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Abstract

Polyvinyl esters have wide range of applications; however, the synthesis of high 

molecular weight uniform polymers is an ongoing challenge. Vinyl ester monomers are among 

the less activated monomers compatible with RAFT polymerization. The highly reactive 

unconjugated radicals formed during propagation are prone to side reactions, especially 

irreversible transfer, limiting the evolution of molecular weight and control over molecular 

weight distribution. Herein, the effect of monomer type on the control of polyvinyl esters 

synthesized by photoinduced electron/energy transfer reversible addition-fragmentation chain 

transfer polymerization (PET-RAFT) is explored. We show that PET-RAFT is capable of 

forming high molecular weight polyvinyl esters (Vinyl Pivalate: Mn > 350,000 and Vinyl 

Acetate: Mn > 80,000) under mild conditions. The livingness of the polymerization was 

determined  by following chain extensions for low DP and high DP systems.

Introduction

The function and properties of polymeric materials are highly dependent on the 

molecular weight, and certain applications require control over the chain length and 

distribution.1–3 Polyvinyl esters have numerous applications, both fundamental and industrial. 

For instance, poly(vinyl acetate) is used as an adhesive for various substrates, and as powder 

additives for construction materials.4 Polyvinyl esters are also precursors for poly(vinyl 

alcohol) which is important as a coating material.5 Vinyl esters can be polymerized using 
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conventional free radical polymerization (FRP). Due to the limited stabilization of their 

propagating radicals, vinyl esters are considered as less activated monomers.6,7 The poor 

stabilization of the propagating radicals of vinyl esters results in a high level of irreversible 

chain transfer reactions to monomers, to propagating chains (intermolecular and 

intramolecular) and to solvent when compared with other monomers.8–10 Furthermore, during 

the polymerizations vinyl ester monomers can add in head-to-head manner to the propagating 

chain, creating irregularities in the polymer backbone.11 

Reversible deactivation radical polymerization methods (RDRP) have been developed 

over the past 2-3 decades to improve the control over polymer structure, while maintaining 

similar tolerance to monomer functionality as FRP. Various RDRP methods such as iodine 

transfer polymerization (ITP)12,13, atom transfer radical polymerization (ATRP)14,15, 

organometallic-mediated radical polymerization16 and reversible addition fragmentation chain 

transfer polymerization (RAFT) have been developed to control the molecular weights and 

molecular weight distributions (MWDs) of polymers.17–19 Matyjaszewski and coworkers have 

obtained first well controlled vinyl acetate polymers using the living radical polymerization in 

the presence of ternary complexes of organoaluminium compounds with Lewis bases and 

stable radicals. However, the number average molecular weight (Mn) was limited to ~ 30,000 

although relatively narrow dispersity were found (Mw/Mn < 1.3).20 The vast majority of 

controlled vinyl ester polymerizations are based on the RAFT process. RAFT is one of the 

more versatile methods for imparting living characteristics to radical polymerization.21,22 

RAFT polymerization of vinyl acetate has been performed as bulk or solution polymerization. 

Schork and coworkers have studied RAFT miniemulsion polymerization of vinyl acetate and 

the maximum value reported was 80,000 with high dispersity (Mw/Mn ~ 2.60).23 Cunningham 

and coworkers have synthesized poly(vinyl acetate) homopolymers with Mn around 160,000 

and relatively broad dispersity (Mw/Mn ~ 2.0) using xanthate mediated RAFT miniemulsion 
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polymerization.24 Zhao and coworkers have studied the synthesis of high molecular weight of 

poly(vinyl acetate) in emulsion polymerization using a novel water soluble N,N-dialkyl 

dithiocarbamate RAFT agent. The maximum Mn obtained was ~ 160,000 with a high dispersity 

