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ABSTRACT 

The proposition of click chemistry has provided a quick channel for saccharides 

modification, which has always been worth exploring. Click reaction of hydroxyl 

groups possessed by saccharides is thus highly desirable to be developed. In this paper, 

we report hydroxyl-yne click polymerization using ester activated alkynes and 

alcoholic hydroxyl groups. The polymers, poly(vinyl ether ester)s (PVEEs), were 

obtained with high weight-average molecular weights up to 71 000 were obtained in 

excellent yields up to 99% using a commercially organic base of 

bicyclo[2.2.2]-1,4-diazaotane (DABCO) as catalyst under ambient conditions. The 

obtained polymers possess high thermal stability and low cytotoxicity. Both 

semi-crystalline and amorphous polymers were obtained due to the different 

flexibility of monomers. Upon incorporating aggregation-induced emission (AIE) 

moiety of tetraphenylethylene (TPE), the resultant polymers displayed typical AIE 

characteristics. This work provides a potential strategy for saccharides modification 

via the hydroxyl-yne click reaction. 

 



INTRODUCTION 

Saccharides are the most abundant organic molecules in nature and can be 

synthesized and metabolized by almost all of organisms all the time.
1
 Although there 

are countless kinds of saccharides, such as monosaccharides, oligosaccharides and 

polysaccharides, the monosaccharides or oligosaccharides could combine infinitely by 

glycosylation.
2-4

 Saccharides have been successfully applied in biological filed via 

glycobiology.
5-8

 They are not only the main energy source for most organisms, but 

they are also important in carrying and transmitting information. Since the role of 

saccharides is diverse, effective use of saccharides is particularly important. Although 

there are still some problems, the research on glycobiology has obtained certain 

achievements.
9-11

 In terms of the chemical structure, the saccharides are polyhydroxyl 

aldehydes or ketones and thus have their commonality. In general, the modification 

reactions of saccharides can be classified into esterification, acetylation,
12-17

 

deprotection,
18

 methylation,
19

 dehydration, reduction,
20-24

 etc. More high efficient and 

practical modification reactions of saccharides are urgent. 

Click chemistry provides a new alternative for saccharides modification. A typical 

click reaction, azide-alkyne cycloaddition reaction has been successfully used to 

modify saccharides,
25-29

 in which ethynyl or azide functional groups, however, are 

needed to be introduced. Therefore, the direct modification reactions to the hydroxyl 

functional groups of saccharides have been investigated. For example, the 

polymerization of commercial monomers containing hydroxyl groups such as 

hexanediol or phenol was studied. Jiang reported that diacrylates and diols were 



catalyzed by t-BuP2 under mild conditions to form degradable poly(ester-ether)s, 

which would have widely applicable as bifunctional materials.
30

  

In recent years, the alkyne-based click polymerizations have drawn tremendous 

attention. Our group developed the azide-alkyne, thiol-alkyne, and amine-yne click 

polymerizations based on the carbon-carbon triple-bond building blocks.
31-42

 In 2016, 

the alkyne polyannulation of diphenols and internal diynes catalyzed by palladium 

was polymerized successfully.  However, it needs high reaction temperature and 

different metal catalysts (e.g., palladium, silver, and copper), which are hard to be 

completely removed. 4,4′-Sulfonyldiphenol could only be used as polymerization 

monomer, limiting the scope of the polymerization.
38

 Aromatic alkynes and diols were 

also polymerized in the presence of superbase catalyzation, which also needs high 

temperature and nitrogen protection.
39

 Subsequently, the activated 

bis(aroylacetylene)s and diphenols were used to carry out the click polymerization 

using organic base 4-dimethylaminopyridine (DMAP) at 40 °C.
40

 The above 

researches either are based on phenolic hydroxyl groups or need rigorous conditions. 

However, report on the polymerization of more common alcoholic hydroxyl groups 

and activated diynes in a metal-free fashion under mild conditions is rare. 

