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Abstract: The Br-terminated poly (ethylene oxide) (PEO-Br) is used as a green and efficient
macroinitiator in bulk Fe-catalyzed atom transfer radical polymerization (ATRP) without the addition
of any organic ligands. The polymerization rate is able to be mediated by PEO-Br with various
molecular weights, and the decrease in redox potential of FeBr2 in cyclic voltammetry (CV) curves
indicates that an increased coordination effect is deteriorated with the depressing reaction activity in
the longer ethylene oxide (EO) chain in PEO-Br. In combination with the study of different catalysts
and catalytic contents, the methyl metharylate (MMA) or poly (ethylene glycol) monomethacrylate
(PEGMA) was successfully polymerized with PEO-Br as an initiator. This copolymer obtained from
PEGMA polymerization can be further employed as a polymer matrix to form the polymer electrolyte
(PE). The higher ionic conductivity of PE was obtained by using a high molecular weight of copolymer.

Keywords: macroinitiator; atom transfer radical polymerization; ligand-free; PEO; polymer electrolyte

1. Introduction

Atom transfer radical polymerization (ATRP) has been extensively used in the synthesis of different
functional polymer materials with predictable molecular weights, abundant topology structures as
well as low-molecular-weight distributions [1–10]. Among all the catalyst species in the ATRP
process, iron attracts great interests thanks to its considerable availability, less toxicity and relatively
lower cost [11–18]. Numerous organic complexes, such as phosphines or amines [17,19–22], polar
solvents [23–25] and deep eutectic solvents (DESs) [26–28], are employed in order to fulfill the rapid
transition of FeII/FeIII by facilitating the iron dissolution and by tuning the metal redox potential.
However, such organic ligands are either relatively expensive or toxic, which is detrimental to the
environment and biomedical applications.

Low-molecular-weight polyethylene glycols (PEGs) are one kind of environmentally friendly
and promising solvents because of their excellent biocompatibility, low cost, nonvolatility and easy
degradability [29–33]. The electron-donating ethylene oxide (EO) group endows PEG the ability to
coordinate with metal, and thus forms stable complexes and can be applied in organic synthesis,
biphasic catalysis and phase-transfer catalysis [34–37]. Recently, PEG as both the solvent and the
ligand in iron-catalyzed ATRP was reported by several groups [38,39]. Fabio di Lena reported on an
iron (II) chloride-catalyzed ATRP process in combination with various PEGs, where the homogeneous,
“green” catalytic mixtures promoted the well-controlled ATRP of methyl methacrylate in the absence
of any additional ligands or solvents [40]. The effects of the polyether structure, molecular weight
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and chain-end functionality on the polymerization kinetics were also investigated. Afterward, the use
of PEG-400 in a FeCl3•6H2O-mediated activator generated by electron-transfer ATRP (AGET ATRP)
was constructed by Zhu and co-workers [41]. PEGs with various molecular weights showed different
coordination ability and catalytic activity with an iron catalyst center.

Except for the ligand, initiator species are also essential elements in iron-mediated ATRP,
which provide an initiating radical species via homolytic cleavage of its labile carbon-halogen
bond. The most widely used initiator includes halo alkanes, alkyl halides, halo ketones or halo
esters [42]. Compared with small molecule initiators, the macroinitiator, such as Br-terminated
PEO (PEO-Br), is more convenient for the synthesis of AB-type or ABA-type block copolymers,
and the obtained PEO-based materials are promising candidates of polymer hosts in solid-state
electrolytes for high-energy-density secondary lithium batteries [43–51]. Living anionic polymerization
and coordination polymerization are the most widely used methods for synthesizing PEO-based
copolymer. However, anionic polymerization methods require rigid low temperature and anhydrous
and oxygen-free conditions, as well as extreme purity requirements for monomers, solvents and other
reagents [52,53]. Thus ATRP is a welcome polymerization method owing to its mild operating conditions.
For instance, bromine-terminated diblock copolymer (PEO-b-PS-Br) (PS refers to polystyrene) was
synthesized by using PEO-Br as the macroinitiator and then converted into azido-terminated
PEO-b-PS-N3 diblock copolymer [54]. In Charleux’s publication, PEO-Br was also used as a reactive
surfactant for miniemulsion AGET ATRP of n-butyl acrylate, and stable polymer latexes containing
polymers with a low-poly-dispersity index were thus obtained [55]. In all these conventional ATRP
systems, no system was implemented with one species that combined both the function of the ligand
and the initiator [56,57]. The EO group in PEO-Br can coordinate with the iron catalyst. These intriguing
properties prompted us to investigate the possibility of using PEO-Br simultaneously as the initiator
and the ligands for iron-mediated ATRP.

Herein, PEO-Br was applied as both the ligand and the initiator for the iron-catalyzed ATRP in
the absence of any external initiators and organic ligands (Scheme 1). The polymerization rate and
controllability were influenced by PEO-Br with different molecular weights (PEO750-Br, PEO1000-Br,
PEO2000-Br and PEO5000-Br), and well-controlled polymerizations were realized when catalyzed by
FeBr2. In addition, block copolymer with the water-soluble monomer PEGMA was obtained and could
be further used in a polymer electrolyte.
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Scheme 1. Mechanism of ligand-free Fe-mediated atom transfer radical polymerization (ATRP) with
Br-terminated poly (ethylene oxide) (PEO-Br).

2. Experimental Section

2.1. Materials

Methyl methacrylate (MMA, 98%, Sinpharm, Wuhan, China) was passed through a column filled
with neutral alumina, dried over calcium hydride (CaH2), distilled under reduced pressure and stored
in a freezer under argon. Triethylamine (TEA, 99%, Sinpharm, Wuhan, China) was dried over calcium
hydride (CaH2) and distilled under reduced pressure. Tetrahydrofuran (THF, 99+%, Sinpharm, Wuhan,
China) was dried over Na and benzophenone and distilled under reduced pressure. Poly (ethylene
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glycol) monomethacrylate (PEGMA, Mn = 300 g mol−1) was passed through a column filled with
neutral alumina and then stored in a freezer. Iron bromide (FeBr2, 98+%, Alfa Aesar, Ward Hill, MA,
USA), iron tribromide (FeBr3, 98+%, Alfa Aesar, Ward Hill, MA, USA), poly(vinylidene fluoride)
(PVDF,99%, Aladdin, Shanghai, China), 2-bromoisobutyryl bromide (99.9%, Adamas, Wuhan, China),
polyethylene glycol mono-methyl ether (mPEG, 99.9%, Aladdin, Shanghai, China), polyethylene glycol
(PEG, 99%, Aladdin, Shanghai, China), sodium ascorbate (AsAcNa, >99%, TCI, Tokyo, Japan), lithium
perchlorate (LiClO4, 99%, Aladdin, Shanghai, China), and tetraethyl tetrafluoroborate (Et4NBF4,
Aladdin, Shanghai, China) were used without further purification.

