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Abstract  

Among the sulfur-containing polymers, polythioethers remains very attractive structures 

due to their high sulfur atom content, making them interesting candidates for various 

industrial applications, for example in the fields of energy storage or biomedical applications. 

Although anionic ring-opening polymerization of episulfides is known since decades, only a 

limited number of efficient initiating systems enable the synthesis of well-defined polymer 

chains. In this work, a one-pot, two step method was developed in order to efficiently initiate 

the anionic ring-opening polymerization of propylene sulfide with alcohol or amine moieties 

using the latent thiol functionality of γ-thiolactones. First, the ring-opening of γ-thiolactones 

by alcohols or amines was investigated in the presence of various bases (BEMP, DBU, 

DMAP, tBuP1 and tBuP4). Then, the polymerization conditions were optimized allowing the 

synthesis of well-defined α,ω-heterotelechelic poly(propylene sulfide)s with controlled molar 

mass up to 10 kg.mol
-1

 as evidenced by SEC, 
1
H, 

13
C, and 2D NMR and MALDI-TOF mass 

spectrometry. Depending on the initiating function (alcohol or amine), the initiator and the 

polythioether chains are connected either by an ester or by an amide bond. The stability of 

these bonds was studied under basic conditions.  
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Introduction 

Over the last decades, sulfur-containing polymers have generated a persistent interest and 

various structures were developed, including poly(thioester)s, poly(thioamide)s, 

poly(thiocarbonate)s, poly(thiourethane)s or poly(thioether)s. In particular, even if they have 

been known for a long time, polythioethers, also called polysulfides, remain extremely 

interesting. As a matter of fact, they possess simple and extremely flexible main chains 

containing very high density of sulfur atoms (thioether functions) giving them valuable 

properties. They cover a broad range of physicochemical properties, such as high refractivity, 

heat resistance, heavy metal chelating properties or enhanced dielectrical properties.
1
 

Therefore, they find applications in a wide range of industrial fields
2-4

 ranging from 

commonly-used adhesives and sealing agents,
5-7

 to high tech products, such as optical devices 

(high refractive index polymers),
8
 or self-healing materials.

9, 10
 In the field of energy storage, 

polythioethers, especially poly(ethylene sulfide), have a high potential as solid-state 

electrolytes to replace poly(ethylene oxide) in lithium-ion batteries.
11

 In addition, polysulfides 

are commonly used as oxidation-responsive or antioxidant materials for biomedical 

applications due to their up to now unique well-controlled oxidation responsive behavior.
3, 12-

14
 For example, PPS nanoparticles or PEG-PPS vesicles can be used for oxidation-driven 

drug-release due to the ability of the hydrophobic PPS to be oxidized via chemical or 

enzymatic oxidation to hydrophilic polysulfoxides and/or polysulfones.
15, 16

 In addition, PEG-

PPS copolymers were also used to prepare protein repellent layers on implants using the metal 

affinity of the thioether group.
17

 

The anionic ring-opening polymerization (AROP) of episulfides (or thiiranes) is known for 

many years and allows the formation of various polythioether architectures.
18-21

 However, this 

polymerization is still under-developed in comparison with the one of epoxide monomers. 

While the advent of organic bases in AROP paved the way to new initiation sites for epoxide 
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monomers, only few families of nucleophilic molecules enable an efficient initiation and a 

good control of AROP of thiiranes,.
22-25

  

The following initiators were originally used for episulfide polymerization: carbanions 

(such as naphtalene sodium,
26, 27

 carbazyl sodium,
28

 or fluorenyl tetrabutylammonium
29

), 

thiolates (sodium, potassium, zinc, cadmium or quaternary ammonium thiolates),
30-33

 or 

quaternary ammonium dithiobenzoates.
34, 35

 Thiolate-zinc complex of N-methylporphyrins are 

effective for the immortal polymerization of episulfide.
36, 37

 Later, the use of protected thiols 

(in form of thioacetates) allowed a better control over polythioether molar mass and 

dispersity, avoiding thiol easy oxidation to disulfide and subsequent errors on the initiator 

concentration.
38

 The thioacetyl group is cleaved in situ by methanolysis leading to a thiolate 

able to initiated the controlled AROP of episulfides.
39-44

 Living episulfide polymerizations 

were also obtained using thiol / 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as initiating 

system allowing the preparation of various architectures.
11, 19, 20, 42, 45, 46

 Except for thiol and 

thiol-derived compounds, carboxylic acid derivatives have been employed as initiators using 

(Thio)acyl Group Transfer Polymerization developed by Nishikubo and coll.
47-49

  

Alcohol and amine groups are more common chemical moieties and easier to handle than 

thiol groups. Therefore, it would be greatly advantageous to use them as anchoring point for 

the episulfide polymerization, without any additional functionalization and purification steps. 

Previous works reported the use of sodium or potassium alkoxides as initiators but the 

prepared products were either ill-defined or poorly characterized.
11, 50

 In fact, direct initiation 

with another protic functions, such as an alkoxide, induces transfer reactions to the monomer 

and the control of the polymerization is therefore impossible.
51

 In 2020, the use of histamine 

primary amine function has been investigated as metal-free initiator for the ring-opening of 

propylene sulfide under acidic conditions.
52

 However, only very short polythioether chains 

(between 5 and 7 units) were obtained (lower than 700 g/mol). To the best of our knowledge, 
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controlled AROP of episulfides initiated directly by an alcohol or amine groups have never 

been reported.   