Fortunately, inspired by the reaction of alcohol and ester activated alkynes,
43

 we 

developed an efficient click polymerization of ester activated alkynes and diols in the 

presence of the catalyst of a commonly used organic base DABCO under mild 

conditions without the need of nitrogen protection. The resulted poly(vinylene ether 

ester)s (PVEEs) possess high thermal stability with decomposition temperature (Td) 



above 300 °C. Polymers obtained by the polymerization of alcoholic diols and diynes 

monomers are crystallizable. Due to the lack of cytotoxicity, these polymers may have 

promising applications in the biological field. Their photophysical properties and 

application in explosive detection were also studied. 

Scheme 1. Click Polymerization of Diynes 1 and Diols 2 

 

 

RESULTS AND DISCUSSION 

Polymerization. All the monomers are commercially available or can be 

synthesized easily. In order to obtain polymers with high weight-average molecular 

weight (Mw) and good solubility, diyne 1a and diol 2a were used as model monomers 

to optimize the polymerization conditions. 

The polymerization time was first studied. As shown in Table 1, the polymer 

with a high Mw (15 500) were obtained in an ideal yield in 98% after only 1 h. No 

change was observed when the reaction time was extended. Thus, we chose 1 h as the 

optimized polymerization time. 



Table 1. Time course of the polymerization of 1a and 2a
a
 

entry t (h) yield (%) Mw 
b
 Ð 

b
 

1 0.5 92 13 900 2.31 

2 1.0 98 15 500 2.27 

3 2.0 98 15 700 2.32 

4 3.0 99 15 500 2.24 

a Carried out in THF at 25 °C under air in the presence of DABCO. [1a] = [2a] = 0.20 M, [DABCO] = 

0.020 M. b Estimated by APC in THF on the basis of a polystyrene (PS) calibration; Mw = 

weight-average molecular weight; Ð = polydispersity index (Mw/Mn, Mn = number-average molecular 

weight). 

The effect of solvents on the polymerization was then investigated. As shown in 

Table 2, the highest Mw of 14 700 and a 97% yield were obtained in THF, while the 

highest yield of 99% and an Mw of 10 900 were achieved in DCM. Although the 

polymerization processed smoothly both in THF and DCM, the solubility of the diols 

in DCM is lower than in THF, which is unbenifited for the reaction. Therefore, THF 

was selected as the optimized polymerization solvent. 

Table 2. Effect of solvent on the polymerization of 1a and 2a
a
 

entry solvent yield (%) Mw 
b
  Ð 

b
 

1 THF 97 14 700 2.25 

2 DMF 85 5 600 1.57 

3 DMSO 91 3400 1.62 

4 DCM 99 10 900 1.74 

5 CHCl3 59 2 100 1.16 

a Carried out at 25 °C under air in the presence of DABCO for 1 h. [1a] = [2a] = 0.20 M, 

[DABCO] = 0.020 M. b Estimated by APC in THF on the basis of a PS calibration; Mw = 

weight-average molecular weight; Ð = polydispersity index (Mw/Mn, Mn = number-average molecular 

weight).  



The effect of monomer concentration on the polymerization was also explored. As 

shown in Table 3, Mw of the polymers increased with increasing the monomer 

concentrations from 0.1 to 0.4 M, while yields of the products were nearly unchanged. 

The optimal Mw of 33 900 with a 95% yield was obtained when the monomer 

concentration is 0.4 M.  

Table 3. Effect of monomer concentration on the polymerization of 1a and 2a
a
 

entry [M] yield (%) Mw 
b
 Ð 

b
 

1 0.4 95 33 900 2.35 

2 0.3 94 32 700 2.90 

3 0.2 96 16 100 2.21 

4 0.1 96 8 800 2.11 

a Carried out in THF at 25 °C under air in the presence of DABCO for 1 h. b Estimated by APC in THF 

on the basis of a PS calibration; Mw = weight-average molecular weight; Ð = polydispersity index 

(Mw/Mn, Mn = number-average molecular weight). 

Afterward, we studied the effect of DABCO amount on the click polymerization 

(Table 4). With the increase of catalyst concentration, polymer yields did not change 

much, while Mw values increased gradually. To balance molecular weight and catalyst 

concentration, 0.04 M DABCO was chosen as the polymerization catalyst 

concentration. It is worth noting that DABCO could be removed simply by the 

precipitation. 

