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Abstract 

The organometallic-mediated radical 

polymerization (OMRP) of vinylidene 

fluoride (VDF) using an alkyl cobalt(III) 

compound as initiator was recently 

proven successful for the controlled 

synthesis of PVDF (Angew. Chem., Int. 

Ed. 2018, 57, 2934−2937). However, the 

required synthesis of the organometallic 

initiator renders this method labor-intensive and time-consuming. This article reports the 

straightforward synthesis of well-defined poly(VDF) and its block copolymers via OMRP performed 

using a two-component initiating system from readily available compounds. First, PVDF was obtained 

by redox initiation using the combination of a peroxide initiator and bis(acetylacetonato)cobalt(II) 

(Co(acac)2). This step was optimized in terms of the initiator choice, polymerization temperature, and 

reactant molar ratio. The best results regarding the molar mass control and the dispersities were 

obtained using bis(tert-butylcyclohexyl) peroxydicarbonate as initiator at 60 °C. The polymerization 

followed first-order kinetics, and the molar masses of PVDF increased linearly up to a 27% conversion 

to reach 11 800 g/mol with low dispersities (Đ = 1.35). Chain extension of the resulting PVDF-Co(acac)2 

with vinyl acetate (VAc) led to three diblock copolymers of various chain lengths. 

Introduction 

Fluoropolymers are outstanding niche polymers with exceptional properties. They found many 

applications in high-tech domains. Among them, PVDF (1) is the second largest commercially available 
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fluoropolymer after polytetrafluoroethylene (PTFE). It exhibits remarkable properties such as piezo- 

and ferroelectric, hydrophobic and oleophobic properties, low dielectric constants, chemical inertness 

to acids and solvents, and excellent weathering. (1−4) It has been involved in many valuable 

applications such as coatings, (4) aerospace and aeronautics, backsheets for photovoltaic items, 

piezo/ferroelectric devices, (5,6) and functional membranes for water treatment, (7) and for 

biomedical applications. (8) As several other fluoropolymers, PVDF can only be synthesized by radical 

polymerization but leads to VDF−VDF chaining defects. (9,10) The VDF monomer is not explosive and 

is much less toxic than TFE, chlorotrifluoroethylene (CTFE), (11) or other fluoromonomers. (3) 

Although several techniques of reversible deactivation radical polymerization of VDF have been 

reported, (12−19) the importance of PVDF has stimulated the search for VDF nonradical polymerization 

methods. Indeed, reaching high molar masses while keeping low contents of reverse additions (head-

to-head, H–H, and tail-to-tail, T–T) is quite challenging. For example, Liepins et al. (20) achieved the 

room-temperature synthesis of PVDF inducing a low H–H chain defect content using a modified 

Ziegler–Natta catalyst. This catalyst did not afford any control over the polymerization. 

Efforts aimed at producing PVDF with controlled molar masses and low dispersities for macromolecular 

engineering by reversible deactivation radical polymerization (RDRP) methods have so far met with 

limited success. Although the RDRP of VDF was pioneered in the late 1970s, (21) only three techniques 

have been reported so far: (i) iodine transfer polymerization (ITP), (3,12−14,22,23) (ii) reversible 

addition–fragmentation chain transfer (RAFT) polymerization, (15−19) and (iii) organometallic-

mediated radical polymerization (OMRP). (24) The first two techniques need the use of a radical 

initiator and a suitable chain transfer agent (CTA), which ensures the reversible degenerative transfer 

(DT) in the ITP and RAFT processes. Both were shown to produce relatively well-defined diblock 

(3,12,18,22,25) and triblock (3,11,22) copolymers. However, the chain defects resulting from head-to-

head (H–H, −CH2–CF2–CF2–CH2−) VDF–VDF additions impose limits on the number-average molar 

masses (Mn’s) and dispersities (D̵’s) attainable by these two techniques, as demonstrated in both ITP 

(22) and RAFT (15,17) polymerizations. The bottleneck is the stronger PVDF–X bond in the dormant 

species, for both X = I (in ITP) and xanthate (in RAFT), that forms after H–H monomer addition (PVDF–

CF2–CH2–X or PVDFT–X). (24) Consequently, the PVDFT–X dormant species are less easily reactivated, 

accumulate in the system during the polymerization, and lead to a loss of control after relatively low 

degrees of polymerization. Because the transfer constants of alkyl iodides are lower than those of RAFT 

agents, PVDFT–X are trapped at a slower rate in ITP than in RAFT. In consequence, slightly longer PVDF 

chains can be obtained before the loss of control using ITP. However, these chains will have a larger 

number of intrachain inversions. Asandei et al. (26) have demonstrated that the less reactive PVDFT–I 

chains obtained by ITP could be reactivated using Mn2(CO)10 and a photo irradiation process, and were 

able to synthesize block copolymers with longer PVDF block lengths. In this case, the second block was 

not controlled because it was synthesized under conventional radical polymerization conditions. 

