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Abstract 

A facile synthesis of multifunctional hindered phenolic macromolecular antioxidants based on 

hyperbranched polyglycerol (HbPG) nanoparticles as cores with different molecular weights is 

reported. The structure of the resulting polymers was verified by 1H NMR and UV–Vis 

spectroscopies indicating 64-77% antioxidant functionalizations of the hydroxyl groups of the 

HbPGs. GPC analyses show that polymeric antioxidants with PDI of 1.33-1.66 are formed.  

DSC and TGA measurements revealed Tg of ~40 °C and high thermal stability up to ~300 °C 

of the multifunctional HbPG-antioxidant conjugates, respectively, confirming that these 

materials are liquids and stable at usual polymer processing temperatures. The efficiency of the 

synthesized antioxidants in thermooxidative stabilization of PVC was investigating, keeping in 

mind that although the importance and wide application of PVC, especially in biomedical fields 

are incontestable, the utilization of macromolecular antioxidants for the stabilization of PVC 

has not been examined so far. It was found that the macromolecular antioxidants show similar 

stabilizing efficiency as the tetrafunctional industrial Irganox1010. Very low extent of leaching 

of the HbPG-antioxidant from PVC blends, investigated by extraction tests in both water and 

hexane, was observed in both extracting agents in contrast to the case of the low molecular 

weight hindered phenolic antioxidant. Thus, the obtained results confirm the advantages, i.e. 

high efficiency and highly suppressed leaching, of HbPG-based macromolecular antioxidants 

in a variety of application fields. 
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1. Introduction 

Hyperbranched polymers are unique nanoparticles, many of which possess multiple 

functional terminal sites, some of them pendant functionalities as well, capable to function as 

starting materials for new nanostructured substances not existed before [1-8]. Among such 

highly branched macromolecules, hyperbranched polyglycerol (HbPG) with average diameter 

in the few nanometer range (~2-20 nm) and with both chain end and pendant hydroxyl 

functionalities offers a variety of new derivatization processes to obtain materials with 

advantageous application possibilities, ranging from biomedicine to nanotechnologies and large 

scale commodities as well [9-18]. HbPG is a polyether polyol, which has favorable properties, 

namely low cytotoxicity, biocompatibility, water solubility and low viscosity [19-21]. The 

hydroxyl groups of HbPG were transformed to different functional groups and were modified 

by imaging or drug molecules to develop macromolecular supports for organic syntheses or 

biomaterials for biomedical applications [22-29]. Based on these benefits, HbPG is a promising 

candidate as carrier molecule for the synthesis of multifunctional macromolecular nanosized 

assemblies with targeted applications. One such possibility can be related to the utilization of 

the hydroxyl groups of HbPG to attach hindered phenol moieties in order to obtain 

multifunctional hyperbranched antioxidants with HbPG cores. 

Sterically hindered phenols, especially 3,5-di-tert-butyl-4-methylphenol (butylated 

hydroxytoluene, BHT) and its derivatives, such as Irganox1010, are the most commonly used 

class of antioxidants [30] and have been widely applied in the stabilization of polymers during 

processing and use (for the structure of BHT and Irganox1010, see Scheme S1 in the Supporting 

Information). However, most of these antioxidants, and other polymer stabilizers and additives 

as well, with low molecular weights are sensitive to physical loss by evaporation, extraction 

and migration [31,32]. Therefore, a major concern has evolved in environmental and 

biomedical issues and safety regulations, as well as in long-term use of polymers containing 
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such antioxidants [33,34]. In order to reduce the physical loss of antioxidants, intensive research 

has been conducted worldwide, and various high molecular weight antioxidants were developed 

[35-38]. Another possible route is the application of polymer-bound antioxidants with low 

extent of migration to the environment. Due to the slow or completely retarded diffusion of 

macromolecular antioxidants, it is expected that these materials can be considered as more bio- 

and environmental friendly polymer additives than their low molecular weight counterparts, 

and may be applied advantageously in wide application ranges, mainly in biomedical fields, 

food packaging and agriculture.  Macromolecular antioxidants have already been prepared 

either by postmodification of the reactive sites on polymer chains or copolymerization of 

monomers with antioxidant-functionalized monomers [33,39-45]. The sterically hindered 

phenolic antioxidants were bonded to variety of substrates, such as silica nanoparticles [46,47], 

carbon nanotubes [48,49] and several types of linear polymers, e.g. polybutadiene [50,51], 

polystyrene [52], polyethylene [53-55], polypropylene (PP) [52,56] and polyisobutylene [57]. 

Although, polymers with complex topology, such as star and branched structure, have 

numerous advantageous properties compared to their linear analogues, namely lower intrinsic 

viscosity and high number of modifiable functional groups, only one seven-arm star polymer 

[58] and few hyperbranched polymer based macromolecular antioxidants were described in 

previous literature [59-61]. However, the efficiency investigations of the reported 

hyperbranched polyester based sterically hindered phenol antioxidants showed that these 

macroadditives are more efficient in squalane than in PP matrix [59]. Recently, phenolic 

antioxidant-functionalized dendritic polyethylene was also prepared by copolymerization of 

ethylene with an olefin containing hindered phenol moiety [60]. In our previous report, 

hyperbranched poly(ethyleneimine) based hindered phenol-type macromolecular antioxidants 

were reported [61]. Our findings showed that these additives are effective antioxidants in 
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polypropylene and polyethylene matrices. Moreover, their lower extent of leaching than that of 

BHT and Irganox1010, a tetrafunctional industrial antioxidant, was also proved. 

Antioxidants are widely used for protecting of a large variety of polymers against 

degradation and simultaneous deterioration of their physical and chemical properties during 

processing and use in the presence of air, i.e. oxygen. Among commercial polymers, poly(vinyl 

chloride) (PVC), due to its advantageous properties, is one of the most widely used polymers 

in broad ranges of industrial and medical applications. However, it is also one of the most 

sensitive polymers to heat, thermooxidation and photooxidation during processing and use [62-

76]. Thermal degradation of PVC occurs by an autocatalytic dehydrochlorination reaction with 

simultaneous formation of reactive conjugated double bond containing sequences along the 

polymer chain [64-67]. This process causes unacceptable discoloration of the polymer and 

drastic changes in its chemical, physical and mechanical properties. [64-68,75]. Therefore, 

various additives, such as antioxidants, thermal and photo-stabilizers, are used to reduce the 

adverse external effects and avoid chain scission and cross-linking reactions during processing 

and application of this useful polymer [62-67]. In spite of its importance, it is surprising that 

thermooxidation of PVC and its stabilization process by antioxidants have rarely been 

investigated. As was found by us recently [70,71], even low extent of thermooxidation of PVC 

results in severe chain scission and to significant decrease of the thermal stability of this 

polymer. Therefore, efficient stabilization against oxidative and thermal degradation is essential 

for processing and use of PVC and related polymers. To the best of our knowledge, 

multifunctional macromolecular antioxidants for PVC stabilization have not been explored at 

all so far.  

Taking into account the beneficial properties of HbPG as multifunctional nanoparticle 

[9-29,77-80], we aimed at the synthesis and exploration of HbPG-based multifunctional 

antioxidants. It has to be mentioned that only one case is known in the course of which HbPG-
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based supramolecular antioxidant assemblies were studied [77]. These antioxidant complexes 

showed enhanced antioxidant capacity, proved by oxygen radical absorbance capacity assay. 