(Mw/Mn ~ 2.50).25

Traditionally, RAFT polymerization involves thermally generated radicals, typically 

from azo based initiators.21,22 However, recently RAFT reactions that use photochemically 

generated radicals have been developed.26 Sumerlin and coworkers have obtained ultra-high 

molecular weight acrylic type polymer by following photo mediated polymerization approach 

under UV and sunlight.27 Photochemical processes are compatible with lower temperatures, 

potentially reducing the impact and rate of side reactions compared to thermal RAFT 

polymerization.28 Britton and coworkers have found that high temperature conditions in 

emulsion free radical polymerization of vinyl acetate can increase the branching in the 

polymer.29 Furthermore, it has been discussed that the relative abundance of head-to-head 

addition can be increased with temperature.11 In particular, photoinduced electron/energy 

transfer RAFT (PET-RAFT) uses photocatalysts to generate radicals which then participate in 

propagation and reversible transfer through the RAFT process. In PET-RAFT, the 

photocatalyst is excited in the presence of light. The excited photocatalyst reacts with the 

RAFT chain transfer agent (CTA) either through an energy or electron transfer process, 

returning the photocatalyst to the ground state and cleaving the CTA to a propagating radical. 

In this PET-RAFT polymerization, the CTA acts as both, chain initiating species for radical 

generation and reversible transfer agent through the RAFT process. There are many advantages 

of PET-RAFT reaction over conventional RAFT.30 PET-RAFT can be performed under mild 

reaction conditions, using visible light which can be a greener energy source. Additionally, 

spatiotemporal control can be introduced by changing when and where a light is irradiated.28,31–

33 Moreover, PET-RAFT polymerization is capable of polymerizing both conjugated 
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monomers (styrene and methyl acrylate) and unconjugated monomers (vinyl esters). Boyer and 

coworkers have studied PET-RAFT polymerization of vinyl acetate and N-vinyl pyrrolidinone 

and their oxygen tolerance studies. They have synthesized poly(vinyl acetate) polymer with 

Mn ~ 100,000 and poly(N-vinyl pyrrolidinone) with Mn ~ 40,000.28 However, high molecular 

weights, greater than 100,000 were not explored in their study. Due to the critical importance 

of high molecular weight polymers, it is necessary to explore the full scope of molecular 

weights achievable by PET-RAFT. Here, we studied the polymerization of three different vinyl 

ester monomers: vinyl propionate (VPro); vinyl acetate (VA); and vinyl pivalate (VPiv) 

exploring their kinetics under PET-RAFT conditions and the molecular weights achievable in 

these systems. Especially, the evolution of molecular weights, and MWDs with changing the 

targeted chain length was studied for three different vinyl ester monomers. The monomers 

explored and the photocatalyst are given in Scheme 1A, with general polymerization reaction 

given in Scheme 1B, and the proposed PET-RAFT mechanism shown in Scheme 1C.
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Scheme 1: (A) The monomers and the photocatalyst used. (B) General polymerization 
reaction. (C) The proposed PET-RAFT mechanism.

Results and Discussion

This work explores the effect of vinyl ester monomer structure on the control and 

molecular weights of polyvinyl esters synthesized by PET-RAFT polymerization using 

Ir(ppy)3 as a photocatalyst. As shown in Scheme 1B, EtPAX was selected as the CTA which 

is capable of polymerizing less activated monomers like vinyl esters. Because, EtPAX like 

xanthate RAFT agents are capable of controlling the polymerization of vinyl esters by 

increasing the electron density of the RAFT adduct, destabilizing the RAFT adduct and thereby 

making high reactive vinyl ester propagating group to leave the RAFT adduct to continue the 

polymerization.34–36 All reactions were carried out as bulk polymerizations at room 

temperature, under deoxygenated conditions and blue light (Intensity = 7.9±0.4 mW/cm2, λmax 

= 450 ± 10 nm)37 irradiation using Ir(ppy)3 photocatalyst (Concentration of Ir(ppy)3 stock 

solution = 1000 ppm) as depicted in Scheme 1C. Initially, three different concentrations of 

photocatalyst (3, 10 and 30 ppm relative to monomer) were tested for the polymerization. As 

seen in Figure S1, 3 ppm resulted in very slow polymerization, reaching a conversion below 

