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Statistical and block copolymers of ethylene and 
vinyl acetate via RAFT polymerization 
 
A. Wolpers, F. Baffie, V. Monteil,* F. D’Agosto* 

 

 

A dithiocarbamate chain transfer agent (CTA) based on Z-group substituted with a diphenyl 

amine (-NPh2) moiety was selected for the synthesis of statistical and diblock copolymers of 

ethylene (E) and vinyl acetate (VAc) via reversible addition-fragmentation chain transfer 

polymerization. Benefiting from the good control chain growth of poly(ethylene) (PE), 

poly(vinyl acetate) (PVAc), and poly(ethylene-co-vinyl acetate) (EVA) achieved with this 

CTA, linear diblock copolymers of the type EVA-b-PE, EVA-b-EVA, and PVAc-b-EVA 

were successfully synthesized. A three-arm EVA star was additionally obtained starting from 

a trifunctional dithiocarbamate CTA. 

 

 
 

1. Introduction 

Together with low density polyethylene (PE), copolymers of ethylene (E) and vinyl acetate 

(VAc) are probably the most important class of copolymers based on E produced industrially 

by conventional radical polymerization. These poly(ethylene-co-vinyl acetate) (P(E-co-VAc)) 

can feature a broad range of compositions from very low to high content of VAc and are 

accordingly called EVA or VAE, respectively. With this variety of products obtained with a 

single and simple set of inexpensive monomers, namely E and VAc, multiple important 

applications
1–4

 can be targeted in various areas such as fuel additives, wires, cable insulations 



or foams, adhesives, coatings but also very recently drug delivery or advancing healthcare.
5,6

 

Vinyl alcohol-based copolymers are also of industrial interest. They are in majority obtained 

by hydrolysis of preformed polymers based on VAc. This besides emphasizes the importance 

of P(E-co-VAc) that can further find applications as gas barriers after hydrolysis.
7
  

To achieve these various compositions, copolymerizations of E and VAc are performed under 

various conditions either under harsh pressure and temperature conditions (>150 °C and 

>1000 bar, respectively) but also in bulk, solution or in dispersed media, mostly by aqueous 

emulsion polymerization in the latter case.
8
 In this context, it is easy to anticipate that 

strategies that could combine free radical polymerization and the above mentioned processes 

to produce new architectures including block copolymers based on P(E-co-VAc) segments 

are of real interest. The design of such architectures however requires mastering reversible 

deactivation radical copolymerization (RDRcoP) of E and VAc. RDRP
9
 is indeed achieved 

through an equilibrium between propagating radicals and dormant species that is established 

either via a reversible termination or transfer reaction. One could then argue that the 

discovery and the advances made in this area over the last 25 years
10

 would have allowed a 

direct transposition of the available RDRP techniques. However, the peculiar reactivity of E 

and VAc that can be considered as less activated monomers
11,12

 and the high reactivity of the 

corresponding propagating radicals made this transposition successful only by focusing on 

RDRP techniques based on a reversible degenerative chain transfer. This is indeed consistent 

with the fact that controlled VAc radical homo- and copolymerization is known for many 

years now and successfully achieved by reversible addition-fragmentation chain transfer 

(RAFT),
13

 organotellurium mediated radical polymerization (TERP),
14,15

 cobalt-mediated 

radical polymerization (CoMRP),
16

 iodine transfer polymerization (ITP).
17

 Copolymerization 

of VAc and E by RDRP was indeed pioneered in 2005 by Sen et al.
18

 Inspired by these 

works, Jérôme et al. showed in 2007 that the transposition to CoMRP was possible with 



relative success
19

 and the corresponding system was extensively studied by Detrembleur et al. 

only recently.
20

 The authors fairly mentioned that the homopolymerization of E with the same 

controlling systems was not achieved. Consistently, as based on optimized control 

polymerizations of VAc by ITP and CoMRP, these systems rapidly failed at providing the 

synthetically challenging P(E-co-VAc) with high content of E (> 60% of E). This was 

however not an impediment to already tune the architectures of the obtained VAE for the first 

time using a RDRP.
21–24

 

On our side, we recently postulated that the synthesis of these well-defined copolymers over 

the range of compositions depicting both EVA and VAE would be possible only with a 

system that controls the yet unachieved homopolymerization of E. Compared to VAc 

homopolymerization and copolymerizations of VAc with E, E homopolymerization 

additionally requires operating conditions compatible with the use of high pressures and for 

which the inherent irreversible chain transfer reactions are minimized.
25

 Recently, in a study 

dedicated to the controlled copolymerization of E and cyclic ketene acetal,
24

 CoMRP of E 

was briefly reported to be controlled without any side reaction at 75°C using 

azobisisobutyronitrile (AIBN) and a Co(II) chain transfer agent in a ratio 6:1. Control 

homopolymerizations of E were indeed achieved for the first time by RAFT using 

dithiocarbonate
12

 as controlling agents quickly followed by the use of organotellurium-

mediated radical polymerization (TERP).
26

 Yet, RAFT and TERP systems both suffered from 

a distinct side reaction of their intermediate radical species. These side reactions could 

however be strongly reduced via the use of aromatic chain transfer agents.
26,27

 This growing 

understanding of the underpinning mechanisms that governs the control led us to successfully 

consider and apply ITP to E as this polymerization technique does not involve intermediate 

radicals.
28

 Copolymerizations of E and VAc using ITP was also thoroughly investigated and 



as expected allowed not only to produce well-defined EVA and VAE but also block 

copolymers based on EVA or VAE segments. 