However, the phenolic active groups were not linked by covalent bond to the HbPGs, and these 

HbPG-based macromolecular antioxidants were not tested in polymer matrices. In our 

investigations, the HbPGs were synthesized by ring-opening multibranching polymerization 

[78,79], with different molecular weights and functionalized with sterically hindered phenolic 

antioxidant by an esterification reaction to obtain a macromolecular analogue of butylated 

hydroxytoluene (BHT). The good miscibility and compatibility of polyesters and polyethers 

with PVC matrices are well-known [81,82], therefore the application of HbPG-based 

macromolecular antioxidants is expected to be advantageous for stabilization of PVC. Herein, 

the results of our investigations on the synthesis, molecular characteristics and thermal 

properties of new macromolecular antioxidants with HbPG cores, as well as their stabilization 

efficiencies are reported. The extractability of the macromolecular antioxidants from PVC with 

the antioxidants was studied as well. 

 

2. Experimental 

2.1. Materials 

Glycidol was obtained from Sigma-Aldrich and it was purified by vacuum distillation 

prior to use. 3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propionic acid (AoxAc) was purchased 

from Creasyn Finechem and purified by recrystallization in Et2O/hexane 20/80 (by volume) 

solvent mixture. The white crystals were filtered and washed with cold hexane and dried in 

vacuum. Pentaerythritol, potassium methoxide (KOMe) solution, 

N,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), butylated 

hydroxytoluene (BHT) (all from Sigma-Aldrich) and Irganox1010 (from BASF) were used as 

received. A suspension PVC (BorsodChem, ONGROVIL® S-5070, Mn=68,800 g/mol, PDI = 
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2.26) was used in our experiments. Dimethylformamide (DMF), tetrahydrofuran (THF), 

methanol (MeOH), abs. ethanol (EtOH), 1,2,4-trichlorobenzene (TCB), diethyl ether (Et2O) 

and n-hexane (all purchased from Molar Ltd.) were used without purification.  

 

2.2. Synthesis of HbPG-based macromolecular antioxidants (HbPG-l-AoxAc) 

HbPGs with three different molecular weights were applied as multifunctional core for 

producing macromolecular antioxidants. The HbPG starting materials were synthesized by 

ring-opening multibranching polymerization of glycidol according to the literature [78,79] 

initiated by pentaerythritol with three different monomer/initiator ratios (M/I = 80, 130, 330). 

The pentaerythritol initiator (0.2415 g, 0.1579 g and 0.0620 g) was placed in a three-necked 

round bottom flask equipped with a septum, a mechanical stirrer and connected to the vacuum 

line. Subsequently, the KOMe (0.4 eq. to the initiator) was added and stirred for one hour at 50 

°C. After the deprotonation, the methanol was removed by vacuum, and the mixture was heated 

to 95-100 °C under nitrogen atmosphere. Then the glycidol monomer (10 mL, 11.17 g, 0.1508 

mol) was added with a syringe pump by 2 mL/h dosing rate. After the completed monomer 

addition, the stirring was continued for three hours. Then the reaction mixture was cooled to 

room temperature and was dissolved in methanol and passed through a column filled with a 

cation exchange resin (Amberlite® IR120 hydrogen form). The products were precipitated into 

large excess of Et2O two times and dried in vacuum at 80 °C. The produced HbPG samples 

were applied for the synthesis of macromolecular antioxidants without characterization. 

For the functionalization of HbPG to obtain macromolecular antioxidants, a Steglich 

type esterification reaction was performed. The HbPGs (1 g, 10.9 mmol repeating unit) were 

dissolved in DMF (10 mL) and placed into a dry 100 mL round-bottom flask with magnetic stir 

bar. Then AoxAc (6.0519 g, 21.7 mmol, 2 eq. to repeating units) and DMAP (2.9296 g, 23.98 

mmol, 2.2 eq. to repeating units) dissolved in DMF (20 mL) was added to the polymer solution. 
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Subsequently DCC (4.9478 g, 23.98 mmol, 2.2 eq. to repeating units) dissolved in DMF (20 

mL) was added to the reaction mixture. The reaction flask was sealed and the reaction mixture 

was stirred overnight at room temperature. The formed dicyclohexylurea was removed by 

filtration and the filtrate was concentrated by rotary evaporator. The crude products were 

dissolved in cold THF, filtered and precipitated two times into large excess of MeOH/brine 

(95/5 by volume) and washed with cold hexane. The products were dried in vacuum at 50 °C 

until constant weight. 

 

2.3. Characterization 

Molecular weight and molecular weight distribution (polydispersity index, PDI) of the 

produced macromolecular antioxidants were measured by gel permeation chromatography 

(GPC). The GPC equipped with differential refractive index and viscosity detector (Agilent 

Infinity 1260) was used with three 5 μm particle size PlGel Mixed columns (HR1, HR2 and 

HR3 with different molecular weight ranges from 100 Da to 600,000 Da) and with a PlGel 

guard column thermostated at 35 °C. THF eluent was used with a flow rate of 1 mL/min. The 

molecular weight and PDI were determined using universal calibration based on linear 

polystyrene standards (from PSS Standards, Germany). 

For the investigation of the functionalization efficiency and quantitative determination 

of the conversion of hydroxyl groups of HbPGs, solution state 1H NMR spectra were obtained 

by a Varian NMR System spectrometer operating at the 1H frequency of 600 MHz. The 

measurements of the macromolecular antioxidants were performed in deuterated chloroform 

(CDCl3) at 25 °C and the unmodified HbPG control sample (HbPG1) was investigated in 

DMSO-d6. 

The BHT content of the produced samples was determined by UV-Vis 

spectrophotometer (Jasco V-650 spectrophotometer) equipped with Jasco MCB-100 mini 
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Circulation Bath and Peltier thermostat heating and cooling system. The samples were 

dissolved in abs. THF and measured with standard 1×1 cm quartz cuvette, thermostated at 

23 °C. The reference was abs. THF. The unmodified HbPG control sample (HbPG1) was 

investigated in abs. EtOH. The determination of the BHT content was based on the BHT 

calibration curve measured in abs. THF. The applied polymer concentrations are listed in the 

Supporting Information (see Table S1). 

The thermal behaviour of the antioxidant molecules was investigated with differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The DSC investigation 

was performed on a TA Instruments Q2000 instrument under nitrogen atmosphere. The heating 

and cooling cycles were between -60 to 180 °C, and the first heating was made to eliminate the 

thermal history of the samples. The heating rate was 10 °C/min, and the nitrogen flow was 50 

mL/min. The Tg values were calculated from the inflexion point of the DSC curves. The TGA 

measurements were carried out on a TA Instruments Q500 equipment under nitrogen 

atmosphere. The heating rate was 10 °C/min in the range of 35 to 750 °C. The nitrogen flow 

was 100 mL/min. The thermal stability was determined as the temperature of the 5 wt% weight 

loss. 