2.2. Instrumentation

Cyclic voltammetry (CV): All cyclic voltammetry experiments were conducted in a 25 mL four-neck
flask with an Autolab PGSTAT302N potentiostat under an Ar atmosphere. The three-electrode system
was composed of a Pt sheet (Alfa Aesar, 99.9% metals basis, estimated geometrical area: ~6 cm2, Ward
Hill, MA, USA) working electrode (WE), a Pt sheet (2 mm diameter, Aldrich, ≥99.9%) counter electrode
(CE) and a Ag|AgCl in saturated KCl reference electrode (RE). Prior to each experiment, the Pt electrode
was sonicated in ethanol for 5 min.

The electrochemical test system (Autolab PGSTAT302N, Utrecht, the Netherlands) was run to
determine the ionic conductivity with temperatures ranging from 30 to 80 ◦C at 10 ◦C intervals.
The polymer electrolytes (PEs) films were sandwiched between two stainless steel (SS) electrodes,
and SS/PEs/SS cells were held at the specified test temperature at least 30 min before measurement.
The equation σ = L/(SR) was employed to calculate the ionic conductivity of the PEs. L, S and R are
the thickness of electrolyte film, the contact area between the electrode and the PEs, and the bulk
resistance, respectively.

The thermal stability was measured by a thermogravimetric analyzer (TGA, PerkinElmer 4000,
Wellsley, MA, USA) from 30 to 800 ◦C under the nitrogen atmosphere with a scanning rate of
10 ◦C min−1.

Gel permeation chromatography (GPC) was selected to obtain the molecular weights and the
dispersity of polymers. In this GPC system, a Waters 515 HPLC Pump and a Waters 2414 refractive
index detector using polymer standards service columns (7.5 × 300 mm, 10 µm bead size) were
assembled. Polystyrene (Mn = 376 ~ 2,570,000) and THF were used as a standard sample and an eluent
(a flow rate of 1 mL min−1 at 30 ◦C), respectively.

2.3. Preparation of PEO-Br Macroinitiator and Br-PEO2000-Br

mPEG (10 mmol) was dissolved into a reaction bottle with the dry THF as the solvent, then
the triethylamine (20 mmol) was added at room temperature and the mixture was stirred at 0 ◦C.
The 2-bromoisobutyryl bromide (10 mmol) was added dropwise to the mixed solution and stirred
at room temperature for 24 h. The THF solution was added dropwise to excess of cold diethyl ether
by filtration under vacuum. The crude white product was obtained and washed three times. The
macroinitiator (PEO-Br) was collected and dried in a vacuum. PEO750-Br, PEO1000-Br, PEO2000-Br and
PEO5000-Br was synthesized by mPEG with different molecular weights (Mw = 750, 1000, 2000 and 5000),
respectively. 1H NMR (CDCl3, ppm): 4.10–4.20 (CH2O, 2H), 3.2 (CH3O, 3H) and 1.7–1.8 (C(CH3)2Br,
6H). The preparation procedure of Br-PEO2000-Br was similar to PEO-Br.

2.4. Polymerization Procedures

A typical ATRP procedure with the molar ratio of [MMA]0:[PEO2000-Br]0:[FeBr2]0 = 200:1:1 in
the absence of air was as follows: a mixture was obtained by adding PEO2000-Br (0.4046 g) and FeBr2

(0.0406 g) to a dried ampule in the glovebox. Degassed THF (1.3 mL) and MMA (4 mL) were then
added to the flask through degassed syringes. The mixture was stirred for several minutes, then
cooled with liquid nitrogen and cycled three times between a vacuum and argon (Ar) to remove
oxygen. The solution was defrosted and stirred at room temperature, then the flask was immersed in a
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thermostated oil bath at 60 ◦C. The samples were withdrawn from the reaction flask after the desired
polymerization time and removed the unconverted monomer and solvent under reduced pressure for
calculating the monomer conversion. Tetrahydrofuran (THF) was used as the solvent to dilute the
obtained polymers, and the solution was then filtered through a column filled with neutral aluminum
oxide to remove the iron catalyst. The block copolymer obtained from the polymerization of MMA
(PEO-b-PMMA) solution was then precipitated using an excess of n-hexane and then washed with
water to remove the residual small molecules. These polymers were dried under a vacuum overnight
at 60 ◦C for GPC characterization.

2.5. Chain Extension Using PEO-PMMA-Br as the Macroinitiator

A predetermined quantity of PEO-PMMA-Br (obtained by ATRP of MMA) was added to a dried
ampule, then a predetermined quantity of MMA and FeBr2 was added. The polymerization molar
ratio was [MMA]0:[PEO-PMMA-Br]0:[FeBr2]0 = 800:1:1. The rest of the procedure was the same as
described above. The chain extension polymerization was carried out under stirring at 60 ◦C.

2.6. Preparation of Polymer Electrolyte Membrane

The polymer electrolyte membranes were prepared according to our previous works [58]. PVDF
powder, P(EO-PEGMA) copolymer and LiClO4 were dissolved in N-methyl-2-pyrrolidone (NMP)
(solvent) to form a homogeneous solution by stirring at room temperature for 12 h. Then the mixed
solution was poured into a circular mold. These polymer electrolyte membranes were dried under a
vacuum for 24 h at 80 ◦C.

