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A B S T R A C T   

The synthesis of well-defined poly(vinylidene fluoride) (PVDF)-based block copolymers has been an important 
topic in recent years to accurately modify its properties and to achieve high-quality composites. Atom transfer 
radical polymerization (ATRP) proved itself to be a viable technique for the controlled synthesis of PVDF-based 
block copolymers. Recently, organic photoredox catalysts (OPRCs) have been reported as effective photocatalysts 
in light-catalyzed ATRP. Here, we use three OPRs (perylene, 10-methylphenotiazine, 10-phenylphenotiazine) for 
the ATRP of methylmethacrylate using telechelic PVDF as macroinitiators. We explore the impact of three 
process parameters: the end group on the polymer chain, the concentration of MMA, and the concentration of the 
OPRC in solution. First, three different telechelic PVDF were tested under the same monomer and OPRC con-
centrations to select the best macroinitiator for this system. Then, the effects on the overall control and on the 
conversion when the concentration of monomer or OPRC is varied were evaluated.   

1. Introduction 

In recent years, fluoropolymers have attracted wide attention both in 
industry and academia due to their outstanding thermal, physical and 
chemical stability [1]. These characteristics depend on the molecular 
weights, molecular weight distributions, chain configurations, crystal-
line form, and defects of the polymer chains [2–7]. Polyvinylidene 
fluoride (PVDF), one of the most important fluoropolymers, is also well 
known for its piezo-, pyro-, and ferroelectric properties [8–14], espe-
cially when it crystallizes in the β crystalline phase, which shows high 
dielectric permittivity arising from the C–F bonds and the spontaneous 
orientation of dipoles in the crystalline phase. This makes it attractive 
for various applications, such as sensors, actuators or dielectric mate-
rials for electric storage applications [15–19]. Vinylidene fluoride (VDF) 
is a gaseous monomer that can be polymerized via radical initiation in a 
high-pressure vessel. Several studies have been conducted using benzoyl 
peroxides (BPOs) as initiators for the polymerization of ethylenically 
unsaturated fluoromonomers [20]. A molecule of modified BPO is 
homolytically broken into two identical parts, which will independently 
start a polymerization reaction in the presence of VDF. Two different 
growing chains will then react with each other through a termination 
phenomenon that results in chains with half of the peroxide molecule at 

each end. A variety of different functional groups can be introduced into 
BPO by diverse and facile chemistry, and this opens new routes for the 
synthesis of a variety of block copolymers through different techniques 
[21,22]. 

Copolymerization is one of the most powerful tools to modify the 
properties of PVDF, such as its crystallinity, chemical reactivity, stabil-
ity, solubility, and processability [23]. Copolymerization is also often 
necessary to overcome some drawbacks related to the characteristics of 
PVDF, such as high processing costs or poor solubility in common 
organic solvents. Moreover, it is also useful to broaden the number of 
possible applications by increasing its surface energy or the coefficient 
of friction. Obtaining well-defined copolymers was made possible by the 
introduction of the controlled/living radical polymerization (CLRP) 
concept to synthetic polymer chemistry. The outstanding contributions 
of CLRP, such as atom transfer radical polymerization (ATRP) [24–27], 
reversible addition-fragmentation chain transfer polymerization or 
macromolecular design via interchange of xanthates (RAFT/MADIX) 
[28–30] and iodine transfer polymerization (ITP), have become 
extremely important for the development of such materials. ATRP, in 
particular, is a powerful technique that allows well-defined block co-
polymers with excellent controllability of molecular weight, low dis-
persity, and high retention of chain end groups to be obtained. 
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Generally, it requires a relatively high concentration of a metal catalyst 
to guarantee control over the whole process and to compensate for the 
radical termination reactions. For numerous applications, such as 
biomedicine, biomaterials or microelectronics, metal contamination is a 
strong limiting factor, despite the elaboration of methods in which the 
catalyst loading can be reduced below 100 ppm [31–34]. For dielectric 
materials, it has been shown that even a trace amount of impurity ions 
can significantly broaden the electric displacement-electric field (D-E) 
hysteresis loop with consequent high dielectric loss [31,35–37]. The 
recently developed photoinduced metal-free ATRP [38] has emerged as 
a powerful methodology to synthesize polymers with the complete 
elimination of transition metal residues. This synthetic method bears 
many characteristics of traditional controlled radical polymerization 
procedures, including good control over molecular weight, low dis-
persity, and high retention of chain-end functionality. The concept of 
metal-free ATRP relies on the use of photoredox catalysis, where the 
excited-state photocatalyst undergoes a reversible electron transfer re-
action with an alkyl halide initiator to mediate the exchange between 
active and dormant species through external light stimulation [39]. 