 

2.4. Investigation of the antioxidant efficiency 

The antioxidative properties of the produced macromolecular additives were 

investigated in the course of the thermooxidative degradation of PVC and compared to the 

commercially available Irganox1010 tetrafunctional antioxidant. The degradative treatment of 

PVC solutions (0.2 g PVC dissolved in 20 ml TCB) was carried out by using a Metrohm PVC 

Thermomat 763 instrument. The eliminated HCl was monitored on-line with the same 

equipment. The degradation was carried out under oxygen with a flow rate of 4 L/h at 200 °C 

in presence of different amounts of antioxidants (0.14, 0.29, 0.59, 1 eq. BHT/100 vinyl chloride 
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(VC) repeating units). The oxidation induction times (OIT) and the standard deviations (SD) 

were determined by two parallel measurements. After degradation, the samples were 

precipitated in hexane and dried until constant weight under vacuum at room temperature. The 

precipitations were repeated one more times from THF to hexane. The effect of the antioxidants 

on the changes of molecular weight of PVC was investigated by GPC using the above 

mentioned equipment and conditions. 

 

2.5. Extraction of antioxidants from PVC blends 

PVC films containing either Irganox1010 or HbPG-l-AoxAc_1 were prepared by the 

solvent casting technique. The components, i.e. PVC (25 mg/mL) and Irganox1010 (25 mg/mL) 

in one case, and PVC (40 mg/mL) and HbPG-l-AoxAc_1 (25 mg/mL) for the other film were 

dissolved in distilled tetrahydrofuran separately. Then, 1 mL of the additive stock solutions 

were added to 12.5 mL of PVC solution in both cases. The solutions were stirred continuously 

for 24 h to obtain homogenous mixtures at room temperature. Then, 11 mL of the obtained 

solutions were cast on a glass Petri dish and were allowed to stand in air overnight at room 

temperature to allow slow evaporation of THF. The remaining THF residue was removed by 

further drying in vacuum for 6 hours at 50 °C. Thin films with ~0.25 mm thickness were 

obtained after casting. The films were sliced for the same size and weight (around 30 mg) and 

were extracted either in hexane (100 mL) and water (100 mL) at room temperature for 240 

hours. After predetermined extraction times (24, 48, 96, 168, 240 hours), the films were 

removed and dried on a filtration paper for 1 h, and subsequently under vacuum at room 

temperature for 5 h. The extent of the extraction of the investigated antioxidants from PVC film 

was followed by 1H NMR spectroscopy. The measurements were performed on a Bruker 

Avance 500 operating at 500 MHz 1H frequency in deuterated tetrahydrofuran (THF-d8) at 30 

°C. 
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3. Results and discussion 

3.1. Synthesis and characterization of hyperbranched polyglycerol based macromolecular 

antioxidants 

The goal of this work was the synthesis of effective macromolecular antioxidants with 

multifunctional HbPG nanoparticles as cores with low diffusion out of polymer matrices. The 

synthetic approach is presented in Fig. 1. In addition to its outstanding biocompatibility, HbPG 

possesses primary and secondary hydroxyl groups, which can be modified with various desired 

functionalities. Therefore, HbPG can be utilized as a starting material for the preparation of 

complex multifunctional macromolecular nanoparticles. As shown in Fig. 1, the carrier HbPGs 

were synthesized by ring-opening multibranching polymerization of glycidol using 

pentaerythritol as initiator with three different monomer/initiator ratios according to a 

previously applied method [78,79]. Hindered phenols with BHT moieties are widely used 

antioxidants, even as food additives, therefore a carboxylic derivative of BHT (AoxAc) was 

used for bonding it to the HbPG carrier by applying the Steglich esterification reaction assisted 

with DCC and DMAP (Fig.1). All the synthesized antioxidants, i.e. HbPGs with AoxAC 

conjugates (HbPG-l-AoxAc, where “l” stands for “linked to”), were insoluble in water and 

highly soluble in common organic solvents, such as DMF, DMSO and unlike HbPG also in 

CHCl3, THF and diethyl ether. The resulting macromolecular antioxidants were characterized 

by various methods, such as GPC, 1H NMR and UV spectroscopies, TGA and DSC. 
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Fig. 1. The reaction scheme of the synthesis of HbPG-based macromolecular antioxidants 

(HbPG-l-AoxAc) by ring-opening multibranching polymerization of glycidol followed by 

functionalization with AoxAc.  

The molecular weight distributions and thus the number average molecular weights (Mn) 

and PDI values of the produced macromolecular antioxidants were determined by GPC. The 

results are presented in Fig. 2 and Table 1. Based on the GPC results, it can be stated that HbPG 

based macromolecular antioxidants (HbPG-l-AoxAc) were successfully synthesized with three 

different Mn (between 20 – 100 kg/mol) and low PDI (around 1.2 – 1.6). 

 

Fig. 2. Molecular weight distribution curves of HbPG-based macromolecular antioxidants 

(HbPG-l-AoxAc) (for sample identification see Table 1). 
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Table 1. Characterization results of HbPG-based macromolecular antioxidants: the extent of 

esterification (C), the number average molecular weight (Mn), polydispersity (PDI), BHT 

functionality, the glass transition temperature (Tg) and the decomposition temperature (Td). 

 

Sample 
C(a) 

% 

Mn 

(g/mol) 
PDI 

Functionality 

(mmol BHT / g) Tg 

(°C) 

Td
(c) 

(°C) 
NMR(b) UV 

HbPG-l-AoxAc_1 77 26200 1.33 2.88 2.51 42 316 

HbPG-l-AoxAc_2 64 34900 1.28 2.71 2.65 40 300 

HbPG-l-AoxAc_3 73 101100 1.66 2.77 2.68 42 296 

(a) hydroxyl group conversion determined by 1H NMR spectroscopy 

(b)  calculated by Eq. 1-3. 

(c) 5% weight loss 

 

The synthesized macromolecular antioxidants were characterized by 1H NMR 

spectroscopy in order to reveal the functionalization and to determine the conversion of 

hydroxyl groups of the HbPG molecules. In the recorded 1H NMR spectra (Fig. 3.), the signals 

for aromatic protons (6.91-7.08 ppm), protons of the tert-butyl groups (1.23-1.55 ppm) and 

methylene protons (2.35-2.67 ppm and 2.71-2.93 ppm) of the  BHT analogue are all observed. 

The signals for the methylene and methine groups next to the ester bonds appear in the 3.95-

4.22 and 4.22-4.47 ppm regions, but these signals do not separate well from each other. The 

signals of the chemical shifts of the protons of the polyether main chain (-OCH2- and -OCH-) 

appear in the region of ~3.2-3.9 ppm. This clearly indicates that the functionalization reactions 

were successful. However, the chemical shifts for aromatic hydroxyl group and non-

functionalized hydroxyl groups overlap in the region of 4.92-5.24 ppm. Taking into account 

these observations, the conversion of the hydroxyl groups to ester groups can be determined 

from the integral ratio of the region of the hydroxyl and the aromatic protons in the 1H NMR 

spectra. As presented in Table 1, the applied esterification process led to 64-77% conversion of 

the hydroxyl groups of the HbPG to the ester attaching the BHT moieties to the hyperbranched 

core. 
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Fig. 3. 1H NMR spectra of the HbPG-based antioxidants (in CDCl3) and one representative 

starting HbPG (in DMSO-d6) as control sample (HbPG_1). 

