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ABSTRACT 

Herein, we report a multistep synthesis of novel (meth)acrylate monomers based on gallic acid 

(GA), a bio-sourced phenolic acid. The objective of this work was to obtain bio-based polymers 

exhibiting antioxidant properties provided by monomers derived from gallic acid. The phenolic 

groups of GA, which are responsible for antioxidant properties, need to be protected for two 

reasons. On the one hand, functionalization to transform GA into polymerizable monomers must 

not take place at the phenolic groups because they must remain free to maintain the maximum 

antioxidant activity in the final polymers. On the other hand, their protection is necessary to 

prevent radical scavenging during the radical polymerization. After synthesis of such monomers, 

protected GA-based polymers were thus produced through a photo-mediated RAFT 

polymerization at room temperature by evaluating two trithiocarbonate-type chain transfer agents 

(CTAs). The kinetics and the molecular weight distributions were studied depending on the 

monomers and the CTAs. Protected polymers were then deprotected to afford polymeric chains 

carrying one free gallic acid moiety on each monomer unit. Antioxidant activity of these free 

GA-based polymers was demonstrated either through the DPPH free radical scavenging property 

and through the inhibition of the methyl linoleate oxidation. 
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INTRODUCTION  

Secondary metabolites from plant kingdom or wood, have long been studied to harness their 

therapeutic properties. Indeed, according to recent studies, 25% of medicines are originated 

directly or indirectly from natural products.
1-3

 These compounds correspond to polyphenols such 

as flavonoids, lignans, stilbenes, phenolic acids and nor tannins. Characterized by having at least 

one aromatic ring with one to several hydroxyl groups, polyphenols are widely diverse 

structurally and functionally.
4-6

 Such phenolic bio-sourced compounds have been used in food 

applications, packaging or materials, or nor as multi-target bioactive agents against cancer and 

inflammation, but also in cosmetics and biofertilizers.
7-10

 Gallic acid (GA, Scheme 1) is the most 

investigated polyphenol owing to its accessibility, applications and relatively low price. It can be 

extracted under different forms from chestnut, nuts, sumac, gallnuts, witch hazel, clove, 

tealeaves and other plants.
11

 Moreover, it is particularly accessible via oak bark transformation 

industry under the form of hydrolysable tannins.
12-13

 GA and its ester derivatives (e.g. propyl 

gallate, octyl gallate, and lauryl gallate) exhibit numerous properties serving as antioxidants, 

antimicrobials or anticancer, as well as active agents that reduce cellular oxidative stress.
14-16

 

However, concerning biomedical applications and similar to numerous phytochemicals, 

harnessing the full potential of GA within the human body stumbles with its low bioavailability 

and bioactivity which are pivotal for any bioactive molecule to be considered efficient.
17-19

 To 

overcome these issues, drug delivery systems (DDSs) as polymeric electrospun fiber mats
20-22

, 

nanoparticles
23-24

 or hydrogels
25-28

 have considerably grasped attention as a possible way to 

improve GA’s pharmacokinetics.  

Gallic acid, as an AB3 tetra-functional monomer, has also inspired researchers to produce 

crosslinked
29-35

 or hyperbranched polymeric materials.
36-38

 Nevertheless, the conjugation of GA 
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onto natural polymeric substrates has received more significant attention. Moreover, a recent 

review has described the chemical/enzymatic grafting of GA onto polysaccharides to broaden 

applications in the fields of active packaging, edible coating and DDS.
39

 Likewise, antioxidant 

properties of GA/gelatin conjugates were also reported.
40-41

 Surprisingly, no GA-functionalized 

synthetic thermoplastic polymers were described despite the potential antioxidant properties of 

such materials. Nevertheless, strictly speaking, we must however point out i) the grafting of 

enzymatic-produced poly(gallic acid) onto polycaprolactone film to provide it antioxidant 

property
42

; and ii) gallol (1,2,3-trihydroxybenzene)-based polymers exhibiting antioxidant 

performances
43-46

.  

Since more than 30 years, many advanced and updated versions of reversible deactivation 

radical polymerizations (RDRP) including atom transfer radical polymerization (ATRP), 

nitroxide mediated polymerization (NMP), reversible addition-fragmentation chain transfer 

(RAFT) and few others have appeared.
47

 RAFT polymerization, which is one of the most 

versatile and capable technique for polymer synthesis, has grasped significant attention from 

researchers yielding up more than 11,000 publications by the end of 2020.
48,49

 Photo-mediated 

RAFT polymerization (photo-RAFT) has recently emerged as a versatile low-energy alternative 

of thermal one, due to its easiness, rapidity, ability to control the polymerization of a wide range 

of monomers at room temperature, and to afford spatio and temporal controls of the 

polymerization by switching the light on and off.
50-54

 To the best of our knowledge, polymers 

issued from GA-based monomers have never been synthesized using photo-RAFT or any other 

RDRP mechanism. To date, only one paper reports the ring opening metathesis polymerization 

of GA-functionalized monomer.
55

 The scarcity of papers dealing with such chain 

polymerizations may be undoubtedly linked to the difficulty of polymerizing GA-functionalized 
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monomers due to the presence of phenolic hydroxyl groups that are responsible of antioxidant 

property of GA. Protecting the hydroxyl group of GA before its radical polymerization can be an 

original way to obtain GA-based polymers via RDRP methods. 

