polymerizations of diynes, diamines, and

glyoxylates successfully for in situ generation of

poly(quinoline)s with high molecular weights (Mw

up to 16,900) in nearly quantitative yields. By tuning

the electron distributions of the polymer back-

bones, the resulting poly(quinoline)s showed various

aggregation-induced behaviors and photoresponsive

abilities: The thinfilmsof thepoly(quinoline)s couldbe

fabricated readily intowell-resolved photopatterns by

photolithography techniques. They could be utilized

asfluorescent probes to visualize themorphologies of

polymer materials directly; these include spherulites

and microphase separation of polymer blends. Their

nanoparticles demonstrated sensitive and highly se-

lective fluorescence quenching to hexavalent chromi-

um ion Cr(VI), thereby providing access for biological

imaging of Cr(VI) in unicellular algae.

Keywords: heteroaromatic polymers, multicomponent

polymerization,morphology,photopatterns, chromium

sensor
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Introduction
Organic materials are recognized as an important branch

of functional materials and have aroused intense

academic and technological interest, especially in the

electronic and optoelectronic fields.1,2 Polymer materials

showsuperiorityover their smallmolecule counterparts in

terms of low cost, flexibility, high processability, and ease

for large-scale production.3 On the other hand, the devel-

opment of polymer materials with rational design in their

electronic structure4and intermolecular interactions5 is an

essential topic in polymer science. Generally, the adjust-

ment of electronic structures in polymer materials is

achieved by tuning their conjugation length and electron

donor–acceptor (D–A) strength.6 While high-molecular-

weight conjugated polymers suffer from the problems of

synthetic difficulty and low solubility,7 polymers with D–A

buildingblocksdisplayvarious advantages suchas simple

synthesis, ease of regulation, structure variation, andmul-

tiple functionalizations. To construct a D–A scaffold in

polymer frameworks, an effective strategy is to introduce

heteroatoms (e.g., O, N, S, etc.) to perturb the electronic

distribution along the polymer backbones.8 Particularly,

the introduction of N atoms in the form of diverse

electron-deficient azaaromatics is widely applied owing

to the high stability, good solubility, diverse intermolecu-

lar interactions, and unique physicochemical properties

of these heterocyclics.9,10 To explore new horizons of

N-heteroaromatic polymers, the development of concise

and adjustable synthetic strategies is needed.

To date, heteroaromatic polymers are mainly con-

structed by the covalent connection of heteroaromatic

monomers through cross-coupling reactions (e.g.,

Suzuki–Miyaura, Stille, Heck, etc.) and direct C–H bond

activation.11,12 These polymerizations are usually cata-

lyzed by organometallic reagents or conducted under

harsh reaction conditions. Not to mention the cost-

consuming reagents and process; the tedious synthesis

and narrow monomer scope of the above-mentioned

polymerizations greatly confine the type of polymeric

products. On the contrary, natural polymers such as DNA,

RNA, and proteins are composed of various structural

units and show considerable structural variations to per-

form broad biological functions.13,14 To mimic the versa-

tility of nature, multicomponent polymerizations (MCPs)

stand out as the straightforward methods to achieve

structural diversity and multiple functionalities.15 From

the viewpoint of synthetic chemistry, MCPs are derived

from multicomponent reactions and thus, show many

attractive inherited advantages, such as high efficiency,

high atom economy, and operational simplicity.16,17

Although some achievements have been made in this

area,18,19 the development of metal-free MCPs to con-

struct multifunctional N-heteroaromatic polymers from

readily available reagents is still charming.

As an essential class of N-heteroaromatic, quinolines

and their derivatives not only serve as structural motifs of

alkaloids but also have found extensive applications in

optoelectronics,20 pharmaceuticals, and agrochemicals.21

To embed quinolines in polymer frameworks, different

synthetic strategies have evolved from polycoupling of

quinoline monomers22 to in situ formation of poly(quino-

line)s through direct polycyclization, involving Friedlän-

der reaction,23 aza-Diels–Alder reaction,24,25 and alkyne-

aldehyde/aniline reactions26 (Figure 1a). However, the

structural complexity of monomers, the use of metalloid

catalysts, and harsh reaction conditions (high-tempera-

ture, time-consuming, inert gas protection, etc.) in these

two-component polymerizations are issues that limit a

wide range of polymer exploration. Therefore, we were

motivated to develop facile and efficient metal-free

MCPs for in situ formation of poly(quinoline)s from read-

ily accessible starting materials. Among MCPs, the A3

-coupling of alkynes, aldehydes, and amines has been

widely explored as straightforward polymerizationmeth-

odologies to obtain N-containing skeletons,27 including

poly(oxazine)s,28 poly(dihydropyrrolone)s,29 poly(tetra-

hydropyrimidine)s,29 poly(dipropargylamine)s,30,31 and so

on. Furthermore, in 2014, Bharate et al.32 reported a

formic acid-catalyzed A3-coupling reaction of phenyla-

cetylenes, arylamines, and glyoxylates to synthesize

quinoline carboxylate esters at room temperature. Based

on this reaction, metal-free MCPs of diynes, diamines,

and glyoxylates have been developed successfully for

the facile and efficient synthesis of functionalized poly

(quinoline)s under mild reaction conditions (Figure 1b).