The third method deals with OMRP, in which a transition-metal complex reversibly traps the 

propagating polymer radicals. (27,28) This strategy has been successfully employed for the radical 

(co)polymerization of less reactive monomers, including vinyl acetate (VAc) (27−30), VAc-ethylene, 

(31) 2-methylene-1,3-dioxepane, (32) and methyl acrylate, (33) with CoII(acac)2 (acac = 

acetylacetonate) or bis(2-formylphenolato)cobalt(II) (34) as controlling agent. We have recently 

reported the first OMRP of VDF under mild experimental conditions, using [R0(VAc)∼4CoIII(acac)2] as 
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initiator (R0 = primary radical generated by V-70). (24) These polymerizations produced PVDFs with 

higher molar masses (Mn = 5900–14 500 g/mol) and lower dispersities (D̵ ≤ 1.32) than those achieved 

by ITP or RAFT under the same conditions, because both the regular PVDFH–CoIII(acac)2 and the minor 

PVDFT–CoIII(acac)2 polymers have similar bond strengths, as indicated by a DFT study, (24) and can be 

efficiently reactivated. However, this method required the rather cumbersome synthesis of the 

organometallic [R0(VAc)∼4CoIII(acac)2] initiator. This was a strong incentive for the search of a more 

convenient initiating system for the CoII(acac)2-mediated polymerization of VDF based on commercially 

available [CoII(acac)2] and a conventional radical initiator. 

This contribution reports a screening of various initiating systems, culminating with the identification 

of suitable conditions for controlling the radical homopolymerization of VDF. Furthermore, additional 

macromolecular engineering is described, beyond the single example provided in our earlier report, 

(24) using the in situ generated PVDF–Co(acac)2 macroinitiator to prepare well-defined PVAc and 

PVDF-containing diblock copolymers. 

Experimental section 

MATERIALS 

1,1-Difluoroethylene (VDF) was kindly provided by Arkema (Pierre Benite, France). Bis(tert-

butylcyclohexyl) peroxydicarbonate (Perkadox 16, P16, 90%,) was purchased from AkzoNobel. Di-tert-

butyl peroxide (DTBP, 98%), benzoyl peroxide (BPO, 75%), reagentPlus grade dimethyl carbonate 

(DMC, >99%, Merck), cobalt(II) acetylacetonate (Co(acac)2, 97%), vinyl acetate (VAc, ≥99%), 2,2,6,6-

tetramethylpiperidine 1-oxy (TEMPO, 98%), and n-pentane (95%) were purchased from Sigma-Aldrich 

and used as received. Deuterated acetone (acetone-d6) (purity >99.8%) used for 1H and 19F NMR 

spectroscopy was purchased from Euroiso-top (Grenoble, France). 

CHARACTERIZATIONS 

NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

1H and 19F NMR spectra were recorded on a Bruker AC 400 spectrometer (400 MHz for 1H and 376 MHz 

for 19F) using acetone-d6 as solvent. The sample temperature was set to 298 K. Chemical shifts and 

coupling constants are given in Hertz (Hz) and parts per million (ppm), respectively. The experimental 

conditions for recording the 1H [or 19F] NMR spectra were as follows: flip angle 90° [or 30°, acquisition 

time 4.5 s [or 0.7 s], pulse delay 2 s [or 5 s], number of scans 32 [or 64], and a pulse width of 5 μs for 
19F NMR. 

GEL PERMEATION CHROMATOGRAPHY (GPC) 

 The apparent number-average molar masses and dispersities of the synthesized polymers were 

determined using a GPC system (Varian 390-LC) multidetector equipped with a differential refractive 

index detector (RI), a light scattering (LS), and a viscosity detector using a guard column (Varian 

Polymer Laboratories PLGel 5 μm, 50 × 7.5 mm) and two ResiPore columns of the same type. The 
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mobile phase was DMF with 0.1 wt % LiBr adjusted at a flow rate of 1 mL min–1 while the columns were 

thermostated at 70 °C. The GPC system was calibrated using low dispersed poly(methyl methacrylate) 

(PMMA) standards ranging from 550 to 1 568 000 g mol–1 (EasiVial-Agilent). 

OMRP OF VDF INITIATED BY P16 IN THE PRESENCE OF CO(ACAC)2 

The polymerization of VDF (entry 9, Table 2) was performed in a 50 mL Hastelloy autoclave Parr system 

(HC 276) equipped with a manometer, a mechanical Hastelloy anchor, a rupture disk (3000 PSI), inlet 

and outlet valves equipped with a special steel pipe, and a Parr electronic controller for stirring speed 

and heating control. A typical polymerization of VDF by OMRP mediated by Co(acac)2 was performed 

as follows. Initially, Co(acac)2 (0.40 g, 1.55 mmol) was introduced into the autoclave, and then the 

reactor was closed and put under vacuum (10–2 mbar) to remove any residual traces of oxygen. A 

degassed solution of DMC (30 mL) was then transferred through a funnel tightly connected to the inlet 

valve of the autoclave. The reactor was then cooled in a liquid nitrogen bath, and VDF gas (8.00 g, 

0.124 mol) was introduced under weight control. Subsequently, the autoclave was warmed to room 

temperature and gradually heated to 60 °C while the reaction solution was mechanically stirred. A 

degassed solution of P16 (1.24 g, 3.11 mmol) in DMC (10 mL) was introduced in the reactor using an 

HPLC pump (5.0 mL/min). The polymerization was conducted for 24 h and then quenched by 

transferring (via a HPLC pump) a nitrogen-purged solution of TEMPO (0.72 g, 4.66 mmol, 3 equiv with 

respect to Co(acac)2) in DMC (5 mL) into the reactor and letting it react for 1 h at 60 °C, according to a 

previously reported procedure. (35) Finally, the autoclave was immersed in an iced bath and, after 

depressurization by venting, opened to air. The purified product was obtained after two repeated 

precipitations in 10-fold excess (400 mL) of chilled pentane, and it was recovered by centrifugation 

followed by drying under vacuum overnight. The final product was recovered as a brown powder (2.17 

g, 28% yield) and characterized by 1H and 19F NMR spectroscopy and gel permeation chromatography. 