3% after 15 h of polymerization time. In contrast, both 10 ppm and 30 ppm systems showed 

similar polymerization kinetics. However, 10 ppm system was selected as the most suitable 

low photocatalyst concentration for the PET-RAFT polymerization of vinyl esters in this work 

because it has the ability to synthesize higher molecular weight polymers with narrow 

dispersity when compared to 30 ppm system as given in Table S2.
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Figure 1: Semilogarithmic kinetics plot for light ON-OFF experiments of VPiv monomer for 
(Degree of Polymerization) DP 200 with continuous and intermittent blue light irradiation at 
room temperature, using a molar ratio of [VPiv]:[EtPAX]:[Ir(ppy)3] = 200:1:0.002.

To explore the effect of  the blue light for the polymerization, an ON-OFF experiment 

was performed. As in Figure 1, the VPiv monomer undergoes efficient polymerization under 

blue light but ceases polymerization almost instantaneously when the light source is turned 

off.33 Polymerization resumes efficiently once the blue light source is turned on again. Figure 

1 inset compares the polymerization kinetics under continuous irradiation, to the 

polymerization kinetics in the intermittent irradiation (ON-OFF) experiment, where only the 

irradiated time is considered. The inset of Figure 1 shows that there is essentially no difference 

in the polymerization rates between continuous irradiation and intermittent irradiation. When 

considering both graphs in Figure 1, it indicates the photochemical control of the PET-RAFT 

process, and polymerization reaction can be controlled by changing light ON and OFF process, 

with the underlying radical generation process being photochemically controlled. 
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(A)

(B)

Figure 2: (A) Semilogarithmic kinetics plots for polymerization of VPiv, VA and VPro 
monomers for DP 200. (B) Molecular weight distributions for each monomer. Polymerization 
reactions were performed at room temperature and under blue light irradiation, using a molar 
ratio of [Monomer]:[EtPAX]:[Ir(ppy)3] = 200:1:0.002.

The polymerization rate for all three vinyl ester monomers were studied under 

established conditions, of monomer:EtPAX = 200:1, to determine the polymerization 

efficiency and control over the reaction. Figure 2A shows the kinetic data comparison for each 
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monomer. VPiv monomer showed the fastest polymerization with an apparent rate of 

propagation kp
app  = 0.0021 min-1, VA has the second highest kp

app  = 0.0016 min-1. The rate of 

polymerization decreases notably with VPro having  kp
app  = 0.0012 min -1. As seen in Figure 

2B, the MWDs of both PVPiv and PVA polymers were relatively narrow. PVPiv gave Mw/Mn 

= 1.30 and PVA gave Mw/Mn = 1.34 at the end points. However, PVPro had a broader 

dispersity, with Mw/Mn = 1.86. Therefore, the DP 200 systems of VPiv and VA monomers are 

well controlled, whereas the VPro system showed relatively poor control over the polymer.

(A)
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(B)

Figure 3: (A) Semilogarithmic kinetic plots for PVPro. (B) Molecular weight distributions of 
PVPro. Polymerization reactions were performed at room temperature and under blue light 
irradiation, using a molar ratio of [Ir(ppy)3]/[VPro] = 10 ppm and [VPro]:[EtPAX] = X:1 (X = 
The value of DP, e.g., for DP 200, X = 200).