Finally, the effect of the reaction temperature on the click polymerization was 

studied, and the results are shown in Table 5. The polymerization efficiency showed a 

significant decrease with an increase of temperature. Mw was reduced from 32 400 to 

25 000, and polymer yield was also decreased from 94 to 85% with an increase of 



polymerization temperature from 25 to 60 °C. Therefore, we used 25 °C as the 

polymerization temperature. 

 

Table 4. Effect of catalyst concentration on the polymerization of 1a and 2a
a
 

entry [DABCO]/[1a] yield (%) Mw 
b
 Ð 

b
 

1 0.05 94 24 200 2.57 

2 0.10 94 31 600 2.65 

3 0.15 83 35 700 2.57 

4 0.20 93 39 900 2.59 

a Carried out in THF at 25 °C under air in the presence of DABCO for 1 h. [1a] = [2a] = 0.40 M. b 

Estimated by APC in THF on the basis of a PS calibration; Mw = weight-average molecular weight; Ð = 

polydispersity index (Mw/Mn, Mn = number-average molecular weight). 

Table 5. Effect of temperature on the polymerization of 1a and 2a
a
 

entry T (°C) yield (%) Mw 
b
 Ð 

b
 

1 25 94 32 400 2.51 

2 40 98 26 500 2.30 

3 60 85 25 000 2.35 

a Carried out in THF under air in the presence of DABCO. [1a] = [2a] = 0.40 M, [DABCO] = 0.040 M. 

b Estimated by APC in THF on the basis of a polystyrene (PS) calibration; Mw = weight-average 

molecular weight; Ð = polydispersity index (Mw/Mn, Mn = number-average molecular weight). 

The other diynes and diols were performed to verify the universality and 

robustness of DABCO-mediated click polymerization by the use of the optimized 

polymerization conditions. The results showed that the polymerizations propagated 

smoothly, and the polymers P1a2a−P1b2a with high Mw values (up to 71 000) were 

produced in excellent yields (up to 99%) (Table 6). 

 

 



Table 6 Polymerizations of diols and diynes 
a
 

entry monomer polymer yield (%) Mw 
b
 Ð 

b
 Tm (°C)  Hm (J/g) 

1 1a+2a P1a2a 96 32 500 2.99 114.2 62.17 

2 1a+2b P1a2b 99 6 400 
c
 2.09 

c
 135.5, 159.9

d
 62.16 

3 1a+2c P1a2c 99 7 600 
c
 1.71 

c
 132.7 72.16 

4 1a+2d P1a2d 97 32 300 2.27 90.2 44.07 

5 1a+2e P1a2e 99 33 000 2.38 101.5 66.85 

6 1a+2f P1a2f 94 32 000 2.39 - - 

7 1a+2g P1a2g 77 57 600 2.64 55.9, 63.7
d
 48.82 

8 1a+2h P1a2h 99 71 000 2.04 - - 

9 1b+2a P1b2a 99 21 700 1.91 - - 

a Carried out in THF at 25 °C under air in the presence of DABCO. [1] = [2] = 0.40 M, [DABCO] = 

0.040 M. b Estimated by APC in THF on the basis of a PS calibration; Mw = weight-average molecular 

weight; Ð = polydispersity index (Mw/Mn, Mn = number-average molecular weight).c Partially soluble 

in THF.d Two separated melting peaks. 

Structure Characterization. A series of PVEEs P1a2a−P1b2a were obtained by our 

developed click polymerization. Most polymers can be dissolved well in common 

solvents. Fourier transformed infrared spectroscopy (FT-IR) and nuclear magnetic 

resonance (NMR) were used to characterize their structures (Figures 1−3 and S1−S3). 

Meanwhile, to assist the structural characterization of the polymers, the model 

compound M1 was prepared using the same conditions as the polymerization reaction 

(Scheme S6).  