Since the quinoline ring is electron-deficient, diynes with

various electron-donating moieties were then applied to

give D–A poly(quinoline)s with different optical proper-

ties and aggregation behaviors.33,34 Based on the differ-

ent photoresponsive capabilities, photopatterns could

be fabricated readily from their spin-coated polymer

films in three kinds of response modes: on–off, dual–off,

and weak–off. Incorporating fluorescent moieties with

aggregation-induced emission (AIE) characteristics into

the polymer backbones has endowed the resulting poly

(quinoline)s with sensitivity to varying structural rigidity.

Such property enables them to serve as agents for

direct visualization of phase-separation and spherulite

morphologies in polymer materials. The AIE-active poly

(quinoline)s demonstrated the specific fluorescence re-

sponse to hexavalent chromium ion Cr(VI) and have been

applied for fluorescent detection of Cr(VI) in unicellular

algae.

Experimental Section
Materials

All the chemicals utilized in this study were reagent

grade and used as received without further purification.
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1,2-Bis(4-ethynylphenyl)-1,2-diphenylethene (1a) and

1-(4-ethynylphenyl)-1,2,2-triphenylethene (4) were

purchased from AIEgen Biotech Co., Limited (Hong

Kong). Diynes 1b–1f were synthesized employing

previously reported procedures.28,35–38 4,4′-Oxydianiline

(2a), 4,4′-diaminodiphenylmethane (2b), benzidine (2c),
4,4′-diaminobenzophenone (2d), ethyl glyoxylate (3),
formic acid, and p-anisidine (5) were purchased from

Sigma-Aldrich (Hong Kong) and J&K Scientific (Hong

Kong). Polybutadiene (PB) (Mw = 200,000 g/mol), poly-

styrene (PS) (Mw = 280,000 g/mol), poly(methyl meth-

acrylate) (PMMA) (Mw = 120,000 g/mol), and poly

(ethylene glycol) (PEG) (Mw = 350,000 g/mol) were

purchased from Sigma-Aldrich and Meryer (Shanghai,

China). All organic solvents, including acetonitrile

(CH3CN), dichloromethane (DCM), tetrahydrofuran

(THF), dimethyl sulfoxide (DMSO), and dimethylforma-

mide (DMF) at a super dry level, were obtained from J&K

Seal (Hong Kong) and utilized as received. The stock

solutions of metal ions were prepared from KF, KCl, KBr,

KI, NaOAc, NaHCO3, Na2SO4, Na3PO4, NaCl, MgCl2·6H2O,

CaCl2, AlCl3, FeCl3, CoCl2·6H2O, NiCl2·6H2O, CuCl2,

Zn(NO3)2·7H2O, Pb(NO3)2, AgNO3, CdCl2·2.5H2O, HgCl2,

CrCl3, K2Cr2O7, and K2CrO4 with double distilled

water (ddH2O). Buffer solutions with varying pH values

were purchased from Sigma-Aldrich and Riedel-de Haen

(Honeywell, Hong Kong).

Instrumentation

Proton and carbon-13 nuclear magnetic resonance (1H

and 13C NMR) spectra were obtained on a Bruker ARX

400 NMR spectrometer (Bruker, USA) in deuterated

DMSO with tetramethylsilane (TMS; δ = 0 ppm) as

an internal reference. High-resolution mass spectra

(HRMS) were recorded on a GCT premier CAB048 mass

spectrometer (Waters Corporation, USA) operating in

matrix-assisted laser desorption ionization time-of-flight

Figure 1 | (a) The previous polymerization routes for in situ formation of poly(quinoline)s. (b) The developed

polymerization route towards functionalized poly(quinoline)s P1a–1f/2a–2d/3 in this work.
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(MALDI-TOF) mode. Infrared (IR) spectra were recorded

on a PerkinElmer 16 PC Fourier transform IR (FTIR)

spectrophotometer (PerkinElmer, USA). Gel permeation

chromatography (GPC) was performed in THF at an

elution rate of 1.0 mL/min on a Waters Associates GPC

system equipped with a Waters 1515 high-performance

liquid chromatography (HPLC) pump and interferomet-

ric UV absorption detector (Waters Corporation, USA).

Standard polystyrenes (PSs) were utilized for plotting

calibration curves for number-average molecular

weights (Mn) and weight-average molecular weight (Mw)

determination. The polymer samples were dissolved in

THF (2 mg/mL), filtered through a 0.45 μm polytetra-

fluoroethylene (PTFE) filter, and then injected into the

GPC system. UV–vis and photoluminescence (PL) spec-

tra were measured on a Milton Ray Spectronic 3000

Array spectrophotometer (Milton Roy Company, USA)

and a PerkinElmer LS 55 spectrophotometer (PerkinEl-

mer, USA), respectively. Thermogravimetric analysis

(TGA) was performed on a TGAQ5000 (TA Instruments,

USA) under nitrogen at a heating rate of 10 °C/min. The

fluorescent images were taken under normal room light

and 330−380 nm UV illumination using a Nikon Eclipse

80i fluorescent microscope (Nikon, Japan). Particle size

analysis was determined by the dynamic light scattering

(DLS) technique at room temperature using a Zetaplus

potential analyzer (Brookhaven Instruments Corp., USA).

