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ABSTRACT: Degradable polymers are highly desirable due to the tremendous growth of polymer wastes. Some polymers could 

be degraded under strong acidic or basic conditions toward unknown or unvalued products (i.e. downcycling). New methods to 

degrade polymers into monomers or high-value-added materials (i.e. upcycling) are more preferred for sustainable developments. 

In this work, linear and cross-linked poly(alkynoate)s were successfully degraded by benzamidine with 100% conversion into not 

only diols, a kind of monomers, but also high-value-added N-heterocyclic compounds of pyrimidone and imidazolone derivatives in 

high yields through controlling the reaction conditions. Notably, thanks to the AIE feature of the degraded products, the degradation 

process could be visualized under UV light via gradually increased luminescent intensity of the reaction mixtures, which facilitates 

the monitoring of the polymer degradation. Using this highly efficient degradation reaction, fluorescence patterns could be generat-

ed through microcontact printing (μCP) of the stamp on the thin films of poly(alkynoate)s. Moreover, the pyrimidone derivatives 

could be applied in bioimaging and inhibiting bacteria, and the imidazolone derivatives could be used for the detection and recov-

ery of gold (III) ions from electronic waste and serve as the fluorescent sensor to detect in situ generated amines from food spoilage. 

Thus, this work presents a visualized and high value product-selective degradation to solve the end-of-life issue of polymers. 

INTRODUCTION  

Steeply increased synthetic polymeric materials are designed 

and synthesized nowadays, not only serving as plastics, rub-

bers and fibers, but also being used for organic light emitting 

diodes (OLED), organic photovoltaics, biomedical materials, 

etc.1-5 However, these polymeric materials are predominantly 

based on petroleum resources and designed for superior per-

formance, and the degradability and recyclability are ignored, 

which has led to tremendous growth of polymer wastes. Con-

taminated polymer wastes are now ubiquitous on the earth, 

including freshwater systems, terrestrial habitats, and all major 

ocean basins, affecting human beings deeply.6,7 Undoubtedly, 

developing new degradable polymeric materials and new 

methods for polymer degradation to solve the end-of-life issue 

of polymers are highly desirable. 

Various degradable polymers appeared over the past few 

decades by the incorporation of reactive groups, which can be 

cleaved under appropriate conditions.8-10 However, most of 

them suffer from one or more of the following issues, such as 

slow degradation rate, incomplete degradation, unknown or 

unvalued degraded products. (Figure 1).11 In recent years, 

Chen, Hong, Lu, Moore, Hillmyer, and Li groups have devel-

oped a series of chemically recyclable polymers which could 

be depolymerized to monomers under certain conditions, re-

spectively.12-17 These works are groundbreaking in solving the 

end-of-life issue of polymers. However, there are still some 

issues to be addressed in their developed polymers. For exam-

ple, the abilities of polymerization and depolymerization are 

opposite each other, in other words, one of the processes is 

more efficient to take place while the other is less efficient. 

Thus, balancing the depolymerizability polymers and their 

properties is difficult. What is more, the depolymerization of 

some polymers needs catalysts or harsh reaction condition, 

such as elevated temperature up to 300 oC, which might ham-

per their practical applications. 

Polyester is a large class of significant synthetic polymers, 

which is widely used as engineering plastics, textile fibers, 

adhesives, etc. Poly(alkynoate)s are an emerging kind of un-

saturated polyester, which contains both ester and ethnynyl 

groups in the main chains.18-21 They are generated from the 

renewable monomer CO2, so they could be regarded as a kind 

of sustainable polymers. Poly(alkynoate)s possess excellent 

solubility and good thermostability. They could be degraded in 

the strong basic conditions, but it is an incomplete process 

toward unknown and unvalued products (i.e. downcycling).18 

Thus, a new controllable degradation method for 

poly(alkynoate)s is highly desired. Considering that ethyl phe-

nylpropiolate could react with benzamidine to generate N-

heterocyclic compounds and ethanol,22,23 we envisaged using  

 



 

 

Figure 1. Schematic comparisons between conventional and 

our new degradation method 

this addition−heterocyclization−cleavage reaction to degrade 

poly(alkynoate)s in a repurposing process (i.e. upcycling) 

(Figure 1). 