In the particular case of RAFT, aromatic dithiocarbamates revealed to be very promising 

controlling agents for E polymerization.
27

 However, the copolymerization of E and VAc and 

the design of macromolecular structures based on EVA including block copolymers were not 

reported. Recently, an analogous study was carried out in the presence cyclic ketene acetal 

comonomer under however surprising reaction conditions (recipes based on 2 to 4 mL of 

reactants in a 100 mL reactor over 22h).
29

 In the present study, aromatic dithiocarbamates and 

xanthates (Figure 1) were investigated as chain-transfer agents (CTAs) in the 

copolymerization of E and VAc. This first screening step allowed to identify a promising 

CTA that was further used for the design of EVA-b-PE, PVAc-b-EVA, and EVA-b-EVA 

block copolymers. In addition, a three-arm EVA star was investigated through the use of a 

CTA carrying three dithiocarbamate moieties.  

 

2. Experimental 

The experimental setup and conditions used for the homopolymerization of E are similar to 

those used in our previous studies
12,26,27

 and are briefly described below. In a general 

procedure, the radical initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) and the CTA—or 

macromolecular CTA (macroCTA) in the case of chain extension—were stirred under argon 

atmosphere in 50 mL of dimethyl carbonate (DMC) in a 160 mL autoclave reactor at either 

70 °C or 80 °C and at a constant E pressure up to 84 bar. After a predetermined 

polymerization time, the reactor was cooled down, opened, and the contents were collected 

with toluene. A similar process was used for copolymerizations of E and VAc, with the only 

difference that instead of 50 mL of DMC, a mixture of DMC and VAc with a total volume of 

50 mL was used.
4,12,27

 Homopolymerizations of VAc were performed in bulk with 8 mL of 



VAc in a 15 mL glass vial under argon atmosphere. For all systems, monomer conversion 

was determined gravimetrically. To measure their molar mass distributions (MMDs), the 

polymeric products were analyzed by size-exclusion chromatography (SEC). SEC using THF 

as eluent at 35°C and equipped with a refractive-index (RI) and a UV detector was employed 

for soluble copolymers of E and VAc and for PVAc using a conventional calibration with 

polystyrene standards or a universal calibration, respectively. For less soluble (co)polymers 

with a higher E content, SEC using 1,2,4-trichlorobenzene (TCB) as eluent at 150 °C 

equipped with an RI detector was carried out using a conventional calibration with PE 

standards. NMR spectroscopy of the polymeric products was carried out at 90 °C in benzene-

d6/tetrachloroethene in a volume ratio of 1:2. The materials used, the experimental setup, the 

polymerization procedure, and the analytical methods are described in more detail in the 

Supporting Information. 

 

3. Results and Discussion 

Selection of a suitable CTA 

In order to find a suitable CTA for block copolymerizations, various xanthates and 

dithiocarbamates were tested in a screening phase, in which EVAs were produced from 

RAFT copolymerizations of E and VAc (see Figure 1). It should be noted that the screening 

was aimed at the rapid identification of the most promising CTAs based on the molar mass 

characteristics of the obtained copolymers and the consumption of the CTAs, rather than a 

detailed kinetic analysis of the respective polymerization systems. The pool of CTAs was 

chosen based on previous work on RAFT polymerizations of E.
12,27,30

 Xanthates and 

dithiocarbamates are generally suitable CTAs for less activated monomers (LAMs), which 

include E and VAc, by destabilizing the intermediate radical in the RAFT equilibrium. For 

the screening, EVAs with number-average molar-mass (Mn) values between 1500 and 

5500 g mol
−1

 with VAc contents between 14 and 18 mol% were prepared. The respective 



conditions and results of the polymerization systems involving the different CTAs are 

described in detail in Tables S1–S2. The EVA chains formed show Mn values in the range of 

those theoretically expected (Mn,theo), with dispersities (Ð) ranging from 1.5 to 3.9. Although 

the use of X1 and X2 results in EVAs with lower Ð values, the xanthate end-groups undergo 

significant side reactions which lead to a loss of chain-end functionality during the 

polymerization. This is an effect that has been equally observed in homopolymerizations of E 

and is attributed to the affinity of the intermediate radical to undergo side fragmentation in 

case of X1
12,27

 or cross termination in case of X2.
27

 These side reactions have been shown to 

be much less pronounced or even negligible for dithiocarbamates.
27

 In this respect, it should 

be noted that the end-group chemistry of PEs is very similar to that of EVAs, as the ultimate 

monomeric unit is likely to be E rather than VAc even at quite high VAc contents, which will 

be described in detail later. DTC1 is indeed rapidly consumed at the beginning of the 

polymerization (Table S2) leading to a fast (re)initiation of new chains. DTC2 is consumed 

rather slowly and thus (re)initiation of chains is slow. A significantly slower consumption of 