Synthesis of model compound

A mixture of ethyl glyoxylate (3, 2 mmol), 1-(4-

ethynylphenyl)-1,2,2-triphenylethene (4, 2 mmol), and

p-anisidine (5, 3 mmol) in DCM (3 mL) containing formic

acid (1 mL) was stirred at room temperature for 5 h. After

reaction completion, the resulting mixture was extracted

three times with DCM/water, and the organic layer was

concentrated using a vacuum rotary evaporator. The

crude product was purified by silica-gel column chroma-

tography using DCM/hexane mixture (1/3, v/v) as the

eluent. A pale-yellow solid, M1, was obtained in a 72%

yield.

Polymer synthesis

All the polymerizations proceeded smoothly under air

atmosphere at room temperature. Glyoxylate (3) was

purified through vacuum distillation and stored in anhy-

drous DCM, twice its volume, in a 4 °C refrigerator. A

typical procedure for the polymerization of 1a, 2a, and 3
is shown below: diyne (1a) (0.2 mmol) and diamine (2a)
(0.2 mmol) were added to 0.25 mL of DCM in a 15 mL

Schlenk tube with a magnetic stirrer. Glyoxylate (3)
(0.15 mL of DCM solution) and formic acid (0.3 mL) was

injected into the system sequentially, and the resulting

mixture was stirred for 3 h. After reaction completion,

5mL of THFwas added to the deep red intermediate, and

the solution was added dropwise into 200mL of hexane/

methanol mixture (1/10, v/v). The precipitates were col-

lected by filtration, followed by a drying process in a

vacuum to a constant weight. Structural characterization

is provided in the Supporting Information.

Photopatterning

Thin films of poly(quinoline)s were fabricated on

silicon wafers through spin-coating polymer solutions in

1,2-dichloroethane (15 mg/mL). The thin polymer films

were irradiated through a copper photomask with a grid

pattern by UV light from an Oriel Mercury Arc Lamp

(Oriel® Instruments, USA) with the incident light

intensity of ∼15 mW/cm2 at 15 cm distance in the air at

room temperature. The duration of the photoirradiation

process was controlled for generating dual-mode

photopatterns.

Polymer morphological observation

The stock solutions (0.05 g/mL) of the homopolymer

and poly(quinoline)s were prepared by dissolving them

in their corresponding suitable solvents (PS, PB, and

PMMA in toluene; poly(quinoline)s, and PEG in chloro-

form). The dilute solutions of poly(quinoline)s were pre-

pared by dissolving 0.005 g of polymers in 2 mL

chloroform. Solutions of polymer blends were prepared

using two different polymers at a volume ratio of 1:1. The

dilute solutions of poly(quinoline)s were added into solu-

tions of homopolymers and polymer blends at a volume

ratio of 1/5 to function as polymeric fluorescent indica-

tors (1.0 wt %). Thin films of homopolymers and polymer

blends were fabricated on quartz plates through

spin-coating at 1000 rpm for 60 s and dried overnight,

followed by observation under a PL microscope.

Algal incubation and confocal imaging

The freshwater green algae Chlamydomonas reinhardtIII

(C. reinhardtIII) has beenmaintained in our laboratory for

more than 10 years. They were cultured in the artificial

WC (Woods Hole Chu-10) medium29 with bubbled

air at 23.5 °C with a 16:8 light/dark cycle. To test the

biocompatibility of poly(quinoline)s, the C. reinhardtIII (1

× 106 cells per mL) was exposed to poly(quinoline)s

for 96 h at different concentrations (0, 2, 5, 10, 20, 30,

50, and 100 μM). After the test, the cell count was

obtained under the microscope using a traditional

hemocytometer-based method. Then the 96-h EC50

could be calculated based on the toxicity test

results. The toxic effects of Cr(VI) were determined

using a similar experimental protocol. The algal cells

(C. reinhardtIII, 5.0 × 106 cells mL−1)were co-incubated

with poly(quinoline)s (50 μM) in the artificial WC

medium. Then algal cells were exposed to 200 μg/L
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of Cr(IIII) and Cr(VI) for 24 h. The samples were then

washed with the artificial WC medium, followed by cen-

trifugation (2000 rpm, 3 min) three times. Then algal

samples were placed in 1% glutaraldehyde for 10 min and

finally transferred to a confocal dish for the observation

under fluorescent microscope. Besides, we also added

1 mM Ascorbate (vitamin C) into the Cr(VI) exposed

group, and the algal samples were analyzed by confocal

microscopy.

Results and Discussion
Polymerization methodology

To develop this metal-free polymerization for the facile

and efficient synthesis of poly(quinoline)s, we used com-

mercially available tetraphenylethene (TPE)-containing

diyne (1a), 4,4′-oxydianiline (2a), and ethyl glyoxylate (3)
as model monomer combination to optimize the poly-

merization conditions. Based on the coupling reaction

reported by Bharate et al.,32 the polymerizations were

catalyzed by formic acid and carried out at room tem-

perature in a one-pot manner. As listed in Table 1, the

effects of various parameters, including the reaction

atmosphere, solvent, catalyst, monomer ratio, and reac-

tants concentration, were systematically studied to ac-

quire the resulting poly(quinoline)s with high molecular

weights in high yields. The effect of reaction atmosphere

was first examined and showed that the polymerization

carried out under air behaved better than under nitrogen

due to the final oxidation step at the proposed mecha-

nism (entries 1 and 2). The influence of good solvents for

monomers including CH3CN, DCM, THF, DMSO, and DMF

was then investigated (entries 2–6). The best polymeri-

zation result was obtained in DCM, which afforded poly

(quinoline)s with the highest Mw of 12,200 in 84% yield.