It should be stressed that the polymerization yield was assumed identical to the monomer conversion, 

because it is particularly difficult to experimentally determine the VDF conversion. 

1H NMR (400 MHz, acetone-d6, δ (ppm), Figure 3): 0.85–0.89 ((CH3)3–C– of P16 fragment), 1.16–1.20 

(−CH3 TEMPO)), 1.26–1.87 (−CH2 of P16 fragment and TEMPO), 2.38–2.40 ((−CF2–CH2–CH2–CF2−), 

reverse VDF–VDF T–T addition and (−CF2–CH2–CH2–CF2–TEMPO)), 2.70–3.10 (−CH2–CF2–CH2–CF2–, 

normal VDF–VDF H–T addition and (−CH2–CF2–CH2–CF2–TEMPO), 3.70 (CH3–O–(C═O)–O–CH2–CH2–

CF2−), 4.30 (CH3–O–(C═O)–O–CH2–CH2–CF2−), 4.54 ((tert-butyl-cyclo-hexyl-O–(C═O)–O–CH2–CF2) and 

(−CH2–CF2–CF2–CH2–TEMPO)), 4.88–4.94 (−CH2–CF2–CH═CF2). 

19F NMR (400 MHz, acetone-d6, δ (ppm), Figure 4): −62.4 (−CH2–CF2–CH2–CF2–TEMPO), −68.0 (−CF2–

CH2–CH2–CF2–TEMPO), −73.6 (−CH2–CF2–CF2–CH2–TEMPO), −85.9 (−CH2–CF2–CH2–CF2–TEMPO), −92.1 

((−CH2–CF2–CH2–CF2) normal VDF–VDF H–T addition), −92.7 (−CF2–CH2–CH2–CF2–CH2–CF2–CH2–CF2−), 

−92.8 (CH2–CF2–CH2–CF2–H), −93.2 (CH3–O–(C═O)–O–CH2–CH2–CF2–CH2), −95.8 (−CF2–CH2–CH2–CF2–

CH2), −103.5 (tert-butyl-cyclo-hexyl-O–(C═O)–O–CH2–CF2−), −108.1 to −108.5 (CH2–CF2–CF2–CH3), 

−114.4 (CH2–CF2–CF2–CH2) reverse VDF–VDF H–H addition, −116.7 (CH2–CF2–CF2–CH2−), −114.7 to 

−115.8 (−CH2–CF2–CF2–CH3), −115.4 (−CH2–CF2–CH2–CF2–H), −116.9 (−CH2–CF2–CF2–CH2–CH2–CF2–H). 
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KINETICS STUDY OF THE VDF OMRP INITIATED BY CO(ACAC)2/P16 

The general procedure was similar to that described in detail above. A series of polymerizations were 

carried out for the Co(acac)2-mediated OMRP of VDF targeting a constant molar ratio of 

[VDF]0/[Co(acac)2]0 = 80 keeping the molar ratio of initiator to cobalt mediator constant 

([P16]/[Co(acac)2] = 2/1). The polymerizations were quenched by a nitrogen purged TEMPO solution 

at different polymerization times (from 0.25 to 24 h), and the polymerization yield was determined by 

gravimetry following the aforementioned procedure. The evolution of the number-average molar 

masses as a function of conversion was monitored by GPC (Figure 2a). 

SYNTHESIS OF PVDF-B-PVAC DIBLOCK COPOLYMERS 

 A typical procedure for the synthesis of PVDF-b-PVAc diblock copolymers was performed as follows: 

the OMRP of VDF mediated by Co(acac)2 in the presence of P16 ([VDF]0/[P16]0/[Co(acac)2]0 = 80/2/1) 

at 60 °C was set up using the procedure described above. The polymerization was allowed to proceed 

for 1 h, then an aliquot was withdrawn from the reaction medium through a special steel pipe adapted 

on the outlet valve and quenched with a nitrogen purged TEMPO solution in DMC. The aliquot was 

precipitated in chilled pentane, dried in high vacuum, and analyzed by GPC. Subsequently, the 

autoclave was slowly depressurized so as to remove the unreacted VDF. Afterward, a solution of 

degassed VAc (10.7 mL, 0.116 mol) was transferred in the autoclave using an HPLC pump (5.0 mL/min), 

and the polymerization was continued for 18 h at 60 °C. The polymerization was quenched by 

introducing a TEMPO solution in the autoclave (0.72 g, 4.66 mmol, 3 equiv with respect to Co(acac)2 in 

DMC (5 mL)) using the aforementioned procedure and left to react for 1 h at 40 °C. Finally, the 

autoclave was immersed in an iced bath and opened to air. The purified product (brown powder) was 

obtained after two repeated precipitations in 10-fold excess (500 mL) of chilled pentane after 

redissolution in DMF and recovered by centrifugation followed by drying under vacuum overnight and 

characterized by 1H and 19F NMR spectroscopy and GPC. In total, three PVDF-b-PVAc diblock 

copolymers were synthesized by varying the ratio of VAc to PVDF–Co(acac)2 macroinitiator (entries 1–

3, Table 5). 