Light, as a widely available, relatively safe, and economical external 
stimulus, has attracted much attention as an initiating factor [40–42] 
because it can be used with a simple experimental setup under mild 
reaction conditions, with limited side effects, with the possibility of 
adjusting the light source and providing spatial and temporal control 
[41,43–45]. Light of various wavelengths can be effectively used in 
photocontrolled polymerizations, including UV [40], visible [46,47], 
and near infrared (NIR) [48,49] light delivered by household bulbs [50], 
light-emitting diodes (LEDs) [51] or even sunlight [46]. In the past few 
years, significantly increasing interest has been paid to the development 
of a variety of low-cost, readily available, and easy-to-use organic 
photoredox catalysts (OPRCs) for UV and visible light-catalyzed ATRP 
[39,52–54] that can also be used for the preparation of block copolymers 
[54–58]. Most photoredox catalysts operate through an oxidative 
quenching pathway because they possess strongly reducing excited 
states [Ered(PC.+/PC*)≥1.5 V vs SCE] that are capable of directly 
reducing the alkyl bromide or chloride in O-ATRP [52,59], but recently, 
it has been proven that some OPRC can operate by a reducing quenching 
pathway by the use of sacrificial electron donors, such as amines, which 
are oxidized by PC*, generating a more reducing PC radical anion (PC.-). 

In a paper recently published by our group [59], we tested 5 different 
organic photoredox catalysts for the synthesis of PVDF-based block co-
polymers, demonstrating how OPRCs operating through an oxidative 
quenching pathway (perylene, 10-methylphenotiazine and 10-phenyl-
phenotiazine), the mechanism of which is shown in Fig. 1, were able 

to effectively control block copolymerization, while OPRCs operating 
through a reductive quenching pathway (Fig. S1) (fluorescein, eosin Y) 
were not able to provide good results. Following this study, we decided 
to investigate this process further, studying the parameters that could 
influence the metal-free, light-catalyzed process in the synthesis of 
PVDF-based block copolymers. 

Here, we use three different OPRC operating through an oxidative 
quenching pathway, and we report how varying their concentration in 
solution, the concentration of the monomer used for the block copoly-
merization process, or the end-group at the end of the PVDF chain in-
fluence the metal-free, light-catalyzed process. 

2. Experimental section 

2.1. Materials 

Methyl methacrylate (MMA, 99%, Sigma Aldrich) was passed 
through an alumina column to remove the inhibitor, 4-(bromomethyl) 
benzoic acid (Sigma Aldrich), 4-(1-bromoethyl)benzoic acid (Sigma 
Aldrich), 4-benzoylbenzoic acid (Sigma Aldrich), oxalyl chloride (99%, 
Sigma Aldrich), lithium peroxide (Li2O2, 95% Alfa Aesar), sodium 
borohydride (NaBH4, 99%, Sigma Aldrich), phosphorus tribromide 
(PBr3, 99%, Sigma Aldrich), magnesium sulfate (MgSO4, 99,5%, Sigma 
Aldrich), vinylidene fluoride (VDF, 98%, Synquest Lab), 10-methylphe-
notiazine (10-MPT, Alfa Aesar), 10-phenylphenotiazine (10-PPT, Sigma 
Aldrich), perylene (98%, Sigma Aldrich), dichloromethane (DCM, extra 
dry, 99.8%, Acros Organics), N,N-dimethylformamide (DMF, Anhydrous 
99.8%, Thermo Fischer Scientific), n-hexane (99%, Macron Fine 
Chemicals), diethyl ether (Et2O, Macron Fine Chemicals), chloroform 
(Macron Fine Chemicals), acetonitrile (99,9+%, extra dry, Acros Or-
ganics), methanol (MeOH, Macron Fine Chemicals), ethanol (EtOH, 
Macron Fine Chemicals), hydrochloric acid (HCl, 37%, Sigma Aldrich) 
were used as received. LED stripes (395 nm, intensity = 4 W) were 
purchased from Waveform Lightning, and the TLC lamp (302 nm, in-
tensity = 8 W) was purchased from Thermo Fischer. 

2.2. Synthesis of 4-(1-bromomethyl) benzoyl peroxide (MBrBPO) 

In a typical reaction, 4-(1-bromomethyl) benzoic acid (3.0 g, 13.9 
mmol) was dissolved in 50 mL of anhydrous DCM at 0 ◦C. Oxalyl chlo-
ride (1.5 eq., 20.9 mmol, 1.79 mL) and a few drops of anhydrous DMF 
were added, and the reaction started. After reacting for 2 h at room 
temperature, the solvent was removed by rotary evaporation. The 
remaining yellow residue was immediately dissolved in 100 mL n-hex-
ane/Et2O (1/1). The resulting solution was slowly added via a droplet 
funnel to a rapidly stirred 50 mL aqueous solution of Li2O2 (1.3 eq, 18.1 
mmol, 0.83 g) at 0 ◦C. After reacting for 2 h at room temperature, the 
reaction mixture was diluted with 250 mL of chloroform and washed 
twice with 100 mL of H2O. The aqueous phase was extracted twice with 
50 mL of chloroform. The combined organic phases were dried over 
MgSO4, and chloroform was subsequently removed by rotary evapora-
tion. The remaining yellow solid was recrystallized from chloroform, 
yielding white needle-shaped crystals. 