The polymerization of VPro  was studied under blue light and at room temperature 

targeting ratios of VPro:EtPAX from 200:1 to 6000:1. Figure 3A shows the kinetic data for the 

polymerization of VPro. As seen in Figure 3A, the DP 200 system showed the highest 

polymerization rate. All other polymerization rates for higher DP values were lower than the 

DP 200 system. However, there was no systematic trend in the polymerization rate with 

increasing ratio of VPro:EtPAX. Figure 3B shows the MWDs of these polymers with different 

ratios of VPro:EtPAX. Although the Mn increased with higher VPro:EtPAX ratio, there was 

minimal increase in molecular weight above a ratio of VPro:EtPAX = 800:1. As shown in 

Table 1, the highest Mn value achieved for PVPro was ~ 89,000 and Mw/Mn was closer to 2 for 

each ratio of VPro:EtPAX. In addition to that PVPro polymers with Mn = 49,300 with Mw/Mn 

= 1.43 and Mn = 64,300 with Mw/Mn = 1.62 were obtained for DP 6000 at 7 h and 15 h reaction 

time respectively as relatively high molecular weight polymers with low dispersity as seen in 

Page 9 of 25 Polymer Chemistry



10

Table S7. These results overall indicate that VPro is a monomer that is unlikely to be useful 

for the synthesis of high molecular weight well-controlled polyvinyl esters. 

(A)

(B)

Figure 4: (A) Semilogarithmic kinetic plots for PVA. (B) Molecular weight distributions of 
PVA. Polymerization reactions were performed at room temperature and under blue light 
irradiation, using a molar ratio of [Ir(ppy)3]/[VA] = 10 ppm and [VA]:[EtPAX]: = X:1 (X = 
The value of DP, e.g., for DP 200, X = 200).
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Figure 4A shows the kinetic data for the polymerization of VA with VA:EtPAX ratio 

ranging from 200:1 to 12000:1. As the target chain length increases, the reaction rate decreases 

due to the lower concentration of CTA for activation. Additionally, the formation of high 

molecular weight polymers increases the viscosity of the solution, thereby reducing the rate of 

termination.38 As seen in Figure 4B, there is a notable difference in average molecular weight, 

between VA:EtPAX ratios of 200:1 and 6000:1. However, increasing from a ratio of 

VA:EtPAX = 6000:1 to 12000:1, suggests minimal difference in the final molecular weight 

distribution. The limited increase in Mn while targeting higher molecular weight suggests the 

chain growth leveled off and molecular weights are limited by chain transfer events when it 

goes to higher targeted values.39 The highest Mn value was achieved for VA:EtPAX = 12000:1 

system and Mn value ~ 115,000 and Mw/Mn = 1.92. The VA:EtPAX = 6000:1 yielded polymers 

with Mn of 104,000 with Mw/Mn = 1.82, which is still substantially broader than targeted for 

well-controlled high molecular weight polymers. In addition to these high molecular weights, 

PVA polymers with Mn  > 50,000-80,000 and with Mw/Mn = 1.36-1.44 were obtained as 

systems with relatively high Mn and better dispersity as seen in Table S7.

(A)
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(B)

Figure 5:  (A) Semilogarithmic kinetic plots for PVPiv. (B) Molecular weight distributions of 
PVPiv. Polymerization reactions were performed at room temperature and under blue light 
irradiation, using a molar ratio of [Ir(ppy)3]/[VPiv] = 10 ppm and  [VPiv]:[EtPAX] = X:1 (X 
= The value of DP, e.g., for DP 200, X = 200).

Finally, VPiv monomer was studied with the ratio of monomer to CTA in the range of 

200:1-12000:1. Figure 5A shows that the polymerization rate decreased with increasing 

VPiv:EtPAX ratio, similar to the observations in the PVA system. A substantial change in 

polymerization rate was observed at VPiv:EtPAX ratio of 12000:1. This again suggests that in 

high molecular weights, Ir(ppy)3 catalyzed PET-RAFT polymerization of vinyl esters, reduced 

activation from lower CTA concentrations dominates the radical generation. 

When compared to PVA system, higher Mn values with better control were achieved in 

PVPiv system as shown in Table 1. The highest Mn = 174,000 with a Mw/Mn of 1.80 was 

achieved with a ratio of VPiv:EtPAX = 12000:1. However, even with a ratio of VPiv:EtPAX 

= 1500:1 gave polymers with Mn = 107,000 and Mw/Mn = 1.54. Therefore, interestingly high 

molecular weight polyvinyl esters of Mn greater than 170,000 were synthesized under mild 
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conditions using PET-RAFT polymerization of VPiv, and polymers of Mn greater than 100,000 

were synthesized with Mw/Mn ~ 1.3-1.4 as shown in Table S7. 