γ-thiolactones can be seen as latent thiols. In the presence of a base, the thiol can be 

released by nucleophilic aminolysis ring-opening of the cyclic thioester. This interesting 

feature is commonly used in macromolecular science. For example, N-acetyl homocysteine 

thiolactone (NHTL) is used for the thiolation of proteins and peptides.
53

 More recently, one-

pot multi-step reactions based on thiolactone chemistry have emerged as powerful tools to 

synthesize original macromolecular architectures and sequence-defined polymers.
54, 55

 It is 

worth noting that the homopolymerization of monocyclic γ-thiolactone has never been 

reported. However, we recently carried out the ring-opening copolymerization of 

thiobutyrolactones and epoxides leading to perfectly alternating poly(ester-alt-sulfide) 

structures, demonstrating the efficiency of the thiolactone ring-opening by alcohol in the 

presence of a phosphazene base.
56-58

  

In this paper, the efficiency of γ-thiolactone with alcohol or amine groups as initiating 

systems for the anionic ring-opening polymerization of propylene sulfide is investigated 

(Figure 1). The principle of this new method is to perform a one-pot synthesis in two steps, 

the first of which is the coupling between alcohol or amine group and thiobutyrolactone in the 

presence of a strong base. This preliminary functionalization of the initiator induces the 

formation of a thiolate through the ring-opening of the thiolactone, which can then initiate the 

controlled polymerization of the propylene sulfide in a second step. Particular attention is 

given to the nature of the chain ends and the control of the polymerization. The influence of 

the reaction conditions (solvent, base, nature of the thiolactone and reactant ratio) on the 

initiation efficiency is assessed. Finally, the stability of the ester or amide groups resulting of 

the ring-opened thiolactone linker is examined in basic conditions. 
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Figure 1. Postulated mechanism of the one-pot, two-step initiation method of the anionic ring-opening polymerization of 

propylene sulfide by alcohol or amine protic species. 

 

 

Results and Discussion 

The aim of the study is to diversify the range of nucleophilic groups that can efficiently 

initiate the controlled anionic ring-opening polymerization of episulfides and more 

specifically propylene sulfide. Hydroxyl functions are abundant in the organic field and their 

use as initiator remains a real potential for materials and biomaterials development. First part 

of the study will thus be devoted to the use of alcohol / γ-thiolactone as initiating system for 

the AROP of propylene sulfide. 

Alcohol functionalization: 

First, the coupling reaction between benzyl alcohol and γ-thiolactones was extensively 

investigated, in order to determine which reaction conditions facilitate the ring-opening of the  

thiolactone. Several reaction parameters were investigated: the nature of the thiolactone, the 

base, the solvent, the reaction temperature and the molar ratio of the reagents. Two 

thiolactones were studied: the γ-thiobutyrolactone (TBL) and the N-acetyl homocysteine 

thiobutyrolactone (NHTL). This last compound has the advantage of being bio-based as well 

as less expensive than TBL. The nucleophilic ring-opening reaction of the thiolactone by the 

alkoxide is followed by 
1
H NMR and we observed that an equilibrium is achieved as a 

function of the operating conditions. Indeed, the ring-opening of the thiolactone and the 

formation of an ester induce a clear downfield shift of the singlet corresponding to the benzyl 
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alcohol −CH2– (Figure S1). The rate of functionalization is calculated according to the 

equation shown in Figure S1. The functionalization rate was plotted as function of time for 

the different reaction conditions (Figure 2). The results of all the experiments, the time 

required to reach the equilibrium and the maximum coupling rate are reported in Table 1.  

Table 1. Summary of the conditions and results of the reaction between benzyl alcohol and thiobutyrolactones. 

Run Eq of TBL Base Solvent Temp (°C) 
Equilbrium 

Time (h) 

Maximum coupling rate a 

- τ (%) 

1 2 tBuP1 Toluene 25 2 52 

2 2 tBuP4 Toluene 25 100 18 

3 4 DBU Toluene 25 35 35 

4 2 BEMP Toluene 25 18 67 

5 4 BEMP Toluene 25 14 81 

5' 2+2 BEMP Toluene 25 24+24 55-76 

6 4 DBU THF 25 30 24 

7 4 BEMP THF 25 30 27 

8 2 BEMP Toluene 50 10 63 

9 2 BEMP Toluene 90 9 55 

10 8 BEMP Toluene 25 20 85 

11 4 (NHTL) BEMP Toluene 25 12 40 

12 4 (NHTL) BEMP THF 25 15 41 
a
 calculated by 

1
H NMR spectroscopy (Fig S1). 

Four runs were carried out under identical reaction conditions (25°C in toluene) but with 

different bases to determine their influence on the coupling efficiency (run 1-4, with tert-

butylimino-tri(pyrrolidino) phosphorane (tBuP1), N′′′-(1,1-dimethylethyl)-N,N′,N′′-

tris[tris(dimethylamino)phosphoranylidene] phosphorimidic triamide (tBuP4), DBU and 2-

tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP), 

respectively). BEMP shows the highest functionalization rate of 67% (Table 1, run 4). 