 

By using the determined hydroxyl conversion values, the number average degree of 

polymerization and the number average molecular weight of the base hyperbranched 

polyglycerols and the BHT content were calculated by the following equations (Eq. 1-3.): 

𝐷𝑃𝑛 =
𝑀𝑛,𝐺𝑃𝐶−𝑀𝑖𝑛𝑖𝑐−𝐶∙(𝑀𝐴𝑜𝑥𝐴𝑐−18)

𝑀𝑚𝑜𝑛+𝐶∙(𝑀𝐴𝑜𝑥𝐴𝑐−18)
    (1) 

𝑀𝐻𝑏𝑃𝐺 = 𝑀𝑖𝑛𝑖𝑐 + 𝐷𝑃𝑛 ∙ 𝑀𝑚𝑜𝑛    (2) 

𝑛𝐵𝐻𝑇 =
𝐶∙(𝐷𝑃𝑛+4)

𝑀𝑛,𝐺𝑃𝐶
      (3) 

where DPn is the number average degree of polymerization, C is the conversation calculated 

from the 1H NMR spectra, Mn,GPC, Minic, MAoxAc, Mmon are the molecular weights of the 

macroantioxidants determined by GPC, pentaerythritol (136 g/mol), AoxAc (279 g/mol), and 

glycol (74 g/mol), respectively, and 𝑛𝐵𝐻𝑇 is the amount of the BHT equivalent in 1 g 

macromolecular antioxidants. The theoretical and the calculated molecular weight is close to 

each other, so the synthesis of the HbPG macromolecules and also their functionalization by 

the BHT containing AoxAc antioxidants were successful.  
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The BHT contents of the HbPG-l-AoxAc macromolecular antioxidants were also 

measured by UV spectroscopy, which can provide the accurate information on the BHT content 

bonded to the HbPG carriers. The UV spectra of BHT, Irganox1010, a HbPG without any 

chromophore and the HbPG-l-AoxAc samples are depicted in Fig. 4. As displayed in this 

Figure, the UV spectra of macromolecular antioxidants as well as BHT and Irganox1010 show 

the presence of absorption peaks in the aromatic region (260–290 nm) in contrast to that of the 

unmodified HbPG. The BHT content (Table 1) was determined from the absorbance at 275 nm, 

where the polymer main chain does not absorb. For the measured absorbance values and the 

calculation of the BHT group content of the produced macromolecular antioxidants see Table 

S1 in the Supporting Information. As shown in Table 1, the BHT content determined from the 

UV spectra fits quite well with the values obtained from the 1H NMR spectra of the HbPG-l-

AoxAc samples (Fig. 3).  

 
 

Fig. 4. UV spectra of the HbPG-l-AoxAc samples compared with an unmodified HbPG, 

Irganox1010 and BHT. 

 

Based on the results of functionality investigations, it can be concluded that high active 

group content was reached by the performed esterification of HbPG as carrier for AoxAc, i.e. 
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between 2.6-2.7 mmol/g antioxidant functionality. This is only slightly below the phenol 

functionality of the widely used commercial antioxidant Irganox1010 (3.4 mmol phenol/g 

antioxidant). It can be also concluded that the molecular weight of the starting HbPG core has 

no significant influence on the functionalization efficiency. 

The thermal properties and stability are also important aspects of the applicability of the 

synthesized macromolecular antioxidants. Therefore, the produced samples were investigated 

by DSC and TGA measurements. Based on the DSC curves (Fig. S1), the Tg values of the 

HbPG-l-AoxAc samples are 40-42 °C, and do not depend on the molecular weight of the 

macromolecular additives. This means that the Tg is over room temperature, but not too high, 

so the measuring, dosage and mixing can be carried out easily during application and processes, 

on the one hand. On the other hand, the TGA curves (see Fig. S2) show that the temperature of 

the 5 wt% weight loss of the antioxidants is at about 270-280 °C, which means that the HbPG-

l-AoxAc nanoparticles are stable at the usual processing temperature of polymers. Briefly, 

based on the obtained characterization results, the synthesized HbPG-based macromolecular 

antioxidants can be suitable for effective thermooxidative stabilization of several polymers.  

 

3.2. Thermooxidative efficiency of the HbPG-based macromolecular antioxidants in 

stabilization of PVC 

The novel multifunctional HbPG-based macromolecular HbPG-l-AoxAc antioxidants 

were tested for their efficiency in thermooxidative stabilization of PVC. Their inhibition 

efficiency was compared to the Irganox1010 and the pure PVC, respectively. The 

thermooxidative degradation of PVC in presence of different amount of additives was followed 

via detecting the evolved free HCl measured by conductometry. Fig. 5a shows the extent of 

HCl evolution versus degradation time in the case of one representative measurement where 
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0.59 BHT eq. over 100 VC units was used for all the investigated antioxidants. (The rest of the 

HCl evolution curves are presented in Fig. S3-S5 in the Supported Information.) 

 
 

Fig. 5. The extent of HCl elimination as a function of degradation time without and with 

antioxidants (BHT eq./VC = 0.59/100) (a), and the OIT values for investigated antioxidants 

with various BHT equivalent contents (b). 

 

As expected, the elimination of HCl in the case of unstabilized PVC begins rapidly and 

increases sharply during the thermooxidative treatment (Fig. 5a). The obtained results show 

that the HCl elimination curves are shifted towards higher degradation times by using the 

antioxidant additives, namely longer induction periods and lower rates of HCl evolution are 

detected in the presence of antioxidants than that for the virgin PVC. The oxidation induction 

times (OIT) were determined as the interception of the two straight lines fitted to the beginning 

and the increasing section of the elimination curves. The OIT values are depicted in Fig. 5b. 
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The OIT of the unstabilized PVC is around 400 s and increases to around 2.5-3 times higher 

degradation times by the application of Irganox1010. As it can be seen in Fig. 5b, the OIT 

increases only negligibly with increasing the BHT eq./VC ratio. Furthermore, it can be 

concluded that the OIT values for the synthesized HbPG-l-AoxAc antioxidants are close to the 

values obtained for Irganox1010. These findings clearly indicate that the HbPG-l-AoxAc 

macromolecular antioxidants are close as efficient as the industrially used Irganox1010. 

 

 
 

Fig. 6. The molecular weight distribution curves (a) and the comparison of the change in the 

number average molecular weights (Mn) of the undegraded PVC (1), degraded PVC stabilized 

with Irganox1010 (2) and the synthesized HbPG-l-AoxAc macromolecular stabilizers (3-5), 

and unstabilized degraded PVC (6). The stabilizer contents were 1 BHT eq./100 VC units, the 

degradation time was 4 hours. 
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In addition to HCl elimination and discoloration by the simultaneous formation of 

conjugated double bond containing sequences, another essential aspect of the thermooxidative 

degradation of PVC is the oxidative chain scission in this process [64,69,70]. The effect of the 

HbPG-based phenolic antioxidants in comparison to that of Irganox1010 on the change of 

molecular weight of PVC was investigated by GPC. The molecular weight distribution (MWD) 

curves of the unmodified and additive containing (1 BHT eq./100 VC) PVC after 4 hours 

thermooxidative degradation, as well as that of the initial unstabilized PVC, and the number 

average molecular weights are presented in Fig. 6a and 6b, respectively. As can be seen in Fig. 