DTC2 compared to DTC1
30

 as well as compared to DTC3, DTC4, and DTC5
27

 has already 

been observed in earlier E polymerizations. While DTC3, DTC4, and DTC5 are consumed 

rapidly, all three CTAs lead to EVAs with significantly broader MMDs than DTC1 (Table 

S1). Xanthates and dithiocarbamates with aromatic Z-groups, in contrast to xanthates with 

aliphatic Z-groups, have been shown to cause a more or less pronounced rate retardation of E 

polymerizations.
27

 Similar observations were made in the present work for EVAs and all 

CTAs except X1 lead to rate retardation (Table S1, monomer conversion after 3h), although 

this effect was not thoroughly investigated here. By far the strongest rate retardation was 

caused by DTC6 and almost no polymerization was observed even when the concentration of 

the radical initiator AIBN was doubled compared to the systems of the other CTAs. The fact 

that DTC6 leads to such a strong retardation that it is practically not usable as a CTA has also 



been observed in E polymerizations.
27

 In conclusion, consistent with our recent findings on 

the superiority of dithiocarbamate CTAs based on an NPh2 Z-group versus NPh(Me) in E 

homopolymerization,
30

 this preliminary screening study led to consider DTC1 as the most 

promising CTA for the design of macromolecular structures based on E and VAc.  

 
Figure 1. CTAs used in the screening phase to produce EVAs in statistical copolymerizations 

of E and VAc. X: Xanthate, DTC: dithiocarbamate. R: (re)initiating group, Z: stabilizing 

group. 

 

Generation of PE, PVAc, and EVA in the presence of DTC1 

In the following, exemplary RAFT systems are presented, which produced PE, PVAc, and 

EVA in the presence of DTC1. For each system, polymerizations were performed for two 

different polymerization times (see Table 1). Both PE and EVA were produced in an 

autoclave at an E pressure of 75 bar in the solvent DMC. PVAc was produced in bulk at 

ambient pressure in a glass vial. For all three systems, the concentration ratio of DTC1 and 

the radical initiator AIBN was [DTC1]:[AIBN] = 3:1. More detailed information on the 

reaction conditions is given in Table 1. All three systems yield polymer with unimodal 



MMDs shifting toward higher molar masses for longer polymerization times (the respective 

MMDs are presented in the Supporting Information), resulting in increasing Mn values with 

increasing monomer conversion, as expected in a successful RAFT polymerization. It should 

be noted that for the EVA particularly prepared in the present work, the exact Mn and Ð 

values obtained from SEC analyses should be taken with caution. This is because their 

individual structural properties (i.e., different block lengths, different VAc contents) are 

likely to lead to different elution behavior during the SEC experiment.  

 

Table 1. Results of three different RAFT polymerization systems with DTC1 producing (i) 

PE, (ii) PVAc, and (iii) EVA for two different polymerization times each. 

entry polymer 

type 

polymerization 

time 

monomer 

conversion 

[g] 

VAc 

content 

[mol%]
a
 

Mn [g mol
−1

] (Ð) 

via SEC
b
 

Mn,theo 

[g mol
−1

]
c
 

1
d
 PE 3 h 0.40 0 1100 (1.32) 900 

2
d
 " 5 h 0.68 0 1300 (1.34) 1400 

3
e
 PVAc 2.4 h 0.80 100 1400 (1.29) 1400 

4
e
 " 4 h 3.76 100 6700 (1.43) 5400 

5
f
 EVA 1.5 h 0.45 18 3700 (2.3) 2800 

6
f
 " 3 h 1.32 17 11 000 (1.88) 7500 

a
From 

1
H NMR spectroscopy. 

b
In TCB at 150 °C for PE, in THF at 35 °C for PVAc and 

EVA. 
c
Mn,theo = monomer conversion (both E and VAc, in g) / amount of DTC1 (in mol) + 

MDTC (in g mol
−1

). 
d
In an autoclave at 80 °C: 75 bar of E, 35 mg of AIBN, [DTC1]:[AIBN] 

= 3:1, in 50 mL of DMC. 
e
In a glass vial at 70 °C: 8 mL of VAc, 40 mg of AIBN, 

[DTC1]:[AIBN] = 3:1, no solvent. 
f
In an autoclave at 80 °C: 75 bar of E, 10 mL of VAc, 

10 mg of AIBN, [DTC1]:[AIBN] = 3:1, in 40 mL of DMC (total volume of 50 mL). 