Within this framework, our focus is herein firstly devoted to the synthesis of two novel GA-

based (meth)acrylate monomers. Homopolymers bearing one protected GA side group per 

monomer unit are then prepared from the corresponding monomers through photo-RAFT. After 

deprotection, GA moieties are afforded on the polymeric chains. Finally, the antioxidant activity 

of such novel polymers is studied using two different methods: 2,2-diphenyl-1-(2,4,6-

trinitrophenyl)hydrazyl (DPPH) radical scavenging assay and inhibition of methyl linoleate 

oxidation.  

 

EXPERIMENTAL SECTION 

Materials 

Methyl gallate (1, Scheme 1) (99%, Acros Organics) and N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC.HCl, 99%, ABCR) were used as received. Benzyl 

bromide (98%), 4-(dimethylamino)pyridine (DMAP, 99%), 2-hydroxyethyl acrylate (96%), 2-

hydroxyethyl methacrylate (99%), N-hydroxyethyl acrylamide (97%,), palladium on carbon 

(Pd/C, 10 wt. % loading), methyl linoleate (98%), 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl 

(DPPH, 95%), potassium carbonate (K2CO3), potassium hydroxide (KOH), sodium bicarbonate 

(NaHCO3), magnesium sulfate (MgSO4), filter agent Celite® 545 were ordered from Merck and 

used as received. Dimethyl sulfoxide (DMSO, 99.7%, Merck) was stored with molecular sieves. 
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Acetone (99.8%), dichloromethane (99.9%), hexane (96%) and methanol (99.9%) were 

purchased from Carlo Erba, when acetonitrile (99.8%), 1-butanol (99.8%), ethyl acetate (99%) 

were from Merck. All these solvents were used as received. Azobisisobutyronitrile (AIBN, 98%, 

Merck) was recrystallized from methanol and dried overnight at 40 °C under vacuum. Chain 

transfer agents (CTAs, Figure 1) were prepared as previously reported.
50, 56

 Ethyl (2,4,6-

trimethylbenzoyl) phenylphosphinate (TPO-L, Figure 1) was purchased from Fluorochem and 

used as received. 
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Figure 1. CTAs and photoinitiator used in the present study. 

 

Perbenzylated acrylate (BnGA-A) and methacrylate (BnGA-MA) monomers (Scheme 1) 

3,4,5-tribenzyloxybenzoic acid (3) was synthesised from methyl gallate (1) according to an 

improved procedure from previous reports.
57-58

 Accordingly, (1) was benzylated in the presence 

of 3.5 equivalents of benzyl bromide in mild basic conditions (K2CO3) at 60°C. Then, the 

benzylated compound (2) was hydrolysed in strong basic conditions (KOH) at reflux to obtain 

(3) with a good yield. 
1
H NMR spectra of compounds (1), (2) and (3) are given in Figure S1.  
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In a round bottom flask, 1 eq. of (3), 1.1 eq. of EDC.HCl and 0.15 eq. of DMAP were 

dissolved in 200 mL ethyl acetate. After cooling at 4°C, 1 eq. of 2-hydroxyethyl acrylate or 2-

hydroxyethyl methacrylate was slowly added. The mixture was stirred for 30 minutes, then left at 

room temperature. The reaction progress was monitored by thin layer chromatography (see 

below for used eluants), then the reaction medium was washed twice with 100 mL distilled water 

followed by saturated NaHCO3 aqueous phase. The organic phase was dried under MgSO4 then 

concentrated under vacuum. Pure monomers (perbenzylated acrylate (BnGA-A) and 

perbenzylated methacrylate (BnGA-MA)) were recovered as white powders by silica gel column 

purification using different eluants depending on the nature of the monomer: 

dichloromethane/acetone (7/3 v/v) was used for BnGA-A (Rf=0.78, 60% yield) and ethyl 

acetate/hexane (5/5 v/v) for BnGA-MA (Rf=0.82, 55% yield).
 1

H NMR spectra of perbenzylated 

GA-based monomers are shown on Figure 2. 
 13

C NMR and FTIR spectra are given in supporting 

information (Figures S2 and S3, respectively). 

 

 

*
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Figure 2. 
1
H NMR spectra (DMSO-d6) of BnGA-A and BnGA-MA. 