3. Results and Discussion

3.1. Bulk MMA Polymerization with Different PEO-Br as the Initiator and Ligand

In an iron-mediated ATRP process, both the catalyst complexes and initiators have an effect on
the polymerization activity. The coordination ability of PEO-Br depends on the electron-donating EO
groups, and the number of EO groups in PEO-Br also exerts an influence on initiation activity [40,59].
PEO has the ability to chelate metals, and it can host several catalytic centers when its chain is sufficiently
long. Therefore, the ligand-free iron-mediated ATRP process was built using the PEO-Br as both the
ligand and the initiator. The 1H NMR spectrum of the synthesized PEO750-Br and PEO2000-Br is shown
in Figure S1. The effects of the PEO-Br with different molecular weight and chain-end functionality on
the polymerization kinetics were investigated under comparable experimental conditions.

The bulk MMA polymerization was implemented with PEO-Br as both the ligand and the initiator,
and the polymerization molar ratio was [MMA]0:[FeBr2]0:[PEOx-Br]0 = 200:1:1, x = 750, 1000, 2000 and
5000, respectively. All polymerizations were with linear first-order plots, and the polymerization rate
increased with the molecular weight of PEO-Br (Figure 1a). The relative higher monomer conversion
(62.1% after 4.5 h) was obtained with PEO5000-Br. This means there was a well-coordinated effect
between FeBr2 and the EO group of PEO-Br, and endowed an improved reaction activity for the
catalyst species. The increasing number of EO groups from PEO750-Br to PEO5000-Br also had a
positive effect on the polymerization rate. Linear-molecular-weights growth with the conversion and
low-molecular-weight distributions (Ð < 1.30) of the PEOx-PMMA copolymer were also obtained
(Figure 1b). But for the polymerization processes initiated by PEO1000-Br and PEO5000-Br, the resultant
PEO-PMMA polymer showed deviated molecular weights from theoretical ones, which means a radical
termination and low initiation efficiency. In addition, the polymerization with less content of catalyst
was also implemented in the same condition, and the ratio was [MMA]0:[FeBr2]0:[PEOx-Br]0 = 200:0.5:1.
The polymerization kinetic in Figure S2a was still with linear first-order, and Mn described in Figures
S2b and S3 were slightly higher than the theoretical ones due to the less FeBr2 content.
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Figure 1. First-order plots (a) and evolution of Mn and Đ with conversion (b) for the bulk FeBr2-catalyzed
methyl methacrylate (MMA) polymerization in the presence of PEO-Br with different molecular weights
(PEO750-Br, PEO1000-Br, PEO2000-Br and PEO5000-Br). [MMA]:[FeBr2]:[PEO-Br] = 200:1:1, T = 60 ◦C.

The coordination effect between FeBr2 and PEO-Br was further confirmed by cyclic voltammetry,
and the results are recorded in Figure 2. The CVs of FeBr2 using different PEO-Br exhibited a
quasi-reversible peak couple. The half-wave potentials (E1/2) of catalyst complexes under specific
circumstances can be expressed as E1/2 = (Epa + Epc)/2 [60]. From the CV curves we can see that when
PEO2000-Br was used as the additive, the reduction potential of iron complex shifted in a negative
direction. And as the molecular weight of PEO-Br increased (PEO5000-Br), the more negative reduction
potential was obtained. The decrease of reduction potential with PEO-Br added means a coordination
effect between FeBr2 and PEO-Br, which is in agreement with the observed polymerization rate
enhancement shown in Figure 1a. In brief, the polymerization results and the CV curves indicate that
PEO-Br can replace the conventional organic ligand and the initiator in the iron-catalyzed ATRP process.



Polymers 2020, 12, 763 6 of 14

Polymers 2020, 12, x FOR PEER REVIEW 6 of 13 

 

 
Figure 2. Cyclic voltammetry (CV) curves of 10 mM FeBr2 with different additives: (1) No additive; 
(2) 5 mM PEO2000-Br; (3) 5 mM PEO5000-Br under the electrolyte solution of 0.1 M Et4NBF4 in MeCN, 
recorded at a scan rate (V) of 50 mV s−1. 

3.2. Effect of Different Catalysts in Bulk MMA Polymerization with PEO2000-Br as the Initiator and the 
Ligand 

In view of both the polymerization rate and controllability, PEO2000-Br was chosen as the initiator 
for the following study. As shown in Figure 3, the effect of different iron catalysts (FeBr2, FeCl2 and 
FeCl2•4H2O) was studied in the bulk MMA polymerization with PEO2000-Br as both the ligand and 
the initiator. The kinetic exhibited the first-order plots, and the polymerization rate decreased in the 
order FeBr2 > FeCl2 > FeCl2•4H2O. Although the molecular weights in FeCl2 and the FeCl2•4H2O-
catalyzed polymerization system were slightly higher than the theoretical values, the values 
increased linearly with monomer conversion. The relative slower polymerization rate and higher 
molecular weight with the chlorine salts as the catalyst may be due to the fact that a halogen exchange 
occurred and it generated less active C–Cl. The RCl bond is stronger than RBr, thus the KATRP is lower 
than RBr. In addition, the coordination ability between FeBr2 and PEO2000-Br is different from that 
between FeCl2 or FeCl2•4H2O and PEO2000-Br, thus leading to the different reducing power of the iron 
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Figure 2. Cyclic voltammetry (CV) curves of 10 mM FeBr2 with different additives: (1) No additive;
(2) 5 mM PEO2000-Br; (3) 5 mM PEO5000-Br under the electrolyte solution of 0.1 M Et4NBF4 in MeCN,
recorded at a scan rate (V) of 50 mV s−1.