 

Figure 2a shows the 
1
H NMR spectrum of PE of entry 1. The spectrum confirms the 

expected end-capped PE species. For the CH2 protons adjacent to the CS2 unit, a 

characteristic triplet d can be observed at about 3.2 ppm,
12,27

 while the signal b for the protons 

of the E repeating units is located at about 1.3 ppm. Figure 2b shows the spectrum of PVAc 

of entry 3. Again, the expected end-capped polymer species can be observed, with the 

characteristic CH signal m adjacent to the CS2 unit at about 6.8 ppm.
31–33

 The signals of the 

VAc repeating units are located at 4.9 ppm (j) and from 1.9 ppm to 1.7 ppm (i and k). In this 

context, it should be mentioned that for basically all end-capped chains, the acetate group of 

the VAc unit is located at the ultimate C atom next to the CS2 unit, just as in the chemical 



structure depicted in Figure 2b. Alternatively, the acetate group can also be located at the 

penultimate C atom, which results in the structure –CH(OC(O)CH3)–CH2–CS2. This leads to 

a characteristic signal between 3.6 ppm and 3.1 ppm for the CH2 protons
34

 and is a result of 

the so-called head-to-head addition of VAc with the substituted side of its double bond to the 

growing macroradical. This species accumulate during RAFT polymerizations due to its low 

reactivity toward (re)activation compared to the species presented in Figure 2b.
34,35

 This 

effect does not appear to be significant here as the corresponding signals are of very low 

intensity. Figure 2c shows the spectrum of EVA of entry 5. The expected polymer species 

can be confirmed. The characteristic signal w for the CH2 protons adjacent to the CS2 unit is 

located at 3.2 ppm. Similar to the corresponding homopolymers, the signals of the protons of 

VAc are located at 4.9 ppm (t) and from 1.9 ppm to 1.7 ppm (s and u) and those of E at 

1.3 ppm (r). An interesting aspect is that all chains are end-capped with an ultimate E unit 

and there is no signal to indicate an ultimate VAc unit (cf. signal m at about 6.8 ppm), even 

though the EVA has a VAc content of 18 mol% after all. This effect is due to the fact that an 

end-capped chain with an ultimate VAc unit can be (re)activated more easily than one with 

an ultimate E unit, which makes latter species more stable.
12,27

 For this reason, the end-group 

chemistry of EVAs is similar to that of PEs.  

 



 
Figure 2. 

1
H NMR spectra of (a) PE (Table 1, entry 1), (b) PVAc (entry 3), and (c) EVA 

(entry 5). 
$
Polymerization solvent DMC, *collecting solvent toluene, –CH3 stems from inter- 

and intramolecular chain transfer inherent for radical polymerizations of E, yielding branched 

polymer chains. 

 

For the CH2 adjacent to the CS2 unit, the same chemical shift of 3.2 ppm is obtained for PE 

(signal d) and EVA (signal w). It can be seen, however, that for PE a clean triplet is obtained, 

while for EVA the signal is somewhat distorted and seems to consist of two or more 

superimposed triplets. This is due to the fact that even if VAc is not the ultimate monomer 

unit in the chain, a higher VAc content increases the probability that VAc is the penultimate 

unit, which slightly influences the shift of the protons of the ultimate E unit. Figure 3 shows 

1
H NMR signals of the protons corresponding to the said signals d or w at 3.2 ppm for PE and 

EVAs with different VAc contents produced in the presence of DTC1. As the clear trend 



shows, the higher the VAc content of the polymer, the more distorted the signal is. This 

distortion of the type of signal with the VAc content in EVA was already observed when 

synthesizing EVA using ITP.
28

 This is indeed a very useful tool to quickly identify if chain 

extension takes place when block copolymers containing different contents of VAc in the two 

blocks are targeted (see below). The different VAc contents were obtained by varying the E 

pressure and/or the VAc volume, and a detailed list of the polymerization conditions and 

results is included in Table S3. In this respect, it should be noted that the impact of the CTA 

and thus the RAFT mechanism on the EVAs’ VAc content is expected to be minor, if any. 

Indeed, for the EVA system in Table 1 (entries 5 and 6), copolymer with VAc contents of 

18 mol% and 17 mol% was obtained using an E pressure of 75 bar and a VAc volume of 

10 mL, while a comparable conventional polymerization system without CTA yielded an 

EVA with 16 mol% of VAc (data not shown). 

 

 
Figure 3. 

1
H NMR signals at a chemical shift of about 3.2 ppm stemming from the CH2 

protons adjacent to the CS2 unit: for PE (Entry 1 in Table S3, cf. signal d in Figure 2a) and 

EVAs with different VAc contents (Entries 2 to 6 in Table S3, cf. signal w in Figure 2c). 