1H-NMR (400 MHz, DMSO‑d6): 8,03 (m, -ArH), 7,55 (m, -ArH), 4,52 
(m, -CH2Br). 

2.3. Synthesis of 4-(1-bromoethyl) benzoyl peroxide (EtBrBPO) 

In a typical reaction, 4-(1-bromoethyl) benzoic acid (3.0 g, 13.1 
mmol) was dissolved in 50 mL of anhydrous DCM at 0 ◦C. Oxalyl chlo-
ride (1.5 eq., 19.6 mmol, 1.7 mL) and a few drops of anhydrous DMF 
were added, and the reaction started. After reacting for 2 h at room 
temperature, the solvent was removed by rotary evaporation. The 
remaining yellow residue was immediately dissolved in 100 mL n-hex-
ane/Et2O (1/1). The resulting solution was slowly added via a droplet 
funnel to a rapidly stirred 50 mL aqueous solution of Li2O2 (1.3eq, 17.0 

Fig. 1. Mechanism of photoredox-mediated ATRP of bromine-terminated PVDF 
macroinitiator for the polymerization of MMA under UV–Vis light irradiation 
with the oxidative quenching pathway. 
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mmol, 0.8 g) at 0 ◦C. After reacting for 2 h at room temperature, the 
reaction mixture was diluted with 250 mL of chloroform and washed 
twice with 100 mL of H2O. The aqueous phase was extracted twice with 
50 mL of chloroform. The combined organic phases were dried over 
MgSO4, and chloroform was subsequently removed by rotary evapora-
tion. The remaining yellow solid was recrystallized from chloroform, 
yielding white needle-shaped crystals. 

1H-NMR (400 MHz, DMSO‑d6:8,05 (m, -ArH), 7,58 (m, -ArH), 5,20 
(m, -CH(CH3)Br), 2,06 (d, -CH3). 

2.4. Synthesis of 4-(bromo(phenyl)methyl) benzoic peroxide (BBrBPO) 

In a typical procedure, 4-benzoylbenzoic acid (5.0 g, 22.1 mmol) was 
dissolved in 20 mL of EtOH. At 0 ◦C, sodium borohydride (1.5 eq., 1.25 
g, 33.1 mol) was added, and the reaction proceeded for 1 h. The reaction 
was then quenched by adding hydrochloric acid until a pH of approxi-
mately 1 was reached. The solvent was then evaporated, giving 4-(hy-
droxy(phenyl)methyl) benzoic acid. The isolated product (5.0 g, 21.9 
mmol) was dissolved in 20 mL of anhydrous DCM, and PBr3 (1.3 eq., 2.7 
mL, 24.4 mmol) was added dropwise at 0 ◦C. The reaction proceeded at 
room temperature for 3 h and was then quenched by the addition of a 
few drops of water. The solution was then washed once with 10 mL of 
brine and twice with 20 mL of water. The organic phase was then dried 
and evaporated through rotary evaporation, giving 4-(bromo(phenyl) 
methyl)benzoic acid as a white solid with a yield higher than 80%. The 
product obtained from the previous step was then reacted with oxalyl 
chloride (1.5 eq, 2.8 mL, 32.8 mmol) and a few drops of anhydrous DMF 
in 40 mL of anhydrous DCM at 0 ◦C. After reacting for 2 h at room 
temperature, the solvent was removed by rotary evaporation. The 
remaining white/yellow residue was immediately dissolved in 100 mL 
of n-hexane:Et2O (1:1). The resulting solution was slowly added via a 
droplet funnel to a rapidly stirred 50 mL aqueous solution of Li2O2 (1.3 
eq, 1.3 g, 28.47 mmol) at 0 ◦C. After reacting for 3 h at room temper-
ature, the reaction mixture was diluted with 100 mL of chloroform and 
washed once with 30 mL of brine and twice with 30 mL of H2O. The 
aqueous phase was extracted twice with 30 mL of chloroform. The 
combined organic phases were dried over Mg2SO4, and chloroform was 
subsequently removed by rotary evaporation. The remaining white solid 
was recrystallized from chloroform and methanol to yield 4-(bromo 
(phenyl)methyl) benzoic peroxide. 

1H-NMR (400 MHz, DMSO‑d6): 8.04 (m, -ArH), 7,77 (m, -ArH), 7,52 
(m, -ArH), 7,39 (m, -ArH), 6,78 (s, -CH). 

