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Abstract
Since cerium(IV) ammonium nitrate (CAN) could oxidize amidyl N–H moieties 
into nitrogen-centered radicals under proper conditions to initiate radical polym-
erization, CAN-acrylamide (AAm) redox-initiated radical homo/co-polymerization 
in a conventional or controlled manner was exploited with AAm as an intrinsically 
reducing inimer. CAN oxidized AAm to initiate conventional radical homopolym-
erization at 50–60 °C, and viscosity-average molecular weight (MW) of polyacryla-
mide (PAAm) steadily increased with conversion because of the oxidation of amidyl 
N–H moieties of in-chain -AAm- units, but MW was in a range from 104 to 105. 
CAN-AAm redox-initiated radical co-polymerization of  N,N-dimethylacrylamide 
(DMAAm) proceeded readily under optimized conditions and formed PAAm-co-
PDMAAm with MW in a range from 105 to 106, and increasing simultaneously with 
conversion. CAN-AAm redox-initiated controlled radical homopolymerization was 
performed with FeCl3 complexes as the deactivator, and the polymerization pro-
ceeded in a mechanism of reverse atom transfer radical polymerization (ATRP) and 
MW of PAAm increased in proportion to conversion. The PAAm chains contained a 
C–Cl terminal, which was confirmed by block co-polymerization with DMAAm via 
standard ATRP with PAAm as the macro-initiator.
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Introduction

As the most technically important water-soluble polymers, AAm-based homopol-
ymers and copolymers have been extensively utilized in a great variety of appli-
cation. In general, AAm-based polymers are prepared by radical polymerization 
of acrylamide (AAm) initiated by proper redox-pairs under specific conditions to 
achieve tailor-designed structures and properties [1].

There have been several works on radical homopolymerization of AAm as both 
reducing initiator and monomer (i.e., intrinsically reducing inimer) with super-
valent high-oxidation copper(III) complexes as the oxidizing agent [2, 3]. During 
the process, the copper(III) complexes oxidize the primary N–H moieties of AAm 
into amidyl nitrogen-centered radicals as the primary radicals via an electron-
transfer followed by proton-transfer (ET-PT) process, which initiate the polymeri-
zation and gave rise to linear primary PAAm chains. The copper(III) complexes 
also oxidize the primary N–H moieties of in-chain -AAm- units into mid-chain 
amidyl nitrogen-centered macro-radicals to initiate graft polymerization. The 
molecular weight (MW) would grow gradually with the increasing conversion of 
AAm, and the polymerization leads to branched PAAm [2, 3]. However, most 
copper(III) complexes have to be prepared in situ and appear to be black, which 
renders it to rather difficult to visually monitor the polymerizations.

Cerium(IV) ammonium nitrate (CAN) complexes have also been reported to 
oxidize primary and secondary amidyl N–H moieties into amidyl nitrogen-cen-
tered radicals [4–6]. CAN could directly oxidize primary N–H moieties of AAm 
and initiate radical polymerization of AAm, yielding PAAm [7]. Thus, CAN-
AAm forms a unique polymerizable redox-initiation pair in aqueous media with 
AAm as the intrinsically reducing inimer, leading to slightly branched polymers 
with in-chain -AAm- units as the branch sites. Each initiation by AAm leads to a 
linear primary linear chain, while each initiation by -AAm- units contributes to 
a graft side chain. In this work, with an objective to explore the potential of the 
CAN-AAm polymerizable redox-initiation pair in preparing branched PAAm, we 
examined CAN-AAm redox-initiated conventional radical homo/co-polymeriza-
tion and reverse atom transfer radical polymerization  (ATRP). Our results sug-
gested that the CAN-AAm pair embraces great potentials in preparing branched 
polymers in aqueous solutions under mild conditions.

Experimental

Materials

N,N-Dimethylacrylamide (DMAAm, > 99.0%), from Volant Chemical Co. 
Ltd, Nantong, China, was purified by passing through a column fitted with 
Na2CO3, nanosilica and basic Al2O3 (from top to bottom) to remove inhibi-
tors and then stored in a refrigerator before use. Other materials were used as 
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received. Acrylamide (AAm, ≥ 99.0%), 1,10-phenanthroline (Phen) and ascor-
bic acid (AA) were from Aladdin Biochemical Technology Co., Ltd, Shanghai, 
China. An aqueous stock solution of AAm ([AAm]0 = 5 mol/L) was prepared in 
advance. FeCl3·6H2O, NaCl and CAN were purchased from Shanghai Chemi-
cal Reagent Co. Ltd., Shanghai, China. Ethylenediaminetetraacetic acid tetraso-
dium salt (EDTA, > 99.0%) was from Shanfeng Chemical Co. Ltd, Changzhou, 
China. An aqueous stock solution of FeCl3·6H2O with different ligand ([FeCl3/
ligand]0 = 0.01  mol/L) was prepared in advance. An aqueous stock solution of 
NaCl ([NaCl]0 = 0.10 mol/L) was prepared in advance. An aqueous stock solution 
of CAN solution ([CAN]0 = 0.46 mol/L, [nitric acid]0 = 1.0 mol/L) was prepared 
in advance.