 

Discussion about the order of block copolymerizations 

In the present work three different types of block copolymers were targeted: EVA-b-PE, 

PVAc-b-EVA, and EVA-b-EVA (with EVA blocks of different VAc contents). For each 

type, the order of the block polymerizations was chosen based on (i) solubility and (ii) 

chemical reactivity of the first block, which can be considered as macromolecular CTA 

(macroCTA). (i) PE is only soluble in DMC for very low molar masses of several hundreds 

of g mol
−1

.
26

 The higher the VAc content of the copolymer, the better the copolymer can be 



dissolved in DMC and thus the better its participation as a macroCTA during the 

polymerization. (ii) The radicals generated from a PVAc macroCTA are mostly secondary, 

while the radicals generated from either an EVA or PE macroCTA are primary. Secondary 

radicals show a higher reactivity toward the (re)initiation of the second block and thus a 

better architectural control than primary ones. The two effects (i) and (ii) lead to the 

conclusion that as a general strategy, the block with the higher VAc content should be 

synthesized first, in order PVAc, EVA with a higher VAc content, EVA with a lower VAc 

content, PE. 

 

EVA-block-PE 

The nomenclature is introduced that EVA22 corresponds to an EVA with 22 mol% of VAc. 

An EVA22-b-PE block copolymer was synthesized from a chain extension of the macroCTA 

EVA22 (Table 2, entry 1), which in turn was synthesized in the presence of DTC1 (details 

on the synthesis of the first block and all other first blocks in Table 2 are presented in the 

Supporting Information). Figure 4 shows SEC traces of EVA22 and EVA22-b-PE, so before 

and after chain extension, which show unimodal chain distributions and a clear shift toward 

higher molar masses. Furthermore, the SEC trace of a PE produced by conventional radical 

polymerization without macroCTA, but under otherwise identical conditions is also presented 

in Figure 4. The fact that the trace of PE is at much higher molar masses indicates that the 

macroCTA is involved in the polymerization and formation of the diblock. In addition, the 

polymerization rate during chain extension is significantly lower compared to the 

conventional system (0.97 g versus 2.4 g of E conversion after 5 h), just as is expected for a 

RAFT polymerization of E with a CTA containing an aromatic Z-group.
27

 As was already 

mentioned for EVA and for the same reasons, for the block copolymers of E and VAc , the 

exact Mn and Ð values obtained from SEC analyses should be taken with caution. However, 



the well-defined chain-ends identified by 
1
H NMR above allowed us to determine molar 

masses. As an example, EVA19 used in the chain extension experiments in Table 2 exhibits a 

Mn of 1580 g mol
−1 

when determined using the chain end 
1
H NMR signals while the 

theoretical Mn,theo was 1600 g mol
−1

 (Mn,SEC = 1900 g mol
−1

). Indeed, a good match is 

obtained between the values obtained with 
1
H NMR analyses and the expected ones as shown 

for EVA-b-EVA samples presented in Table 2. 

 

Table 2. Diblock copolymers obtained by chain extension of macroCTAs
a
 synthesized in the 

presence of DTC1. 

entry polymer 

type 

first 

block/macr

oCTA: 

Mn (Ð); 

mol% 

VAc
b
 

E pressure; VAc 

volume, mass of 

AIBN; 

polymerizations time 

monome

r 

conversi

on 

diblock: 

Mn (Ð);
c
 

mol% VAc
d
 

diblock: 

Mn
e
/Mn,th

eo (g mol
-

1
) 

second 

block: 

mol% 

VAc
f
 

1 EVA22-b-

PE 

1400 g 

mol
−1

 

(1.99); 22 

75 bar; –; 34 mg; 5 h 0.97 g 4300 g mol
−1

 

(1.64); 6 

3500/27

00 

0 

2 EVA19-b-

EVA11 

1900 g 

mol
−1

 (2.2); 

19 

84 bar; 7 mL; 10 mg; 1 

h 

0.41 g 6500 g mol
−1

 

(1.73); 14 

4300/38

00 

11 

3 EVA19-b-

EVA03 

" 84 bar; 3.5 mL; 10 mg; 

0.5 h 

0.13 g 2700 g mol
−1

 

(2.4); 12 

2550/23

00 

3 

4 EVA32-b-

EVA10 

1100 g 

mol
−1

 (2.1); 

32 

84 bar; 7 mL; 15 mg; 

0.8 h 

0.32 g 2900 g mol
−1

 

(2.5); 16 

2750/22

00 

10 

5 EVA32-b-

EVA03 

" 84 bar; 3.5 mL; 16 mg; 

1.2 h 

0.34 g 4700 g mol
−1

 

(1.69); 10 

3300/22

00 

3 

6 PVAc-b-

EVA09 

1400 g 

mol
−1

 