The effect of each monomer on the control of polyvinyl esters synthesized by PET-

RAFT polymerization can be analyzed by comparing all three systems together. Almost same 

trend of polymerization rate was observed for both VA and VPiv systems. Polymerization rate 

mainly governed by the intrinsic propagation kinetics, radical generation, and termination rates, 

although side reactions such as transfer can dominate with higher ratios of monomer to CTA. 

Interestingly, the Ir(ppy)3 catalyzed PET-RAFT of VA and VPiv, appear to show a slight 

decrease in polymerization rate at lower CTA loadings, in contrast to the acrylate-

trithiocarbonate system recently developed, where retardation effects dominated activation 

effects.37 This could be due to the substantially higher targeted chain lengths in this study and 

less active xanthate RAFT agents, both causing retardation effects to be suppressed.40 The 

reduction in rate at higher CTA loading is consistently seen in both PVA and PVPiv 

polymerization. The polymerization of VPro is poorly controlled, indicative of substantial 

transfer events, making such analysis challenging in that monomer.

For lower ratios of monomer to CTA, the fraction of chains impacted by side reactions 

is relatively small, hence chains are well-controlled by the RAFT mechanisms. Vinyl ester 

propagating radicals undergo -hydrogen abstraction due to their low stability which results 

from the unconjugated nature of the monomer, and the limited stabilization of propagating 

radicals.10 Chain transfer to monomer can occur at when there is an abstractable hydrogen  to 

the carbonyl. Chain transfer terminates propagating chain and creates a reactive vinyl ester 

monomer with a radical center which can lead branching.11 VPro propagating radicals have a 

higher susceptibility to undergo hydrogen atom abstraction from the monomer during the 

propagation process. As suggested in Scheme 2A, VPro propagating radical chains make more 
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stable 2º radical after the abstraction when compared with the VA propagating radicals which 

make less stable 1º radical after the abstraction. Therefore, transfer to form the 2º radical in 

VPro polymerization is likely to occur at a higher rate than the  transfer to form a 1º radical in 

VA polymerization. The propensity to transfer in the VPro polymerization limits the Mn 

evolution and control over MWDs. Comparably, this also explains the behavior of VPiv 

system, because VPiv lacks abstractable hydrogens  to the carbonyl.41–43 

The MWDs of each polymerization system was analyzed in Table 1, comparing the 

theoretical and experimental Mn values for final time points. Further, Mn evolution and Mw/Mn 

values for each time points were shown in supporting information as Table S4, S5 and S6 for 

VPro, VA and VPiv, respectively. Based on the Table 1 data, the theoretical Mn and the 

experimental Mn values agree well for monomer:CTA values in the range of 200:1 to 800:1. 

However, the theoretical Mn and the experimental Mn values deviate substantially when ratio 

of monomer:EtPAX of 1500:1 or higher are used and this deviation is clearly observable in 

Figure S5. Specifically, under these conditions the experimental Mn values are substantially 

below the theoretical Mn values, with the suppression of Mn being most significant for VPro, 

followed by VA, and VPiv having the smallest deviation between experimental and theoretical 

Mn. This indicates how undesired side reactions, such as chain transfer reactions, limits the 

control over molecular weight in vinyl ester polymerization. Radical transfer to monomer 

through hydrogen atom abstraction is shown in Scheme 2A. This hydrogen atom abstraction is 

possible for VPro and VA, but not for VPiv, supporting the higher control in VPiv compared 

to the other monomers. Additional broadening of the MWD can occur when the highly reactive 

propagating radicals undergo intramolecular and intermolecular chain transfer reactions which 

lead for formation of long and short chain branches as shown in Scheme 2B. Although, all 

these polymerization reactions were carried out as near bulk polymerization reactions, 

formation of some dead polymers and initiation of new chains can be expected as shown in 
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Scheme 2C, through the chain transfer to the small amount of DMF solvent (5-7% of total 

volume) that is used for the preparation of Ir(ppy)3 solution. This is consistent with the 

observation that polymerization of VPiv at 30 ppm led to lower Mn than polymerization at 10 

ppm (Table S2). 