Therefore, the BEMP was selected for the first step of our initiating method. The number of 

TBL equivalents has a strong effect on the equilibrium: an increase of the number of TBL 

equivalents to 4 eq. (Table 1, run 5) or 8 eq. (Table 1, run 10) improved the coupling rate 

from 67% to 81% then to 85%, respectively. However, the difference between the run 5 with 

4 equivalents and the run 10 with 8 equivalents is not significant enough to justify to double 

the amount of TBL at this stage. In addition, run 5’ demonstrates the direct influence of the 
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number of TBL equivalents on the coupling rate. After 24 h of reaction in the presence of 2 

eq. of TBL, the coupling rate reached a plateau with a maximum rate of 55%. After the 

addition of 2 additional equivalents of TBL in the reaction mixture and 24 h reaction, a clear 

increase of the coupling rate up to 75% was observed (Figure S2). This result is consistent 

with a chemical equilibrium. The replacement of toluene by THF decreased the efficiency of 

the coupling (Table 1, run 7). Increasing the temperature did not increase the coupling rate, 

but only accelerated the reaction (Table 1, run 8 and 9). Finally, the use of the NHTL instead 

of TBL did not improve the reaction: the functionalization ratio of the alcohol remained 

limited to a maximum value of ≈ 40% both in toluene (Table 1, run 11) or in THF (Table 1, 

run 12). Thus, the most convincing results were obtained in toluene at 25°C with 4 

equivalents of TBL and using BEMP phosphazene base (Table 1, run 5).  

 

Figure 2. (a) Evolution of the functionalization ratio of the benzyl alcohol by the thiobutyrolactone with time in presence 

of different base : tBuP1 (run 1 in grey), tBuP4 (run 2 in pink), BEMP (run 4 in red, run 5 in blue, run 7 in purple) and DBU 

(run 3 in green and run 6 in orange). (b) Evolution of the functionalization ratio of the benzyl alcohol by the 

thiobutyrolactone with time in presence of the BEMP in toluene with different conditions : temperature (run 4 in orange and 

run 8 in red), equivalent of TBL (run 5 in green and 10 in blue) and with NHTL (run 11 in purple). 

 

The AROP of propylene sulfide is then investigated using alcohol - γ-thiolactone - BEMP 

as initiating system according to a one-pot two steps reaction process. According to the results 

obtained in the previous part, the alcohol-thiolactone coupling step is first carried out in the 
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presence of an excess of thiolactone and in the absence of monomer at 25°C for at least 20 h. 

The coupling time and coupling rate are shown in Table 2 for each reaction. Then, the 

monomer is added according to the conditions reported in Table 2. 

Table 2. Experimental conditions and molecular characteristics of propylene sulfide (5M) polymerizations using benzyl 

alcohol, a thiolactone and different bases as initiating systems. 

Run OH :BEMP :TBL :M Solvent 
Coupling - 

Time (h) 

τ 

(%) 
Time (h) T (°C) 

Cva

(%) 
Quencher 

Mn,th 

(g/mol) 

Mn,NMR
b 

(g/mol) 

Mn,SEC 

(g/mol) 
Dispersity 

13 1:1:0:50 Toluene - - 2 25 100 BrAcEt 3980 12900 2900 1.88 

14 1:1:2:50 Toluene 26 54 2 25 100 BrAcEt 4080 6300 3060 1.74 

15 1:1:4:50 Toluene 26 70 2 25 100 BrAcEt 4080 7400 2850 1.50 

16 1:1:4:50 DMF 24.5 low 0.25 25 100 BrAcEt 4080 13660 2330 2.02 

17 1:1:4:50 THF 26 17 2 25 100 BrAcEt 4080 11700 2190 1.95 

18 1:1:0:50 Toluene - - 2 -20 28 BrAcEt 1410 4480 2800 1.67 

19 1:1:4:50 Toluene 24.5 70 1.5 -20 100 BrAcEt 4080 7150 6000 1.24 

20 1:1:4:50 Toluene 24.5 68 0.8 -20 94 
Acetic 
acid 

3690 4700 9800 1.14 

21 1:1:4:50 Toluene 19.5 70 0.5 -20 74 BrAcEt 3110 4590 3850 1.31 

22 1:1:4:50 Toluene 22.5 69 0.5 -20 70 Allyl Br 2970 4990 3290 1.16 

23 1:1:4:100 Toluene 24 75 2.3 -20 74 Allyl Br 5814 8480 6870 1.20 

24 1 :1 :4 :100° Toluene 24 75 27 -20 71 Allyl Br 5590 6780 5910 1.26 

25 1 :1 :4 :100*° Toluene 24 72 25 -20 70 Allyl Br 5520 5630 5160 1.17 

26 1 :1 :4 :250*° Toluene 24 77 64 -20 70 Allyl Br 13300 13260 9000 1.45 

°: diluted monomer concentration : 2.5M instead of 5M 

*: dropwise addition of the monomer at 0.5 mL/h 
a
: monomer conversion calculated by 