Indeed, poly(alkynoate) P1 could successfully be degraded 

by adding benzamidine with 100% conversion into diols and 

high-value-added N-heterocyclic compounds, among which 

pyrimidone derivatives were obtained at 110 oC (Figure 2, 

Path A) while imidazolone derivatives were obtained at 60 oC 

(Figure 2, Path B) or at room temperature upon addition of the 

catalyst of Bu3P (Figure 2, Path C). Thermoset poly(alkynoate) 

P2 was also successfully degraded to imidazolone derivatives. 

In situ Fourier transform infrared (FT-IR) spectroscopy and 

density functional theory (DFT) calculation well revealed the 

reaction kinetics and mechanism. Notably, thanks to the emis-

sive property of the degraded compounds, the degradation 

process could be visualized under UV light via gradually in-

creased luminescent intensity of the reaction mixtures and also 

could be introduced into microcontact printing to generate 

fluorescence patterns. The N-heterocyclic compounds obtained 

from P1 possess unique AIE characteristics and could be ap-

plied in diverse areas. 

 

RESULTS AND DISCUSSION  

Reaction Condition-Orientated Degradation of 

Poly(alkynoate)s. The poly(alkynoate)s P1 containing both 

ester and ethnynyl groups in the main chains was synthesized 

via the Ag2WO4-catalyzed three component polymerization of 

CO2, diyne 1, and alkyl dihalide 2 according to our previously 

reported procedures.18 Its structure was unambiguously con-

firmed by nuclear magnetic resonance (NMR) spectroscopies. 

In order to achieve product-selective degradation of 

poly(alkynoate)s via benzamidine 3 to obtain N-heterocyclic 

compounds 4 and 5, the model reactions of 3 and 6 carried out 

at different temperatures were first investigated (Table S1). 

The results showed that only a pyrimidone derivative 7 was 

obtained at 110 oC while an imidazolone derivative 8 was ob-

tained at 60 oC. Interestingly, within these two temperatures, a 

mixture of 7 and 8 were obtained. When Bu3P was used as the 

catalyst, only 8 was obtained no matter what temperature is 

(Table S2). These results demonstrated a reaction conditions 

orientation. The structures of 7 and 8 were confirmed via 

NMR spectroscopies and single crystal X-ray diffraction pat-

terns (Figure S1-S3, CCDC 1916544 and 1916517).  

Encouraged by the results of the model reaction, the degra-

dation of P1 was investigated. When P1 reacted with 3 in tolu-

ene at 110 oC for 12 h, a yellow precipitate of pyrimidone de-

rivative 4 was obtained after simple filtration and 1,8-

octanediol was also yielded via the concentration of the fil-

tered solution. The total yield of pyrimidone derivative 4 and 

1,8-octanediol is 92% (Figure 2, Path A). However, when P1 

reacted with 3 in toluene at 60 oC for 12 h, the orange precipi-

tate of imidazolone derivative 5 and 1,8-octanediol were ob-

tained via the same operation as the path A with the total yield 

of 90% (Figure 2, Path B). Interestingly, when a catalytic 

amount of Bu3P was added, the degradation of P1 could be 

carried out at room temperature and the same degraded prod-

ucts as path B were obtained with the total yield of 94% (Fig-

ure 2, Path C). The GPC analysis of the degradation process 

showed the gradual shift of the peaks to the late elution time. 

Only a narrow single peak could be observed after 8 h, con-

firming a complete degradation of P1 (Figure 3A). 