6a, the MWD curve of the unstabilized PVC is significantly shifted to the lower molecular 

weight region. This leads to more than 60% decrease of the number average molecular weight 

of the unstabilized PVC, i.e. from 68.8 kg/mol to 24.0 kg/mol (Fig. 6b), even at relatively low 

level of HCl elimination, which is 3.4% after four hours degradation time (see Fig. S6 in 

Supporting Information). This indicates remarkable oxidative chain scission of the polymer 

main chain in the absence of any antioxidants in accordance with our recent report on this 

phenomenon [69,70]. In contrast, in the case of using antioxidants, the MWD curves are only 

shifted slightly to lower molecular weights upon thermooxidative treatment. The shape and the 

position of the MWD curves remain similar to that of the undegraded PVC. The decrease of the 

number average molecular weight of PVC in the presence of the macromolecular HbPG-l-

AoxAc antioxidants is between only 13-19%, and this slightly increases by the increasing 

molecular weight of the macrostabilizers. In case of using antioxidants, the extent of HCl 

elimination after treatment for four hours is only around 1%, namely HbPG-l-AoxAc_1: 1.05%, 

HbPG-l-AoxAc_2: 1.27%, HbPG-l-AoxAc_3: 1.36% and Irganox1010: 0.96%. The low level 

of the decrease of molecular weights in the presence of antioxidants compared to that of the 

unstabilized PVC indicates efficient suppression of chain scission by these stabilizers, on the 

one hand. On the other hand, the Mn values of PVCs stabilized with HbPG-l-AoxAc are close 
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to the molecular weights obtained by using Irganox1010 (Fig. 6b). These findings mean that 

the HbPG-l-AoxAc macromolecular antioxidants can inhibit not only the HCl elimination from 

the PVC chain, but can significantly suppress the radical chain scission of this polymer as well 

during thermooxidative degradation, similar to the commercially applied Irganox1010. Based 

on these results, it can be concluded that the synthesized macromolecular HbPG-l-AoxAc 

hindered phenolic antioxidants are effective stabilizers for PVC against thermooxidative 

degradation. 

 

3.3. Extraction of antioxidants from PVC blends 

One of the major advantages of the application of macromolecular antioxidants is 

related to their low migration ability from the polymer matrices, which may improve not only 

their stabilization effects, but can significantly decrease the pollution of the environment and 

the safety risks. The low migration and leaching ability of the HbPG-l-AoxAc macromolecular 

antioxidants was investigated by extraction tests using n-hexane and water as extraction agents 

at room temperature for 240 h. The leaching of one selected antioxidant (HbPG-l-AoxAc_1) 

from PVC films was followed by 1H NMR spectroscopy and was compared to that of 

Irganox1010. The recorded 1H NMR spectra are presented in the Supporting Information (Fig. 

S7). The changes of BHT contents were determined by the integral ratios of the aromatic region 

(6.91-7.08 ppm) and methine group of PVC (4.23-4.85 ppm) by using the following equation: 

                                                                      𝑛𝐵𝐻𝑇,𝑡 =
(

𝐼𝐴𝑟∙100

𝐼𝐶𝐻
)

𝑡

(
𝐼𝐴𝑟∙100

𝐼𝐶𝐻
)

𝑡=0

∙ 100  (4) 

 

where nBHT,t stands for the BHT content after t extraction time, IAr and ICH mean the relative 

integrals of the aromatic region and methine region of PVC before (t=0) and after (t) extraction. 

The obtained PVC foils contained 7.8 wt% of Irganox1010 and 4.6 wt% of HbPG-l-AoxAc_1 
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antioxidants on the basis of the 1H NMR spectra of the starting mixtures (see the corresponding 

spectra at 0 h in Fig. S7 in the Supporting Information) The changes of active group contents 

in PVC blends as a function of extraction times are displayed in Fig. 7. As shown in this Figure, 

very low extractability is observed for the prepared novel HbPG-based macromolecular 

additive in both extracting agents. Namely, after 240 hours, the extracted amount of HbPG-l-

AoxAc_1 is 8% in hexane and 3% in water. In contrast, in the case of Irganox1010, the extracted 

amount is higher than 30% in hexane. This finding agrees well with the results of our previous 

investigations performed with polypropylene [61], but in contrast to PP, here the results show 

significant leached amounts (~9%) of Irganox1010 from PVC in water as well. It can be stated 

that the leaching of the synthesized HbPG-l-AoxAc macromolecular antioxidant is around three 

times smaller in both applied solvents than for the commercially available and broadly applied 

low molecular weight Irganox1010. 

 

 
Fig. 7. BHT equivalent contents in PVC containing macromolecular antioxidant (HbPG-l-

AoxAc_1) and Irganox1010 as a function of extraction time in hexane and water. 

 

4. Conclusions 

New macromolecular antioxidants, HbPG-l-AoxAc, were synthesized successfully by 

the functionalization of hyperbranched polyglycerol (HbPG) of different molecular weights, as 
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multifunctional nanoparticles, with a sterically hindered phenol antioxidant containing BHT 

moiety. The active group contents of the antioxidants were determined by UV-Vis and 1H NMR 

spectroscopies, and it was found that the functionalities for the new macromolecular 

antioxidants can be achieved as high as that of the industrially widely used low molecular 

weight Irganox1010. The thermooxidative stabilization efficiency of the synthesized HbPG-

based antioxidants was investigated in the thermooxidative degradation of PVC. The results 

show that the oxidation induction time (OIT) approximately doubled for PVC stabilized with 

either Irganox1010 or the HbPG-based spectroscopy antioxidants compared to that of the 

unstabilized PVC. The extent HCl elimination from PVC decreases dramatically in the presence 

of all the investigated antioxidants, i.e. including the HbPG-l-AoxAc macroantioxidants as 

well. The degradative chain scission of PVC during its thermooxidative treatment is also 

significantly suppressed by the macromolecular antioxidants similar to Irganox1010. Extraction 

of the antioxidants in hexane and water clearly shows that the HbPG-based macromolecular 

antioxidants leach out in significantly smaller amounts compared to Irganox1010. The results 

indicate that the stabilization efficiency of the multifunctional macromolecular HbPG-l-AoxAc 

antioxidants, obtained by the derivatization of the hyperbranched HbPG nanoparticles, is 

comparable to that of the industrially used Irganox1010. In sum, considering the high 

antioxidant efficiency and highly suppressed migrating ability of the multifunctional HbPG-

based macromolecular HbPG-l-AoxAc phenolic antioxidants, it can be concluded that these 

hyperbranched polymers are excellent candidates as stabilizers for environmentally 

advantageous applications with a variety of polymers. 

 

Acknowledgements 

The authors are grateful for the technical assistance in the GPC analyses to Tamás Ignáth. The 

authors also thank for financial support to the European Regional Development Fund through 



24 
 

the Hungary-Slovakia Cross-Border Cooperation Program 2007–2013 

(HUSK/1101/1.2.1/0209) and to SAS-MAS 2016-2018 bilateral project „Bio-friendly 

multifunctional polymers“. 