Figure 1 shows FT-IR spectra of compound 1a, 2a, model molecular M1, and 

polymer P1a2a. The absorption peak of 1a associated with ≡C−H and C≡C stretching 

vibrations are observed at 3228 and 2112 cm
-1

, respectively. A strong absorption band 

at 3376 cm
-1

 is ascribed to the stretching vibrations of hydroxyl group in 2a. However, 



these characteristic peaks disappeared, and the absorption band of C=C stretching 

vibration appeared at 1638 cm
-1

 appeared for P1a2a, indicating that the ethynyl 

groups of 1a and the hydroxyl groups of 2a were consumed completely by the 

polymerization. Similar results were observed for M1 and other polymers 

P1a2b−P1b2a (Figure S1). 
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Figure 1. FT-IR spectra of (A) 1a, (B) 2a, (C) model compound M1 and (D) polymer 

P1a2a. 

To further verify polymer structures, 
1
H NMR and 

13
C NMR were also measured. 

1
H NMR spectra of 1a, 2a, model compound M1 and polymer P1a2a are shown in 

Figure 2. The ethynyl protons 1a were observed at 2.88 ppm. The hydroxyl 

characteristic protons of 2a in CDCl3 was not observed, because they may weaken or 

even disappear in CDCl3. The signal assigned to vinyl protons of M1 appeared at 7.59 

and 5.19 ppm, respectively. The P1a2a also showed the signals of vinyl protons at 



7.58 and 5.17 ppm.
40,44

 Similar 
1
H NMR spectra were obtained for other PVEEs 

(Figures S2 and S3). Interestingly, the polymers containing aliphatic chains only show 

E-isomeric configuration, while P1b2a showed a Z/E configuration. A 

transesterification also occurred when P1b2a was polymerized. By calculating the 

integral area of NMR, the ratio of transesterification was about 7%.
44
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Figure 2. 
1
H NMR spectra of 1a (A), 2a (B), M1 (C), and P1a2a (D) in CDCl3. The 

solvent peaks are marked with asterisks. 

The 
13

C NMR spectrum further substantiate the conclusions drawn from 
1
H NMR 

spectral analysis (Figure 3). The resonance peaks of the carbon atom of the ethynyl 

group at 74.86 and 74.69 ppm disappeared in the spectra of P1a2a, suggesting that it 



was completely converted by the reaction. Meanwhile, new peaks associated with 

vinyl carbon atoms of M1 and P1a2a appeared at 162.68 and 96.38 ppm. Similar 

results were observed for P1a2b−P1b2a (Figures S4 and S5).  
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Figure 3. 
13

C NMR spectra of 1a (A), 2a (B), M1 (C), and P1a2a (D) in CDCl3. The 

solvent peaks are marked with asterisks. 

Thermal properties of the resultant polymers. The resultant polymers are soluble 

in commonly used organic solvents, such as N,N-dimethylformamide (DMF), 

dimethyl sulfoxide (DMSO), dichloromethane (DCM), and ethyl acetate (EA). Their 

thermal stability was measured by TGA (Figure 4). Td values (5% weight loss) of all 

polymers are above 300 °C, suggesting that they have excellent thermal stability. 
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Figure 4. Thermogravimetric analysis (TGA) thermograms of P1a2a−P1b2a. Td 

represents the temperature of 5% weight loss of the polymers. 
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Figure 5. Differential scanning calorimetry (DSC) analysis of PVEEs: (A) crystalline 

polymers; (B) amorphous polymers. One-dimension wide-angle X-ray diffraction 

(1D-WAXD) of PVEEs: (C) crystalline polymers; (D) amorphous polymers. 

 



The thermal properties of the resultant PVEEs were also investigated by DSC, 

(Figure 5A and B). The polymers in Figure 5A exhibited melting peaks, indicating 

they are crystalline because of their flexible polymer chains. P1a2b and P1a2g 

showed two separated melting peaks probably due to the existence of defects in their 

crystals. No melting peaks were recorded in the DSC curves of P1a2f, P1a2h, and 

P1b2a, demonstrating that they are amorphous probably due to their irregular 

structures. Their glass transition temperatures (Tgs) were observed at 14.7, 32.1 and 

49.8 °C, respectively. The melting enthalpies (ΓHms) of these polymers are listed in 

Table 6. 

To determine the morphology of PVEEs, 1D-WAXD patterns were obtained. 