The structures of the degraded products were characterized 

by FT-IR spectroscopy and 1H and 13C NMR spectroscopies, 

and satisfactory structural analysis data were obtained. The 

FT-IR spectra of P1, and degraded products 4 and 5 provided 

in Figure 3B-D showed that the C≡C stretching vibrations at 

2211 cm-1 in the spectrum of P1 could not be observed in the 

spectra of 4 and 5. Meanwhile, the absorption bands of P1, 4 

and 5 associated with C＝O stretching vibrations could be 

observed at 1710, 1651 and 1701 cm−1, respectively. To facili-

tate the structural characterization, another model reaction of 9 

and 3 was carried out to prepare model compounds 4-1 and 5-

1 (Scheme S1). As shown in 1H NMR spectra (Figure 3E-H), 

the N-H protons of 4 and 5 resonated at 12.71 and 12.07 ppm, 

respectively. Meanwhile, the ethynyl protons of 4 and 5 reso-

nated at 6.85 and 6.92 ppm, respectively. Notably, The 1H 

NMR spectra of degraded products 4 and 5 obtained from P1 

are almost the same as these of model compounds 4-1 and 5-1, 

and the 1H NMR spectrum of 1,8-octanediol obtained from P1 

is also almost the same as that of the standard sample (Figure 

S4), confirming the structures of the degraded products. 

After achieving a complete degradation of soluble linear 

poly(alkynoate)s, we challenged to degrade insoluble thermo-

set poly(alkynoate)s. It is well known that thermoset materials 

have favorable material properties but are unable to reprocess 

and are difficult to recycle due to their chemically cross-linked 

structures.24 To tackle this difficulty with our strategies, an 

insoluble cross-linked polymer P2 was synthesized from the 

Ag2WO4-catalyzed polymerization of tetrayne (10), alkyl 

dihalide (2) and CO2 under mild reaction conditions (Scheme 

S2), which could not be dissolved in any solvent. As shown in 

Scheme S3, when benzamidine 3 and Bu3P were added into 

the suspension of P2 in tetrahydrofuran (THF), the polymer 

disappeared and the reaction mixtures became an orange solu-

tion at as short as 10 min, and the degraded products 11 and 

1,8-octanediol were obtained. 

Kinetics and Mechanism Investigation. To better understand 

the kinetic profile of the degradation, In situ FT-IR spectros-

copy was used to monitor the degradation process. When the 

degradation of P1 was carried out at 110 °C with 1 equiv 3 

relative to the number of alkynoates moiety, a new absorption 

band attributed to the C=O stretching vibration of 4 emerged 

at 1652 cm−1, which intensity increased over 30 min but re-

mained almost unchanged afterward, indicating the degrada-

tion could be finished in 30 min (Figure 4A). When the degra-

dation of P1 was carried out at 110 °C with 1 equiv 3 and 0.2 

equiv Bu3P, a new absorption band attributed to the C=O 

stretching vibration of 5 appeared at 1701 cm−1, which in-

creased rapidly to reach saturation after 5 min, suggestive of 

the fast rate and high efficiency of the degradation upon add-

ing the catalyst Bu3P (Figure 4B). The investigation of the



 

 
Figure 2. Product-selective degradation of P1 toward diols and N-heterocyclic compounds 

 
Figure 3. (A) Overlay of the GPC curves at different degradation times (condition: 60 oC, [P1] = [3] = 0.1 M), FT-IR spectra of (B) 

P1, (C) 4 and (D) 5. 1H NMR spectra of (E) model compound 4-1, (F) recycled 4 from P1, (G) model compound 5-1, and (H) recy-

cled 5 from P1 in dimethyl sulfoxide (DMSO)-d6. The solvent peaks are marked with asterisks. 
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Figure 4. Three-dimensional Fourier transform IR profiles of the peaks (A) at 1652 cm-1 for the degradation at 110 °C with 1 equiv 

3, (B) at 1713, 1701 cm-1 for the degradation at 110 °C with 1 equiv 3 and 0.2 equiv Bu3P. (C, D) The time-dependent peak intensity 

at 1652 cm-1 (110 °C) or at 1701 cm-1 (60 oC) with different equivalent of 3, (E) The time-dependent peak intensity at 1701 cm-1 

with different equivalent of 3 and Bu3P at 110 oC. (F) The time-dependent peak intensity at 1701 cm-1 with 1 equiv 3 and 0.2 equiv 

Bu3P at different temperatures. 