3.2. Effect of Different Catalysts in Bulk MMA Polymerization with PEO2000-Br as the Initiator and the Ligand

In view of both the polymerization rate and controllability, PEO2000-Br was chosen as the initiator
for the following study. As shown in Figure 3, the effect of different iron catalysts (FeBr2, FeCl2 and
FeCl2•4H2O) was studied in the bulk MMA polymerization with PEO2000-Br as both the ligand and the
initiator. The kinetic exhibited the first-order plots, and the polymerization rate decreased in the order
FeBr2 > FeCl2 > FeCl2•4H2O. Although the molecular weights in FeCl2 and the FeCl2•4H2O-catalyzed
polymerization system were slightly higher than the theoretical values, the values increased linearly
with monomer conversion. The relative slower polymerization rate and higher molecular weight
with the chlorine salts as the catalyst may be due to the fact that a halogen exchange occurred and
it generated less active C–Cl. The RCl bond is stronger than RBr, thus the KATRP is lower than RBr.
In addition, the coordination ability between FeBr2 and PEO2000-Br is different from that between
FeCl2 or FeCl2•4H2O and PEO2000-Br, thus leading to the different reducing power of the iron complex
and deteriorative controllability.
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3.3. Chain Extension of PMMA

Compared with the conventional radical polymerization method, the crucial advantages of
reversible deactivation radical polymerization (RDRP) techniques are that it can synthesize the polymer
with active chain-ends, which can be functionalized or reinitiated to afford complex macromolecular
structures. In order to confirm the activity of the polymer chain-end obtained in this system,
the chain extension experiment was carried out using the resulting polymer as the macroinitiator.
The macroinitiator PEO-PMMA-Br (Mn,GPC = 28,400, Mw/Mn = 1.22) came from the ATRP with a ratio
of MMA:FeBr2:PEO2000-Br = 200:1:1, 60 ◦C, and the chain-extended polymer was obtained from the
ATRP with a ratio of [MMA]0:[PEO-PMMA-Br]0:[ FeBr2]0 = 500:1:1, 60 ◦C. The GPC trace is shown in
Figure 4. A peak shift can be seen from the original macroinitiator to the chain-extended PEO-PMMA
with increased molecular weight. The successful chain-extension reaction confirmed the activity of the
polymer chain-end and the controlled features of ATRP.
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3.4. Synthesis of the Triblock Copolymer and Water-Soluble Block Copolymer.

Except for the monobromo-terminated PEO-Br, diBr-terminated Br-PEO2000-Br was also
synthesized for the iron-mediated ATRP process, and the results are listed in Table 1 (entries 1–3).
Triblock copolymer PMMA-PEO-PMMA was synthesized, and the monomer conversion gradually
increased over time (10.5 h, 42.1%) while maintaining good controllability.

Table 1. Synthesis of triblock copolymer with Br-PEO2000-Br as the initiator.

Entry Time
(h)

Conv.
(%)

Mn,th
(g mol−1)

Mn,GPC
(g mol−1)

Ð

1 a 4.5 12.8 4800 8200 1.13
2 a 8.0 29.2 8000 17,300 1.15
3 a 10.5 42.1 10,600 20,600 1.14
4 b 19.0 37.3 9600 47,000 1.07

Polymerization conditions: (a) MMA:FeBr2:Br-PEO2000-Br = 200:1:1; (b) MMA:PEO2000-Br:FeBr3:AsAcNa = 200:1:1:3,
60 ◦C.

In order to avoid the sensitivity of FeBr2 to water and oxygen, the air-stable FeBr3 together with
the reducing agent AsAcNa were used to synthesize the block copolymer PEO-b-PMMA (Table 1,
entry 4) with improved controllability, which makes the system more applicable in industrialization.

In addition, the chain length or the number of EO groups in a PEO-based polymer is the
essential factor for the material performance, so the water-soluble block polymer P(EO-PEGMA)
was also synthesized using PEO2000-Br and Br-PEO2000-Br as both the ligand and the initiator
(Table 2). The diblock copolymer was poorly controlled with higher molecular weight and dispersity
(Mn = 580,800 g/mol, Ð = 1.88) in the absence of solvent (Table 2, entry 4). Maybe it was the high
viscosity and self-coordination ability of PEGMA that generated a relatively higher concentration of free
radicals, thus accelerating the polymerization rate and the extent of termination. Then THF was used
as the solvent to improve the homogeneity of the reaction system, thus reducing the concentration of
free radicals and avoiding the unnecessary side reactions (Table 2, entries 1–3). The addition of solvent
significantly improved the polymerization controllability with lower-molecular-weight distributions,
although the molecular weights of the obtained polymer were still a little bit higher than the theoretical
ones. However, the diluted effect of THF still cannot compensate the extra self-coordination ability of
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PEGMA, so the molecular weights of the obtained polymer were much higher than the theoretical
ones due to the high instantaneous radical concentration and low initiation efficiency.

Table 2. Synthesis of the water-soluble block copolymer.

Entry Time
(h)

Conv.
(%)

Mn,th
(g mol−1)

Mn,GPC
(g mol−1)

Ð

1 a 11.0 10.1 6250 57400 1.26
2 a 19.0 15.6 7800 87,700 1.23
3 a 23.0 20.1 9200 112,000 1.21
4 b 18.0 25.6 15,300 580,800 1.88

Polymerization conditions: (a) PEGMA300:PEO2000-Br:FeBr2 = 100:1:1, PEGMA300:tetrahydrofuran (THF) = 1:3 (v/v);
(b) PEGMA300:Br-PEO2000-Br:FeBr2 = 200:1:1, 60 ◦C.

3.5. The Obtained P(EO-PEGMA) Copolymer for the Application in Polymer Electrolyte.

The PEO-based polymer can complex with lithium salts to form a polymer electrolyte because of its
high dielectric constant, strong Li+ solvating ability, high donor number for Li+ and chain flexibility for
promoting ion transport. As mentioned above, the iron-mediated ATRP with PEO-Br as both the ligand
and the initiator can be used to polymerize the water-soluble monomer, such as PEGMA. The obtained
P(EO-PEGMA) polymer was used as the polymer electrolyte for the electrochemical performance
test. As shown in Figure S4, the decomposition temperature of the obtained PMMA, PMMA-PEO2000

and PPEGMA-PEO2000 was 356, 306 and 252 ◦C, respectively. Although the stability of the polymers
decreased with the increased and flexible EO chain segment, the obtained PPEGMA-PEO2000 was still
stable enough for the application in polyelectrolyte. In order to suppress the crystalline of the pure
PEO-based polymer electrolyte and to let the ion conduction mainly occur in the amorphous phases,
PVDF was blended with the obtained block polymer. Table 3 presents the different compositions
between the obtained polymer electrolytes and the PVDF, and that the polymer electrolyte material
was doped with LiClO4.

Table 3. Component of P(EO-PEGMA)/PVDF polymer electrolyte.