 

References 

 

[1] D. Wang, Y. Jin, X. Zhu, D. Yan, Synthesis and applications of stimuli-responsive 

hyperbranched polymers, Prog. Polym. Sci. 64 (2017) 114–153. 

[2] T. Gurunathan, S. Mohanty, S. K. Nayak, Hyperbranched Polymers for Coating 

Applications: A Review, Polym.-Plastics Technol. Eng. 55 (2016) 92–117. 

[3] D. Wang, T. Zhao, X. Zhu, D. Yan, W. Wang Bioapplications of hyperbranched polymers, 

Chem. Soc. Rev. 44 (2015) 4023-4071. 

[4] W. Wu, R. Tang, Q. Li, Z. Li, Functional hyperbranched polymers with advanced optical, 

electrical and magnetic properties, Chem. Soc. Rev. 44 (2015) 3997–4022. 

[5] Y. Chen, L. Wang, H. Yu, Y. Zhao, R. Sun, G. Jing, J. Huang, H. Khalid, N. M. Abbasi, 

M. Akram, Synthesis and application of polyethylene-based functionalized hyperbranched 

polymers, Prog. Polym. Sci. 45 (2015) 23–43. 

[6] F. Sun, X. Luo, L. Kang, X. Peng, C. Lu, Synthesis of hyperbranched polymers and their 

applications in analytical chemistry, Polym. Chem. 6 (2015) 1214–1225. 

[7] Y. Zheng, S. Li, Z. Weng, C. Gao, Hyperbranched polymers: advances from synthesis to 

applications, Chem. Soc. Rev. 44 (2015) 4091–4130. 

[8] B. I. Voit, A. Lederer, Hyperbranched and Highly Branched Polymer Architectures – 

Synthetic Strategies and Major Characterization Aspects, Chem. Rev. 109 (2009) 5924-5973. 

[9] D. Steinhilber, S. Seiffert, J. A. Heyman, F. Paulus, D. A. Weitz, R. Haag, Hyperbranched 

polyglycerols on the nanometer and micrometer scale, Biomaterials 32 (2011) 1311-1316. 



25 
 

[10] M. Alizadeh Noghani, D. E. Brooks, Progesterone binding nano-carriers based on 

hydrophobically modified hyperbranched polyglycerols, Nanoscale 8 (2016) 5189-5199. 

[11] D. Wilms, S-E. Stiriba, H. Frey, Hyperbranched Polyglycerols: From the Controlled 

Synthesis of Biocompatible Polyether Polyols to Multipurpose Applications, Acc. Chem. Res. 

43 (2010) 129–141. 

[12] A. Dworak, S. Slomkowski, T. Basinska, M. Gosecka, W. Walach, B. Trzebicka, 

Polyglycidol - how is it synthesized and what is it used for?, Polimery 58 (2013) 641–649. 

[13] R. K. Kainthan, J. Janzen, E. Levin, D. V. Devine, D. E. Brooks, Biocompatibility testing 

of branched and linear polyglycidol, Biomacromolecules 7 (2006) 703–709. 

[14] M. Imran ul-haq, B. F. Lai, R. Chapanian, J. N. Kizhakkedathu, Influence of architecture 

of high molecular weight linear and branched polyglycerols on their biocompatibility and 

biodistribution, Biomaterials 33 (2012) 9135–9147. 

[15] A. Sunder, R. Hanselmann, H. Frey, R. Mülhaupt, Controlled synthesis of hyperbranched 

polyglycerols by ring-opening multibranching polymerization, Macromolecules 32 (1999) 

4240–4246. 

[16] C. Du, A. A. Mendelson, Q. Guan, R. Chapanian, I. Chafeeva, G. da Roza, J. N. 

Kizhakkedathu, The size-dependent efficacy and biocompatibility of hyperbranched 

polyglycerol in peritoneal dialysis, Biomaterials 35 (2014) 1378–1389. 

[17] I. N. Kurniasih, J. Keilitz, R. Haag, Dendritic nanocarriers based on hyperbranched 

polymers, Chem. Soc. Rev. 44 (2015) 4145-4164. 

[18] N. K. Wong, R. Misri, R. A.  Shenoi, I. Chafeeva, J. N. Kizhakkedathu, M. K. Khan, 

Design Considerations for Developing Hyperbranched Polyglycerol Nanoparticles as 

Systemic Drug Carriers, J. Biomed. Nanotechnol. 12 (2016) 1089-1100. 



26 
 

[19] C. Siegers, M. Biesalski, R. Haag Self-Assembled Monolayers of Dendritic Polyglycerol 

Derivatives on Gold That Resist the Adsorption of Proteins, Chem. Eur. J. 10 (2004) 2831–

2838.  

[20] H. Frey, R. Haag, Dendritic polyglycerol: a new versatile biocompatible material, Rev. 

Mol. Biotechnol. 90 (2002) 257–267. 

[21] Y. Huang, D. Wang, X. Zhu, D. Yan, R. Chen, Synthesis and therapeutic applications of 

biocompatible or biodegradable hyperbranched polymers, Polym. Chem. 15 (2015) 2794–

2812. 

[22] R. Haag, Dendrimers and hyperbranched polymers as high-loading supports for organic 

synthesis, Chem. Eur. J. 7 (2001) 327-335. 

[23] A. Sunder, R. Mülhaupt, R. Haag, H. Frey Hyperbranched Polyether Polyols: A Modular 

Approach to Complex Polymer Architectures, Adv. Mater. 12 (2000) 235-239. 

[24] S. E.Stiriba, M. Q. Slagt, H. Kautz, R. J. Klein Gebbink, R. Thomann, H. Frey, G. van 

Koten, Synthesis and Supramolecular Association of Immobilized NCN Pincer Platinum (II) 

Complexes on Hyperbranched Polyglycerol Supports, Chem. Eur. J. 10 (2004) 1267-1273. 

[25] S. Roller, H. Zhou, R. Haag, High-loading polyglycerol supported reagents for 

Mitsunobu- and acylation-reactions and other useful polyglycerol derivatives, Molecular 

Diversity 9 (2005) 305-316. 

[26] F. Koç, M. Wyszogrodzka, P. Eilbracht, R. Haag Highly regioselective synthesis of 

amino-functionalized dendritic polyglycerols by a one-pot hydroformylation/reductive 

amination sequence, J. Org. Chem. 70 (2005) 2021-2025. 

[27] S. Li, Z. Guo, R. Feng, Y Zhang, W. Xue, Z. Liu, Hyperbranched polyglycerol 

conjugated fluorescent carbon dots with improved in vitro toxicity and red blood cell 

compatibility for bioimaging, RSC Adv. 7 (2017) 4975-4982. 



27 
 

[28] Z. Xu, Y. Zhang, Q. Hu, Q. Tang, J. Xu, J. Wu, T. B. Kirk, D. Ma, W. Xue, 

Biocompatible hyperbranched polyglycerol modified β-cyclodextrin derivatives for docetaxel 

delivery, Mater. Sci. Eng. C71 (2017) 965-972. 

[29] A. Zill, A. L. Rutz, R. E. Kohman, A. M. Alkilany, C. J. Murphy, H. Kong, S. C. 