 

effect of temperature, the molar ratio of 3 and Bu3P on the 

degradation suggested that the molar ratio of 3 almost could 

not affect the degradation rate at 110 oC, but it exerted signifi-

cant effect at 60 oC during the degradation (Figure 4C and 4D). 

When 2 instead of 1 equiv 3 was added into the reaction mix-

tures at 60 oC, the degradation time could be shortened from 

500 to 250 min. When Bu3P was used to promote the degrada-

tion, its molar ratio affected the degradation rate significantly. 

The degradation time was extended from 5 to 15 min with the 

molar ratio of Bu3P decreasing from 0.2 to 0.1 equiv (Figure 

4E). Moreover, the degradation of P1 could also be finished at 

room temperature for only 2 h in the presence of Bu3P (Figure 

4F). The 1H NMR spectra of original unseparated reaction 

mixtures at different degradation conditions indicated that the 

resonance peak representing the protons of methylene group 

adjacent to the ester groups in P1 was totally disappeared after 

the degradation (Figure S5), indicating nearly 100% conver-

sions of P1. 

Moreover, the theoretical calculation was employed to have 

a deep understanding of above degradation behaviors. We 

used ethyl phenylpropiolate 6 and benzamidine 3 as model 

reagents to simplify the calculation and employed DFT to 

analyze the mechanism of three paths of the degradation.  

As shown in Figure 5, for path A, three steps were observed, 

i.e. nucleophilic addition, nitrogen-activated double bond rota-

tion, and carbonyl addition. First, the ethynyl group was at-

tacked by 3 and formed A_3 via the proton transfer process. 

This nucleophilic addition was only allowed in E-

configuration due to the steric hindrance of ester group. After 

a typical nitrogen-activated double bond rotation (A_TS3), the 

ester group was attacked by amidine group (A_TS4). After 

leaving equivalent ethanol, the product (A_6) was yielded 

with a quite low G = -42.9 kcal/mol. The highest energy 

barrier was confirmed at the step of nitrogen-activated double 

bond rotation with GA = 44.0 kcal/mol, which is the rate de-

termining step. Thus, the molar ratio of 3 would not affect the 

degradation rate at 110 oC, which agreed well with our in situ 

FT-IR results (Figure 4C). 

In path B, only two main steps were observed, i.e. electro-

philic addition and carbonyl addition (Figure 5). The ethynyl 

group was attacked by 3 at the ester side firstly. After a similar 

proton transfer process (B_TS2), the ester group was attacked 

by amidine group to form a five-membered ring (B_TS4) and 

produce B_5 with G = -32.1 kcal/mol. The highest energy 

barrier shifted to the step of electrophilic addition with 3 with 

GB = 40.6 kcal/mol, due to the absence of nitrogen-activated 

double bond rotation. Accordingly, the molar ratio of 3 would 

affect the degradation rate significantly at 60 oC. This conclu-

sion is also consistent with our in situ FT-IR results (Figure 

4D). 

For the comparison of paths A and B, the latter was ob-

served with lower GB (40.6 kcal/mol) than that of path A 

(GA =44.0 kcal/mol), but with a more unstable product (B_5: 

-32.1 kcal/mol) than that of path A (A_6: -42.9 kcal/mol). The 

constant (k) of reaction rate is an important parameter for a 

chemical reaction. According to Rice–Ramsperger–Kassel–

Marcus (RRKM) theory,25 k can be calculated from ΔG
‡
 ac-

cording to Equation (1) and the quotients are obtained from 

ΔΔG
‡
 according to Equation (2).  
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where A is a constant, R is the ideal gas constant (8.314 J·mol-

1·K-1), and T is 298.15 K. Therefore, kB/kA could be deduced as  
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Figure 5. DFT-calculated profiles of the path A (blue) and path B (red). All numbers are given as relative Gibbs free energy 

(kcal/mol) 

 

3 × 102, which indicated that only path B could occur under 

low temperature. Meanwhile, path A is favored at high tem-

perature with a more stable product (Figure 5). 