Entry P(EO-PEGMA)/PVDF
(m/m)

Mn,GPC
(g/mol) Ð

1 1:1.0 22,300 1.12
2 1:1.0 38,000 1.41
3 1:1.0 61,700 1.22
4 1:0.6 61,700 1.22
5 1:1.4 61,700 1.22

Polymerization condition: poly (ethylene glycol) monomethacrylate (PEGMA)300:PEO2000-Br:FeBr2 = 200:1:1,
PEGMA300:THF = 1:3 (v/v). Mn,GPC and Ð of the obtained polymer PEO-PEGMA, LiClO4 as Li salt.

Figure 5 presents the temperature-dependence ionic conductivity for the P(EO-PEGMA)/PVDF
polymer electrolyte doped with LiClO4 (EO/Li+ = 15). The effect of different molecular weights of
P(EO-PEGMA) polymer was studied (the composition of the polymer electrolyte is shown in Table 3,
entries 1–3). The original AC impedance spectra are shown in Figure S5. From the results we can
see that the ionic conductivities of the polymer electrolyte increased directly proportional to the
molecular weight of the P(EO-PEGMA) due to the improved mobility of the polymer segments with
the incremental number of EO groups.
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In addition, the proportion effect of P(EO-PEGMA) in P(EO-PEGMA)/PVDF polymer electrolyte
was also studied and the result was shown in Figure 6 (The composition of the polymer electrolyte
was shown in Table 3, entries 3–5). When a relatively higher ratio of P(EO-PEGMA) was used,
the ionic conductivities of polymer electrolyte also increased, which was the similarity with traditional
solid polymer electrolyte. [43,45,57] All the results in Figures 5 and 6 indicated that the obtained
P(EO-PEGMA) polymer from iron-mediated ATRP system with PEO-Br as both the ligand and initiator
can act as a potential candidate for application in polymer electrolyte.
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4. Conclusions

PEO-Br was employed both as the macroinitiator and the ligand in the ATRP system due to its
intelligent coordination ability to metal catalyst, which thus fabricated the ligand-free Fe-catalyzed
ATRP system. The coordination effect of PEO-Br with different molecular weights (PEO750-Br,
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PEO1000-Br, PEO2000-Br, PEO5000-Br and Br-PEO2000-Br) was confirmed by the polymerization rate and
the CV. The polymerization process was well controlled and successfully used in the synthesis of block
polymer or tri-block polymer. Compared with the synthesis method of traditional block copolymers,
this system is more convenient and environmentally friendly and has a lower cost. The block polymer
P(EO-PEGMA) obtained from the water-soluble monomer PEGMA was blended with PVDF and can
be successfully used as a solid polymer electrolyte.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/763/s1

Author Contributions: S.L., M.T. and J.W. conceived the idea and designed the experiments. M.T. performed the
electrochemical measurements. F.D., L.L. and Z.X. analyzed the data and wrote the paper. All authors discussed
the results and commented on the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant No. 51973073
and 51703080), and the Natural Science Foundation of Hubei Scientific Committee (2018CFA059), and the Applied
and Fundamental Frontier Program of Wuhan (2019010701011409).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Matyjaszewski, K.; Xia, J. Atom transfer radical polymerization. Chem. Rev. 2001, 101, 2921–2990. [CrossRef]
[PubMed]

2. Di Lena, F.; Matyjaszewski, K. Transition metal catalysts for controlled radical polymerization. Prog. Polym. Sci.
2010, 35, 959–1021. [CrossRef]

3. Matyjaszewski, K.; Tsarevsky, N.V. Macromolecular engineering by atom transfer radical polymerization.
J. Am. Chem. Soc. 2014, 136, 6513–6533. [CrossRef] [PubMed]

4. Matyjaszewski, K. Atom Transfer Radical Polymerization (ATRP): Current Status and Future Perspectives.
Macromolecules 2012, 45, 4015–4039. [CrossRef]

5. Boyer, C.; Corrigan, N.A.; Jung, K.; Nguyen, D.; Nguyen, T.-K.; Adnan, N.N.M.; Oliver, S.; Shanmugam, S.;
Yeow, J. Copper-Mediated Living Radical Polymerization (Atom Transfer Radical Polymerization and Copper
(0) Mediated Polymerization): From Fundamentals to Bioapplications. Chem. Rev. 2016, 116, 1803–1949.
[CrossRef] [PubMed]

6. Anastasaki, A.; Nikolaou, V.; Nurumbetov, G.; Wilson, P.; Kempe, K.; Quinn, J.F.; Davis, T.P.; Whittaker, M.R.;
Haddleton, D.M. Cu (0)-Mediated Living Radical Polymerization: A Versatile Tool for Materials Synthesis.
Chem. Rev. 2016, 116, 835–877. [CrossRef]

7. Ouchi, M.; Terashima, T.; Sawamoto, M. Transition Metal-Catalyzed Living Radical Polymerization: Toward
Perfection in Catalysis and Precision Polymer Synthesis. Chem. Rev. 2009, 109, 4963–5050. [CrossRef]

8. Ran, J.; Wu, L.; Zhang, Z.; Xu, T. Atom transfer radical polymerization (ATRP): A versatile and forceful tool
for functional membranes. Prog. Polym. Sci. 2014, 39, 124–144. [CrossRef]

9. Lutz, J.-F.; Lehn, J.-M.; Meijer, E.W.; Matyjaszewski, K. From precision polymers to complex materials and
systems. Nat. Rev. Mater. 2016, 1, 16024–16038. [CrossRef]

10. Krys, P.; Matyjaszewski, K. Kinetics of Atom Transfer Radical Polymerization. Eur. Polym. J. 2017, 89,
482–523. [CrossRef]

11. Poli, R.; Alland, L.E.N.; Shaver, M.P. Iron-mediated reversible deactivation controlled radical polymerization.
Prog. Polym. Sci. 2014, 39, 1827–1845. [CrossRef]

12. Xue, Z.; He, D.; Xie, X. Iron-catalyzed atom transfer radical polymerization. Polym. Chem. 2015, 6, 1660–1687.
[CrossRef]

13. Wang, J.; Han, J.; Xie, X.; Xue, Z.; Fliedel, C.; Poli, R. FeBr2-Catalyzed Bulk ATRP Promoted by Simple
Inorganic Salts. Macromolecules 2019, 52, 5366–5376. [CrossRef]