1
H NMR spectroscopy by comparison of the free monomer signal 

integration with the corresponding polymer chain signal integration  
b
: experimental molar mass determined by 

1
H NMR spectroscopy of the purified product by comparison of a 

initiator signal integration with a polymer chain signal integration 

  

First, the polymerization of propylene sulfide was performed in the absence of thiolactone 

using benzyl alcohol - BEMP as initiating system in order to serve as reference (Table 2, run 

13). The direct initiation of propylene sulfide polymerization by an alcohol did not lead to the 

control of the molar masses. High dispersity is obtained and the experimental molar masses 

determined by NMR and size exclusion chromatography are not in agreement with the 

theoretical one. Mn,NMR is almost four times higher than Mn,th and Mn,SEC suggesting both low 

initiation efficiency and the occurrence of transfer reactions. These assumptions are 

confirmed by the 
1
H NMR spectrum of the reaction mixture after quenching by ethyl 
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bromoacetate, on which almost no ether function could be detected, suggesting that only an 

extremely limited amount of benzyl alcohol initiated polymer chains (Figure S3). In addition, 

signals corresponding to allyl end groups as a consequence of transfer to propylene sulfide 

monomer are detected between 4.95 and 5.10 ppm and between 5.80 and 5.95 ppm. An 

additional singlet is also visible at 5.24 ppm; we assume that this signal results from the 

transesterification reaction between non-reacted benzyl alcohol and ethyl acetate end-

functionalized polymer chains (Figure S4). The occurrence of the transfer reaction to the 

monomer and of the final transesterification reaction are confirmed by MALDI-TOF 

spectrometry, on which four distributions are visible (Figure S5). It should be noted that a 

minor population corresponding to polymer chains initiated by benzyl alcohol and terminated 

by ethyl bromoacetate is also visible on the spectrum. A decrease of the reaction temperature 

to -20°C (in order to reduce side reactions) did not help to improve these results (Table 2, run 

18) the polymerization stopped at only 28% monomer conversion. The results were improved 

by adding 2 or 4 equivalents of TBL as a co-initiator (Table 2, run 14 and 15). On the 
1
H 

NMR spectra of the final reaction mixtures after quenching, a peak at 5.16 ppm corresponds 

to the methylene group of the benzyl alkoxy connected to a ring-opened thiolactone unit 

(Figure S3). Moreover, no initiation by the alkoxide could be detected and a very strong 

decrease of the signals corresponding to the side-reactions is noted, especially in the case of 4 

equivalents of thiolactones with complete disappearances. Compared to the reaction carried 

out in the absence of TBL, the number-average molar mass determined by 
1
H NMR are closer 

to the Mn determined by SEC (Table 2, runs 14 and 15). However, the experimental Mn are 

still relatively far away from the theoretical Mn and the dispersities are high. The SEC profile 

of run 15 shows a tail towards low molar masses, which could results from the presence of 

undetected transfer reactions (Figure 3). 
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For Table 2 run 15, the reaction mixtures were analyzed by 
1
H NMR just before and just 

after the addition of episulfide. The spectra showed an increase in the rate of functionalization 

of the benzyl alcohol. Indeed, the functionalization of the thiolate by a growing polysulfide 

chain induces a Le Chatelier effect on the equilibrium of the benzyl alcohol - TBL coupling 

(Figure S6).  

The use of more polar solvents, namely DMF (Table 2, run 16) or THF (Table 2, run 17), 

did not improve the results compared to the reactions performed in toluene. In both cases, the 

solvents are not good promoters for the coupling between TBL and benzyl alcohol, leading to 

poorly α-functionalized polymer chains (Mn,NMR >> Mn,SEC), high dispersities and broad SEC 

traces (Figure S7).  

In order to minimize the transfer reactions, the polymerization temperature was reduced to -

20°C (Table 2, runs 19-22). At this temperature, dispersities are significantly lower (as low as 

1.14), suggesting a significant decrease of the secondary reactions during the polymerization. 

In addition, quenching the reaction before full monomer conversion allowed to greatly 

reduces the formation of intermolecular disulfide as illustrated by the comparison of the SEC 

traces of runs 19 and 22 (Figure 3). Indeed, this type of dimerisation reaction occurs mainly at 

the end of the polymerization.
38

 Different quenching agents were tested as reported in Table 

2, and the best results were obtained with allyl bromide. A quench with acetic acid (Table 2, 

run 20) formed only thiols at the end of the chain and promoted the spontaneous formation of 

disulfides (Figure S8). For the run 22, a good agreement between experimental and theoretical 

molar masses is observed and the dispersity is narrow with few disulfide formation (Figure 3). 

A kinetic study was performed at -40, -20, 0 and 25°C under similar conditions to those of 

run 22. For all the temperatures, the polymerizations were first order with respect to the 

monomer over the entire conversion range (Figure 4). These results demonstrates that the 
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concentrations of active centers remained constant during throughout the polymerizations: no 

termination reaction or slow initiation steps. Values of 0.161, 0.601, 1.395 and 1.920 L.mol
-

1
.min

-1
 for the rate constants of propagation (kp,app) were calculated from the slope of the 

regression lines for the polymerization performed at -40, -20, 0 and 25°C, respectively.   