Because PMe3 showed the same effect as PBu3 on the deg-

radation,22,23 the former was used as a model catalyst to simpli-

fy the calculation (Scheme S4). The ethynyl group was firstly 

attacked by PMe3 to produce a compound C_2, which pro-

cessed similar electrophilic addition with 3. Then C_5 was 

yielded after proton transfer. Cleaving PMe3 could either occur 

before (C_TS4_L) or after (C_TS6_As) carbonyl addition. 

Since the very high energy barrier on C_TS4_As step (60.7 

kcal/mol), PMe3 could only be cleaved before carbonyl addi-

tion (C_TS4_L). Thus C_6_L shared the same reaction pro-

cess as the path B (B_3 to B_5) (Figure S6). Apparently, PMe3 

could greatly reduce the energy barrier compared with path B, 

the reaction rate was increased immensely, which was also 

consistent with our in situ FT-IR results (Figure 4E and F). 

Photophysical properties of Degraded Products. Because 4 

and 5 contain tetraphenylethene (TPE), a typical moiety fea-

turing aggregation-induced emission (AIE) characteristics,26-28 

their emission behaviors were systematically investigated in 

DMSO/water and THF/water mixtures with different water 

fractions (fw, Figures S7 and 8), respectively, and their abso-

lute photoluminescence (PL) quantum yields (ΦF) were also 

tested (Table S3). The results showed that both of them are 

AIE-active and follow the mechanism of the restriction of 

intramolecular motion (RIM).26 They emitted faintly in solu-

tions, but adding a poor solvent like water greatly enhanced  
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Figure 6. (A) Fluorescence images of the reaction mixture at 

different times. (B) Grayscale distribution of the selected area 

at 60 min. Inset: fluorescence image of the reaction mixture at 

60 min and the selected area for grayscale analysis. (C) Plot of 

time against grayscale of the reaction mixture. (D) Photo-

graphs of the film of P1 before and after degradation. 

 

the emission intensity. The highest emission values were rec-

orded in the DMSO/water mixtures with fw values of 60% for 

4 and in THF/water mixtures with fw values of 90% for 5, 

Moreover, the ΦF of 4 in its film state is measured to be 78.2%, 

which is much higher than that of 5 (20.7%) due to highly 

twisted molecular conformation of 4 that hampers the intermo-

lecular π-π stacking interaction in the solid state, suppressing 

non-radiative transition and activating radiative one. 

In Situ Visualization of Degradation Process. Thanks to 

their faint emission in the solution and intense luminescence in 

the aggregated state, the AIE luminogens (AIEgens) have been 

successfully used to directly visualize invisible things before, 

such as defects,29 crystallization process,30 the glass-transition 

temperature (Tg),
31 and polymerization process.32 However, 

direct visualization of the degradation process of a polymer 

using AIE technology is virtually unexplored.  

Since its degraded product 5 enjoys the AIE feature, herein, 

the degradation of P1 was visualized for the first time. As 

shown in Figure 6A, the degradation of P1 with 3 and Bu3P at 

room temperature was performed under UV light. The reaction 

mixture initially showed almost no emission. Then orange 

luminescence was observed and enhanced gradually with the 

extension of time. The reason is that the AIE-active degraded 

product 5 was precipitated continuously during the degrada-

tion, which emits intensively in the aggregate state. The flu-

orescence in the middle part of tube was analyzed at different 

interval by ImageJ software, in which, grayscale was automat-

ically calculated at each pixel to represent the brightness or 

intensity of fluorescence signal.33 Accordingly, the statistical 

distribution and average value of grayscale of the selected area 

were obtained. Figure 6B demonstrated the results at 60 min 

as an example. The plot of grayscale versus time shown in 

Figure 6C gives a positive correlation. The highest value of  

 

Figure 7. (A and B) Two-dimensional patterns generated by 

the degradation of P1 film taken under daylight and UV light, 

respectively. Excitation wavelength: 365 nm. (C) Illustration 

of μCP and (D) Fluorescence microscopy image after μCP. 