2.5. Synthesis of bromine-terminated PVDF 

A typical procedure for the homopolymerization of vinylidene fluo-
ride is as follows: The selected BPO (0.2 mmol) was dissolved in 300 mL 
of anhydrous acetonitrile, and this solution was charged into a pressure 
reactor. The vessel was closed and purged with nitrogen for 30 min to 
degas the mixture. Subsequently, the reactor was charged with 20 bars 
of VDF, heated to 90 ◦C, and stirred at 500 rpm. After reacting for 4 h, 
the vessel was cooled down and depressurized. The solvent was evap-
orated through rotary evaporation, and the obtained solid was redis-
solved in DMF. The solution was precipitated in a solution of H2O/ 
MeOH (1/1), washed several times with chloroform, and dried in a 
vacuum at 50 ◦C. 

MBrPVDF 1H NMR spectrum of 4-(bromomethyl)-terminated PVDF 
(MBrPVDF). 

1H NMR (400 MHz, DMSO‑d6): PVDF head-to-tail (2,89 ppm) and 
PVDF tail-to-tail (2,25 ppm), 7,77 ppm (m, -ArH), 6,80 ppm (m, -ArH), 
4,77 ppm (m, -CH2Br). 

EtBrPVDF 1H NMR spectrum of 4-(bromoethyl)-terminated PVDF 
(EtBrPVDF). 

1H NMR (400 MHz, DMSO‑d6): PVDF head-to-tail (2.89 ppm) and 
PVDF tail-to-tail (2,25 ppm), 8,00 ppm (m, -ArH), 7,69 ppm (m, -ArH), 
4,23 ppm (m,-CH(CH3)Br), 2,00 ppm (d, -CH3). 

BBrPVDF 1H NMR spectrum of 4-(bromo(phenyl)ethyl)-terminated 
PVDF (BBrPVDF). 

1H NMR (400 MHz, DMSO‑d6): PVDF head-to-tail (2.89 ppm) and 
PVDF tail-to-tail (2,25 ppm), 8.50 ppm (m, -ArH), 8,15 ppm (m, -ArH), 
7,99 ppm (m, -ArH), 7,82 ppm (m, -ArH), 7,06 ppm (s, -CH). 

2.6. Synthesis of PMMA-b-PVDF-b-PMMA through an oxidative 
quenching pathway 

A typical procedure for the ATRP of PMMA through an oxidative 
quenching pathway is as follows: A Schlenk quartz tube was dried using 
a heat gun and filled with nitrogen. Two milliliters of DMF was added 
together with 0.3 g of the selected bromine-terminated PVDF and the 
desired amount of the selected OPRC (perylene, 10-PPT or 10- MPT). 
The desired amount of MMA was added through a degassed syringe, and 
the reaction mixture was degassed for 30 min using nitrogen. The re-
action started when the light of the wavelength corresponding to the 
OPRC used was turned on and proceeded for the desired amount of time. 
The reaction mixture was then precipitated in a solution of H2O/MeOH 
(1/1) (20x the volume of the reaction mixture). The obtained white 
powder was soaked in chloroform under vigorous stirring to dissolve the 
homopolymer PMMA formed as a byproduct of the reaction. The tri-
block copolymer PMMA-b-PVDF-b-PMMA was not dissolved by chloro-
form and was recovered through centrifugation. The soaking- 
centrifugation process was repeated several times until the integral of 
the 1H NMR peaks related to the PMMA block remained stable. 1H NMR 
spectrum of PMMA-b-PVDF-b-PMMA. 

1H NMR (400 MHz, DMSO‑d6): 2,94 ppm (t, -CF2CH2-CF2CH2-, head- 
to-tail), 2,35 ppm (t, -CF2CH2–CH2CF2-, tail-to-tail), 3,63 ppm (s,- 
OCH3), 0,9-1,0 ppm (-CH2-C(CH3)-). 

2.7. Kinetic studies 

The kinetics of the reactions were followed by both monomer con-
sumption and block copolymerization. The monomer consumption was 
followed directly from the reaction mixture. At selected intervals of 
time, one drop of the reaction mixture was withdrawn and directly 
dissolved in DMSO‑d6. The DMF peak at 7.9 ppm was used as an internal 
reference, and the ratio between the integral of the peaks related to the 
double bond (6.0 ppm and 5.7 ppm) of the monomer, which is consumed 
during the reaction, at t0 and the same peaks at tx were used to study the 
kinetics of monomer consumption. The block copolymerization was 
followed by withdrawing 0.2 mL of the reaction mixture and precipi-
tating it in 4 mL of a solution of H2O/MeOH (1/1). To remove the PMMA 
homopolymer formed during the process, the product was soaked in 
chloroform under vigorous stirring. Chloroform selectively dissolves the 
PMMA homopolymer and does not dissolve the triblock copolymer 
PMMA-b- PVDF-b-PMMA. The product of interest was separated from 
chloroform through centrifugation and dried in a vacuum oven at 50 ◦C 
before being analyzed through 1H NMR. The soaking-centrifuge process 
was repeated several times until the integral of the 1H NMR peaks 
related to the PMMA block remained stable. The conversion was 
calculated using the PVDF peaks at 2.94 ppm and 2.35 ppm as internal 
standards and following the increase in the area of the peak related to 
the -OCH3 group on the PMMA block (3.6 ppm). The conversion was 
calculated using (1): 