 

Figure 3. SEC analysis of run 13 (a, in red), 15 (b, in blue), 19 (c, in green) and 22 (d, in purple) in THF. 

 

Figure 4. Kinetic study of the propylene sulfide polymerization in toluene using benzyl alcohol-TBL-BEMP as initiating 

system following time at different temperatures: -40°C (green), -20°C (blue), 0°C (purple), 25°C (red).    
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Other syntheses were carried out, aiming higher degrees of polymerization. Run 23 was 

performed using a ratio [M]0:[I]0 = 100:1. At high monomer conversion, the reaction medium 

became excessively viscous and the stirring stopped. SEC and NMR analyses witness 

significant disulfide bond formation (Figure S9). Therefore, the monomer concentration was 

divided by 2 ([M]0 = 2.5 mol.L
-1

 instead of 5.0 mol.L
-1

) keeping the same [M]0:[I]0 ratio. A 

better agreement between experimental and theoretical molar mass is observed but 

intermolecular disulfide coupling is still observed (Table 2, run 24). Run 25 was performed 

under dropwise additions of a monomer solution in toluene. Under these conditions, a very 

good agreement between experimental and theoretical Mn is observed. SEC trace is depicted 

in Figure S9: low dispersity is obtained and almost no disulfide formation can be observed at 

high molar mass. Finally, a degree of polymerization of 250 was targeted in run 26, leading to 

polythioethers with Mn of almost 10,000 g.mol
-1

.  

Table 2 run 22 and 25 polymers have been carefully characterized by 
1
H, 

13
C, COSY and 

HSQC NMR and MALDI-TOF spectrometry (Figures 5-6 and S10-S14). On the 
1
H NMR and 

13
C NMR spectra (Figures 5, S10 and S13), all signals could be attributed to the expected α,ω-

heterotelechelic polymer, bearing one benzyloxy ring-opened thiolactone and one allyl end 

groups. It is worth noting that in the case of Table 2 run 25, only the expected α,ω-

heterotelechelic poly(propylene sulfide) population is visible on the MALDI-TOF spectrum 

shown in Figure 6. However, in the case of Table 2 run 22, one major and two very minor 

distributions could be identified on the MALDI-TOF spectrum (Figure S14). For all the 

distributions, the molar mass difference between two peaks is strictly equal to the molar mass 

of one propylene sulfide repeating unit (74.02 mass unit) and all the three populations were 

identified. The main distribution corresponds to the expected poly(propylene sulfide) 

cationized by a sodium ion and end-terminated by a benzyloxy ring-opened thiolactone group 
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at one end and by an allyl group at the other end. The two minor populations can be attributed 

to poly(propylene sulfide) chains initiated by moisture traces or resulting from transfer 

reaction to the monomer.  

 

Figure 5. 1H NMR spectrum of run 25 in DMF-d7 at 25°C.  
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Figure 6. MALDI-TOF spectrum (reflectron mode) of a poly(propylene sulfide) synthesized using benzyl alcohol-

thiobutyrolactone-BEMP as initiating system at -20 °C (Table 2, run 25). 

 

This two-step initiation method allows functionalizing alcohols protic groups by AROP of 

episulfides in a controlled way. But it also induces the presence of an ester function between 

the initiator and the polymer chain. An hydrolysis was carried out on one α,ω-heterotelechelic 

poly(propylene sulfide) to evaluate the cleavability of this ester group. Table 2 run 22 

polymer was analyzed by 
1
H NMR before and after a simple treatment with sodium hydroxide 

at 0.1 mol.L
-1

 in a THF-methanol mixture (50% volume each). A shift of the methylene 

protons in alpha position of the aromatic ring from 5.19 ppm to 4.73 ppm is observed, proving 

the hydrolysis of the ester function and the cleavage of the benzyloxy during the treatment 

(Figure S15). In addition, after dialysis of the hydrolyzed product (1kDa cut-off), the signals 

corresponding to the benzyl alcohol are not present anymore while the signals of the polymer 

chain are still visible (Figure 7). The hydrolyzed polymer is also analyzed by SEC, 

demonstrating the integrity of the polymer chains (Figure S16). 
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Figure 7. 1H NMR spectrum (in DMF-d7 at 25 °C) of run 22 before (in red) and after (in green) basic hydrolysis followed 

by dialysis against THF.  

Amine functionalization: 

In order to further extend the scope of the nucleophilic compounds that can be used as 

initiators for episulfide AROP, similar investigations were performed using benzylamine. As 

previously, preliminary studies have been performed to investigate the thiolactone-amine 

equilibrium. The results of this study are summarized in Table 3 and in Figure S17. 

Table 3. Summary of the conditions and results of the reaction between benzylamine and thiobutyrolactones. 