 

Polymerizations   

In a typical polymerization procedure, 500 mg (200 eq.) of the monomer (BnGA-A or BnGA-

MA) were solubilized in DMSO (1 mol/mL) in a 15 mL vial followed by the addition of 1 eq. of 

AIBN in case of conventional radical polymerization. The reaction medium was purged with a 

continuous flow of nitrogen for 15 min. The vial was then immersed in a thermostated oil bath at 

70°C to initiate the polymerization. In case of photo-RAFT, 1 eq. of CTA (CTA1 or CTA2, 100 

mg/mL in DMSO) was added in the vial instead of AIBN, then 0.33 eq. of the photoinitiator 

TPO-L (20 mg/mL in DMSO) per CTA. After purge, the medium was finally irradiated with 

homemade UV-VIS LED lamp (405 nm, 10 mWcm
-2

) at room temperature during maximum 2 

hours to initiate and propagate the polymerization.  

In each case, 200 µL of the reaction medium were withdrawn under nitrogen at different time 

and analyzed by 
1
H NMR and SEC. Monomer conversion (x) was determined by 

1
H NMR 

according to equations given in Table S1, by comparing the peaks areas of the ethylenic protons 

of the monomer (from 5.60 to 6.45 ppm) with those of the aromatic protons (centered at 7.20 

ppm) of both monomer and polymer. Example of BnGA-MA is given in Figure S4. After 

polymerization, crude polymers P(BnGA-A) and P(BnGA-MA) were precipitated from 

acetonitrile, then dried under vacuum at 50⁰ C. 

Hydrogenolysis of perbenzylated polymers  

1 g of protected polymer was dissolved in 30 mL of methanol/ethyl acetate (60/40, v/v) at 

room temperature in a stainless-steel autoclave (series 4560 mini-reactor from Parr Instrument 

Compagny) prior to the addition of 10 %wt. Pd/C. The reactor was sealed, firstly flushed with N2 
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then several times with H2, and finally placed under H2 pressure (25 bars). The reaction mixture 

was then allowed to stir at room temperature for 48 hours before the reactor was vented to 

atmospheric pressure. The crude mixture was then filtered through Celite by using ethanol. 

Dialysis in methanol was performed to purify the free GA-based polymer that is concentrated 

under reduced pressure to obtain greyish white solid. Dialysis membranes were purchased from 

Spectra Por (MWCO: 6000–8000). 

DPPH scavenging activity assay 

Free gallic acid-based polymer stock solutions (25 mM of GA-based monomer units in 

methanol) were serially diluted to different concentrations (5, 2.5, 1, 0.5, 0.1, and 0.05 mM). A 

DPPH solution (91 µM in methanol) was freshly prepared. The polymer solutions (30 µL) were 

added to 3 mL of DPPH solution and allowed to react at room temperature. The final 

concentrations of GA unit were 0.5, 1, 5, 25, 10, 50 μM. Same concentrations of gallic acid were 

also used. After 12 min, the absorption value (Asample, measured at 517 nm by UV-visible 

spectrometry) ceased to decrease. Afinal is the absorption value of the DPPH solution using an 

excess amount of the antioxidant moieties, measured after the same reaction time. 

DPPH/methanol (91 µM, 3mL) was considered as control to determine the value of Ablank. The 

DPPH scavenging capacity (% of reduction of DPPH radical) was calculated according to Eq. 1: 

                           
              

             
         (1) 

C50 value was estimated as the concentration of antioxidant for 50% DPPH scavenging by 

plotting DPPH radical reduction vs concentration. All experiments were performed in triplicates. 

Oxygen uptake method 

In a typical procedure, 1 mL of the antioxidant solution in DMSO (0.8 mM of GA or GA-

based monomer unit) was introduced into a thermostatically controlled reactor. No antioxidant 
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was introduced for the control assay but rather 1 mL of DMSO instead. 1 mL of methyl linoleate 

(1.6 M in 1-butanol) and 2 mL of AIBN (18 mM in 1-butanol) solutions were added, then the 

temperature was set to 60°C. The reaction was continued for 2.5 hours under an initial oxygen 

pressure (P0(O2)) of about 145 Torrs (0.193 bars). Oxygen uptake was monitored continuously 

by a pressure transducer. After 2.5 hours, the amount of oxygen consumed under these 

conditions (P = P0(O2) – P2.5 hours(O2)) was compared to that consumed during the control 

reaction. The oxygen uptake inhibition index (OUI) is a characteristic to the antioxidative 

capacity of the sample and is estimated according to Eq. 2. Strong and poor antioxidants exhibit 

OUI values equal to 100% and 0%, respectively.  

        
                  

         
            (2) 

Instruments and measurements 

1
H, JMOD

 13
C NMR spectra were recorded on a Bruker Advance 300 spectrometer (300.13 

MHz, 298°K) in DMSO-d6.  