Conversion (%)=
2
3
∗

I(PMMA)
I(PVDF) + I(PVDF)

∗ 100 (1) 

The conversion calculated with eq (1), often also referred to as 
“initiation efficiency” is calculated using the PVDF block as the standard 
and following the growth of the PMMA blocks on the macroinitiator. 

3. Results and discussion 

To investigate the effect of different end groups on the PVDF chains 
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during the block copolymerization process, three modified BPOs (4- 
(bromomethyl)benzoyl peroxide, 4-(1-bromoethyl)benzoyl peroxide, 
and 4-(bromo(phenyl)methyl)-benzoyl peroxide) were synthesized and 
used for the homopolymerization of VDF. The resulting telechelic PVDF 
with the selected end groups can be used as initiators in the subsequent 
ATRP process. These BPOs were chosen due to their facile synthesis and 
the presence of a C–Br bond that can be used in the subsequent ATRP 
process. The stability of the radicals formed when the C–Br bond is 
broken differs among these three BPOs. The predicted order of stability 
was 4-(bromo(phenyl)methyl)benzoyl peroxide > 4-(1-bromoethyl) 
benzoyl peroxide > 4-(bromomethyl) benzoyl peroxide [60]. 

4-(Bromomethyl) benzoyl peroxide and 4-(1-bromoethyl)benzoyl 
peroxide were easily synthesized from the corresponding benzoic acid 
through the two-step reaction shown in Fig. 2b, while the synthetic 
pathway toward 4-(bromo(phenyl)methyl)benzoyl peroxide required 
more steps, rendering its synthesis slightly more complicated and more 
prone to impurities in the final product (Fig. 2a). 

The 1H NMR analysis (Figs. S2–S4) showed that all three functional 
benzoyl peroxides were successfully synthesized, as all peaks related to 
the protons of the three different products (assigned in the experimental 
section) were clearly visible. 

Functionalized benzoyl peroxides have been demonstrated to act as 
efficient initiators for the preparation of PVDF and other fluoropolymers 
[61,62], so all three previously synthesized BPOs were used for the 
homopolymerization of VDF to obtain a macroinitiator with 
ATRP-active end groups. 

Telechelic PVDF was successfully synthesized via the synthetic pro-
cedure shown in Fig. 3, as confirmed by 1H NMR analysis (assigned in 
the experimental section and Figs. S4–S10). 

The absence of termination through disproportionation [20,63] is 
confirmed by the absence of resonances due to unsaturated bonds. Re-
action times were limited to 4 h to minimize chain transfer reactions that 
can occur in the system. Traces of -CH2-CF2H (6.3 ppm) and -CF2-CH3 
(1.8 ppm) moieties were attributed to intramolecular backbiting that 
resulted in short chain branches (Figs. S4–S10). The macroinitiators 
were characterized through GPC and showed the characteristic negative 
peak obtained for fluorinated polymers (Fig. S11). We obtained an Mw of 
approximately 14000 D in all cases with a dispersity of approximately 
1.5, which is quite common for polymers synthesized through free 

radical polymerization initiated by benzoyl peroxides. These polymers 
were all used as macroinitiators for the metal-free light-catalyzed ATRP 
of MMA for the synthesis of PVDF-based block copolymers 
(Figs. S12–S13). 

3.1. Effect of the functional group on the macroinitiator 

Starting from the results obtained in our previous work [59], we used 
the three different macroinitiators described in the previous section as 
starting materials for the synthesis of PVDF-based block copolymers 
using methyl methacrylate as the monomer for the new blocks and 
perylene, 10-methylphenotiazine and 10-phenylphenotiazine, irradi-
ated with light of suitable wavelength (Figs. S14–S18), as organic pho-
toredox catalysts. The ratio between the macroinitiator and the OPRC 
and between the macroinitiator and the monomer was kept the same in 
all cases ([RPVDF]:[OPRC] = [1]:[0.25], [RPVDF]:[MMA] = [1]:[180]; 
R = methyl-bromide (MBr), ethyl-bromide (EtBr), benzoyl-bromide 
(BBr)), while the type of macroinitiator was varied. The results are 
summarized in Table 1 and are depicted in Fig. 4a and 4b. 