Zimmerman, Clickable polyglycerol hyperbranched polymers and their application to gold 

nanoparticles and acid-labile nanocarriers, Chem. Commun. 47 (2011) 1279-1281. 

[30] J. Tochacek, Effect of secondary structure on physical behaviour and performance of 

hindered phenolic antioxidants in polypropylene, Polym. Deg. Stab. 86 (2004) 385-389. 

[31] J. Pospisil, W. D. Habicher, S. Inespurek, Physically persistent stabilizers by 

functionalization of polymers, Macromol. Symp. 164 (2001) 389-400. 

[32] A. Dhawan, V. Kumar, V. S. Parmar, A. L. Cholli, Novel polymeric antioxidants for 

materials, in: G. Cirillo, F. Iemma (Eds.), Antioxidant polymers: synthesis, properties, and 

applications, John Wiley and Sons, Hoboken, 2012. pp. 385-425. 

[33] P. Stagnaro, G. Manchini, A. Piccinini, S. Losio, M. C. Sacchi, C. Viglianisi, S. 

Menichetti, A. Adobati, S. Limbo, Novel ethylene/norbornene copolymers as nonreleasing 

antioxidants for food-contact polyolefinic materials, J. Polym. Sci., Part B: Polym. Phys. 51 

(2013) 1007-1016. 

[34] M. S. Dopico-García, J. M. López-Vilarinó, M. V. Gonzalez-Rodríguez, Antioxidant 

Content of and Migration from Commercial Polyethylene, Polypropylene, and Polyvinyl 

Chloride Packages, J. Agric. Food Chem. 55 (2007) 3225-3231. 

[35] C. Li, J. Wang, M. Ning, H. Zhang, Synthesis and antioxidant activities in polyolefin of 

dendritic antioxidants with hindered phenolic groups and tertiary amine, J. Appl. Polym. Sci. 

124 (2012) 4127-4135. 



28 
 

[36] X. Wang, B. Wang, L. Song, P. Wen, G. Tang, Y. Hu, Antioxidant behavior of a novel 

sulfur-bearing hindered phenolic antioxidant with a high molecular weight in polypropylene, 

Polym. Degrad. Stab. 98 (2013) 1945-1951. 

[37] Y. Zang, H. Li, Y. Zang, Q. Li, Z. Ma, J. Y. Dong, Y. Hu, Synthesis and Properties of 

Polyethylene-Bound Antioxidants, Macromol. Chem. Phys. 215 (2014) 763-775. 

[38] J. Mosnacek, S. Chmela, G. Theumer, W. D. Habicher, P. Hrdlovic, New combined 

phenol/hindered amine photo- and thermal-stabilizers based on toluene-2,4-diisocyanate, 

Polym. Degrad. Stab. 80 (2003) 113-126. 

[39] C. Viglianisi, S. Menichetti, G. Assanelli, M. C. Sacchi, I. Tritto, S. Losio, 

Ethylene/hindered phenol substituted norbornene copolymers: Synthesis and NMR structural 

determination, J. Polym. Sci., Part A: Polym. Chem. 50 (2012) 4647-4655. 

[40] B. Xue, K. Ogata, A. Toyota, Ethylene/hindered phenol substituted norbornene 

copolymers: Synthesis and NMR structural determination, Polym. Degrad. Stab. 93 (2008) 

347-352. 

[41] S. Menichetti, C. Viglianisi, F. Liguori, C. Cogliatti, L. Boragno, P. Stagnaro, S. Losio, 

M. C. Sacchi, Ethylene-based copolymers with tunable content of polymerizable hindered 

phenols as nonreleasing macromolecular additives, J. Polym. Sci., Part A: Polym. Chem. 46 

(2008) 6393-6406. 

[42] J. Malik, G. Ligner, L. Avar, Polymer bound HALS – expectations and possibilities, 

Polym. Degrad. Stab. 60 (1998) 205-213. 

[43] D. R. Oh, H. R. Kim, N. Lee, H. K. Chae, S. Kaang, M. S. Lee, T. H. Kim, Synthesis of 

New Polymeric Antioxidants, Bull. Kor. Chem. Soc. 22 (2001) 629-632. 

[44] F. Puoci, F. Iemma, M. Curcuo, O. I. Parisi, G. Cirillo, U. G. Spizzirri, N. Picci, 

Synthesis of Methacrylic−Ferulic Acid Copolymer with Antioxidant Properties by Single-

Step Free Radical Polymerization, J. Agric. Food Chem. 56 (2008) 10646-10650. 



29 
 

[45] J. Mosnacek, M. Bertoldo, C. S. Kosa, C. Cappelli, G. Ruggeri, I. Lukac, F. Ciardelli, 

Modification and photostabilization of low density polyethylene film by photodecomposition 

of various diazo-compounds and methyl azidocarboxylate, Polym. Degrad. Stab. 92 (2007) 

849-858. 

[46] X. Gao, G. Hu, Z. Qian, Y. Ding, S. Zhang, D. Wang, M. Yang, Immobilization of 

antioxidant on nanosilica and the antioxidative behavior in low density polyethylene, Polymer 

48 (2007) 7309-7315. 

[47] P. Liu, H. Tang, M. Lu, C. Gao, F. Wang, Y. Ding, M. Yang, Preparation of nanosilica-

immobilized antioxidant and the antioxidative behavior in low density polyethylene, Polym. 

Degrad. Stab. 135 (2017) 1-7. 

[48] X. Shi, J. Wang, B. Jiang, Y. Yang, Hindered phenol grafted carbon nanotubes for 

enhanced thermal oxidative stability of polyethylene, Polymer 54 (2013) 1167-1176. 

[49] R. M. Lucente-Schultz, V. C. Moore, A. D. Leonard, B. K. Price, D. V. Kosynkin, M. 

Lu, J. M. Tour, Antioxidant single-walled carbon nanotubes, J. Am. Chem. Soc. 131 (2009) 

3934-3941. 

[50] W. Wu, X. Zeng, H. Li, X. Lai, F. Li, J. Guo, Synthesis and Characterization of A Novel 

Macromolecular Hindered Phenol Antioxidant and Its Thermo-Oxidative Aging Resistance 

for Natural Rubber, J. Polym. Sci., Part B: Polym. Phys. 53 (2014) 1244-1257. 

[51] Y. Wang, X. Zeng, H. Li, J. Guo, Studies on Extraction Resistance of Hydroxyl 

Terminated Polybutadiene Bound 2,2-Thiobis(4-methyl-6-tert-butylphenol) in Natural Rubber 

Vulcanizates, Asian J. Chem. 24 (2012) 3217-3220. 

[52] T. H. Kim, N. Lee, Melt-Grafting of Maleimides Having Hindered Phenol Group onto 

Polypropylene, Bull. Kor. Chem. Soc. 24 (2003) 1809-1813. 

[53] T. H. Kim, Melt free-radical grafting of maleimides with hindered phenol groups onto 

polyethylene, J. Appl. Polym. Sci. 94 (2004) 2117-2122. 



30 
 

[54] T. H. Kim, D. R. Oh, Melt free-radical grafting of maleimides with hindered phenol 

groups onto polyethylene, Polym. Degrad. Stab. 84 (2004) 499-503. 