Next, the volume of formic acid in a 1 mL reactionmixture

was increased gradually to obtain the most suitable

amount of acid catalyst for polymerization. As shown

in entries 7–9, the Mw of poly(quinoline)s was finally

raised to 13,800 in an 89.3% yield. Tuning the molar ratio

of [3]/[1a] had a negative effect on the polymerization

results (entries 10 and 11). Further, the monomer concen-

tration was optimized to obtain soluble poly(quinoline)s

with the highest Mw of 16,900 in a nearly quantitative

yield (entries 12 and 13).

Based on the optimized polymerization conditions, the

versatility and scope of the polymerizations were inves-

tigated and enriched with different combinations of

diynes and diamines (Table 2). The terminal diynes 1b–
1f were readily synthesized according to the literature

methods, and the diamines 2b–2d were commercially

available. The polymerizations of 1a–1f/2a–2c/3 pro-

ceeded smoothly under mild reaction conditions, gener-

ating conjugated poly(quinoline)s with high Mw (up to

16,900) in high yields (up to 97.5%). Such a high

efficiency was attributed to the high reactivity of the

activated aldehyde groups of glyoxylates. Among these

polymers, P1b/2a/3, under the same optimized condi-

tions, formed insoluble gels in 3 h, possibly due to the

great entanglement and intermolecular forces of the

flexible heteroatom-rich polymer chains. P1c/2a/3a un-

der the same optimized conditions gelled quickly, which

may be related to an autoacceleration effect, considering

Table 1 | Optimization of the Polymerization Conditions toward Poly(quinoline)sa

No. Solvent Acid (mL) [3]/[1a] [1a] (M) Yield (%) Mw
b PDIb

1c CH3CN 0.1 2.5 0.2 65.8 9400 1.96

2 CH3CN 0.1 2.5 0.2 75.4 11,300 1.98

3 DCM 0.1 2.5 0.2 84.0 12,200 1.91

4 THF 0.1 2.5 0.2 26.3 3700 1.61

5 DMSO 0.1 2.5 0.2 32.8 3900 1.34

6 DMF 0.1 2.5 0.2 41.2 4000 1.42

7 DCM 0.2 2.5 0.2 89.6 12,300 1.62

8 DCM 0.3 2.5 0.2 89.3 13,800 1.84

9 DCM 0.4 2.5 0.2 90.6 5800 1.71

10 DCM 0.3 2.2 0.2 82.8 6300 1.75

11 DCM 0.3 3.5 0.2 91.7 13,200 1.88

12 DCM 0.3 2.5 0.4 90.6 15,400 2.05

13 DCM 0.3 2.5 0.8 96.7 16,900 1.98

a Carried out in different solvents and catalyzed by formic acid with various volumes under air atmosphere for 3 h at

room temperature. [1a] = [2a]. The molar concentration is obtained by dividing the mole of solute by the volume of

solvent.
b Mw and the polydispersity index (PDI) are determined by GPC employing THF as eluent based on a linear polystyrene

calibration.
c Carried out in nitrogen atmosphere.
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the high reactivity of the electron-donating monomers

1c. Monomer 1d with a rigid and short-conjugated length

gave a polymerwith decreasedMw inmoderate yield. The

efficiency of polymerizations became lower when

silicon-containing and electron-withdrawing monomers

(1e and 1f) were used because of their weak nucleophi-

licity of alkyne groups. The polymerizations of different

diamines also produced P1b/2a/3a and P1c/2a/3awith a

high Mw in high yields. However, monomer 2d failed to

polymerize, possibly due to its difficulty in forming imine

intermediates with glyoxylates. Altogether, the success-

ful synthesis of P1a–1f/2a–2c/3 demonstrated that this

convenient and highly efficient polymerization route pro-

vides a great structural diversity of poly(quinoline)s.

The FTIR and NMR spectroscopies have been

employed to determine the chemical structures of all the

obtained P1a–1f/2a–2c/3 (Supporting Information

Figures S1–S16). For better understanding, the character-

ization results of P1a/2a/3 were taken for representative

structural analysis with reference to the small molecular

model compound M1, the corresponding monomers 1a,
2a, and 3 in Supporting Information. Collectively, all the

FTIR spectra of the obtained poly(quinoline)s displayed

no typical absorption peaks associated with the mono-

mer structures and showed C=N stretching vibration at

1661–1689 cm−1. All the resonance peaks related to the

reactive functional groups of monomers were absent in

the NMR spectra of M1 and P1a–1f/2a–2c/3, indicating a

great extent of the coupling reaction. The NMR spectra of

M1 and P1a/2a/3 exhibited similar proton and carbon

resonances of the ethyl groups with the spectrum of

ethyl glyoxylate. FTIR and NMR analysis of P1a–1f/2a–

2c/3 confirmed a good correspondence with their chem-

ical structures in Figure 1.