Run Eq of thiolactone Base Solvent Temp (°C) 
Equilbrium 

Time (h) 

Maximum couplinga  

rate (%) 

27 4 (TBL) BEMP Toluene 25 2 6.5 

28 4 (TBL) BEMP THF 25 2 7 

29 2 (NHTL) BEMP THF 25 11 100 

30 4 (NHTL) BEMP THF 25 3.3 100 

31 4 (NHTL) BEMP THF 50 2.5 100 

32 4 (NHTL) BEMP Toluene 25 3 100 

33 4 (NHTL) DMAP THF 25 20 100 

34 4 (NHTL) tBuP4 THF 25 2.75 100 

35 4 (NHTL) DBU THF 25 0.75 100 
a
: calculated by 

1
H NMR spectroscopy (Figure S18). 

The optimized coupling conditions determined in the case of alcohol groups were applied to 

the functionalization of amine group with TBL in toluene or in THF providing very limited 

coupling rates (Table 3 runs 27 and 28). Du Prez et al. showed that the coupling between 
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NHTL and an amine in the presence of DMAP is quantitative,
36

 therefore we chose to replace 

TBL by NHTL (Table 3, runs 29-35). Unlike the reaction between TBL and benzyl alcohol 

where the functionalization rate did not exceed 85%, the coupling of benzylamine with NHTL 

was fast and quantitative under all the tested conditions.  

The AROP of propylene sulfide is then investigated using benzyl amine / NHTL / BEMP as 

initiating system according to a one pot two-step reaction process. The different reaction 

conditions are summarized in the table 4.  

Table 4. Experimental conditions and molecular characteristics of poly(propylene sulfide) samples synthesized using 

benzylamine, a thiolactone and different bases as initiating systems. 

Run NH2:BEMP: 

TBL:M 

Thiolactone Solvent T (°C) Coupling 

- Time (h) 

τ (%) Polym - 

Time (h) 

Cva (%) Mn,th 

(g/mol) 

Mn,NMR
b 

(g/mol) 

Mn,SEC 

(g/mol) 

Dispersity 

36 1:1:0:50 - THF -20 - - 2 75 3000 61270 10170 1.53 

37 1:1:4:50 TBL Toluene -20 27 7 0.7 36 1440 2490 6880 1.28 

38 1:1:4:50 NHTL Toluene -20 25 100 0.7 21 1020 1890 2840 1.37 

39 1:1:4:50 NHTL THF -20 24 100 1.25 100 4100 4380 4150 1.25 

40 1:1:4:100*° NHTL THF -20 3.5 100 19.5 100 7720 7410 6360 1.15 

°: diluted monomer concentration: 2.5M instead of 5M 

*: dropwise addition of the monomer at 0.5 mL/h 
a
: monomer conversion calculated by 

1
H NMR spectroscopy by comparison of the free monomer signal 

integration with the corresponding polymer chain signal integration  
b
: experimental molar mass determined by

1
H NMR spectroscopy of the purified product by comparison of a 

initiator signal integration with a polymer chain signal integration 

 

A first control experiment was conducted in THF with one equivalent of BEMP but without 

thiolactone (Table 4, run 36). The experimental number-average molar masses determined by 

SEC and 
1
H NMR are much higher than the theoretical one, suggesting a poor efficiency of 

amine groups as direct initiator for the polymerization of episulfides. In addition in SEC, the 

resulting polymer exhibits a high molar mass distribution (Đ = 1.56) with low-molar-mass 

tailing. A second control polymerization was carried out under the experimental conditions 

that had been optimized for benzyl alcohol initiator, i.e. in toluene in the presence of 1 eq. of 

BEMP and 4 eq. of γ-thiolactone (Table 4, run 37). Due to the low coupling rate (7%), the Mn 
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is not controlled and the polymerization rate is slow compared to those of the polymerizations 

using alcohol-γ-thiolactone as initiating system.  

As expected, the use of NHTL as a co-initiator greatly improved the results, especially 

when the reaction is performed in THF (Table 4, run 39). In this case, the coupling of 

benzylamine with NHTL is quantitative and a very good agreement is observed between the 

experimental Mn and Mn,th. In addition, a dispersity value equal to 1.25 was measured by SEC 

with a limited formation of disulfides (Figure S19). Eventually, a well-defined polymer with a 

higher Mn (6360 g.mol
-1

) and a low dispersity (Ð = 1.15) was synthesized using a monomer 

dropwise addition of the monomer (Table 4, run 40).  The last polymers were carefully 

characterized by SEC, NMR and MALDI-TOF spectroscopy (Figures 8-9 and S20-S24). All 

the 
1
H and 

13
C NMR signals could be attributed to the expected structure (Figures 8 and S23). 

These results are confirmed by MALDI-TOF spectroscopy where, in the case of run 40, only 

the population corresponding to poly(propylene sulfide) chains, terminated by allylbromide 

and initiated by the benzylamine linked to one unit of NHTL, could be evidenced (Figure 9). 

It may be noted that two minor populations are visible on the MALDI-TOF spectrum of run 

39 and correspond to moisture-initiated chains and transfer to the monomer (Figure S24). 
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Figure 8. 1H NMR spectrum of run 40 in DMF-d7 at 25°C. 