Scheme 2: (A) Radical chain transfer between the propagating radical and the monomer ( -
H abstraction). (I) Termination of VPro propagating chain to a dead chain and 2º radical after 
 -H abstraction. (II) 1º radical after  -H abstraction in the termination of VA propagating 
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radical. (III) VPiv monomer with no  -H. (B) Chain transfer to polymer. (I) Intramolecular 
chain transfer reaction. (II) Intermolecular chain transfer reaction. (C) Chain transfer to solvent.

Table 1: Results for PVPro, PVA, and PVPiv synthesized by PET-RAFT polymerization.

Monomer DP Time/h

Conversion 

%

Mn gpc 

(g/mol) Mw/Mn

Mn theory  

(g/mol)

VPro 200 24 82 21800 1.86 16400

 400 24 68 26300 1.83 27300

 800 24 66 50300 1.93 52800

 1500 24 79 60800 2.18 118100

 3000 24 73 66700 2.29 219000

 6000 24 67 88700 2.00 402800

VA 200 24 89 18600 1.34 15300

 400 24 85 36700 1.29 29400

 800 24 87 46400 1.46 59700

 1500 24 84 58600 1.58 108100

 3000 24 75 81100 1.84 193500

 6000 24 75 104000 1.82 389900

 12000 24 74 115000 1.92 769200

VPiv 200 15 83 26800 1.30 21200

 400 15 80 40400 1.33 40800

 800 15 80 83500 1.48 81500

 1500 15 78 107000 1.54 150700

 3000 15 76 137000 1.65 290800

 6000 15 72 164000 1.73 556100

 12000 15 63 174000 1.80 974800
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To further explore the impact of solvent on the control polymerization and growth of 

Mn, VPiv polymerizations targeting ratios of VPiv:EtPAX from 1500:1 to 12000:1 were 

performed in the presence of same amount of Ir(ppy)3 (10 ppm relative to monomer) 

photocatalyst but using 5000 ppm Ir(ppy)3 stock solution. This leads to  ~1% DMF in the 

reaction mixture, compared to initially used 1000 ppm Ir(ppy)3 stock solution, which leads to 

~5% DMF in the reaction mixture. Pleasingly, substantially higher molecular weight polymers 

were created with 1% DMF in solution than the polymers synthesized with 5% DMF. The Mn 

control was superior at 1% DMF, with comparable or even lower Mw/Mn values. As seen in 

Figure 6, the MWDs of polymers shifted to higher molecular weight side, with 1% DMF 

yielding polymers with Mn = 145,000 (Mw/Mn = 1.50), Mn = 193,000 (Mw/Mn = 1.65), Mn = 

293,000 (Mw/Mn = 1.65) and Mn = 354,000 (Mw/Mn = 1.89) for the ratios of VPiv:EtPAX from 

1500:1 to 12000:1 respectively. This can be compared to the 5% system which gives polymers 

with Mn = 107,000 (Mw/Mn = 1.54), Mn = 137,000 (Mw/Mn = 1.65), Mn = 164,000 (Mw/Mn = 

1.73) and Mn = 174,000 (Mw/Mn = 1.80) for the ratios of VPiv:EtPAX from 1500:1 to 12000:1 

respectively. In addition to that all these high molecular weight polymers resulted with 1% 

DMF have Mw/Mn > 1.9 and conversion higher than 70% which is useful in industrial 

applications. Furthermore, these data indicate the critical role played by chain transfer to 

solvent events even with the trace amounts of DMF. Stockmayer and coworkers have studied 

chain transfer constants in vinyl acetate polymerization to different substance and they have 

determined the transfer constant to vinyl acetate monomer is 0.00025 and transfer constant to 