1H NMR (400 MHz, acetone-d6, δ (ppm), Figure 7): 0.87–0.97 (CH3 P16 fragment), 1.16–1.45 (−CH3, 

−CH2–CH2–CH2– and −CH2–CH2–CH2– of TEMPO and CH2 of P16 fragment), 1.86 (−CH2–CH(OAc)–, 2.01 

(−(C═O)–O–CH3), 2.38 (−CF2–CH2–CH2–CF2–, VDF–VDF T–T reverse addition), 2.80–3.10 (−CH2–CF2–

CH2–CF2–, regular VDF–VDF H–T addition), 4.51 (−C–CH–O–(C═O)–O–CH2–CF2−), 4.95 (−CH2–CH–

(OAc)–CH3), 5.25 (−CH2–CF2–CH2–CH–(OAc) dyad). 

Results and Discussion 

EFFECT OF INITIATOR ON THE VDF OMRP 

Previous studies from our group indicated that azo-initiators are not suitable for the radical 

(co)polymerization of VDF, whereas peroxide initiators perform well. (36) Thus, three different types 

of peroxide initiators were tested for the polymerization of VDF via OMRP in the presence of Co(acac)2, 
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bis(tert-butylcyclohexyl) peroxydicarbonate (P16), di-tert butyl peroxide (DTBP), and benzoyl peroxide 

(BPO) (molecular structures are presented in Scheme S1). In preliminary explorations, all initiators 

were separately tested at [initiator]0/[Co(acac)2]0 molar ratios of 0.5/1 and 1/1 at 30 °C using the same 

[VDF]0/[Co(acac)2]0 ratio. Because the Co(acac)2-mediated radical polymerization method is known to 

be sensitive to oxygen, (37) polymerizations were performed under a protective atmosphere. 

However, this RDRP is tolerant to residual water because it has also been performed successfully in 

aqueous media. (38,39) All of the polymerizations were carried out in dimethyl carbonate (DMC), a 

good solvent for PVDF that also exhibits fast rate of VDF polymerization. (26) As shown by the results 

reported in Table 1, the use of BPO and DTBP met with limited or no success. DTBP did not lead to any 

polymerization, whereas BPO gave a very low monomer conversion after 48 h. 

Table 1. Results for the VDF Polymerization in DMC Initiated by DTBP, BPO, and P16 in the Presence of Co(acac)2
a 

 

a[VDF] = 3.13 mol/L, [VDF]0/[Co(acac)2]0 = 80, T = 30 °C. bThe VDF conversion was calculated gravimetrically. cGPC DMF–LiBr, 
calibrated using PMMA standards. 

On the other hand, P16 presented slightly higher conversions for shorter polymerization times (24 h). 

Therefore, P16 was chosen as the initiator for further optimization. The reasons for the lower efficiency 

of DTBP and BPO are currently unknown and are the topic of current stoichiometric investigations. 

EFFECT OF THE [P16]0/[CO(ACAC)2]0 RATIO ON THE VDF OMRP 

The [P16]0/[Co(acac)2]0 molar ratio was varied in the 0.5/1 to 2/1 range at polymerization temperatures 

of 30 and 60 °C (Scheme 1, Table 2). For the sake of comparison, a conventional radical polymerization 

of VDF at 60 °C was also performed (entry 1, Table 2). 

Scheme 1. Preparation of PVDF by OMRP Mediated by Co(acac)2 Initiated by Bis(tert-butylcyclohexyl) Peroxydicarbonate 
(P16) 

 
 



Published in: Macromolecules (2019), vol. 52, no. 3, pp. 1266-1276 
DOI: 10.1021/acs.macromol.8b02252 
Status: Postprint (Author’s version)  

 

 

 

Table 2. Experimental Conditions and Results for the VDF Polymerization in DMC Initiated by P16 in the Presence of Co(acac)2
a 

 
a[VDF] = 3.13 mol/L, [VDF]0/[Co(acac)2]0 = 80 for 24 h. The P16 initiator amount was adjusted at constant Co(acac)2 
concentration.bThe VDF conversion was calculated gravimetrically.cGPC DMF–LiBr, calibrated using PMMA 
standards.d[VDF]/[P16] = 40. 

Increasing the [initiator]/[Co(acac)2] ratio from 0.5 to 1.5 or the temperature of polymerization from 

30 to 60 °C (for this range of [initiator]/[Co(acac)2] ratios) had a negligible effect on the number average 

molar masses and did not increase monomer conversion, which only reached a few percent in each 

case. Increasing both the initial [initiator]/[Co(acac)2] ratio to 2/1 and the polymerization temperature 

to 60 °C (entry 9, Table 2) led to a notable increment of the conversion (from 5% to 7% to 27%), while 

the dispersity also slightly increased but remained acceptably low (Đ ≤ 1.35). 

The higher temperature led to a faster polymerization, as expected from the displacement of the 

moderating OMRP equilibrium and from the increase of the polymerization rate constant (kp). The 

conventional polymerization of VDF initiated by P16 without any Co(acac)2 (entry 1, Table 2) led to 

higher conversion, but the resulting PVDF also had a higher dispersity (Đ = 1.73) as compared to the 

polymerizations carried out in the presence of Co(acac)2 (Đ = 1.16–1.35). The above results suggest 

that Co(acac)2 can serve as an efficient controlling agent. 