Excitation wavelength: 540-552 nm. Emission wavelength: 

575-640 nm. 

grayscale appeared at 120 min and then reached saturation, 

and its shape was similar to that of the in situ FT-IR curve 

(Figure 4F), indicating that in situ visualization of the degrada-

tion process via AIE technology is reliable. Moreover, the 

degradation process could also be visualized under UV light 

with a P1 film slowly immersing into the toluene solution of 3 

and Bu3P at room temperature (Figure 6D). 

Microcontact Printing. As aforementioned, the Bu3P-

catalyzed degradation of P1 is very fast at room temperature 

with the fluorescence color change, it is an ideal candidate to 

be applied in microcontact printing (μCP) to generate fluores-

cence patterns. μCP as a kind of soft lithography possesses 

many advantages including high resolution, very short reaction 

times, simple large-area patterning, and low cost, etc.34,35 Cer-

tainly, it can solve the disadvantages encountered in microfab-

rication, which is the basic technology used for making all 

microelectronic systems, such as high cost, complex facilities 

and technologies for high-energy radiation needed and limita-

tion to extremely flat silicon substrates. μCP allows the pat-

terned transfer of a molecular ink onto a surface using an elas-

tomeric stamp. Several reactions such as Cu(I)-catalyzed az-

ide–alkyne coupling (CuAAC), Diels-Alder reaction, thiol-ene 

and amino-yne click reactions have been introduced into 

μCP.36,37. 

Herein, the Bu3P-catalyzed degradation was applied in this 

area. First, the thin films of P1 on quartz substrates (30×30 

mm) were prepared via spin coating. Then a stamp with “AIE” 

characters was incubated with the ink, i.e. the toluene solution 

of 3 and Bu3P and placed on the prepared polymer films. Only 

after 2 min, an orange “AIE” pattern was obtained under both 

daylight and UV light which represented the generation of 

degraded product 5 (Figure 7A and B).  

Encouraged by above results, poly(dimethylsiloxane) 

(PDMS) was used as the elastomeric stamp for μCP. As shown 

in Figure 7C, the PDMS stamp with micron-scale pattern was 

also inked and printed on the prepared polymer films. Then 

the fluorescence microscopy photos were taken by fluores-

cence microscope after 2 min. The well-resolved two-

dimensional fluorescence pattern was thus generated (Figure 

7D), indicating that the degradation process showed great po-

tential for μCP. 



 

 

 
Figure 8. (A) Fluorescence detection of gold ion with N-heterocyclic compound 5. Relative intensity (I0/I) at 578 nm of 5 in 

THF/H2O mixture (v/v, 1/9, 10 μM) in the presence of different metal ions (100 μM) and the corresponding fluorescence photos 

taken under UV irradiation, I0 = PL intensity in the absence of metal ions. (B) PL spectra of 5 in THF/H2O mixture (v/v, 1/9, 10 μM) 

containing different amounts of Au3+. (C) Stern-Volmer plot of relative intensity (I0/I-1) of 5 in THF/H2O mixture (v/v, 1/9, 10 μM) 

versus [Au3+]. I0 = PL intensity in the absence of Au3+. Excitation wavelength: 365 nm. (D) The selective extraction of Au3+ by 5 

from the leaching solution of a discarded CPU. (E) Photographs of 5 on the filter paper via HCl and NH3 fuming under daylight and 

UV light. Excitation wavelength: 365 nm. (F, G) Spoilage detection of fishes in packages for 24 h at room temperature or -18 oC 

using the test strips of protonated 5. 