14. Simakova, A.; Mackenzie, M.; Averick, S.E.; Park, S.; Matyjaszewski, K. Bioinspired iron-based catalyst for
atom transfer radical polymerization. Angew. Chem. Int. Ed. Engl. 2013, 52, 12148–12151. [CrossRef]

15. Pan, X.; Malhotra, N.; Zhang, J.; Matyjaszewski, K. Photoinduced Fe-Based Atom Transfer Radical
Polymerization in the Absence of Additional Ligands, Reducing Agents, and Radical Initiators. Macromolecules
2015, 48, 6948–6954. [CrossRef]

http://www.mdpi.com/2073-4360/12/4/763/s1
http://dx.doi.org/10.1021/cr940534g
http://www.ncbi.nlm.nih.gov/pubmed/11749397
http://dx.doi.org/10.1016/j.progpolymsci.2010.05.001
http://dx.doi.org/10.1021/ja408069v
http://www.ncbi.nlm.nih.gov/pubmed/24758377
http://dx.doi.org/10.1021/ma3001719
http://dx.doi.org/10.1021/acs.chemrev.5b00396
http://www.ncbi.nlm.nih.gov/pubmed/26535452
http://dx.doi.org/10.1021/acs.chemrev.5b00191
http://dx.doi.org/10.1021/cr900234b
http://dx.doi.org/10.1016/j.progpolymsci.2013.09.001
http://dx.doi.org/10.1038/natrevmats.2016.24
http://dx.doi.org/10.1016/j.eurpolymj.2017.02.034
http://dx.doi.org/10.1016/j.progpolymsci.2014.06.003
http://dx.doi.org/10.1039/C4PY01457J
http://dx.doi.org/10.1021/acs.macromol.9b01015
http://dx.doi.org/10.1002/anie.201306337
http://dx.doi.org/10.1021/acs.macromol.5b01815


Polymers 2020, 12, 763 12 of 14

16. Bauer, I.; Knolker, H.J. Iron catalysis in organic synthesis. Chem. Rev. 2015, 115, 3170–3387. [CrossRef]
17. Schroeder, H.; Matyjaszewski, K.; Buback, M. Kinetics of Fe-Mediated ATRP with Triarylphosphines.

Macromolecules 2015, 48, 4431–4437. [CrossRef]
18. Fliedel, C.; Rosa, V.; Falceto, A.; Rosa, P.; Alvarez, S.; Braunstein, P. Unsymmetrical Chelation of

N-Thioether-Functionalized Bis (diphenylphosphino) amine-Type Ligands and Substituent Effects on
the Nuclearity of Iron (II) Complexes: Structures, Magnetism, and Bonding. Inorg. Chem. 2015, 54, 6547–6559.
[CrossRef]

19. Yang, D.; Wang, J.; Han, J.; Khan, M.Y.; Xie, X.; Xue, Z. Initiator-free atom transfer radical polymerization of
methyl methacrylate based on FeBr3(PPh3)n system. J. Polym. Sci., Part A: Polym. Chem. 2017, 55, 3842–3850.
[CrossRef]

20. Xue, Z.; Linh, N.T.B.; Noh, S.K.; Lyoo, W.S. Phosphorus-Containing Ligands for Iron (III)-Catalyzed Atom
Transfer Radical Polymerization. Angew. Chem. Int. Ed. Engl. 2008, 47, 6426–6429. [CrossRef]

21. Xue, Z.; Noh, S.K. Iron Catalyzed Atom Transfer Radical Polymerization of Methyl Methacrylate Using
Diphenyl-2-pyridylphosphine as a Ligand. Macromol. Res. 2007, 15, 302–307. [CrossRef]

22. Grishin, D.; Grishin, I. Iron-based catalytic systems in atom-transfer controlled-radical-polymerization
processes. Polym. Sci. Ser. C. 2015, 57, 32–64. [CrossRef]

23. Xue, Z.; Zhou, J.; He, D.; Wu, F.; Yang, D.; Ye, Y.S.; Liao, Y.; Zhou, X.; Xie, X. Iron-catalyzed AGET ATRP
of methyl methacrylate using an alcohol as a reducing agent in a polar solvent. Dalton. Trans. 2014, 43,
16528–16533. [CrossRef]

24. Yang, D.; He, D.; Liao, Y.; Xue, Z.; Zhou, X.; Xie, X. Iron-mediated AGET ATRP of methyl methacrylate in the
presence of polar solvents as ligands. J. Polym. Sci., Part A: Polym. Chem. 2014, 52, 1020–1027. [CrossRef]

25. Tian, M.; Wang, J.; Zhou, J.; Han, J.; Du, F.; Xue, Z. Hydrogen bonding improved atom transfer radical
polymerization of methyl methacrylate with a glycerol/1,3-dimethyl-2-imidazolidinone green system. J. Polym.
Sci., Part A: Polym. Chem. 2018, 56, 282–289. [CrossRef]

26. Wang, J.; Han, J.; Khan, M.Y.; He, D.; Peng, H.; Chen, D.; Xie, X.; Xue, Z. Deep eutectic solvents for green and
efficient iron-mediated ligand-free atom transfer radical polymerization. Polym. Chem. 2017, 8, 1616–1627.
[CrossRef]

27. Pereira, V.A.; Mendonça, P.V.; Coelho, J.F.J.; Serra, A.C. Liquid salts as eco-friendly solvents for atom transfer
radical polymerization: A review. Polym. Chem. 2019, 10, 4904–4913. [CrossRef]

28. Maximiano, P.; Mendonça, P.V.; Santos, M.R.E.; Costa, J.R.C.; Guliashvili, T.; Serra, A.C.; Coelho, J.F.J. Eutectic
mixtures as a green alternative for efficient catalyst recycling in atom transfer radical polymerizations.
J. Polym. Sci., Part A: Polym. Chem. 2016. [CrossRef]

29. Wagle, D.V.; Zhao, H.; Baker, G.A. Deep eutectic solvents: Sustainable media for nanoscale and functional
materials. Acc. Chem. Res. 2014, 47, 2299–2308. [CrossRef]

30. Xu, P.; Zheng, G.; Zong, M.; Li, N.; Lou, W. Recent progress on deep eutectic solvents in biocatalysis.
Bioresour. Bioprocess. 2017, 4, 34–52. [CrossRef]