Fourier-transform infrared spectroscopy (FTIR) analyses were performed on Frontier FT-IR 

Spectrometer Perkin Elmer with Diamond ATR module.  

Molar mass distributions of perbenzylated polymers were estimated by size exclusion 

chromatography (SEC) in THF at 40 °C (elution rate 1 mL/min) equipped with a multi-angle 

laser light scattering detector (MALLS; Mini Dawn Treos, Wyatt), a differential refractometer 

detector (OPTILab Rex, Wyatt), a HPLC pump (Waters 515), a degasser AF (Waters In-Line), 

and three PLgel 5 µl (10
5
, 10

3
, and 100 Å) columns (300×7.5 mm

2
). dn/dc values of 0.185 and 

0.230 were estimated for P(BnGA-A) and P(BnGA-MA), respectively. In case of deprotected 

polymers, SEC was carried out in DMSO containing NaNO3 (8.5 g/L) as eluent at 70 °C (elution 

rate 0.7 mL/min), equipped with a differential refractometer detector (RID 10A, Shimadzu), a 
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HPLC pump (LC 20AD, Shimadzu), a degasser AF (DGU – 20A3R, Shimadzu), and three PLgel 

5 µL columns (see above). SEC instrument (DMSO/NaNO3) was calibrated with narrow linear 

poly(methyl methacrylate) (PMMA) standards. 

UV-visible spectrometry analyses were performed using Lambda 365 UV-Vis 

Spectrophotometer – Perkin Elmer and quartz cuvettes. 

Differential scanning calorimetry analyses (DSC) were carried out on DSC Q2000 from TA 

Instruments. Three cycles were successively recorded under nitrogen: the heating rate was 

10°C/min while the cooling rate was 5°C/min. The temperature was varied from −40°C up to 

180°C. First cycle was used to remove all thermal history from the sample. The second heating 

cycle was used for determining the glass transition temperature at the inflexion point. Analysis of 

the data was performed using Universal® Analysis 2000 (version 4.5A) software. 

Thermogravimetric Analysis (TGA) analyses were performed on a Metler Toledo TGA/DSC1-

TMA/SDTA 84Xe instrument by heating the polymer samples at a rate of 10⁰ C/min from 25 to 

600⁰ C under a dynamic nitrogen atmosphere (flow rate =10mL/min). 

 

RESULTS AND DISCUSSION 

Perbenzylated gallic acid-based monomers  

As previously explained, GA is an efficient natural antioxidant able to rapidly inhibit radicals 

due to the high stability of the radical forms of GA.
59

 We hypothesized that radical 

polymerization of a GA-based monomer can be very difficult. In order to check this hypothesis, 

methyl methacrylate (MMA) was polymerized as model monomer in the presence of GA (1 eq.) 

through a thermally initiated free radical polymerization at 70°C using AIBN as initiator (data 

not shown). As predicted, polymerization of MMA was very slow due to the retardation effect of 
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phenolic hydroxyl groups of GA. Therefore, protection of the 3 hydroxyl functions of GA is 

required to reach high monomer conversion of the GA-based monomers. For this aim, on the one 

hand, benzyl protector group was selected given its very common use for this protection. On the 

other hand, two polymerizable model functions (acrylate and methacrylate) were linked to the 

protected GA.  

Perbenzylated acrylate (BnGA-A) and perbenzylated methacrylate (BnGA-MA) monomers 

were prepared in two steps (Scheme 1). Firstly, 3,4,5-tribenzyloxybenzoic acid (3) was prepared 

then esterified with 2-hydroxyethyl(meth)acrylate in the presence of EDC.HCl and DMAP to 

prepare new protected GA-based acrylate and (meth)acrylates (BnGA-A and BnGA-MA). 
1
H 

NMR spectra of BnGA-A and BnGA-MA (Figure 2) displayed multiplets between 4.30 and 4.60 

ppm that correspond to the four protons between the two ester functions. Ethylenic protons are 

observed between 5.60 to 6.45 ppm, when the chemical shift of the methyl protons of BnGA-MA 

is 1.87 ppm. Aromatic protons are observed from 7.00 to 7.60 ppm, when benzylic protons 

displayed two peaks at 5.05 and 5.16 ppm. Integration of all these various peaks confirmed the 

good functionalization of BnGA-A and BnGA-MA. 
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Scheme 1. Synthesis of perbenzylated GA-based monomers. 
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Polymerization of perbenzylated GA-based monomers 