(1.29); 100 

75 bar; 7.5 mL; 15 mg; 

0.5 h 

0.29 g 3700 g mol
−1

 

(1.90); 31 

3150/24

00 

9 

7 PVAc-b-

EVA10 

" 75 bar; 7.5 mL; 8 mg; 

0.7 h 

0.43 g 7500 g mol
−1

 

(2.0); 20 

7200/44

00 

10 

8 PVAc-b-

EVA13 

800 g mol
−1

 

(1.38); 100 

75 bar; 7.5 mL; 13 mg; 

0.7 h 

0.42 g 3000 g mol
−1

 

(2.1); 22 

2800/23

00 

13 

a
Polymerization conditions: in an autoclave; in DMC, total volume (DMC and VAc) of 

50 mL; [macroCTA]:[AIBN] = 3:1; at 80 °C. 
b
Polymerization systems presented in the 

Supporting Information. 
c
In TCB at 150 °C for entry 1, in THF at 35 °C for all other entries. 

d,e
From 

1
H NMR spectroscopy. 

f
Calculated considering the VAc contents of the diblock and 

the first block. 

 



 
Figure 4. SEC traces of EVA22 (produced in the presence of DTC1) before and after 

extension with PE by RAFT (Table 2, entry 1) compared to PE produced from a 

conventional system. SEC analysis in TCB at 150 °C. 

 
1
H NMR spectra of EVA22 and EVA22-b-PE are presented in Figure 5. The signals are 

assigned as represented by the structural formula, including the monomer units of VAc 

(signals b–d) and E (signal e). Chain extension is supported by the transformation of signal f, 

corresponding to the CH2 protons adjacent to the CS2 unit. As the environment of the CH2 

protons changes from an EVA with 22 mol% of VAc to PE with 0 mol% of VAc, signal f in 

Figure 5 transforms from a fairly distorted signal to a clean triplet consistently with what was 

mentioned above (Figure 3). Apart from chain extension, another triplet can be seen at about 

2.4 ppm. This indicates the formation of a thioether species and a loss of chain-end 

functionality due to cross-termination events during the extension with PE, as it was 

described earlier for xanthates and dithiocarbamates with aromatic Z-groups.
27

 The extent of 

supposed thioether formation can be obtained by comparing the corresponding signal at 2.4 

ppm with the original signal at 3.2 ppm of the CH2 adjacent to the CS2 unit. The calculation 

gives here 30% of RAFT groups transformed. It remains unclear at the moment why this 

side-reaction seems to be much more pronounced in chain extension than in the 

homopolymerization of E (cf. Figure 2a, about 5% of RAFT groups transformed). In any 

way, the pronounced shift of the unimodal distribution in Figure 4 indicates a rapid and 



quantitative chain extension, so that it can be expected that this side reaction only occurs 

gradually during the polymerization. 

 

 
Figure 5. 

1
H NMR spectra of EVA22 (synthesized in the presence of DTC1) before and after 

chain extension with PE to produce EVA22-b-PE (Table 2, entry 1). 
§
NMR solvent benzene, 

$
transfer to polymerization solvent DMC. 

 

EVA-block-EVA 

Similar to EVA-b-PE, EVA-b-EVA copolymers were prepared by chain extensions of an 

EVA macroCTA synthesized in the presence of DTC1. In this context, two EVAs with about 

20 mol% and 30 mol% of VAc were each extended with EVAs with about 10 mol% and 

5 mol% of VAc. The resulting four different diblock copolymers are presented in Table 2 

(entries 2 to 5). EVA-b-EVA like those produced here can be considered as simplified 

gradient copolymers, while the synthesis of copolymers with more than two blocks and more 

similar VAc contents would clearly lead to a smoother change of monomer composition 

along the chain. VAc contents of about 10 mol% and 5 mol% were targeted for the second 

block by selecting E pressures and VAc volumes for which EVAs with the corresponding 



VAc contents were obtained in previous polymerizations. The actual VAc contents of the 

second blocks were calculated considering the VAc contents of the diblock and the first 

block. They are close to the targeted ones (see last column of the Table 2). For all four 

diblock copolymers, NMR and SEC data indicated successful chain extension. This is 

elaborated below using the example of EVA32-b-EVA03 (entry 5), while the spectral data of 

the other diblock copolymers are presented in the Supporting Information. Figure 6 displays 

the 
1
H NMR spectra of EVA32 (before extension) and EVA32-b-EVA03 (after extension). 