We suppose that the combined action of the peroxycarbonate and Co(acac)2 rapidly generates radicals 

by a redox process, as reported previously for Co(acac)2/peroxide systems including BPO/Co(acac)2-

initiated OMRP of vinyl acetate. (40,41) In principle, in the case of a 100% initiator efficiency 

(generating carboxyl radicals), a second equivalent of Co(acac)2 is necessary to play the role of 

moderator of the polymer chains generated from the carboxyl radical. (42) This means that the ideal 

theoretical initial [peroxide]/[Co(acac)2] molar ratio is 0.5 for a controlling mechanism by reversible 

termination. In the presence of excess radicals, the polymerization likely proceeds via degenerative 

transfer. The optimal ratio would depend on the relative rates of the redox process, of the additions 

of the carboxyl radicals to the monomer, of the propagation step, of the polymer chain trapping 

process, and of the subsequent thermal decomposition of any residual peroxide and is thus expected 

to be initiator- and monomer-dependent. For instance, the best results for the [BPO]/[Co(acac)2]-

initiated OMRP of VAc were achieved with a [BPO]/[Co(acac)2] ratio of 1/1.3. (41) Further 

investigations into the intimate details of the initiation mechanism are ongoing in our laboratories and 

will be reported in due course. 
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EFFECT OF THE [VDF]0/[CO(ACAC)2]0 MOLAR RATIO 

All of the subsequent investigations were carried out with the optimized [P16]0/[Co(acac)2]0 molar ratio 

of 2/1. A linear dependence of the PVDF molar mass on the [VDF]0/[Co(acac)2]0 molar ratio would 

constitute solid evidence that Co(acac)2 plays an efficient role as a controlling agent. (43) Therefore, a 

series of polymerizations were conducted at different [VDF]0/[Co(acac)2]0 molar ratios while 

maintaining the [P16]0/[Co(acac)2]0 constant (Table 3). 

Table 3. Experimental Conditions and Results of the VDF OMRP for a Series of [VDF]0/[Co(acac)2]0 Molar Ratios at 60 °Ca 

 
aReactions conditions: [VDF]0 = 3.13 mol/L, [P16]0/[Co(acac)2]0 = 2/1 at 60 °C for 18 h.bThe VDF conversion was calculated 
gravimetrically.cGPC DMF–LiBr, calibrated using PMMA standards. 

All polymerizations reached about 25% of monomer conversion after 18 h despite the variation of 

[VDF]/[initiator] and [VDF]/[cobalt] ratios, which should lead to different polymerization rates. This 

suggests that the polymerizations stopped after few hours, which is consistent with the half-life of P16 

(∼1.76 h at 60 °C). Indeed, the latter is most probably exhausted before 18 h (about 96% consumption 

of P16 after 8 h) and cannot generate radicals needed to maintain the DT mechanism, leading to the 

premature stop of the polymerization. This assumption is confirmed by the evolution of the monomer 

conversion with time (vide infra). As expected, these polymerizations produced PVDF with molar 

masses that increase with the [VDF]0/[Co(acac)2]0 ratio (Mn = 1400–9300 g mol–1) accompanied by 

relatively low dispersities (1.10 ≤ Đ ≤ 1.35) (Figure 1b). Nevertheless, at higher initial ratios (>80), the 

molar mass no longer increased linearly. Instead, Mn reached a maximum value (9300 g mol–1), with 

only a marginal increase of dispersity. Furthermore, the GPC traces of the synthesized PVDFs (Figure 

1a) displayed unimodal distributions showing no sign of coupling reactions. (44,45) A tentative 

explanation for this behavior is that high molar mass (Mn > 7000 g mol–1) PVDF chains become less 

soluble in DMC at 60 °C, which in turn leads to both retardation and termination of polymerization. 

This hypothesis could also explain the negligible increase of dispersity after PVDF reached ca. 7000 g 

mol–1, suggesting that the polymer–solvent interactions become less favorable, therefore minimizing 

chain transfer reactions. To verify our assumption, PVDF homopolymers of molar masses 3700 and 

9300 g mol–1 (entries 2 and 7, Table 3) were fully dissolved in DMC at room temperature. Subsequently, 

the polymer solutions were gradually heated at 60 °C. Remarkably, after 5 min, the high molar mass 

PVDF had precipitated while the low molar mass PVDF remained completely dissolved (Figure S1). 
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Figure 1. (a) Evolutions of the GPC traces and (b) plot of Mn and Đ versus [VDF]0/[Co(acac)2]0 for the OMRP of VDF. Conditions: 
[P16]0/[Co(acac)2]0 = 2/1, T = 60 °C. 

 

KINETICS ON THE OMRP VDF POLYMERIZATION 

A kinetic study was carried out through a series of a single point experiments (ranging from 0.25 to 16 

h). All polymerizations were conducted under similar conditions ([VDF]0/[P16]0/[Co(acac)2]0 = 80/2/1 

at 60 °C in DMC) and were monitored by 19F NMR (Figure S2) and GPC measurements. The GPC traces 

of the synthesized PVDFs displayed unimodal distributions, which significantly shifted toward lower 

elution times (Figure S3). Figure 2a illustrates the evolution of Mn and Đ versus monomer conversion 

(entries 1–9, Table S1) where the linear relationship between molar mass and conversion indicates 

that the chain growth is indeed controlled. In addition, the dispersity gradually increased but remained 

low (1.01 < Đ < 1.24) throughout the polymerization. The kinetic plot (Figure 2b) exhibited three 

different regimes. Initially, a fast polymerization was observed without any sign of induction period in 

contrast with the RAFT polymerization of VDF. (15) This behavior is expected for a redox initiating 

system. (39,41,46) The polymerization proceeded at a fast rate for 1 h, and then it slowly decreased 

until it terminated after 8 h (see the plateau from 8 to 16 h on Figure 2b) where the conversion reached 

27%. It is believed that the change of polymerization rate after 2 h (which corresponds to Mn = 7000–

8000 g mol–1) is due to limited solubility of PVDF in DMC at 60 °C, as mentioned above (Figure S1). The 

same behavior was observed in our previously reported study, which made use of the oligo(VAc)-

cobalt(III) initiator, where a change of slope for the kinetic plot was also noticed in the same molar 

mass regime. (24) 

Figure 2. Plots of (a) evolution of Mn and Đ versus the monomer conversion and (b) ln([M]0/[M]) versus polymerization time 
for the VDF homopolymerization via OMRP. Conditions: [VDF]0/[P16]0/[Co(acac)2]0 = 80/2/1, T = 60 °C. 