Fig. 4a shows that the consumption of monomer is linear over time, 
regardless of the OPRC used and the functional group of the PVDF main 
chain. The conversion (Fig. 4b) is more affected by the choice of end 
group. In all cases, higher values of conversion are reached when the 
macroinitiator bearing the ethyl-bromide end group is used. It is not 

Fig. 2. (a) Synthetic pathway for the synthesis of 4-(bromo(phenyl)methyl)benzoic acid. (b) Synthetic pathway for the synthesis of functionalized BPOs. R––H, 
CH3, Benzene. 

Fig. 3. Reaction scheme of the homopolymerization of VDF using a functionalized BPO as a radical provider. R––H, CH3, benzene.  

Table 1 
Monomer consumed and conversion obtained for the three selected macro-
initiators with each of the OPRC.  

OPRC Functional Group Monomer Consumed (%) Conversion (%) 

Perylene MBr 44 13 
Perylene EtBr 42 43 
Perylene BBr 59 27 

10-PPT MBr 70 23 
10-PPT EtBr 53 26 
10-PPT BBr 59 13 

10-MPT MBr 49 15 
10-MPT EtBr 63 36 
10-MPT BBr 46 10  
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surprising that worse results are obtained when the macroinitiator 
bearing the methyl-bromide end group is used, since the stability of the 
formed radical is lower than in the case of EtBrPVDF. It is more sur-
prising that the macroinitiator with a benzoyl-bromide end group also 
produces worse results. This may be due to the longer synthesis pro-
cedure for this initiator, which results in byproducts that are difficult to 
separate from the desired product and can negatively impact the purity 
of the synthesized macroinitiator, as seen in the 1H NMR spectrum for 
this end-group (Fig. S10). 

The semilogarithmic plot of the monomer consumption versus time, 

seen in Fig. 5a, shows first-order kinetics in all cases. When the monomer 
consumed (%) is plotted against the conversion (%) (Fig. 5b), a linear 
relationship is observed when EtBrPVDF is used with all three OPRCs, 
indicating a controlled process. When the macroinitiator with the 
benzoyl-bromide end group is used, a linear relationship is observed 
when 10-PPT and 10-MPT are used, but the curve does not appear to 
follow a linear trend when perylene is used. Nonperfect linearity is also 
observed when MBrPVDF is used, indicating that a less stable radical 
leads to less control over the polymerization. Based on these results, we 
decided to use EtBrPVDF for the next two parts of this study. 

Fig. 4. a) Kinetics of the consumption of MMA during 
the block copolymerization reaction using MBrPVDF 
(black), EtBrPVDF (blue), and BBrPVDF (red) as 
macroinitiators and perylene (square), 10-PPT (tri-
angle), and 10-MPT (circle) as OPRC. b) Kinetics of 
the conversion of MMA during the block copolymer-
ization reaction using MBrPVDF (black), EtBRPVDF 
(blue), and BBrPVDF (red) as macroinitiators and 
perylene (square), 10-PPT (triangle), and 10-MPT 
(circle) as the OPRC. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 5. a) Semilogarithmic plot of the monomer con-
sumption during the block copolymerization of MMA 
with MBrPVDF (black), EtBrPVDF (blue), BBrPVDF 
(red) as macroinitiators and perylene (square), 10-PPT 
(triangle), 10-MPT (circle) as OPRC. b) Plot of the 
conversion (%) vs the monomer consumption (%) for 
the block copolymerization of MMA with MBrPVDF 
(black), EtBrPVDF (blue), BBrPVDF (red) as macro-
initiators and perylene (square), 10-PPT (triangle), 10- 
MPT (circle) as OPRC. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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3.2. Effect of different MMA/PVDF ratios 

The effect of the monomer concentration on the block copolymeri-
zation of PVDF-based block copolymers was studied. The functional 
group on the macroinitiator was kept the same (EtBrPVDF), and the 
concentration of the OPRC was kept constant at a ratio of [1]:[0.25] in 
relation to the macroinitiator. The concentration of the monomer was 
varied to [EtBrPVDF]:[MMA] = [1]:[90], [1]:[180], and [1]:[360]. The 
results are summarized in Table 2. 