Figures 5C and 5D show 1D-WAXD profiles of the resultant polymers from P1a2a to 

P1b2a. P1a2f, P1a2h, and P1b2a in Figure 5D showed broad diffraction peaks, 

confirming the amorphous nature of these polymers. P1a2a−P1a2f and P1a2h 

exhibited sharp diffraction peaks, indicating that they have typical crystalline 

structures.
45,46

 The diffraction peaks were observed at 2θ = 20.0 
o
 and 24.3 

o
 for P1a2a, 

19.1 
o
, 23.1 

o
, and 24.9 

o
 for P1a2b, 23.8 

o
 for P1a2c, 23.4 

o
 for P1a2d, 19.6 

o
 and 

24.3 
o
 for P1a2e, 20.1 

o
 and 22.3 

o
 for P1a2g, respectively. These WAXD results are 

consistent with DSC data. 

Click polymerization of diphenols and diynes. To extend the scope of click 

polymerization, phenolic hydroxyl groups were used to replace alcoholic hydroxyl 

groups for reacting with diynes (Table S1). It was demonstrated that diphenols and 

diynes can be polymerized more efficiently even when the monomer concentration is 



only 0.1 M, revealing that DABCO-catalyzed click polymerization is not only 

applicable to alcoholic diols, but also to diphenols, thus providing a basis for further 

application of hydroxyl-diynes click polymerization. 

Photoluminescene (PL) properties and applications. Thanks to the great 

functional tolerance of this hydroxyl-yne click polymerization, the typical AIE moiety, 

TPE, was introduced into polymer chains to endow the polymers (P1a2h and P1a2j, 

Scheme S5) with AIE feature.
47-49

 Their emission behaviors were systematically 

investigated in THF/water mixtures with different water fractions (fws) (Figure S6). 

The PL curves of P1a2h and P1a2j in THF solution are nearly parallel with the 

abscissa axis, illustrating the weak emission in pure THF. Their PL intensities 

increased gradually with increasing fw, and reached the highest level at a fw of 90%, 

which are 65 and 125-fold higher than that in THF, respectively, demonstrating that 

P1a2h and P1a2j are AIE-active. Because of its high emission in the aggregate state 

and quenching effect of nitro groups of explosives, the aggregates of P1a2h and 

P1a2j may be used as a fluorescence probe to detect explosives, which is important 

for homeland security and antiterrorism.
50-52

 Commercially available picric acid (PA) 

was used as an explosive model to test this possibility. The mixture of THF/water with 

a fw of 90% was used as probe for both polymers. As depicted in Figure S7, PL 

intensities of aggregates of P1a2h and P1a2j decreased significantly upon the 

addition of PA into their aqueous solution, but the PL spectral profile remained 

unchanged, indicating the feasibility of such an application. 
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Figure 6. Cell viability of Hela cells in the presence P1a2d and P1b2a with different 

concentrations. 

The resultant polymers may also have potential biomedical applications due to their 

degradability.
40,53,54

 The cytotoxicity, one of the most important properties for 

biomedical application, was thus evaluated for both crude and purified polymers 

(P1a2d and P1b2a) using a standard MTT cell viability assay. Herein, a crude 

polymer containing the base catalyst DABCO was used as a control. The results 

showed that the cell viabilities remain over 80% at an even polymer concentration of 

0.02 M for Hela cells, indicating the low cytotoxicity of PVEEs (Figure 6). 

In summary, a more efficient metal-free click polymerization of diols and activated 

diynes was developed successfully under mild conditions. The polymers, PVEEs, 

with high molecular weights and good yields were prepared, and they possess good 

solubility and thermal stability. Depending on the flexibility of monomers, both 

semi-crystalline and amorphous polymers could be obtained. Thanks to the excellent 



functional group tolerance, the AIE-active TPE moieties could be introduced into 

polymers, endowing them with AIE features. The TPE-containing polymers may have 

potential applications for detecting explosives. Furthermore, these polymers may also 

be used in biomedical field due to their low cytotoxicity. The above results indicate 

that polymers obtained from this efficient metal-free click polymerization may be 

applied in various fields and this powerful hydroxyl-yne click react pave a way for 

facile saccharides modification, which is on-going in our group. 
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