The thermal properties of the obtained

poly(quinoline)s were evaluated by TGA and differential

scanning calorimetry (DSC) in Supporting Information

Figure S17. The TGA results suggested that all the gener-

ated heteroatom-rich polymers showed high thermal

stability, possibly due to their rigid quinoline structures.

Their thermal degradation temperatures with 5% weight

loss (Td) ranged from 268 to 301 °C. The glass transition

temperature of the poly(quinoline)s varied from 73 to

141 °C due to their different conformational flexibility of

polymer chains. All the poly(quinoline)s obtained dis-

played good solubility properties in commonly used or-

ganic solvents such as DCM, THF, CH3CN, DMSO, and

so on. Their good film-forming capabilities were also

verified through a simple spin-coating process. Their

good performance in thermal stability, solubility, and

processability provided easy access to explore their mul-

tiple functionalities and advanced applications.

Photophysical properties

The incorporation of various electron-donating moieties

in the conjugated poly(quinoline)s encouraged us to

study their photophysical properties. We investigated

the absorption of M1 and P1a–1f/2a–2c/3 in dilute THF

solutions at first (Supporting Information Figure S18).

The UV spectra of the polymers exhibited a maximum,

ranging from 322 to 375 nm. The emission of the polymer

powders was screened by simple observation under

UV irradiation (Supporting Information Figure S19). By

tuning the polymer backbone using alkyne monomers

with different electron-donating abilities, the obtained

P1a–1c/2a/3 with TPE, alkoxy-connected phenyl, and

triphenylamine (TPA) groups were selected for PL inves-

tigations (Figures 2a–2c).

Togain insight intothestructure–property relationships,

the PL spectra of P1a–1c/2a/3 in THF solutions and

THF/water mixtures were investigated systematically

(Figure 2d–2f). The results showed that water addition

and nonsolvent of polymers led to an emission improve-

ment for TPE-containing P1a/2a/3. Such aggregation-

enhanced emission (AEE) phenomenon was attributable

to the restrictedmolecular motions of TPEmoieties in the

aggregate state.39 In fact, TPE is frequently utilized as an

AIE-active luminogen to embed the resulting polymers

with AIE or AEE characters formultiple applications in the

aggregate state.40 While the PL maximum wavelength of

P1a/2a/3 showed no apparent shift, the PL maximum

of P1b/2a/3 and P1c/2a/3 exhibited varying degrees

of bathochromic shift with increasing fw in THF/water

mixtures. With the same electron-withdrawing carbonyl-

functionalized quinolines, P1b–1c/2a/3 were introduced

with stronger electron-donating groups than P1a/2a/3.
Hence, the intramolecular charge transfer (ICT) of the

Table 2 | Polymerizations of Different Monomersa

No. Monomer Yield (%) Mw
b PDIb

1 1a + 2a + 3 96.7 16,900 1.98

2c 1b + 2a + 3 93.2 9800 1.75

3d 1c + 2a + 3 90.1 12,000 1.94

4 1d + 2a + 3 83.1 7200 1.53

5 1e + 2a + 3 9.6 3300 1.10

6 1f + 2a + 3 13.7 2700 1.13

7 1a + 2b + 3 95.8 13,900 1.85

8 1a + 2c + 3 97.5 16,100 2.30

9 1a + 2d + 3 Trace

a Carried out in 0.5 mL DCM and 0.3 mL HCOOH for 3 h

under air at room temperature. [1] = 0.4 M, [2] = 0.4 M,

[3] = 1.2 M, where the concentration of solute is based on

the volume of DCM as solvent.
b Determined by GPC based on a linear polystyrene cali-

bration. P1b/2a/3 and P1c/2a/3 formed gels under the

optimization reaction conditions.
c Carried out in 0.5 mL DCM for 1 h.
d Carried out in 1 mL DCM for 3 h.
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donor–π–acceptor structures in P1b–1c/2a/3 made their

emission redshifted gradually with increasing polarity in

THF/water mixtures. Such redshift variations in P1b–1c/
2a/3 could also be found comparing their solution and

solid-state (Supporting Information Figure S20 and

Table S1). Interestingly, a new shoulder peak at ∼540 nm

emerged in the PL spectra of P1a/2a/3 at fw > 50%. To

further understand this phenomenon, the PL spectra ofM1
andTPE-containingP1a/2b/3 in THF/watermixtureswere

studied (Supporting Information Figure S21). Obviously,

the smallmolecularM1 showedasinglepeakenhancement

while P1a/2b/3 showed a similar redshifted shoulder peak

after adding water. This implied the possible existence of

through-space conjugation in the entangled and compact

polymer aggregates throughmultiple inter-/intramolecu-

lar interactions,which inducedthe intensifiedandredshift-

ed emission of P1a/2a–2b/3 aggregates. Meanwhile, the

dual excitation peaks and excitation-dependent emission

further supported the presence of through-space conju-

gation and the additive clusterization-triggered emission

peak of P1a/2a/3 aggregates (Supporting Information

Figure S22).41

Based on their good film-forming property and

solid-state emission, it was promising to fabricate the

poly(quinoline)s into microscale fluorescent photopat-

terns. The thin films of P1a–1c/2a/3 were prepared by

simple spin-coating of their solutions on silicon wafers

and then exposed to UV light for n min (P1a–1c/2a/3_n)