31. Wang, J.; Tian, M.; Li, S.; Wang, R.; Du, F.; Xue, Z. Ligand-free iron-based electrochemically mediated atom
transfer radical polymerization of methyl methacrylate. Polym. Chem. 2018, 9, 4386–4394. [CrossRef]

32. Zhang, Q.; Vigier, K.D.O.; Royer, S.; Jérôme, F. Deep eutectic solvents: Syntheses, properties and applications.
Chem. Soc. Rev. 2012, 41, 7108–7146. [CrossRef] [PubMed]

33. Smith, E.L.; Abbott, A.P.; Ryder, K.S. Deep eutectic solvents (DESs) and their applications. Chem. Rev. 2014,
114, 11060–11082. [CrossRef] [PubMed]

34. Ra, J.; Spear, S.K.; Huddleston, J.G.; Rogers, R.D. Polyethylene glycol and solutions of polyethylene glycol as
green reaction media. Green. Chem. 2005, 7, 64–83.

35. Chandrasekhar, S.; Narsihmulu, C.; Shameem, S.S.; Reddy, N.R. Poly (ethylene glycol) (PEG) as a Reusable
Solvent Medium for Organic Synthesis. Application in the Heck Reaction. Org. Lett. 2002, 4, 4399–4401.
[CrossRef]

36. Heldebrant, D.J.; Jessop, P.G. Liquid Poly (ethylene glycol) and Supercritical Carbon Dioxide: A Benign
Biphasic Solvent System for Use and Recycling of Homogeneous Catalysts. J. Am. Chem. Soc. 2003, 125,
5600–5601. [CrossRef]

37. Jagtap, S.V.; Deshpande, R.M. PdCl2 (bipy) complex-An efficient catalyst for Heck reaction in glycol-organic
biphasic medium. Catal. Today 2008, 131, 353–359. [CrossRef]

http://dx.doi.org/10.1021/cr500425u
http://dx.doi.org/10.1021/acs.macromol.5b01049
http://dx.doi.org/10.1021/acs.inorgchem.5b00834
http://dx.doi.org/10.1002/pola.28768
http://dx.doi.org/10.1002/anie.200801647
http://dx.doi.org/10.1007/BF03218791
http://dx.doi.org/10.1134/S1811238215010038
http://dx.doi.org/10.1039/C4DT01256A
http://dx.doi.org/10.1002/pola.27083
http://dx.doi.org/10.1002/pola.28893
http://dx.doi.org/10.1039/C6PY02066F
http://dx.doi.org/10.1039/C9PY00865A
http://dx.doi.org/10.1002/pola.28415
http://dx.doi.org/10.1021/ar5000488
http://dx.doi.org/10.1186/s40643-017-0165-5
http://dx.doi.org/10.1039/C8PY00933C
http://dx.doi.org/10.1039/c2cs35178a
http://www.ncbi.nlm.nih.gov/pubmed/22806597
http://dx.doi.org/10.1021/cr300162p
http://www.ncbi.nlm.nih.gov/pubmed/25300631
http://dx.doi.org/10.1021/ol0266976
http://dx.doi.org/10.1021/ja029131l
http://dx.doi.org/10.1016/j.cattod.2007.10.043


Polymers 2020, 12, 763 13 of 14

38. Haddleton, D.M.; Perrier, S.; Bon, S.A. Copper(I)-Mediated Living Radical Polymerization in the Presence of
Oxyethylene Groups: Online 1H NMR Spectroscopy to Investigate Solvent Effects. Macromolecules 2000, 33,
8248–8251. [CrossRef]

39. Hu, Z.; Shen, X.; Qiu, H.; Lai, G.; Wu, J.; Li, W. AGET ATRP of methyl methacrylate with poly (ethylene
glycol) (PEG) as solvent and TMEDA as both ligand and reducing agent. Eur. Polym. J. 2009, 45, 2313–2318.
[CrossRef]

40. Ng, Y.-H.; di Lena, F.; Chai, C.L.L. Atom transfer radical polymerization (ATRP) of methyl methacrylate
mediated by iron(II) chloride in the presence of polyethers as both solvents and ligands. Macromol. Res. 2012,
20, 552–558. [CrossRef]

41. Ding, M.; Jiang, X.; Peng, J.; Zhang, L.; Cheng, Z.; Zhu, X. An atom transfer radical polymerization system:
Catalyzed by an iron catalyst in PEG-400. Green Chem. 2015, 17, 271–278. [CrossRef]

42. Isse, A.A.; Gennaro, A.; Lin, C.Y.; Hodgson, J.L.; Coote, M.L.; Guliashvili, T. Mechanism of carbon-halogen
bond reductive cleavage in activated alkyl halide initiators relevant to living radical polymerization:
Theoretical and experimental study. J. Am. Chem. Soc. 2011, 133, 6254–6264. [CrossRef] [PubMed]

43. Wang, X.-L.; Mei, A.; Li, X.-L.; Lin, Y.-H.; Nan, C.-W. Novel polymer electrolytes based on triblock poly
(ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) with ionically active SiO2. J. Power Sources
2007, 171, 913–916. [CrossRef]

44. Yuan, R.; Teran, A.A.; Gurevitch, I.; Mullin, S.A.; Wanakule, N.S.; Balsara, N.P. Ionic Conductivity of Low
Molecular Weight Block Copolymer Electrolytes. Macromolecules 2013, 46, 914–921. [CrossRef]

45. Nakano, H.; Dokko, K.; Sugaya, J.-i.; Yasukawa, T.; Matsue, T.; Kanamura, K. All-solid-state micro
lithium-ion batteries fabricated by using dry polymer electrolyte with micro-phase separation structure.
Electrochem. Commun. 2007, 9, 2013–2017. [CrossRef]

46. Bouchet, R.; Phan, T.N.T.; Beaudoin, E.; Devaux, D.; Davidson, P.; Bertin, D.; Denoyel, R. Charge Transport in
Nanostructured PS-PEO-PS Triblock Copolymer Electrolytes. Macromolecules 2014, 47, 2659–2665. [CrossRef]

47. Young, N.P.; Devaux, D.; Khurana, R.; Coates, G.W.; Balsara, N.P. Investigating polypropylene-poly (ethylene
oxide)-polypropylene triblock copolymers as solid polymer electrolytes for lithium batteries. Solid State Ionics
2014, 263, 87–94. [CrossRef]