On the first hand, the free radical homopolymerization of BnGA-A and BnGA-MA was carried 

out in DMSO at 70°C using AIBN to check the polymerizability of these novel perbenzylated 

monomers. Aliquots of the reaction mixture were withdrawn to follow the polymerization 

kinetics by 
1
H NMR. As shown in Figure S4, the 

1
H NMR spectrum of the crude medium of the 

polymerization of BnGA-MA within 2 hours confirms the decrease of the ethylenic protons 

peaks with respect to that of aromatic ones during the polymerization. The plot of the monomer 

conversion (x) vs time (Figure 3A) shows different rates of polymerization. High conversion 

(96%) was achieved within 22 hours for BnGA-MA when lower conversion was observed for 

BnGA-A indicating the presence of radical deactivation reactions. However, whichever the 

monomer was, the evolution of the first-order kinetic plots vs time (Figure 3B) was not linear in 

agreement with an uncontrolled free radical polymerization. After 22 hours of polymerization, 

SEC traces of polymers derived from BnGA-A and BnGA-MA (P(BnGA-A) and P(BnGA-MA), 

respectively) are given in Figure S5 and the molecular weight distributions are resumed in Table 

1. 
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Figure 3. Monomer conversion (A) and semilogarithmic (B) plots vs time during the 

polymerization of BnGA-A and BnGA-MA initiated by AIBN in DMSO at 70°C. 

 

 

Table 1. Free radical polymerization and photo-RAFT polymerizations in DMSO (1 mol/mL) of 

BnGA-A and BnGA-MA. 

Monomer System 
 

Conversion (%) 
c   

    
   (kg/mol) 

d   
    

    (kg/mol) 
e 

Đ 
e 

BnGA-A 

AIBN
 a
 56 60.28 34.70 1.31 

CTA1
b 

46 49.79 49.00 1.15 

CTA2
b 

55 59.44 38.90 1.13 

BnGA-MA 

AIBN
 a
 96 106.10 210.00 1.57 

CTA1
b 

89 98.64 93.00 1.26 

CTA2
b 

90 99.70 68.46 1.24 

a) [M]0/[AIBN]0=200/1 at 70⁰ C during 22 hours. 

b) [M]0/[CTA]0/[TPO-L] = 200/1/0.33 at 405 nm irradiation during 2h at RT.  

c) Conversion determined by 
1
H NMR according to equations given in Table S1. 

d)   
    

   
                        , with M0 the respective molecular weight of 

monomer unit (  
      : 538.22 g/mol,   

       : 552.60 g/mol) and MCTA the respective 

molecular weight of CTA (  
    : 277.43 g/mol,   

    : 238.03 g/mol).  

e) Experimental number average molar mass and dispersity estimated by SEC analysis in THF 

at 40⁰ C. 

 

On the other hand, photo-RAFT of both monomers was investigated in DMSO at RT (Scheme 

2) as this technique was proven to be an effective route for the polymerization of (meth)acrylic 

monomers as we already reported.
50-52, 56, 60-61

 Accordingly, in the present study, the photo-RAFT 

of BnGA-A and BnGA-MA were carried out using initial molar ratios [CTA]0/[TPO-L]0 = 3 and 
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[M]0/[CTA]0 = 200, and the visible light (405 nm) was used to activate decomposition of TPO-L 

(Figure S6) and to prevent CTAs from photolysis reaction.
52, 61

  

Table 1 summarizes the conversion, the molar masses and dispersity obtained for each case. 
1
H 

NMR spectra of P(BnGA-A) and P(BnGA-MA) are shown in Figures 4 and S7. In case of 

BnGA-MA monomer, the 
1
H NMR spectrum of pure P(BnGA-MA) shows the complete 

disappearance of vinylic hydrogens at 5.69 at 6.05 ppm (Figure 4). Moreover, the chemical shifts 

of benzylic protons (i, g and h), as well as those of protons d and e, have shifted to lower ppm 

upon polymerization with the appearance of new aliphatic main-chain protons below 2 ppm. 
13

C 

NMR spectra of these compounds are drawn in Figure S8 and support again the disappearance of 

the C=C bond of the monomers (shift of the ethylenic C peaks from 125-135 ppm range (Figure 

S2) to alkyl ones around 20 ppm). FTIR spectra confirm also the disappearance of vinylic C=C 

band around 1635 cm
-1 

(Figure S3). 

 

Scheme 2. Synthesis of free GA-based polymers through photo-RAFT of BnGA-A and BnGA-

MA. 

 

We firstly investigated the influence of the chain transfer agent in the presence of TPO-L as 

photoinitiator. The first-order kinetic plots vs time of polymerization performed with CTA1 or 



 16 

CTA2 are shown in Figures 5A and 5B. Whichever the CTA used, uncontrolled polymerizations 

of BnGA-A occur reaching moderate conversion rates (46-55%) after 2 hours of irradiation. 

Such conversions are very similar to those observed using AIBN to initiate the free radical 

polymerization (Figure 3B). Surprisingly, the polymerizations of BnGA-A were not as efficient 

as expected although CTA2 is known to be more compatible with acrylates than methacrylates. 