Figure 2 | Chemical structures and PL spectra Chemical structures and PL spectra of (a and d) P1a/2a/3, (b and e) P1b/
2a/3, and (c and f) P1c/2a/3 in THF/water mixtures (50 μM) with different water fractions (fw). Excitation wavelength:

350 nm for (d and e) and 380 nm for (f). Inset: Photos of poly(quinoline)s in pure THF, THF/water mixture, and

solid-state taken under UV light. (g-i) Fluorescent photopatterns generated by the photomasked UV irradiation of

polymer thin films on silicon wafers. (g) P1a/2a/3 irradiated for 5 and 40 min, (h) P1b/2a/3 irradiated for 40 and

90 min, and (i) P1c/2a/3 irradiated for 5 and 40 min.
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through a negative copper photomask. Such a photo-

lithography process usually keeps the emission of

the copper-protected squares and changes the emission

of the exposed crosslines based on the photosensitivities

of the polymer films. As shown in Figures 2g–2i,

P1a–1c/2a/3 behaved different time-dependent photo-

responsive behaviors and displayed three photopattern-

ingmodes as on–off, dual–off, and weak–off, respectively.

Due to the photobleaching of all emitting moieties by

sufficient UV irradiation, it was easy to understand that

the crosslines of P1a–1c/2a/3 were all quenched in the

end and led to well-resolved negative two-dimensional

photopatterns. Moreover, their photoresponsive differ-

ences, under insufficient UV irradiation, attracted our

attention for further verification experiments. The GPC

curves of P1a–1c/2a/3 solutions in THF after 0–100min of

UV irradiation and the corresponding PL spectra of P1a–
1c/2a/3 in the aggregate state, as well as the 1H NMR

spectrum of UV-irradiated M1 were collected in

Supporting Information Figures S23–S25. The gradual

photodegradation of P1a–1c/2a/3 over time and the evi-

dent changes of NMR peaks in the aromatic and alkyl

proton region of M1 illustrated the photoinduced struc-

tural decomposition of quinolines through complicated

photooxidation reactions. However, the photodegrada-

tion of quinolines generated three types of fluorescence

responses: After a short period of UV irradiation, the poly

(quinoline)s aggregates demonstrated enhanced cluster

emission for P1a/2a/3, intensified blueshifted emission

for P1b/2a/3, and weakened emission for P1c/2a/3,
which were consistent with their corresponding photo-

patterned films. This indicated the involved photo-

chemical process for P1a–1c/2a/3 was reliable, and the

resulting three types of photoresponsive behaviors

could be employed for further technological applications

in anti-counterfeiting and optoelectrical devices.42,43

Collectively, the present polymerization methodology

provides a facile and simple tool to construct poly(quin-

oline)s with adaptable photophysical properties and

photosensitivities.

Morphological visualization

A single polymer cannot meet the practical requirements

of polymermaterials in the variety and high performance;

thus, polymer blends have been intensively developed in

which two or more polymers were physically mixed. The

study of compatibility between polymer components is

of great academic and technical importance and could

be evaluated through the morphology of the polymer

blends. Therefore, an effective method suitable for the

visualization of the morphology of polymer blends is in

great demand. Recently, our group has achieved

high-contrast visualization of microphase separation in

polymer blends by fluorescent AIE-active small mole-

cules.44 Since polymer materials possess the advantage

of structural variation and easy fabrication, the perfor-

mance of the polymer-based AIE-active probe in such a

situation could be explored.

The AEE-active P1a/2a/3was taken as a representative

fluorescent indicator to observe the mesoscale morphol-

ogies of polymer blends. The photos of thin films of

homopolymers including PB, PS, PMMA, and PEG with

1 wt % of P1a/2a/3were taken under UV light (Figures 3a–

3d). The images of PB, PS, and PMMA showed smooth

morphologies with different emission intensities, possi-

bly due to the differences in their structural rigidity and

through-space conjugation (Supporting Information

Figure S26). The heteroatom-rich polymers (PMMA) and

poly(ethylene oxide) (PEO) tended to interact with poly

(quinoline)s via through-space electronic communica-

tions like π–π and n–π, leading to a strongly enhanced

Figure 3 | Fluorescent images of polymer films with 1 wt % of P1a/2a/3 as fluorescent indicators prepared from (a) PB,

(b) PMMA, (c) PS, (d) PEO, and (e–g) polymer blends of two polymers with a mass ratio of 1:1: (e) PMMA and PB, (f) PS

and PB, and (g) PEO and PB.
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emission.45 Interestingly, a clear spherulitic morphology

was observed in the thin film of semicrystalline PEG in the

presence of P1a/2a/3. The spherical textures radiated

from the multiple spherical centers were composed of

strongly emissive crystallites and weakly emissive amor-

phous parts, which provided a high-contrast and

straightforward way to identify the fine texture of poly-

mer spherulites.30 To utilize the weak emission of PB

homopolymers, the polymer blends of PS-PB, PMMA-PB,

and PEG-PB with a weight ratio of 1:1 were prepared with

1 wt % of P1a/2a/3 to induce the phase separation.