DMF is 0.005,44 while a plot of 1/Mn vs 1/Mn-Theory (Figure S6) estimates a similar transfer 

constant of 0.015, which is in the same order of magnitude for this system. This higher transfer 

constant of VA to DMF solvent implies that chain transfer to solvent is more prominent than 

chain transfer to monomer in vinyl acetate polymerization. Although these polymerization 

reactions performed in near bulk condition, the presence of trace amount of DMF in the system 
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led to a measurable amount of chain transfer events. The chain transfer to DMF as a solvent 

estimate in Table S9 are 0.022 for VPro, 0.015 for VA and 0.01 for VPiv, following the 

anticipated trend.

Especially, this effect can be clearly observed when considering the Mn of DP 12000 

system with 1% DMF is almost two times higher than the same system with 5% DMF. In 

addition to chain transfer constant of DMF, Stockmayer and coworkers have reported 0.0006, 

0.0025, 0.00013 and 0.001 chain transfer constant values for methanol, ethanol, tert-butanol, 

and acetonitrile like common solvents respectively.44 In spite of the fact that their chain transfer 

constant values are lower than the chain transfer constant of DMF, Boyer and coworkers have 

found that methanol is less efficient as a solvent for vinyl ester polymerization and only 20% 

conversion was obtained after 22 h and in the presence of high catalyst loading (50 ppm with 

respect to monomer). Furthermore, 45% and 74% conversions were obtained in their study in 

acetonitrile solvent and in the presence of 20 ppm and 50 ppm catalyst loadings respectively.28 

However, they have obtained good control in the presence of DMSO as the solvent. The DP 

1500-VPiv system was compared in the presence of 5% DMF and 5% DMSO. As seen in Table 

S8, Mn = 172,800 with Mw/Mn = 1.73 and Mn = 107,300 with Mw/Mn = 1.54 were resulted for 

5% DMSO and 5% DMF respectively with minimal difference when compared both Mn and 

dispersity.

All these transfer processes can broaden molecular weight distributions and can cause 

lower experimental Mn values compared to their theoretical values. The impact of these side 

reactions is especially significant at lower ratios of CTA to monomer, since the fraction of 

controlled chains will be lower, due to the lower concentration of CTA. Importantly, we are 

the first who reported the vinyl ester polymers with molecular weights higher than 350,000 and 

Mw/Mn < 1.9 by any RAFT technique to the best of our knowledge.
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(A)

(C)

(B)

(D)

Figure 6:  Molecular weight distributions for VPiv polymerization in the presence of 5% and 
1% DMF as the solvent for the Ir(ppy)3 solution. (A) Target DP 1500. (B) Target DP 3000. (C) 
Target DP 6000. (D) Target DP 12000. Polymerization reactions were performed at room 
temperature and under blue light irradiation, using a molar ratio of  [Ir(ppy)3]/[VPiv] = 10 ppm 
and  [VPiv]:[EtPAX] = X:1 (X = The value of the Target DP, e.g., for Target DP 1500, X = 
1500).
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(B)(A)

Figure 7:  (A) Molecular weight distributions before -DP 200 (synthesis of macro-CTA) and 
after chain extension-DP 400. (B) Molecular weight distributions before -DP 1500 (synthesis 
of macro-CTA) and after chain extension-DP 6000. All polymerization reactions were 
performed at room temperature and under blue light irradiation. 

Beyond control over primary chain length, the livingness of a polymer was explored. 