 

However, two notable differences between the two polymerization strategies are the polymerization 

rates and the conversions. The polymerization rates are higher when the [P16]/[Co(acac)2] initiating 
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system was used, probably because the polymerization occurs within the degenerative transfer 

regime, and because of the higher temperature used in this experiment (vs 40 °C when using the 

oligo(VAc)–cobalt(III) initiator). (47,48) On the other hand, significantly greater conversions (54%) 

could be achieved in the latter case. Concerning the inverted monomer additions, both methods gave 

similar results. Specifically, the H–H additions increased gradually with VDF conversion reaching a 

maximum of ca. 4%, as monitored from 19F NMR and calculated using eq S1 (Figure S4). Further 

evidence of RDRP was shown by chain extension (vide infra). 

NMR SPECTROSCOPY OF PVDF FORMED BY OMRP 

By means of 1D 1H, 19F, and 2D hetero-COSY 1H–19F NMR experiments and on the basis of previously 

reported studies, it was possible to thoroughly characterize the PVDF synthesized by OMRP after 

quenching with TEMPO and purification. According to the literature, TEMPO plays the role of radical 

scavenger by displacing the covalently bonded Co(acac)2 moiety from the propagating PVDF active 

chains and thus preventing unfavorable chain terminations. (43) 

To clearly identify the PVDF microstructure and the TEMPO chain ends, a low-molar mass PVDF (entry 

1, Table 3) was selected. Figure 3 exhibits the 1H NMR spectrum including the assignment of all 

resonances. The broad resonance appearing at 2.70–3.10 pm is assigned to the characteristic head-to-

tail −CH2–CF2–CH2–CF2– VDF–VDF dyads, whereas the sharper and more resolved resonances in the 

2.38–2.40 ppm range are assigned to the tail-to-tail −CF2–CH2–CH2–CF2– dyads, in agreement with 

previous studies. (15,17,24) 

Figure 3. 1H NMR spectrum recorded in (CD3)2CO of a low molar mass PVDF homopolymer synthesized via OMRP (entry 1, 
Table 3). 
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The end groups arising from the initiator fragment of P16 (CH3)3C– and CH2 protons are highlighted by 

signals at 0.85 and 0.89 ppm and in the 1.16–1.20 ppm range, respectively. Additionally, this regime 

might contain P16 fragments of (CH3)3C– and CH2 derived from decarboxylation of the initiator. (49−51) 

The resonances centered at 1.16–1.20 ppm and several other signals in the 1.26–1.89 ppm range are 

attributed to the −CH3, −C–(CH3)2–CH2–CH2–CH2–C–(CH3)2 and −C–(CH3)2–CH2–CH2–CH2–C–(CH3)2 

protons of the TEMPO-end groups. 

The broad resonance in the 4.40–4.60 ppm range represents the overlap of the tert-butyl-cyclo-hexyl-

O–(C═O)–O–CH2–CF2 moiety of the P16 fragments connected to the first VDF unit and the −CH2–CF2–

CF2–CH2–TEMPO moiety corresponding to the ω chain end obtained after an inverted monomer 

addition. (24) The resonances of the regular CH2–CF2–CH2–CF2–TEMPO and T–T reverse addition CF2–

CH2–CH2–CF2–TEMPO chain ends overlap with the midchain H–T and T–T resonances at 2.94 and 2.40 

ppm, as proven by the 1H–19F hetero-COSY analysis (vide infra). The resonances centered at 3.70, 

respectively, of the CH3–O–(C═O)–O–CH2–CH2–CF2– moiety produced after chain transfer to a DCM 

molecule and reinitiation by radical addition onto the CH2 site of VDF. (3) The complex peak at 4.85–

4.98 ppm might correspond to −CH2–CF2–CH═CF2 chain-end unsaturation, generated by H-transfer 

from the terminal H-T VDF unit. (26,52) The latter assignment is supported by the absence of this peak 

in the 1H NMR spectrum of PVDF synthesized by conventional radical polymerization (Figure S5), which 

also indicates that the resonance does not result from bimolecular disproportionation. A tentative 

mechanism generating this function is metal-catalyzed chain transfer (CCT) to monomer. (53) Indeed, 

although CCT is common for more activated monomers such as methacrylates and styrenics, its 

possible intervention for a less activated monomer (vinyl acetate) has also been recently pointed out 

for a cobalt complex analogous to Co(acac)2. (54) 

Figure 4 illustrates the 19F NMR spectrum of the same sample, which exhibits the expected intense 

signal at −92.1 ppm attributed to the −CH2–CF2–CH2–CF2– dyads formed by the normal H–T addition. 