However, by comparing the SEC traces of P(BnGA-A) obtained from polymerization using these 

two CTAs after 2 hours, one can observe a pic referring to dead chains of high molar masses in 

the case of CTA1 (Figure S9) and not with CTA2. Note that the amount of such dead chains 

(with CTA1) is very limited in comparison to the free thermal polymerization in the presence of 

AIBN (Figure S5). Such dead chains can be explained by a lower reactivity of this acrylate-based 

monomer inducing some limited free radical polymerization at early stage of polymerization 

before the establishment of the main RAFT equilibrium.  
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Figure 4. 
1
H NMR spectra (DMSO-d6) of BnGA-MA (Blue), P(BnGA-MA) (Green) and 

P(GA-MA) (Red). 

 

 

Figure 5. Semilogarithmic plots vs polymerization time during the photo-RAFT using CTA1 (A) 

or CTA2 (B) as chain transfer agent. [M]0/[CTA]0/[TPO-L]0=200/1/0.33, DMSO, RT, 405 nm. 

(C) Plots of   
    

   
,   
    

   
 and Đ vs conversion and (D) SEC traces evolution (LS detection) in 

the case of photo-RAFT polymerization of BnGA-MA carried out with CTA1. 

 

As shown in Table 1, almost 90% of BnGA-MA conversion was reached after 2 hours of 

polymerization whichever the CTA used. A linear first-order kinetic is observed until 89% of 

monomer conversion (2 hours of polymerization, Figure 5A) with CTA1, whereas the linearity 

was lost after 1 hour in the presence of CTA2 (84% of conversion, Figure 5B). SEC analysis 
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after 2 hours of polymerization confirm this lost control with CTA2 as   
    

   
 and   

    
   

 are 

not in agreement in such a case (Table 1). However, our results are suggesting that both CTA are 

efficient to control the photo-RAFT of BnGA-MA. Example of the evolution of the molecular 

weight and dispersity vs monomer conversion are shown in Figures 5C and 5D (PBnGA-MA 

prepared in the presence of CTA1). Consistent experimental molecular weights estimated by 

both 
1
H NMR and SEC (  

    
   

 and   
    

   
) were recorded throughout the conversion range. 

The low dispersities (Ð =1.3) and the shift of chromatograms toward low elution time recorded 

at different conversion demonstrate the control of the photo-RAFT of BnGA-MA when using 

CTA1/TPO-L system. Finally, we investigated the chain-end fidelity within this system. BnGA-

MA was polymerized using CTA1 and TPO-L up to 50% conversion. The polymer was then 

purified (  
    

   
=52700 gmol

-1
, Đ=1.18) and used as a macro-CTA to initiate a new 

polymerization of BnGA-MA. The polymerization proceeded with 20% conversion. SEC 

analysis of the final polymer (  
    

   
=83600 gmol

-1
, Đ=1.27, Figure 6) showed a shifted trace 

toward lower elution time without a significant increase of the dispersity, supporting the high 

efficiency of such controlled photo-RAFT of BnGA-MA. 
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Figure 6. Evolution of SEC traces (LS detection) after a sequential polymerization of BnGA-

MA. [M]0/[CTA1]0/[TPO-L]0=200/1/0.33, DMSO, RT, 405 nm.  

Free GA-based polymers 

In the following step, free GA-based polymers (P(GA-A) and P(GA-MA)) were obtained after 

the deprotection of previous perbenzylated P(BnGA-A) and P(BnGA-MA) that were produced 

after 2 hours by photo-RAFT. Heterogenous Pd/C catalysis was used under relatively mild 

conditions (H2 pressure =25 bars, RT, 48h) to deprotect each repeating unit of the protected 

polymers (Scheme 2). The free GA-based polymers were recovered by dialysis purification in 

methanol (limited options of dialysis solvent due to the polymer solubility) as light-greyish white 

to light-yellowish white solids (60% yields). To support the appearance of the free GA moiety 

per monomer unit on the different polymers, 
1
H and 

13
C NMR spectra were registered. Figures 4 

and S7 demonstrate the total disappearance of the benzyl protecting groups (peaks g’, h’ and i’) 

and the shift of the aromatic peak (f”) to 6.8 ppm which is consistent with the aromatic protons 

of free GA (Figure S1). The total disappearance of the protecting groups was also evidenced by 

the 
13

C NMR spectra (from 125 to 140 ppm) after the hydrogenolysis (Figures S8 vs S10) when 

the aromatic C (peaks 9 and 10) shifted to lower ppm, in accordance with the 
13

C NMR of gallic 

acid. As shown in Figure S3, FTIR analyses of P(GA-A) and P(GA-MA) showed the appearance 

of bands around 3250 cm
-1

 corresponding to O-H stretch absorption. SEC traces of free GA-

based polymers are reported in Figure 7. SEC analysis was done in DMSO/NaNO3 due to the 

lack of solubility of free GA-based polymers in THF. After hydrogenolysis of benzyl protecting 

groups, an increase of the dispersity values has been registered (Table 2) in agreement with both 

the establishment of many hydrogen bonds between the numerous phenolic functions of the 
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polymeric chains and the possible adhesion of the chains onto the column. The difference 

between   
    

   
 and experimental   

    
   

 values was related to the use of PMMA calibration. 