 

High-Value-added Products. The N-heterocyclic compounds 

4 and 5 obtained from P1 possess unique AIE features and 

could be applied in diverse areas. Compound 4 is a kind of 

pyrimidine derivatives, which are well-known with good 

pharmacological activity and have potentials as antibacterial 

agents etc.38-40 Thereof, the antibacterial property of 4 was 

investigated. First, the confocal laser scanning microscopy 

(CLSM) images of 4 incubated with Gram-positive bacterium 

S. aureus and Gram-negative bacterium E. coli for 20 min 

suggested that 4 was located around S. aureus quickly, while 

no interaction was between 4 and E. coli (Figure 

S9).Therefore, the in vitro antibacterial activity using S. aure-

us as the representative was studied. As shown in Figure S10, 

the standard plate counting results showed that the growth of S. 

aureus could be inhibited effectively with nearly 90% inhibi-

tion ratio, which indicated that the degraded product 4 has 

great potential for the imaging and inhibition of bacteria.  

Moreover, 5 is a kind of imidazolone derivatives, which are 

well-known ligands for gold (III) ions with strong binding.41 

Thus, 5 might be useful to detect and recover Au(III) ions 

from electronic waste, which is of great economic benefit, 

considering that the Au content of discarded PCs and mobile 

phones (280 g/ton) is much higher than that from gold ore (5 

g/ton).42-46 The THF/water mixture of 5 with 90 vol% water 

fraction was selected to detect Au3+ owing to its highest PL 

intensity. Meanwhile, a large variety of metal ions including 

Hg2+, Cu2+, Cr3+, Pb2+, Ag+, Cd2+, Ni2+, Fe3+, Mn2+, Zn2+, Al3+, 

Na+, and K+ were also tested with the same aqueous mixture of 

5. The results showed that only Au3+ exhibits dramatic fluo-

rescence quenching due to the formation of 5-Au3+ complexes, 

and negligible change on PL intensity and fluorescence image 

was observed for the other metal ions, indicating high specific-

ity of Au(III) detection (Figure 8A). Next, the sensitivity of 

Au(III) detection was investigated via the addition of Au3+ into 

the THF/water mixture of 5 from 0 to 100 μM. The PL intensi-

ty was gradually decreased with the increased amount of Au3+ 

(Figure 8B). The quenching constant was deduced to be 

218670 M−1 from the Stern-Volmer plot of the relative PL 

intensity (I0/I) versus the concentration of Au3+ ([Au3+]) and 

the limit of detection (LOD) was thus calculated to be 6.5 

×10−7 M according to the equation of LOD = 3SB/m,47 demon-

strating high sensitivity of Au(III) detection (Figure 8C).  

Excitingly, the precipitate was observed in THF/water mix-

ture of 5 and Au3+ after 24 h at room temperature due to the 

poor solubility of the 5-Au3+ complexes (Figure S11A), indi-

cating that 5 could be utilized for the enrichment of Au3+ from 

aqueous solutions. As shown in Figure S11B, when the 

DMSO solution or solid powder of 5 (0.5 - 3 mg) were added 

into 8 mL of AuCl3 solution (10 mg/L) and stirred at room 

temperature for 12 h, the precipitates of the complexes were 

readily formed, which were removed by centrifugation. The 

results of atom absorption spectroscopy (AAS) measurement 

of the remaining [Au3+]in the filtrate indicated that both 

DMSO solution and solid powder of 5 could reduce [Au3+] 

sharply with more than 99% enrichment efficiency. Moreover, 

the solid powder of 5 showed better performance than the 

DMSO solution of 5 in gold enrichment. 