 

Figure 9. MALDI-TOF spectrum (reflectron mode) of a poly(propylene sulfide) synthesized using benzyl alcohol-

thiobutyrolactone-BEMP as initiating system at -20 °C (Table 4, run 40). 
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A kinetic study was performed at -40, -20, 0 and 25 °C under the conditions of run 39. At 0 

and 25°C, the polymerization were very fast and full monomer conversions were reached in 

less than 5 minutes. For the polymerizations at 0 and 25 °C, kinetic data could be fitted 

according to a first-order equation showing that the concentrations of the propagating species 

were constant and no termination reaction occurred over time (Figure S25). Values of 0.019 

and 0.643 L.mol
-1

.min
-1

 for the rate constants of propagation (kp,app) were determined. 

Then, the stability of the amide function between the initiator and the polythioether chain 

was tested on the polymer prepared in run 39 under basic conditions ([NaOH]0 = 0.1 mol/L in 

THF:methanol 50:50 in volume). 
1
H NMR analyses before and after hydrolysis demonstrate 

the stability of the amide, which is not hydrolyzed under these conditions contrary to the ester 

groups in the previous part of this work (Figure S26). 

  

Conclusion 

In conclusion, a one pot - two steps method has been developed in order to efficiently 

initiate the controlled AROP of propylene sulfide with alcohol or amine groups without any 

preliminary functional modification reaction. This could be achieved due to the latent thiol 

nature of thiolactones and to the study of their ring-opening by primary alcohols and amines 

generating thiolates in the presence of different organic bases and under different reaction 

conditions. Well-defined α-ω-heterotelechelic poly(propylene sulfide)s were synthesized with 

molar masses up to 10 kg.mol
-1

. In the case of alcohol moieties, the best results were obtained 

for reactions in toluene using TBL, while in the case of amine moieties, reaction should 

preferably be performed in THF using NHTL. Depending on the initiating function, the 

thiolactone linker unit inserts an ester or an amide bond between the initiating compound and 

the polythioether chain. The stability of these bonds were investigated under basic conditions. 
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Ester bond were hydrolyzed under the tested conditions and benzyl alcohol was released 

opening the way to prodrug synthesis strategy. It is noteworthy that the termination step is 

crucial to control the chain ends and to limit the formation of disulfides. A quench at low 

conversion was used to greatly limit these intermolecular couplings at the end of the 

polymerization. The possibility to use very common functional groups, such as alcohols or 

amines, as nucleophilic initiators for AROP of episulfides is expected to lead to new synthetic 

strategies for macromolecular engineering and to easier grafting-from polymerization reaction 

of polythioether chains on various functional (macro)molecules. 
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EXPERIMENTAL SECTION 

Materials. 2-tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-

diazaphosphorine solution (BEMP, 1.0 mol.L
-1

 in hexane, Sigma-Aldrich), N′′′-(1,1-

Dimethylethyl)-N,N′,N′′-tris[tris(dimethylamino)phosphoranylidene]phosphorimidic triamide 

solution (tBuP4, 0.8 mol.L
-1

 in hexane, Sigma-Aldrich),  tert-Butylimino-

tri(pyrrolidino)phosphorane (tBuP1, >97%, Sigma-Aldrich), 1,8-Diazabicyclo[5.4.0]undec-7-

ene (DBU, >99%, Sigma-Aldrich), CaH2 (93%, 0-2 mm grain size, Acros Organics), benzyl 

alcohol (99.8% anhydrous, Sigma-Aldrich), benzylamine (99,5%, Acros Organics), N-acetyl-

DL-homocysteine thiolactone (NHTL, >99%, Sigma-Aldrich), allyl bromide (99%, Alfa-

Aesar) and ethyl bromoacetate (98%, Alfa-Aesar) were used as received. Propylene sulfide 

(98%, TCI-Chemicals) and γ-thiobutyrolactone (TBL, 98%, Sigma-Aldrich) were cryo-

distilled over CaH2 twice prior use. Toluene and THF were dried with an MBRAUN MB 

SPS-800 solvent purification system under nitrogen. 
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Instruments. 
1
H and 

13
C NMR spectra were recorded in CDCl3 or DMF-d7 using a Bruker 

400 MHz NMR spectrometer. Size Exclusion Chromatography Experiment (SEC) were 

carried out on three PL gel Mixed-C 5µm columns (7,5  300 mm; separation limits: 0,2 to 

2000 kg.mol
-1

) maintained at 40°C and sample Viscotek GPCmax delivery module and 2 

modular detectors: a Viscoteck 3580 differential refractive index (RI) detector and a 

Shimadzu  SPD20-AV diode array UV detector. THF was used as the mobile phase at a flow 

rate of 1 mL.min
-1

, toluene was used as a flow rate marker. All polymers were injected (50 

μL) at a concentration of 5 mg.mL
-1 

after filtration through a 0.45 μm pore-size membrane. 

The OmniSEC 4.6.2 software was used for data acquisition and analysis. Number-average 

molar masses (Mn), weight-average molar masses (Mw) and dispersities were determined by 

SEC with a calibration curve based on poly(methyl methacrylate) standard, using the RI 

detector. 