  

Figure 7. SEC traces (LS detection) of P(GA-A) and P(GA-MA). 

 

Table 2. Molecular and thermal characterization of polymers before and after deprotection. 

Perbenzylated polymers 

Polymer
a
    

    
    (kg/mol)

b
   

    
    (kg/mol)

c
 Đ 

c
 Tg (⁰ C)

 d
 

P(BnGA-A) 59.44 38.90 1.24 35.8 

P(BnGA-MA) 98.64 93.00 1.26 28.1 

Free GA-based polymers  

Polymer    
    

    (kg/mol)
e
   

    
    (kg/mol)

f
 Đ 

f
 Tg (⁰ C)

 d
 

P(GA-A) 29.74 184.70 1.56 129.5 

P(GA-MA) 50.58 296.20 1.51 127.2 

a) P(BnGA-A) (P(BnGA-MA)) were obtained by photo-RAFT after 2 hours of irradiation (see 

Table 1). 

b)   
    

   
                       , with M0 the respective molecular weight of 

monomer unit (  
      : 538.22 g/mol,   

       : 552.60 g/mol) and MCTA the respective 

molecular weight of CTA (  
    : 277.43 g/mol,   

    : 238 g/mol).  

c) Experimental number average molar mass and dispersity estimated by SEC analysis in THF 

at 40°C.  
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d) Glass transition temperature measured using the 2
nd

 heating cycle.  

e)   
    

   
                        , with M’0 the respective molecular weight of 

deprotected monomer unit (  
    : 268.22 g/mol,   

     : 282.60 g/mol) 

f) Experimental number average molar mass and dispersity estimated by SEC analysis in 

DMSO/NaNO3 at 70⁰ C. (SEC traces in Figure 7).  

 

Thermal characteristics of perbenzylated-GA and free GA based polymers 

The thermal characteristics of the perbenzylated polymers and their corresponding free GA-

based polymers were determined by DSC and TGA (Table 2). As expected, P(BnGA-A) shows a 

higher Tg value than the polymethacrylate P(BnGa-MA) (35.8°C vs 28.1°C). After deprotection, 

Tg increased by almost 100°C to reach 129.5°C in case of P(GA-A) and 127.2°C in case of 

P(GA-MA), due to the establishment of many hydrogen bonds between the numerous phenolic 

functions of the polymeric chains and the significant decrease in the steric hindrance around the 

polymer backbone. Thermo-gravimetric analysis (TGA) revealed a similar behaviour for the two 

perbenzylated polymers with an initial loss of mass upon heating at about 250⁰ C (Table 2, 

Figure S11). Such protected polymers showed higher thermal stability than the deprotected ones 

bearing free GA moieties as P(GA-A) and P(GA-MA) gradually degraded when the temperature 

was over Tg for P(GA-A) (170°C for P(GA-MA)). TGA of free GA-based polymers presented 

one three-step thermal degradation behavior. All the studied polymers exhibited a final weight 

percentage loss around 80%. Currently, we have no explanation to explain these results. 

Supplementary experiments will be planned in the near future to investigate the degradation 

mechanism of such novel P(GA-A) and P(GA-MA) polymers. 

 

Antioxidant activity of free GA-based polymers  
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As GA is one of the best natural antioxidants, we expect that polymers carrying free GA 

moiety in each monomer unit (P(GA-A) and P(GA-MA)) exhibit such property. To demonstrate 

that, we first carried out DPPH radical scavenging assays with deprotected polymers or with GA 

as model. The antioxidant activity of GA and of the free-GA based polymers turned down the 

DPPH absorbance, and was easily observed as the colour of the solution changed instantly from 

purple (DPPH) to yellow upon DPPH disappearance according to Scheme 3 leading to very 

stable radical forms of GA.
59

 As the concentration of GA or GA-based monomer unit increased, 

the absorption of DPPH of the mixture at 517 nm (absorption maximum wavelength) dropped 

gradually to reach a plateau after 12 minutes of reaction. On the contrary, the color of the DPPH 

solution didn’t change when adding perbenzylated polymers (not shown). While protected 

polymers showed no signs of an antioxidant activity, all free GA-based polymers actively exhibit 

excellent antioxidant activity.  
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Scheme 3. Reaction between DPPH and GA or GA-based monomer unit. 