As observed before, the originally distorted signal f of the CH2 protons next to the CS2 unit is 

transformed to an almost clean triplet, indicating the change of these protons from an 

environment with a high amount of VAc (EVA32) to a low amount (EVA03). As before, but 

less intense than for the extension with PE (cf. Figure 5), a triplet can be detected at 2.4 ppm 

indicating cross-termination events. Interestingly, while about 11% of RAFT groups are 

transformed for EVA32-b-EVA03, only 7% are transformed for EVA32-b-EVA10. With 

< 2%, even fewer RAFT groups are transformed for the macroRAFT EVA32. Since all three 

polymerization systems have comparable monomer conversions (EVA32-b-EVA05: 0.34 g, 

EVA32-b-EVA10: 0.32 g, EVA32: 0.58 g) and it was found that cross-termination is 

proportional to monomer conversion,
27

 this suggests that cross-termination may be less 

pronounced for polymers with higher VAc contents. 

 



 
Figure 6. 

1
H NMR spectra of EVA32 (synthesized in the presence of DTC1) before and after 

chain extension with EVA03 to produce EVA32-b-EVA03 (Table 2, entry 5). 
§
NMR solvent 

benzene, 
$
transfer to polymerization solvent DMC. 

 

Figure 7 shows the expected shift of SEC traces of EVA32 to EVA32-b-EVA03 for a 

successful chain extension. In addition to a refractive index (RI) detector, the SEC setup used 

for the EVA-b-EVA copolymers was also equipped with a UV detector—in contrast to the 

high-temperature SEC setup used for copolymers with a higher E content (cf. Figure 4). The 

signal from the UV detector at 300 nm, which is within the typical absorption wavelength of 

dithiocarbonyl functions, extends over the entire chain distribution. This confirms that 

EVA32-b-EVA03 carries RAFT groups, as is expected for successful chain extension. 

 



 
Figure 7. SEC traces of EVA32 (produced in the presence of DTC1) before and after 

extension with EVA03 by RAFT to produce EVA32-b-EVA03 (Table 2, entry 5). The 

unbroken line reflects the refractive index (RI) detector and the broken line to the UV 

detector at a wavelength of 300 nm (corresponding to the absorption of the thiocarbonyl 

function of the RAFT group). In THF at 35 °C. 

 

PVAc-block-EVA 

Three different PVAc-b-EVA copolymers were targeted from a PVAc macroCTA 

synthesized in the presence of DTC1. These include one PVAc-b-EVA synthesized from a 

shorter PVAc macroCTA (Table 2, entry 8) and two PVAc-b-EVA with different EVA molar 

masses synthesized from a higher molar mass PVAc macroCTA (entries 6 and 7). For all 

three diblock copolymers, NMR and SEC data indicated successful chain extension. As for 

the EVA-b-EVA copolymers, this is again elaborated using an example, namely the PVAc-b-

EVA09 of entry 6, while the spectral data of the other polymers are given in the Supporting 

Information. Figure 8 shows the 
1
H NMR spectra of PVAc (before extension) and PVAc-b-

EVA09 (after extension). The protons of the VAc unit within the PVAc block of the polymer 

are represented by signals b–d and within the EVA09 block of the polymer by signals i–k. 

The protons of the E unit are represented by signal l. Before extension, the CH proton 

adjacent to the CS2 unit (signal e) is at about 6.8 ppm without a significant amount of an 

inverse ultimate VAc unit (CH2 protons from 3.6 ppm to 3.1 ppm, cf. discussion based on 

Figure 2b). Chain extension at the polymer end is indicated by the change from signal e to 

signal m, representing the CH2 protons adjacent to the CS2 unit in an EVA09 environment. 

 



 
Figure 8. 

1
H NMR spectra of PVAc (synthesized in the presence of DTC1) before and after 

chain extension with EVA09 to produce PVAc-b-EVA09 (Table 2, entry 6). 
§
NMR solvent 

benzene, *collecting solvent toluene. 

 

Chain extension is indeed confirmed from inspection of the SEC traces of the PVAc and 

PVAc-b-EVA09 in Figure 9. Again, the signal of the UV detector shows the absorption of 

the dithiocarbamate group over the entire chain distributions of both PVAc and PVAc-b-

EVA09. The same observation can be made for the other two types of PVAc-b-EVA. 

Naturally, the distributions before and after chain extension are better separated in case of the 

extension with the longer EVA block (entry 7). 



 
Figure 9. SEC traces of PVAc (produced in the presence of DTC1) before and after 

extension with EVA09 by RAFT to produce PVAc-b-EVA09 (Table 2, entry 6). The 

unbroken line reflects the refractive index (RI) detector and the broken line to the UV 

detector at a wavelength of 300 nm (corresponding to the absorption of the thiocarbonyl 

function of the RAFT group). In THF at 35 °C. 