48. Xue, Z.; He, D.; Xie, X. Poly (ethylene oxide)-based electrolytes for lithium-ion batteries. J. Mater. Chem. A
2015, 3, 19218–19253. [CrossRef]

49. Li, S.; Jiang, K.; Wang, J.; Zuo, C.; Jo, Y.H.; He, D.; Xie, X.; Xue, Z. Molecular Brush with Dense PEG Side
Chains: Design of a Well-Defined Polymer Electrolyte for Lithium-Ion Batteries. Macromolecules 2019, 52,
7234–7243. [CrossRef]

50. Xiao, Z.; Zhou, B.; Wang, J.; Zuo, C.; He, D.; Xie, X.; Xue, Z. PEO-based electrolytes blended with star
polymers with precisely imprinted polymeric pseudo-crown ether cavities for alkali metal ion batteries.
J.Membrane. Sci. 2019, 576, 182–189. [CrossRef]

51. Hu, J.; Wang, W.; Zhou, B.; Feng, Y.; Xie, X.; Xue, Z. Poly (ethylene oxide)-based composite polymer electrolytes
embedding with ionic bond modified nanoparticles for all-solid-state lithium-ion battery. J.Membrane. Sci.
2019, 575, 200–208. [CrossRef]

52. Nikos, H.; Marinos, P.; Stergios, P.; Iatrou, H. Polymers with Complex Architecture by Living Anionic
Polymerization. Chem. Rev. 2001, 101, 3747–3792.

53. Gitsov, I.; Simonyan, A.; Vladimirov, N.G. Synthesis of novel asymmetric dendritic-linear-dendritic block
copolymers via “living” anionic polymerization of ethylene oxide initiated by dendritic macroinitiators.
J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 5136–5148. [CrossRef]

54. He, X.; Liang, L.; Xie, M.; Zhang, Y.; Lin, S.; Yan, D. Synthesis of Novel Linear PEO-b-PS-b-PCL Triblock
Copolymers by the Combination of ATRP, ROP, and a Click Reaction. Macromol. Chem. Phys. 2007, 208,
1797–1802. [CrossRef]

55. Li, W.; Charleux, B.; Ke, M.; Krzysztof, M.; Stoffelbach, F. PEO-Based Block Copolymers and Homopolymers
as Reactive Surfactants for AGET ATRP of Butyl Acrylate in Miniemulsion. Macromolecules 2008, 41,
6387–6392. [CrossRef]

56. Oh, J.K.; Dong, H.; Zhang, R.; Matyjaszewski, K.; Schlaad, H. Preparation of nanoparticles of
double-hydrophilic PEO-PHEMA block copolymers by AGET ATRP in inverse miniemulsion. J. Polym. Sci.,
Part A: Polym. Chem. 2007, 45, 4764–4772. [CrossRef]

http://dx.doi.org/10.1021/ma001097c
http://dx.doi.org/10.1016/j.eurpolymj.2009.05.004
http://dx.doi.org/10.1007/s13233-012-0077-3
http://dx.doi.org/10.1039/C4GC01169D
http://dx.doi.org/10.1021/ja110538b
http://www.ncbi.nlm.nih.gov/pubmed/21299228
http://dx.doi.org/10.1016/j.jpowsour.2007.06.034
http://dx.doi.org/10.1021/ma3024552
http://dx.doi.org/10.1016/j.elecom.2007.05.020
http://dx.doi.org/10.1021/ma500420w
http://dx.doi.org/10.1016/j.ssi.2014.05.012
http://dx.doi.org/10.1039/C5TA03471J
http://dx.doi.org/10.1021/acs.macromol.9b01641
http://dx.doi.org/10.1016/j.memsci.2019.01.051
http://dx.doi.org/10.1016/j.memsci.2019.01.025
http://dx.doi.org/10.1002/pola.22258
http://dx.doi.org/10.1002/macp.200700153
http://dx.doi.org/10.1021/ma800892e
http://dx.doi.org/10.1002/pola.22230


Polymers 2020, 12, 763 14 of 14

57. Du, J.; Chen, Y. Atom-Transfer Radical Polymerization of a Reactive Monomer: 3-(Trimethoxysilyl)propyl
Methacrylate. Macromolecules 2004, 37, 6322–6328. [CrossRef]

58. Deng, F.; Wang, X.; He, D.; Hu, J.; Gong, C.; Ye, Y.S.; Xie, X.; Xue, Z. Microporous polymer electrolyte based
on PVDF/PEO star polymer blends for lithium ion batteries. J. Membrane. Sci. 2015, 491, 82–89. [CrossRef]

59. Neumann, R.; Sawn, Y. Poly (ethylene glycol) s as phase transfer catalysts in the alkoxylation of halobenzenes
of alkyl aryl ethers. Tetrahedron 1983, 39, 3437–3440. [CrossRef]

60. Qiu, J.; Matyjaszewski, K.; Thouin, L.; Amatore, C. Cyclic voltammetric studies of copper complexes
catalyzing atom transfer radical polymerization. Macromol. Chem. Phys. 2000, 201, 1625–1631. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ma0359382
http://dx.doi.org/10.1016/j.memsci.2015.05.021
http://dx.doi.org/10.1016/S0040-4020(01)91597-2
http://dx.doi.org/10.1002/1521-3935(20000901)201:14&lt;1625::AID-MACP1625&gt;3.0.CO;2-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Instrumentation 
	Preparation of PEO-Br Macroinitiator and Br-PEO2000-Br 
	Polymerization Procedures 
	Chain Extension Using PEO-PMMA-Br as the Macroinitiator 
	Preparation of Polymer Electrolyte Membrane 

	Results and Discussion 
	Bulk MMA Polymerization with Different PEO-Br as the Initiator and Ligand 
	Effect of Different Catalysts in Bulk MMA Polymerization with PEO2000-Br as the Initiator and the Ligand 
	Chain Extension of PMMA 
	Synthesis of the Triblock Copolymer and Water-Soluble Block Copolymer. 
	The Obtained P(EO-PEGMA) Copolymer for the Application in Polymer Electrolyte. 

	Conclusions 
	References