According to the emission difference of their corre-

sponding homopolymers, it was easy to assign the

weak-emissive matrix to the PB phase (Figures 3e–3g).

The strongly emissive domains that demonstrated isolat-

ed islands were the PS and PMMA phases, while the PEG

domains still contained the PB phase inside. These dis-

tinct phase-separation patterns reflected the partial

compatibility of PS, PMMA, and PEG with PB. Thus, these

results suggest that a fluorescence microscope coupled

with TPE-containing poly(quinoline)s is a powerful tool

to visualize the morphologies of polymer materials in the

mesoscale, including the fine texture of spherulites and

microphase separation of polymer blends.

Fluorescence detection of Cr(VI)

Hexavalent chromium ion Cr(VI) is highly carcinogenic

and mutagenic; it could cause allergic reactions and he-

reditary genetic defects resulting in various cancer types.

Thus, a facile and versatile strategy for highly selective Cr

(VI) sensing is meaningful to public health. To investigate

the probably of the resulting emissive poly(quinoline)s as

Cr(VI) sensor, the TPE-containing P1a/2a/3 nanoaggre-

gates inwater/THFmixture (fw= 70%)was selected in the

following study. Since the balance of Cr(VI) species be-

tween Cr2O7
2− and CrO4

2− is pH-dependent, the pH effect

on the emission intensity of P1a/2a/3 was monitored in

various buffer solutions (Supporting Information Figure

S27). Only slight intensity change was observed with pH

ranging from 1 to 10, which underlined its practical appli-

cability in a wide pH range. The sensitivity measurements

ofP1a/2a/3nanoaggregates toCr(VI)wereconductedby

adding K2Cr2O7 and K2CrO4 with Cr(VI) concentrations,

changing from 0 to 2.4 mM (Figures 4a and 4b). These

results showed evident decreasing emission intensity up-

on the addition of both Cr(VI) species. The relative emis-

sion intensity ratio (I0/I) versus Cr(VI) concentration is

plotted in Figure 4c, where I0 = peak intensity without

Cr(VI). The results showed that the emission quenching

effect of CrO4
2−wasmore profound thanCr2O7

2− and they

both reached the quenching limitation in the Cr(VI) con-

centration range studied. The relationshipbetween thePL

intensity and the Cr(VI) concentration in the initial five

points was linearly fitted. Based on three times the stan-

dard deviation of the blank, the limit of detection of the

fluorescent sensor was calculated as 5.97 μM for Cr2O7
2−

and 1.13 μM forCrO4
2−. Comparedwith the limit value of 50

μg/L (∼1 μM) in drinking water set by the World Health

Organization (WHO), who recently reported fluorescent

Cr(VI) sensors, the Cr(VI) fluorescent sensor under basic

acceptableconditions (Supporting InformationTableS2).

To evaluate the selectivity of Cr(VI) detection, the

effect of common anions and metal ions on PL emission

of P1a/2a/3 was measured, and their quenching ratios

(I0/I) were calculated, as shown in Figure 4d and

Supporting Information Figure S28. Compared with oth-

er metal ions (K+, Na+, Mg2+, Ca2+, Al3+, Fe3+, Co2+, Ni2+, Cu2+,

Pb2+, Ag+, Cd2+, Hg2+, and Cr3+) and various anions (F−, Cl−,

Br−, OAc−, HCO3
−, CO3

2−, SO4
2− and PO4

3−), the fluores-

cent sensing of Cr(VI) wasmore specific with an emission

quenching ratio of over 16-fold. In addition, the interfer-

ence of co-existing ions was also evaluated by using the

mixture of all the mentioned anions, shown as “multi”

column. The presence ofmultiions had no interference on

the determination of CrO4
2−. The enhanced quenching

ratio to Cr2O7
2− indicated its transition to CrO4

2− in the

presence of basic salts such as OAc− and HCO3
−. The P1a/

2a/3 could not only specifically detect Cr(VI) with no

interference from ion mixtures but also differentiated the

existing Cr(VI) species.

For a mechanistic study, the fluorescence quenching of

chemosensing always involves the interaction with ana-

lytes or intermolecular energy transfer. The absorption

spectra and DLS results obtained upon additions of

Cr2O7
2− and CrO4

2− demonstrated no evident change of

absorption maximum and particle size (Supporting

Information Figures S29 and S30). This excluded the

possibility of the formation of P1a/2a/3-Cr(VI) complex.

Then the absorption spectra of Cr2O7
2− and CrO4

2− were

compared with the excitation and emission spectra of

P1a/2a/3 (Figure 4e). The considerable overlap between

the absorption of analytes and the excitation/emission of

a detector indicated that the possible intermolecular

energy transfer resulted in fluorescent quenching. Such

a sensing mechanism is called as inner filter effect (IFE).

To further verify the hypothesis, we measured the PL

spectra of P1a/2a/3 with aqueous solutions of Cr2O7
2− or

CrO4
2− placed in the excitation path or emission path

(Figure 4f). The results demonstrated a major IFE con-

tribution from the excitation process and a minor IFE

contribution from the emission process on the fluores-

cence quenching (Figure 4g). Based on these detailed

studies, TPE-containing poly(quinoline)s nanoparticles

were found with sensitive and highly selective fluores-

cence sensing to Cr(VI) ions.