(24−26) The resonances at −114.4 and −116.7 ppm are indicative of the chain defects caused by H–H 

reverse additions, (24−26) and those at −95.8 and −92.7 ppm correspond to the regular CF2 moieties 

adjacent to these reverse additions. The peak at −92.8 ppm is assigned to −CH2–CF2–CH2–CF2–H, while 

the doublet of multiplets ranging from −114.9 to −115.4 ppm and the peaks centered at −116.9 ppm 

are assigned to the −CF2–H chain-ends caused by hydrogen atom abstraction (chain transfer to solvent, 

monomer or polymer). The analogous transfer for the minor PVDF–CF2–CH2
• (PVDFT

•) radical obtained 

by H–H addition leads to the resonances centered at −108.1 and −115.1 ppm and assigned to CH2–CF2–

CF2–CH3 and CH2–CF2–CF2–CH3, respectively (see Figure S6). Another resonance related to this transfer 

is observed at −93.2 ppm, corresponding to the CH3–O–C(═O)–O–CH2–CH2–CF2–CH2– moiety 

generated by the DMC radical initiation of a new chain. The resonance at −103.5 ppm is attributed to 

the first VDF dyad next to P16 fragment tert-butyl-cyclo-hexyl–O–(C═O)–O–CH2–CF2–. Additionally, 

the 19F NMR spectrum reveals the presence of low field peaks located between −88 and −64 ppm and 

associated with the ultimate and penultimate VDF units connected to the TEMPO end-group, as 

observed in a previous study. (24) These signals are not observed in the 19F NMR spectrum of the PVDF 

synthesized by conventional radical polymerization (entry 1, Table 1, Figure S7), for which no TEMPO 

quenching of the dormant chain was carried out. 
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Figure 4. 19F NMR spectrum in (CD3)2CO of a low molar mass PVDF homopolymer synthesized via OMRP (entry 1, Table 3). 

 

Figure 5. 1H–19F hetero-COSY spectrum of PVDF (entry 1, Table 3) in (CD3)2CO. Vertical axis, 1H NMR spectrum; horizontal axis, 
19F NMR spectrum. 

 

However, the 1D 1H and 19F NMR spectra were not sufficient for the identification of all resonances. 

The unambiguous assignment was made possible by a 2D 1H–19F hetero-COSY analysis (Figure 5, Figure 

S8 (enlarged graph)).In particular, the 1.16 ppm 1H NMR resonance of the TEMPO −CH3 is clearly 

correlated with the 19F NMR resonance at −62.4 ppm (stronger signal), and with smaller resonances at 

−68.0 and −73.6 ppm of similar relatively weak intensity. The stronger 19F NMR resonance at −62.4 

ppm is in turn correlated with the normal H–T resonance at 2.94 ppm and is thus assigned to CH2–CF2–

CH2–CF2–TEMPO, whereas the smaller and similar intensity 19F NMR resonances at −68.0 and −73.6 

ppm correlate, respectively, with the resonance at 2.40 ppm, which is very close to the T–T dyad 

resonance and is therefore interpreted as the resonance of −CF2–CH2–CH2–CF2–TEMPO, and with the 

one at 4.57 ppm, which is assigned to −CH2–CF2–CF2–CH2–TEMPO. 

Hence, the 19F NMR resonance at −68.0 ppm is attributed to −CH2–CH2–CH2–CF2–TEMPO, and that at 

−73.6 ppm is assigned to −CH2–CF2–CF2–CH2–TEMPO. Finally, the 19F resonance at −85.9 ppm is 

correlated with the 1H resonances at 2.94 ppm and at ca. 1.80 ppm (area of the TEMPO-end groups). 

https://pubs.acs.org/doi/full/10.1021/acs.macromol.8b02252#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.macromol.8b02252#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.macromol.8b02252#tbl3
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Therefore, these resonances are attributed to the −CH2–CF2–CH2–CF2–TEMPO moiety. All of the 

aforementioned assignments are summarized in Table 4. 

Table 4. 19F NMR Chemical Shifts and Assignments of a Low Molar Mass PVDF Homopolymer Synthesized via OMRP (Entry 1, 
Table 3) 

 

The assignment of the peak centered at −67.1 ppm remains undefined because there is no clear 

indication either from 1H–19F hetero-COSY spectrum or from the literature. Additionally, it should be 

stressed that this peak is also present in the 19F NMR spectrum of PVDF synthesized by conventional 

polymerization (Figure S7). A previous study reported by our team wrongly assigned this peak to the 

−CF2–CH2–CH2–CF2–TEMPO moiety. (24) 

SYNTHESIS OF THE PVDF-B-PVAC DIBLOCK COPOLYMERS 

To check the “living” character of PVDF–Co(acac)2 chains synthesized using the P16/Co(acac)2 initiating 

system, sequential polymerizations of VAc were examined (Scheme 2). PVDF-b-PVAc block copolymers 

have been previously synthesized by our group via RAFT and OMRP. (24,25) The latter method proved 

versatile, producing polymers that are end-capped by the metal complex in which the labile carbon–

metal bond at the chain end can be reactivated for further functionalization such as cobalt-mediated 

radical coupling to obtain symmetric ABA triblock copolymers. (31) Furthermore, to explore the 

limitations of the PVDF chain extension with VAc, block copolymers containing PVAc segment of 

various lengths were prepared, under identical experimental conditions, by varying the 

VAc/macroinitiator molar ratio. The results of these syntheses are summarized in Table 5. 
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https://pubs.acs.org/doi/full/10.1021/acs.macromol.8b02252#tbl3