 

The absorption decreases with respect to the concentration of the tested antioxidants and the 

percentage of reduced DPPH are represented in figures 8A and 8B, respectively. P(GA-A) and 

P(GA-MA) generated likewise DPPH radicals scavenging behaviour whereas lower 

concentrations of GA were administrated to achieve similar DPPH mixture absorptions (Figure 
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8A). This is demonstrated by the values of the critical concentration (C50) at which 50% of the 

initial DPPH radicals are reduced. As shown in Figure 8B, the percentage of scavenged DPPH 

radicals was proportional to the concentrations of GA or GA repeating units up to high degrees 

of reduction in a linear mode. With our experimental conditions, C50 of GA was registered at 

about 8 μM. The free GA-based polymers produced in the present study showed higher C50 

values at about 13.5 μM and 14.5 μM of GA-based monomer units for P(GA-A) and P(GA-MA), 

respectively. Nevertheless, P(GA-A) and P(GA-MA) demonstrated a marginally better 

antioxidant activity than the previously reported polyvinylgallol (C50 = 32µM of gallol-based 

monomer units) and similar activity to gallol (C50 = 16.3 µM).
44

 Such advantage can be 

accredited to the spacer between each polyphenol group and the chain backbone in P(GA-A) and 

P(GA-MA) granting a higher mobility of such a group compared to gallol one in the previously 

reported polyvinylgallol. The lower antioxidant properties of free GA-based polymers vs GA 

was attributed to the lower accessibility of adjacent GA monomer units due to the steric 

hindrance from the polymeric chains, in agreement with litterature.
44

 

Another method to evaluate the antioxidant activity of free GA-based polymers is to study the 

oxygen uptake inhibition during the oxidation of methyl linoleate initiated by AIBN.
62

 Usually, 

methyl linoleate can undergo oxidation in the presence of radicals and oxygen (Figure S12) but 

this oxidation may be inhibited in the presence of an antioxidant. Initially, the oxidation of 

methyl linoleate was studied through the monitoring of the evolution of the pressure of O2 (P = 

P0(O2) – P2.5hours(O2)) in the reactor (Figure 8C). The oxygen uptake inhibition index (OUI, 

Figure 8D) was plotted according to equation 2. Assays were performed in the presence of GA as 

model, P(GA-A) and P(GA-MA) using the same molar concentration of GA moiety. As shown, 

GA caused the inhibition percentage of 75% after 2.5 hours, whereas those of P(GA-A) and 
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P(GA-MA) were similar at 55% at the same time. The difference of values between GA and free 

GA-based polymers can nevertheless be explained by the low solubility of the polymers in the 

reaction medium as 1-butanol is the common used solvent to carry out this experiment but does 

not dissolve P(GA-A) and P(GA-MA). In such a case, DMSO was consequently added in the 

medium to keep the polymers soluble, whereas GA is highly soluble in both solvents. 

Nevertheless, such results mirror the ones obtained from the study of the reduction of DPPH 

radicals and confirm the antioxidant property of (GA-A) and P(GA-MA). 

 

 

Figure 8. Antioxidant activity of GA and of free GA-based polymers (P(GA-A) and P(GA-MA). 

Evolutions of A) the relative absorbance values of the DPPH/antioxidant system in MeOH, B) 

the percentage of reduced DPPH radical vs the concentration of the GA or GA-monomer units, 

C) the pressure difference (P0(O2)- Pt(O2)) in the reactor containing methyl linoleate, AIBN and 

antioxidant and D) the antioxidant uptake inhibition index (OUI) of GA/GA-based polymers 
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CONCLUSION  

Novel GA-based acrylate and methacrylate were prepared according to a multistep strategy to 

further allow their radical polymerization. Photo-mediated RAFT polymerization was herein 

selected as a low-energy, spatio and temporal controlled technique where its efficiency was 

investigated depending on the monomer and the choice of CTA. Contrary to the acrylate one, 

perbenzylated GA-based methacrylate was proved to be polymerized in a controlled manner with 

an adequate choice of chain transfer agent. Later on, hydrogenolysis of these (meth)acrylic 

polymers under mild conditions readily resulted in free GA-based polymers. 

The antioxidant efficiency of these free GA-based polymers was studied in comparison with 

that of gallic acid, showing a very efficient scavenging of DPPH radicals. Similarly, the 

inhibition of methyl linoleate oxidation by free GA-based polymers was proven and compared to 

that of GA. In accordance with these properties and their thermal characteristics, such free GA-

based polymers can be used as bioactive thermoplastic packaging in food industry for instance. 

Moreover, we believe that these antioxidant bio-based polymers will also be of interest for 

various applications in cosmetics or in pharmaceutical domain for instance. 
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