This gold extraction approach was hence applied to extract 

Au3+ directly from discarded computer processing units 
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(CPUs), whose metal scrap chippings were soaked in an aque-

ous solution of N-bromosuccinimide and pyridine,44 to obtain 

a blue solution with 436.72 mg/L of Cu2+, 115.06 mg/L of Ni2+, 

and 10.40 mg/L of Au3+. After the solution (8 mL) was treated 

with the solid powder of 5 (1 mg), The [Au3+] decreased sig-

nificantly with the enrichment efficiency of 89.42% (Figure 

8D, Table S4). On the contrary, the [Ni2+] and [Cu2+] remained 

almost intact with the enrichment efficiency of 1.91% and 

1.79%, respectively, demonstrating that 5 could selectively 

extract Au3+ at practical condition in the presence of a high 

concentration of interference metal ions. It is worth noting that 

the extraction capacity of 5 is 475 mg·Au3+/g, which is compa-

rable to that of previous reports.46 

The imidazolone derivative 5 was also found to be easily 

protonated (Figure S12). As shown in Figure 8E, a remarkable 

red shift in the emission of the filter paper containing 5, which 

was fabricated by dripping the solution on it, was observed 

after exposed to HCl vapor. The emission maximum of the PL 

spectrum shifted from 557 to 621 nm, in turn, the fluorescence 

color changed from yellow to red accompanied with a large 

drop in intensity (Figure S13). Next, when the acid-treated 5 

was exposed to ammonia vapor (NH3) generated from its 0.08 

M aqueous solution for only 5 s, the emission of 5 returned 

back to yellow. Notably, the yellow and red emission states 

could be interconverted for at least ten consecutive cycles with 

negligible fatigue, revealing the high reversibility and repeata-

bility of this sensor system (Figure S14). 

Besides ammonia can make the protonated 5 change color, 

biogenic amines, generated during the food spoilage pro-

cess,48,49 could work the same. Herein, the test strip of proto-

nated 5 was investigated as the fluorescent sensor to detect in 

situ generated amines from food spoilage. The yellow croakers 

from seafood market were used as fresh detection samples. 

Two groups of yellow croakers were kept at room temperature 

and -18 oC, respectively (Figure 8F and G). No emission 

changes were observed when the test strips of protonated 5 

were used to detect both two groups of yellow croakers at the 

beginning of time. After 24 h, only the test strip with the yel-

low croaker kept at room temperature showed emission 

change from red to yellow under UV irradiation. In this way, 

food spoilage sensors of 5 were established for sensitive and 

selective detection of ammonia and biogenic amines generated 

through the food spoilage process. 

 

CONCLUSION 

Linear and cross-linked poly(alkynoate)s P1 and P2 with 

excellent and visualized degradation are presented. P1 could 

be successfully degraded by benzamidine 3 with 100% con-

version into not only diols, a kind of monomers, but also high-

value-added N-heterocyclic compounds 4 and 5 by altering the 

reaction conditions. Pyrimidone derivative 4 was obtained at 

110 oC, whereas, imidazolone derivative 5 was obtained at 60 
oC or at room temperature in the presence of catalyst Bu3P. 

Thermoset poly(alkynoate) P2 was also successfully degraded 

to imidazolone derivative 11. The reaction kinetics and mech-

anism were well investigated via the in situ FT-IR spectrosco-

py and DFT calculation. The results showed that path B was 

observed with lower highest energy barrier than that of path A, 

but resulted in a more unstable product than that of path A, 

which indicated that only path B could occur at low tempera-

ture, meanwhile, path A is favored at elevated temperature 

with more stable products. PBu3 could greatly reduce the en-

ergy barrier, so the reaction rate was increased immensely, 

which was also consistent with in situ FT-IR results. 

It is worth noting that the first example of visualization of 

degradation process is realized by taking advantage of the AIE 

feature of the degraded products. Moreover, the degradation 

could occur on the polymer thin films, which could be intro-

duced into μCP to generate fluorescence patterns. The N-

heterocyclic compounds 4 and 5 obtained from P1 possess 

show high added values. Pyrimidone derivative 4 could be 

applied in bioimaging and inhibiting bacteria. Meanwhile, 

imidazolone derivative 5 could be used for the detection and 

recovery of Au(III) ions from electronic waste and serve as the 

fluorescent sensor to detect in situ generated amines from food 

spoilage. Thus, this work presents a visualized and high value 

product-selective degradation to solve the end-of-life issue of 

polymers. 
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