Fig. 6a clearly shows that the monomer is consumed linearly in all 
cases with time, except for the case in which 10-PPT is used with a ratio 
[EtBrPVDF]:[MMA] = [1]:[90]. A similar percentage of monomers is 
consumed in all cases when perylene and 10-MPT are used, while a 
larger variation is seen when 10-PPT is used. The concentration of 
monomer significantly impacts the conversion achieved (Fig. 6b). In all 
cases, the conversion increases with an increase in the monomer con-
centration. When perylene is used as an OPRC, increasing the monomer 
concentration from a ratio of [1]:[90] between the macroinitiator and 
the monomer to [1]:[360] results in a conversion increase from 
approximately 10% to almost 60%. When 10-PPT is used, the conversion 
follows the same trend but only reaches approximately half the con-
version values achieved with perylene. Similarly, when 10-MPT is used, 
the trend remains the same, but 10-MPT and perylene reach similar 
conversion values at a ratio of [1]:[180] between EtBrPVDF and MMA. 
However, decreasing the concentration of monomer leads to better 

conversion values with 10-MPT, while increasing the amount of 
monomer leads to much higher conversion values with perylene. This is 
likely due to the lower wavelength used with 10-MPT, which more easily 
triggers the homopolymerization of MMA and makes the reaction 
mixture more viscous, slowing down the block copolymerization process 
while consuming the available monomer more quickly as a byproduct. 

Fig. 7a shows first-order kinetics in all cases, especially when per-
ylene and 10-MPT are used. A nonperfect trend is visible in the case of 
10-PPT when the concentration of the monomer is reduced. These re-
sults are confirmed by the plots of conversion vs monomer consumed 
(Fig. 7b), in which good linearity is seen in all cases - a sign that the 
process occurs in a controlled fashion. These first results confirm that the 
three photoredox catalysts offer good control over the ATRP process 
using PVDF as a macroinitiator, even when the concentration of 
monomer is changed. Changing the concentration of monomers in-
fluences the conversion, which follows a common trend in all cases: the 
conversion increases when the monomer concentration is increased, but 
this does not influence the properties of the studied process, which 
remained controlled. 

3.3. Effect of the OPRC/PVDF ratio 

The last studied parameter was the effect of the concentration of the 
photoredox catalyst used. The functional group on the macroinitiator 
used was kept the same (EtBrPVDF), and the concentration of the 
monomer was kept constant to a ratio [1]:[180] with the macroinitiator, 
while the concentration of the OPRC was varied to be [EtBrPVDF]: 
[OPRC] = [1]:[2.5], [1]:[0.25], and [1]:[0.025]. The results obtained 
are summarized in Table 3. 

Fig. 8a and 8b show how in all cases, increasing the concentration of 
OPRC to [1]:[2.5] leads to lower consumption of monomer and there-
fore leads to a lower conversion in every case. When perylene is used, a 
similar percentage of monomer is consumed when the ratio is 
[EtBrPVDF]:[OPRC] = [1]:[0.25] or lowered to [EtBrPVDF]:[OPRC] =
[1]:[0.025], and a similar result is obtained in the case of 10-PPT. 

When 10-MPT is used, a higher percentage of monomer is consumed 
when the ratio is [1]:[0.25] compared to when the ratio is [1]:[0.025]. 
When perylene is used, a huge effect of the OPRC concentration is visible 
on the conversion, which increases by lowering the concentration of the 

Table 2 
Monomer consumed and conversion obtained when changing the concentration 
of the monomer for each of the selected OPRC.  

OPRC [MMA] Monomer Consumed (%) Conversion (%) 

Perylene [90] 41 12 
Perylene [180] 42 34 
Perylene [360] 49 64 

10-PPT [90] 64 5 
10-PPT [180] 53 26 
10-PPT [360] 73 36 

10-MPT [90] 74 17 
10-MPT [180] 63 36 
10-MPT [360] 64 47  

Fig. 6. a) Kinetics of the consumption of MMA during 
the block copolymerization reaction using the ratio 
between the macroinitiator and monomer: 
[EtBrPVDF]:[MMA] = [1]:[90] (red), [1]:[180] 
(black), [1]:[360] (blue), and perylene (square), 10- 
PPT (triangle), 10-MPT (circle) as OPRC. b) Kinetics 
of the conversion of MMA during the block copoly-
merization reaction using the ratio between the 
macroinitiator and monomer: [EtBrPVDF]:[MMA] =
[1]:[90] (red), [1]:[180] (black), [1]:[360] (blue), 
and perylene (square), 10-PPT (triangle), 10-MPT 
(circle) as OPRC. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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OPRC, but without losing its linearity over time. When 10-PPT and 10- 
MPT are used, the conversion reaches lower values when the ratio is set 
at [1]:[2.5]. Decreasing the concentration from [1]:[0.25] to [1]: 
[0.025] does not have any influence on the conversion, which reaches 
similar values in both cases. In the case of 10-PPT and 10-MPT, 
decreasing the amount of OPRC does not influence the overall process, 
while in the case of perylene, lowering the amount of OPRC gives higher 
values of conversion. In all cases, increasing the amount of OPRC gives 
worse results in terms of conversion. 