Matrix-Assisted Laser Desorption and Ionization Time-of-Flight Mass Spectrometry 

(MALDI−TOF MS). Mass spectra were recorded by MALDI-TOF MS using dithranol as a 

matrix and NaI as cationizing agent using a Bruker Autoflex Speed mass spectrometer, 

equipped with a laser that produces pulses at 337 nm or using an Applied Biosystems 4700 

Proteomics Analyzer instrument. Spectra were recorded in reflectron mode at an accelerating 

potential of 20 kV. Samples were prepared by dissolving the polymer in THF at a 

concentration of 5 mg.mL
−1

. A 10 μL aliquot of this solution was mixed with 20 μL of matrix 

solution and 10 μL of NaI solution (both at 20 mg.mL
−1

 in THF). Poly(ethylene oxide) 

standards (Polymer Standards Service) of known structures, Mn =1500 g·mol
−1

 were used to 

calibrate the mass scale. In all cases, to determine m/z, the molar mass of the sodium cation 

was added. 
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Typical procedures for the study of the benzyl alcohol / γ-thiolactone equilibrium. In a 

glove box, 1mL of toluene, 25µL of benzyl alcohol (0.242 mmol, 1eq) and 42µL (0.484mmol, 

2eq), 84µL (0.968mmol, 4eq) or 168µL (1.936 mmol, 8eq) of thiobutyrolactone are 

introduced in a reaction tube. 240µL of 1M BEMP solution (0.240 mmol, 1eq) is then added. 

The tube is placed under stirring in an oil bath at the studied temperature. Samples are taken 

with a syringe through the septum to perform a 
1
H NMR analysis of the reaction medium. The 

functionalization rate of the benzylic initiator is then calculated by the integration ratio of the 

signals of the aliphatic proton of the initiator between its alcohol form and the ester form (Fig 

S1). A similar protocol has been used with benzyl amine instead of benzyl alcohol as initiator.  

General polymerization procedure. The polymerization was carried out according to the 

following typical procedure (Table 2, run 22). In a glove box, 1 mL of solvent (toluene or 

THF), 25 µL of benzyl alcohol (0.242 mmol) and 84 µL of thiolactone (4eq., 0.968 mmol) are 

introduced in a reaction tube. 240 µL of the 1M BEMP solution (1eq., 0.242 mmol) is then 

added using a microsyringe. The tube is placed under stirring in an oil bath at 25°C. After 20h 

of equilibrium for the coupling, the reaction tube is placed in an isopropanol bath 

thermostated at -20°C. After 20-30 min (when the reaction medium cooled at -20°C), 1 mL of 

propylene sulfide (50 eq., 12.1 mmol) is added dropwise through the septum (within 5 min of 

time to limit the temperature increase of the reaction mixture).  

A small portion of the reaction mixture was sampled through a septum at different times for 

1
H NMR analysis. The monomer conversion is determined by comparing the signals 

corresponding to the −CH3 of both monomer and polymer. After 70% of monomer 

conversion, an excess of terminating agent (0.1 mL of allyl bromide, 1.21 mmol, 5 eq.) is then 

added to quench the polymerization and let to react overnight. Then, the final reaction mixture 

is placed in the rotary evaporator to remove the solvents and the remaining volatile 

monomers. The resulting crude product is then analyzed by SEC in THF using PMMA 
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standard to determine the molar masses and then, dialyzed in cellulose ester membrane 

(Repligen Spectra/Por 6 dialysis tubing, flat width = 45 mm, molecular cutoff = 1 kDa) 

against THF for 24 h with 3 solvent changes. After removing the solvent under rotary 

evaporation, the product is dried under vacuum at 50 °C overnight. A colorless oil is obtained 

(yield = 80%) and analyzed by 
1
H, 

13
C, COSY, HSQC NMR and MALDI-TOF. Deviations 

from this general procedure are summarized in Tables 2 and 4. 

Typical procedures for hydrolysis. In a tube reaction, 100 mg of polymer is dissolved in 

1mL of NaOH solution (0.1 mol.L
-1

) in a mixture of methanol and tetrahydrofurane (50:50 

volume ratio). The tube is placed under stirring in an oil bath at 37°C. Samples are taken with 

a syringe through the septum to perform a 
1
H NMR analysis of the reaction medium. The 

functionalization rate of the benzylic initiator is then calculated by the integration ratio of the 

signals of the aliphatic proton of the initiator between its alcohol form and the ester form (Fig 

S1). After 17h of reaction (overnight), the reaction medium is neutralized with HCl. A liquid-

liquid extraction is performed with water and chloroform. The organic layers is recovered and 

dryied over MgSO4. After removing the solvent under rotary evaporation, the product is 

dialyzed in cellulose ester membrane (Repligen Spectra/Por 6 dialysis tubing, flat 

width = 45 mm, molecular cutoff = 1 kDa) against THF for 24 h with 3 solvent changes. After 

removing the solvent under rotary evaporation, the product is dried under vacuum at 50 °C 

overnight. A colorless oil is obtained (yield = 70%) and analyzed by 
1
H NMR and SEC in 

THF using PMMA standard to determine the molar masses. 

Supporting Information. NMR spectra of reaction mixtures and polymers, MALDI-TOF 

spectra and SEC traces.  
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