Fluorescent Cr(VI) sensing in unicellular algae

The good performance of P1a/2a/3 nanoaggregates in

fluorescent sensing of Cr(VI) encouraged us to examine

their potential applicability in biological Cr(VI) imaging.
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The biocompatibility of P1a/2a/3 nanoaggregates was

investigated by exposing cells to various concentrations

of P1a/2a/3 for 96 h. These results demonstrated that cell

viability was not influenced appreciably at polymer con-

centrations ranging from 0 to 50 μM (Supporting

Information Figure S31). The freshwater unicellular algae

with the simplest biological system were stained with

50 μM of P1a/2a/3 nanoaggregates for 4 h. The confocal

fluorescent images obtained illustrated that cellular

uptake of P1a/2a/3 was effective after incubation with

50 μM of P1a/2a/3 for 24 h (Figures 5a and 5e).

Unlike the highly toxic and carcinogenic Cr(VI), triva-

lent chromium (Cr(III)) is an essential element in humans

with a recommended daily intake of 50 to 200 μg/day.
Based on the PL results shown in Figure 4d, P1a/2a/3
nanoaggregates provided us with a powerful method to

differentiate Cr(VI) and Cr(III) in solutions. As shown in

Figures 5b and 5f, co-incubation with Cr(III) had little

Figure 4 | (a and b) PL spectra of P1a/2a/3 (50 μM) in THF/watermixturewith fw = 70 vol % at different concentrations

of (a) K2Cr2O7 and (b) K2CrO4. (c) The plot of relative emission intensity (I0/I) of P1a/2a/3 versus Cr(VI) concentration,

where I0 = peak intensity of pure P1a/2a/3. Inset: Fluorescent photos of P1a/2a/3 without or with Cr(VI) taken under

365 nm UV light. (d) Relative emission intensity (I0/I) of P1a/2a/3 in the presence of various metal ions and anions (2

mM). (e) Overlapping of the absorption spectra of K2Cr2O7 and K2CrO4 and the excitation spectra and emission

spectra of P1a/2a/3. Excitation wavelength: 380 nm. (f) PL spectra of P1a/2a/3 (50 μM) in THF/water mixture with

aqueous solutions of K2Cr2O7 or K2CrO4 placed in the excitation path or emission path. Inset: The simple set-up for PL

measurements. (g) Proposed mechanism of Cr(VI) detection as the IFE.
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effect on the emission intensity of P1a/2a/3 in algae. In

contrast, the obvious “on–off” emission shown in

Figures 5c and 5g indicates an evident increment in the

intracellular Cr(VI) levels after Cr(VI) co-incubation. To

perform reduction of Cr(VI) to Cr(III), vitamin C (ascorbic

acid) was selected as the reductant; its performance on

fluorescent recovery was verified by PL tests in

Supporting Information Figure S32. Then the algae incu-

bated by Cr(VI) was further cultivated with vitamin C for

24 h to transfer intracellular Cr(VI) to Cr(III). The results in

Figures 5d and 5h demonstrated largely restored “off–

on” emission intensity of P1a/2a/3 in algae and implied a

successful intracellular reduction of Cr(VI) to Cr(III).

These observations indicate that the resulting poly(quin-

oline)s realized the “on–off–on” biological Cr(VI) imaging

in a simple, highly selective, and on-site manner.

Conclusion
In this work, we developed a facile and highly efficient

polymerization route for the metal-free synthesis of

electron-deficient poly(quinoline)s from readily accessible

diynes, diamines, and glyoxylates. This versatile polymeri-

zation generated poly(quinoline)s with high molecular

weights (Mw up to 16 900) at near quantitative yields. By

simply changing the electron-donating moieties in the

polymerbackbone, the resultingpoly(quinoline)swithvar-

ious D–A strengths were rendered with different

aggregation-triggered fluorescence behaviors and tun-

able emission color fromgreen through orange to red. The

goodfilm-formingabilityanddivergentphotosensitivityof

this poly(quinoline)s enabled their thin films to fabricate

high-resolution 2D fluorescent photopatterns operated in

different modes. Thanks to the restricted molecular

motions in rigidified morphologies, the TPE-containing

poly(quinoline)s served as fluorescent indicators for

visualization of phase separation of polymer blends and

differentiate the crystallites and amorphous part of poly-

mer spherulites. The nanoparticles of TPE-containing

poly(quinoline)s demonstrated sensitive and selective

fluorescence sensor properties to highly toxic Cr(VI).

The fluorescence quenching of Cr(VI) was proved to be

the IFE. Such a nonirradiation energy conversion demon-

strated a flexible and straightforward technique for the

differentiation of Cr(VI) and Cr(III) in a simple biological

algae system. It is anticipated that thiswork could broaden

the platform of metal-free MCPs and enrich the structural

diversity of N-heteroaromatic polymers with a D–A scaf-

fold to promote future applications of heteroaromatic

polymers in optoelectronics and sensors.

Supporting Information
Supporting Information is available and includes detailed

synthesis procedures, structural characterizations, and

supporting property investigation.
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