[55] T. H. Kim, H. K. Kim, D. R. Oh, M. S. Lee, K. H. Chae, S. Kaang, Melt free-radical 

grafting of hindered phenol antioxidant onto polyethylene, J. Appl. Polym. Sci. 77 (2000) 

2968-2973. 

[56] S. Almalaik, A. Q. Ibrahim, M. J. Rao, G. Scott, Mechanisms of antioxidant action: 

Photoantioxidant activity of polymer-bound hindered amines. II. Bis acrylates, J. Appl. 

Polym. Sci. 44 (1992) 1287-1296. 

[57] M. A. Mekewi, Synthesis and characterization of antioxidants and detergent dispersant 

based on some polyisobutylene copolymers, Mater. Res. Innovations, 6 (2002) 214-217. 

[58] H. Xie, H. Li, X. Lai, W. Wu, Y. Zhong, X. Zeng, Well-defined Seven-arm Star 

Macromolecular Antioxidant based on β-Cyclodextrin for Stabilization of Natural Rubber, 

Chem. Lett. 45 (2016) 191-193. 

[59] H. Bergenudd, P. Eriksson, C. DeArmitt, B. Stenberg, M. Jonsson, Synthesis and 

evaluation of hyperbranched phenolic antioxidants of three different generations, Polym. 

Degrad. Stab. 76 (2002) 503-509. 

[60] Z. Balzadeh, H. Arabi, Novel phenolic antioxidant-functionalized dendritic polyethylene: 

Synthesis by tailor-made nickel (II) α-diimine-catalyzed copolymerization and its 

characteristics as non-releasing additive, React. Funct. Polym. 111 (2017) 68-78. 

[61] Gy. Kasza, K. Mosnácková, A. Nádor, Zs. Osváth, T. Stumphauser, Gy. Szarka, K. 

Czinaková, J. Rychly, S. Chmela, B. Iván, J. Mosnácek, Synthesis of hyperbranched 

poly(ethyleneimine) based macromolecular antioxidants and investigation of their efficiency 

in stabilization of polyolefins, Eur. Polym. J. 68 (2015) 609-617. 

[62] M. Schiller, PVC additives: performance, chemistry, developments, and sustainability, 

Carl Hanser Verlag GmbH Co KG, Munich, 2015. 



31 
 

[63] G. Wypych, PVC degradation and stabilization, Elsevier, London, New York, 2015. 

[64] B. Iván, T. Kelen, F. Tüdős, Degradation and Stabilization of Poly(vinyl chloride) 

in “Degradation and Stabilization of Polymers”, Elsevier, London, New York, 1989, pp. 483-

714. 

[65] B. Iván, B. Turcsányi, T. Kelen, F. Tüdős, Effect of Metal Stearate Stabilizers on the 

Thermal Degradation of PVC in Solution: The Reversible Blocking Mechanism of 

Stabilization, J. Vinyl Technol. 12 (1990) 126-135. 

[66] B. Iván, B. Turcsányi, T. Kelen, F. Tüdős, Thermooxidative Degradation of PVC 

Solutions in the Presence of Metal Stearate Stabilizers, Angew. Makromol. Chem. 189 (1991) 

35-49. 

[67] B. Iván, Thermal Stability, Degradation and Stabilization Mechanisms of Poly(vinyl 

chloride), Adv. Chem. Ser. 249 (1996) 19-32. 

[68] B. Iván, The Stability of Poly(vinyl chloride), J. Vinyl. Add. Techn. 9 (2003) 1-3.  

[69] Gy. Szarka, B. Iván, Degradative Transformation of Poly(vinyl chloride) under Mild 

Oxidative Conditions, ACS Symp. Ser. 1004, (2009) 219-226. 

[70] Gy. Szarka, A. Domján, T. Szakács, B. Iván, Oil from poly(vinyl chloride): 

Unprecedented degradative chain scission under mild thermooxidative conditions, Polym. 

Degrad. Stab. 97 (2012) 1787-1793. 

[71] Gy. Szarka, B. Iván, Thermal properties, degradation and stability of poly(vinyl chloride) 

predegraded thermooxidatively in the presence of dioctyl phthalate plasticizer, J. Macromol. 

Sci., Pure Appl. Chem. 50 (2013) 218-214. 

[72] R. D. Chai, S. J. Chen, J. Zhang, Combined effect of hindered amine light stabilizer and 

antioxidants on photodegradation of poly (vinyl chloride), J. Thermoplast. Composite Mater. 

25 (2012) 879-894. 



32 
 

[73] J. Liu, Y. Lv, Z. D. Luo, H. Y. Wang, Z. Wei, Molecular chain model construction, 

thermostability, and thermo-oxidative degradation mechanism of poly(vinyl chloride), RSC 

Adv. 6 (2016) 31898-31905. 

[74] R. M. Akhmetkhanov, I. T. Gabitov, A. G. Mustafin, V. P. Zakharov, G. E. Zaikov, Low-

toxic nitrogen-containing antioxidant for polyvinyl chloride, In: Chemical and Biochemical 

Physics: A Systematic Approach to Experiments, Evaluation, and Modeling, CRC Press, 

Boca Raton, 2016, pp.131-138. 

[75] J. Yu, L. Sun, C. Ma, H. Yao, Thermal degradation of PVC: A review, Waste 

Management 48 (2016) 300-314. 

[76] H. A. Shnawa, Thermal stabilization of polyvinyl chloride with traditional and naturally 

derived antioxidant and thermal stabilizer synthesized from tannins, J. Therm. Anal. Calorim. 

(2017) doi:10.1007/s10973-017-6238-z 

[77] S. Pocoví Martínez, U. Kemmer Jonas, J. Pérez Prieto, H. Frey, S. E. Stiriba,  

Supramolecular antioxidant assemblies of hyperbranched polyglycerols and phenols, 

Macromol. Chem. Phys. 215 (2014) 2311-2317. 

[78] A. Sunder, R. Hanselmann, H. Frey, R. Mülhaupt, Controlled synthesis of hyperbranched 

polyglycerols by ring-opening multibranching polymerization, Macromolecules 32 (1999) 

4240-4246. 

[79] Gy. Kasza, G. Gyulai, Á. Ábrahám, Gy. Szarka, B. Iván, É. Kiss, Amphiphilic 

hyperbranched polyglycerols in a new role as highly efficient multifunctional surface active 

stabilizers for poly (lactic/glycolic acid) nanoparticles, RSC Adv. 7 (2017) 4348-4352. 

[80] Gy. Kasza, G. Kali, A. Domján, L. Pethő, Gy. Szarka, B. Iván, Synthesis of well-defined 

phthalimide monofunctional hyperbranched polyglycerols and its transformation to various 

conjugation relevant functionalities, Macromolecules 50 (2017) 3078-3088. 



33 
 

[81] S. M. D. Neiro, D. C. Dragunski, A. F. Rubira, E. C. Muniz, Miscibility of PVC/PEO 

blends by viscosimetric, microscopic and thermal analyses, Eur. Polym. J. 36 (2000) 583-589. 

[82] R. E. Prudhomme, Miscibility phenomena in polyester/chlorinated polymer blends, 

Polym. Eng. Sci. 22 (1982) 90-95. 

 