Published in: Macromolecules (2019), vol. 52, no. 3, pp. 1266-1276 
DOI: 10.1021/acs.macromol.8b02252 
Status: Postprint (Author’s version)  

 

 

 

Scheme 2. Synthesis of the PVDF-b-PVAc Diblock Copolymers by Sequential OMRP 

 

Table 5. Molecular Characteristics of the PVDF Macroinitiators and of the Three PVDF-b-PVAc Block Copolymers Synthesized 
in Situ via Sequential OMRP 

 

aPVDF–Co(acac)2 was synthesized by OMRP at [VDF]0/[P16]0/[Co(acac)2]0 = 80/2/1 at 60 °C for 1 h.bChain extension of PVDF–
Co(acac)2 with VAc was performed at 60 °C after venting VDF off.cTheoretical VAc composition.dExperimental VAc 
composition calculated by 1H NMR spectroscopy. eVDF composition, which was randomly copolymerized along the “PVAc 
block”. 

Figure 6 displays the GPC chromatograms of the PVDF macroinitiators and of three final PVDF-b-PVAc 

block copolymers. The PVDF macroinitiators exhibited similar molecular characteristics, while after 

chain extension, the GPC traces shifted toward lower elution times. Additionally, no residual trace of 

the starting PVDF macroinitiator was detected when superimposing the VDF–Co(acac)2 and the derived 

block copolymer traces, suggesting a successful block copolymerization (although RI detection may not 

be optimum to assess residual PVDF chains in the presence of PVAc). The number average molar 

masses increased proportionally to the [VAc]/[PVDF] ratio, from 13 100 to 29 500 g/mol, while the 

theoretical and experimental VAc compositions were found in reasonable agreement. The dispersities 

of the PVDF–Co(acac)2 intermediates were low (Đ < 1.16) and then slightly increased to greater values 

(Đ = 1.19–1.39) for longer PVAc block lengths, which suggests the presence of irreversible chain 

terminations. The significant tailing observed in the GPC traces of the diblock copolymers confirms this 

hypothesis. 

Figure 6. Normalized GPC traces of PVDF–Co(acac)2 homopolymers (entries 1 (red), 2 (blue), and 3 (black), Table 5) and PVDF-
b-PVAc block copolymers formed by in situ sequential OMRP. 
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The 1H NMR analysis of the PVDF-b-PVAc diblock copolymers provided additional information (Figure 

7). Resonances assigned to both PVDF and PVAc sequences were clearly observed. In particular, the 1H 

NMR spectrum displays typical broad peaks centered at 1.86, 2.01, and 4.95 ppm corresponding to the 

CH2, CH3, and CH of the PVAc block, respectively. In addition, a broad triplet at 2.97 ppm is assigned to 

the CH2 protons of the regular VDF H–T dyads, and a broad peak at 2.38 ppm is characteristic of the 

VDF T–T dyads, respectively. 

Figure 7. 1H NMR spectrum of a PVDF-b-PVAc block copolymer synthesized via sequential OMRP polymerization (entry 1, 
Table 5) recorded in (CD3)2CO. 

 

It should be underlined that residual VDF remaining in the autoclave was copolymerized with VAc and 

was statistically incorporated in the new block (rVAc = 1.67 and rVDF = −0.40) as it was evidenced by a 

broad peak centered at 5.25 ppm, which corresponds to the methyne group of the VAc units next to 

VDF monomers. (55,56) The signals ranging from 1.16 to 1.45 ppm are characteristic of the CH2 and 

CH3 groups of TEMPO, which overlap with those of the CH2 fragment of P16. Finally, the peaks at 0.87 

and 0.90 and 4.51 ppm are assigned to the CH3 protons and CH of P16, respectively. Finally, it is worth 

mentioning that the 19F NMR spectrum of PVDF-b-PVAc block copolymer (Table 5, entry 3, Figure S9) 

shows the absence of peaks in low field region attributed to PVDF–TEMPO chain end groups, thus 

confirming the correct assignment of these groups. 

Conclusions 

Previously, the Co(acac)2-mediated OMRP of VDF was effective only when oligo(VAc)–cobalt(III) was 

used as initiator. Nevertheless, the labor-intensive and time-consuming synthesis of this initiator 

rendered this approach impractical. We have described here an alternative and straightforward 

https://pubs.acs.org/doi/full/10.1021/acs.macromol.8b02252#tbl5
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strategy using a two component-initiating system from commercially available compounds. Among 

various radical initiators, P16 was found to lead to acceptable control under optimized conditions 

([P16]0/[Co(acac)2]0 = 2/1, T = 60 °C), leading to PVDF homopolymers with low dispersities (Đ < 1.35). 

However, PVDF homopolymers of high molar masses (Mn > 7000 g/mol) presented low solubility in 

DMC at 60 °C, which in turn may have led to retardation and subsequently to the termination of 

polymerization, limiting the polymerization to low conversions (ca. <27%). 2D NMR studies of a low-

molar-mass, TEMPO-quenched PVDF has allowed an in-depth analysis of the PVDF microstructure 

including the chain ends. Furthermore, low dispersed PVDF–Co(acac)2 polymers were used as 

macroinitiators for the in situ OMRP of VAc, yielding PVDF-co-PVAc block copolymers with unimodal 

and narrow molar mass distributions, confirming the livingness of this method and the high degree of 

chain-end functionality. Further optimization of this synthetic strategy might pave the way to 

industrially scalable processes for the straightforward synthesis of well-defined PVDF homopolymers 

and VDF-containing copolymers and block copolymers. 
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