Living polymers grow in the presence of more monomer and have gained the interest in the 

synthesis of block polymers because they can offer precision in macromolecular structure by 

controlling the molecular weight and MWDs.45,46 The livingness of low and high targeted chain 

lengths of vinyl ester polymers synthesized from PET-RAFT polymerization were studied 

using two chain extension reactions. In the first chain extension reaction, the macro-CTA was 

synthesized using CTA:VPiv monomer = 1:200 (DP 200) and it was extended following 

macro-CTA:VPiv monomer = 1:400 (DP 400). The ratio of CTA:VPiv = 1:1500 was used to 

synthesize the macro-CTA for the second chain extension reaction and it was extended into DP 

6000 following the ratio of macro-CTA:VPiv = 1:6000. The MWDs before and after chain 

extension are shown in Figure 7A and 7B for the systems with DP 200 and DP 1500 macro-

CTAs respectively. In the first chain extension started with low DP value, the macro-CTA had 

Mn = 15,500 and Mw/Mn = 1.46 with 62% monomer conversion, and after the chain extension 

the final polymer with Mn = 49,200 and Mw/Mn = 1.47 with 51% monomer conversion was 
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resulted. This clearly demonstrated the livingness of the macro-CTA synthesized using the DP 

200 system. The polymer with Mn = 78,300, Mw/Mn = 1.50 and 64% conversion was obtained 

after performing the polymerization for 1:1500 = CTA:VPiv monomer ratio as the macro-CTA 

for the second chain extension reaction. This macro-CTA was extended using the ratio of 

1:6000 = macro-CTA:VPiv monomer. As seen in Figure 7B, after the chain extension, the 

MWD of the polymer has shifted to higher molecular weight side with a shoulder peak at the 

low molecular weight end. The extended polymer had Mn = 180,900, Mw/Mn = 3.00 and 15% 

conversion. Furthermore, the extended peak was deconvoluted to determine the extended 

percent and the control of the macro-CTA synthesis at DP 1500. Two distributions with Mn = 

127,100 and Mw/Mn = 2.88 with area peak % = 57% and Mn = 728,300, Mw/Mn  = 1.26 and area 

peak % = 43% were estimated after the deconvolution. This extension clearly demonstrated 

that at high targeted chain length of vinyl ester polymerization (DP 1500), only around ≥  

~50% chains are living because only a fraction of macro-CTA has extended into really high 

molecular weight polymer with Mn = 728,300 and narrow MWD (Mw/Mn = 1.26) as seen in 

Figure 7C. Especially, when considering Table 1 and Figure S5, the deviation between 

experimental Mn and theoretical Mn is more prominent (~30%) starting from DP 1500 because 

of low CTA loading and thereby undesirable chain transfer reactions being more dominant. 

However, for systems with low DP (DP 200-DP 800) the experimental Mn agrees with the 

theoretical Mn value as seen in Figure S5, because of high CTA:Monomer ratio and thereby 

better control in the polymerization. Therefore, chain extension reactions shown in Figure 7 

indicate the better control and high-end group fidelity in low DP systems and less control and 

low-end group fidelity in high DP systems in vinyl ester polymerization.
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Conclusion

This study reports the effect of monomer type on the evolution of Mn and MWD for 

PET-RAFT polymerization of vinyl ester monomers. The vinyl ester propagating radicals are 

prone to transfer reactions during the polymerization because of their high reactivity and 

limited stabilization of the propagating radical. The precision of vinyl ester polymerization was 

best for VPiv, followed by VA with lowest control in VPro. The control over the 

polymerization follows the susceptibility towards chain transfer reactions. Especially, chain 

transfer to solvent is more noticeable and Mn increases more in the presence of less amount of 

solvent. PET-RAFT polymerization can control the polymerization of vinyl esters when 

compared with other polymerization techniques synthesizing high molecular weight polyvinyl 

esters (e.g., PVPiv with Mn > 350,000 and PVA with Mn > 80,000) under mild conditions. The 

deviation between experimental and theoretical Mn is significant at DP 1500 system of vinyl 

ester polymerization and furthermore this is confirmed by only ~ 50% chains are extended into 

high molecular weight polymers during the chain extension. Furthermore, the livingness and 

better control in low DP system was confirmed by chain extension reaction successfully.
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