From Fig. 9a, it is possible to see, once again, first-order kinetics 
indicating a constant concentration of radicals over time. A certain 
linearity is seen when the conversion is plotted against the percentage of 
monomer consumed (Fig. 9b). This proves how varying the concentra-
tion of the OPRC does not negatively affect the control over the poly-
merization. These data show how increasing the concentration of the 
OPRC to [1]:[2.5] slows down the monomer consumed and decreases 
the conversion reached. In the case of perylene, decreasing the amount 
of OPRC results in an increase in the values of conversion reached, while 
it does not influence the values of conversion reached when 10-PPT or 
10-MPT are used. Table S1 in Supporting Info, shows the Mw and 
composition of all the synthesized block copolymers at time 7 h (time of 
the last kinetic point taken) in the different conditions reported in this 
paper. 

4. Conclusions 

In conclusion, our study delves into the intricacies of metal-free light- 
catalyzed atom transfer radical polymerization for the synthesis of 
PVDF-based block copolymers. Three organic photoredox catalysts, 
operating through an oxidative quenching pathway, were tested, 
uncovering the effect of various parameters on the process. Our findings 
highlight the superiority of using ethyl-bromide terminated PVDF as the 
macroinitiator, as it provides optimal results in terms of conversion and 
control. 

This research shows that adjusting the concentration of the monomer 
and organic photoredox catalyst can be leveraged to achieve the desired 
final conversion. Increasing the monomer concentration leads to a 
higher conversion, while decreasing the concentration of the OPRC re-
sults in higher conversions with equal monomer amounts, without 
negatively impacting the control over the process. 

These findings open up new avenues for tuning the process to ach-
ieve the desired properties in the final material. Whether it is a high or 
low conversion that is desired, the amount of monomer and OPRC can be 
adjusted accordingly. 

This paves the way for creating well defined PVDF-based block co-
polymers, scaling up the reagents depending on the final properties 
desired. This metal-free synthesis enables PVDF-based block copolymers 
to be used in new and exciting applications such as biomedical, micro-
electronics, or all of those applications in which metal contamination is 
a huge drawback. 
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Fig. 7. a) Semilogarithmic plot of the monomer 
consumption during the block copolymerization of 
MMA with EtBrPVDF using the ratio between the 
macroinitiator and monomer: [EtBrPVDF]:[MMA] =
[1]:[90] (red), [1]:[180] (black), [1]:[360] (blue), 
and perylene (square), 10-PPT (triangle), 10-MPT 
(circle) as OPRC. b) Plot of the conversion (%) vs 
the monomer consumption (%) for the block copoly-
merization of MMA with EtBrPVDF using the ratio 
between the macroinitiator and monomer: 
[EtBrPVDF]:[MMA] = [1]:[90] (red), [1]:[180] 
(black), [1]:[360] (blue), and perylene (square), 10- 
PPT (triangle), 10-MPT (circle) as OPRC. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Table 3 
Monomer consumed and conversion obtained when changing the concentration 
of the monomer for each of the selected OPRC.  

OPRC [OPRC] Monomer Consumed (%) Conversion (%) 

Perylene [2.5] 27 10 
Perylene [0.25] 42 34 
Perylene [0.025] 49 51 

10-PPT [2.5] 41 10 
10-PPT [0.25] 53 26 
10-PPT [0.025] 54 26 

10-MPT [2.5] 37 25 
10-MPT [0.25] 63 36 
10-MPT [0.025] 49 33  
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Fig. 8. a) Kinetics of the consumption of MMA during 
the block copolymerization reaction using the ratio 
between the macroinitiator and the organic photo-
redox catalyst: [EtBrPVDF]:[OPRC] = [1]:[2.5] 
(black), [1]:[0.25] (blue), [1]:[0.025] (red), and 
perylene (square), 10-PPT (triangle), 10-MPT (circle) 
as OPRC. b) Kinetics of the conversion of MMA during 
the block copolymerization reaction using the ratio 
between the macroinitiator and the organic photo-
redox catalyst: [EtBrPVDF]:[OPRC] = [1]:[2.5] 
(black), [1]:[0.25] (blue), [1]:[0.025] (red), and 
perylene (square), 10-PPT (triangle), 10-MPT (circle) 
as OPRC. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 9. a) Semilogarithmic plot of the monomer 
consumption during the block copolymerization of 
MMA with EtBrPVDF using the ratio between the 
macroinitiator and the organic photoredox catalyst: 
[EtBrPVDF]:[OPRC] = [1]:[2.5] (black), [1]:[0.25] 
(blue), [1]:[0.025] (red), and perylene (square), 10- 
PPT (triangle), 10-MPT (circle) as OPRC. b) Plot of 
the conversion (%) vs the monomer consumption (%) 
for the block copolymerization of MMA with 
EtBrPVDF using the ratio between the macroinitiator 
and the organic photoredox catalyst: [EtBrPVDF]: 
[OPRC] = [1]:[2.5] (black), [1]:[0.25] (blue), [1]: 
[0.025] (red), and perylene (square), 10-PPT (trian-
gle), 10-MPT (circle) as OPRC. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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