 

Three-arm EVA star 

Three-arm star polymers have already been obtained by RAFT polymerization of VAc to 

further target three-arm star poly(vinyl alcohol) after hydrolysis.
32,36

 However, as far as we 

know, there is no example of EVA star copolymers produced by RAFT or any other 

polymerization technique. We hereby present the synthesis of a three-arm EVA star from a 

trifunctional dithiocarbamate CTA 3F-DTC (for structure see Scheme 1). The star was 

synthesized in a core-first R-group approach, i.e., the RAFT functionalities in 3F-DTC are 

attached to the core through their R-groups rather than their Z-groups. 3F-DTC was 

synthesized from a trifunctional bromo compound and a potassium dithiocarbamate salt K-

DTC as outlined in Scheme 1.
37

 Further details on the synthesis of both K-DTC and 3F-DTC 

are presented in the Supporting Information. It was preferred to synthesize a trifunctional 

CTA with the Z-groups N(CH3)Ph (as DTC2) rather than NPh2 (as DTC1), although slower 

(re)initiation is expected. The reason for this is that in our hands the synthesis was regarded 

to be much more straightforward. Instead of a potassium salt, the synthesis of a trifunctional 

CTA with Z = NPh2 requires a more reactive lithium salt and even then is less efficient. In 

addition, the lithium salt itself can only be synthesized in low yields and is air-sensitive and 

difficult to separate from the by-products formed.
30

 



 

 
Scheme 1: Synthesis of the trifunctional RAFT agent 3F-DTC: reaction of 

tris(bromomethyl)benzene with the dithiocarbamate salt K-DTC.  

 

Table 3. Results of the RAFT polymerization producing a three-arme EVA14 star in the 

presence of the trifunctional CTA 3F-DTC.
a
 

polymer type polymerizatio

n time 

monomer 

conversion 

[g] 

VAc 

content 

[mol%]
b
 

Mn [g mol
−1

] (Ð) 

via SEC
c
 

Mn,theo
d
 [g 

mol
−1

]
c
 

three-arm 

EVA14 star 

1.5 h 0.57 14 6600 (2.3) 5400 

a
Polymerization conditions: in an autoclave, 75 bar of E pressure, 7.5 mL of VAc, [3F-

DTC]:[AIBN] = 1:1 (corresponding to [RAFT functionalities]:[AIBN] = 3:1, 20 mg of 

AIBN, solvent DMC to a total volume of 50 mL, 80 °C. 
b
From 

1
H NMR spectroscopy. 

c
In 

THF at 35 °C (equivalents of polystyrene). 
d
Mn,theo = monomer conversion (both E and VAc, 

in g) / amount of 3F-DTC (in mol) × 3 + M3F-DTC (in g mol
−1

).  

 

The polymerization conditions and the results are presented in Table 3. The 
1
H NMR spectra 

of (a) the trifunctional bromo precursor, (b) 3F-DTC, and (c) the EVA produced in its 

presence are shown in Figure 10. The quantitative conversion of the bromo to 

dithiocarbamate functions can be seen from the disappearance of the signals a and b and the 

appearance of signals c and d in the targeted 3F-DTC. While the generation of EVA is 

obvious from signals j–m, the typical signal of the EVA’s ultimate CH2 group adjacent to the 

CS2 functions can be seen at 3.2 ppm (signal n). This supports the participation of the RAFT 

functionalities during polymerization and the successful formation of a three-arm EVA star. 

By comparing the intensities of signals c and e (of remaining 3F-DTC) with those of signals 



h and n (of the three-arm star) in Figure 10c, it can be concluded that 92% of the original 

RAFT functionalities have already (re)initiated new chains at the end of polymerization. 

 

 
Figure 10. 

1
H NMR spectra of (a) the trifunctional precursor tris(bromomethyl)benzene, (b) 

the trifunctional RAFT agent 3F-DTC, and (c) the three-arm EVA star. *Water. NMR 

solvents 
#
CDCl3 and 

§
benzene. Spectra (a) and (b) recorded in CDCl3 at ambient temperature, 

spectrum (c) recorded in TCE/benzene = 2:1 in volume at 90 °C. 

 

The SEC trace of the three-arm EVA star is presented in Figure 11. It is recorded with both 

an RI and a UV detector at 300 nm. The UV signal spans well over the entire RI signal of the 



chain distribution. This further supports the functionalization of the EVA chains and a 

successful synthesis of the three-arm EVA star. 

 

 

 
Figure 11. Left: SEC traces of the three-arm EVA star (cf. Table 3) recorded with an RI and 

with a UV detector at 300 nm. Right: Corresponding MMD obtained from a conventional 

calibration with PS. 

 

 

4. Conclusion 

DTC1 was established as a powerful CTA for the synthesis of statistical and diblock 

copolymers of E and VAc by RAFT. In this context, DTC1 was shown to control chain 

growth of PE, PVAc, and EVA with high chain-end fidelity as attested by NMR analysis. 

Diblock copolymers of the type EVA-b-PE, EVA-b-EVA, and PVAc-b-EVA were 

successfully synthesized. In addition, the use of the trifunctional dithiocarbamate 3F-DTC 

offered a possibility to synthesize an original three-arm EVA star. 
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