CAN‑AAm Redox‑initiated conventional radical polymerization of AAm

A predetermined volume of the stock solution of AAm and of CAN complexes, 
respectively, was added stepwise into the vessel. 1 mL DMF and a specific volume 
of deionized water were added to achieve a total volume at 50 mL. After degassing 
by a stream of high-purity Argon for 20  min, the solution was transferred into a 
water bath pre-set at 50 or 60 °C. Aliquots were collected at intervals and quenched 
by deionized water with MEHQ dissolved in advance. Conversion of AAm was esti-
mated by gas chromatography with DMF as the internal standard. After aliquots 
were poured into copious ethanol, PAAm were precipitated, collected and dried in 
vacuo at 60 ℃ for 24 h. CAN-AAm redox-initiated conventional radical polymeriza-
tion of DMAAm was conducted in a similar approach.

CAN‑AAm redox‑initiated reverse ATRP of AAm

A predetermined volume of the stock solutions of AAm, of FeIII/ligand complexes, 
of NaCl and of CAN complexes, respectively, was added stepwise into the vessel. 
1 mL DMF and a specific volume of deionized water were added to achieve a total 
volume at 50 mL. After degassing by a stream of high-purity Argon for 20 min, the 
solution was transferred into a water bath pre-set at 50℃. Aliquots were collected at 
intervals and quenched by deionized water with MEHQ dissolved in advance. Con-
version of AAm was estimated by gas chromatography with DMF as the internal 
standard. After aliquots were poured into copious ethanol, PAAm were precipitated, 
collected and dried in vacuo at 60 ℃ for 24 h.

Preparation of PAAm‑Cl as the macro‑initiator and ATRP block polymerization

For the preparation of the macro-initiator (PAAm-Cl), 20  mL of the stock AAm 
solution, 3 mL of the stock solution of FeCl3/EDTA:Phen complexes, 1 mL of the 
stock solution of CAN complexes, 0.3 mL of the stock solution of NaCl and 1 mL 
of DMF were added stepwise into the vessel. Deionized water was added to achieve 
a total volume at 50 mL. After degassing by a stream of high-purity of Argon for 
20 min, the solution was transferred into a water bath pre-set at 50 °C. The mixture 



1754	 Polymer Bulletin (2022) 79:1751–1765

1 3

was allowed to react for 4 h and quenched by exposure to air. After the reaction, ca. 
25 mL of the viscous gel was collected to determine conversion of AAm and MW of 
the so-obtained PAAm-Cl.

For the ATRP chain extension with AAm, 50  mL of the stock AAm solution, 
0.88 g of AA, 1 mL of DMF, 24 mL of deionized water were mixed with the second 
half of the above reacting solution to produce a homogenous solution. After degas-
sing by a stream of high-purity Argon for 20 min, the solution was allowed to react 
at 80 °C for 6 h. After the polymerization, conversion of AAm was estimated by gas 
chromatography. After aliquots were poured into copious tetrafuran (THF), PAAm-
b-PAAm were precipitated, collected and dried in vacuo at 60 ℃ for 24 h.

For the ATRP chain extension with DMAAm, 50 mL of DMAAm, 0.88 g of AA, 
1 mL of DMF, 24 mL of deionized water were mixed with the second half of the 
above reacting solution to produce a homogenous solution. After degassing by a 
stream of high-purity Argon for 20 min, the solution was allowed to react at 80℃ for 
6 h. After the polymerization, conversion of DMAAm was estimated by gas chro-
matography. After aliquots were poured into copious tetrafuran (THF), PAAm-b-
PDMAAm were precipitated, collected and dried in vacuo at 60 ℃ for 24 h.

Characterization

Fourier-transformed infrared (FTIR) spectroscopy was performed on a Thermo-Fis-
cher Nicolet-6700 FTIR spectroscope with KBr as the pellet matrix in the trans-
mission mode (400–4000 cm−1). GC was performed on a gas chromatograph (Kex-
iao GC-1690, Hangzhou, China) equipped with a capillary column (length: 30 m; 
internal diameter: 0.32 mm). The column temperature was elevated from 80 °C to 
200  °C at a rate at 15  °C/min with high-purity nitrogen as the mobile phase at a 
rate of 30  mL/min. Conversion of AAm and DMAAm was estimated by calibra-
tion with DMF as the internal standard. MW of PAAm and PDMAAm was deter-
mined by using viscometry. PAAm was dissolved using aqueous NaCl solutions 
([NaCl]0 = 0.5 mol L−1), and PDMAAm was dissolved using deionized H2O as the 
solvent, with a concentration at 0.5–0.7  g/dL. The relative viscosity of the aque-
ous solutions of polymers was measured in a Ubbelohde-type viscometer thermally 
equilibrated in a SHP-501 super constant temperature bath (Hengping Scientific 
Instruments, Shanghai, China). The intrinsic viscosity ([η]) was fitted by the single 
point method using Eq. 1.

The measurement of the aqueous solution of PAAm was conducted at 25  °C 
and that of PDMAAm was carried out at 40 ℃. Their viscosity-average molecu-
lar weight (Mη) was estimated by using Mark–Houwink equation ([η] = K × Mηα; 
K = 7.19 × 10–3  mL  g−1, α = 0.77 for PAAm; K = 2.0 × 10–2  mL  g−1, α = 0.65 for 
PDMAAm) [8]. Proton nuclear magnetic resonance (1H-NMR) spectroscopy 
was performed on a Bruker DMX 500  M NMR spectrometer in D2O at room 

(1)[�] =

√

2�
sp
− 2 ln �

r

c



1755

1 3

Polymer Bulletin (2022) 79:1751–1765	

temperature, and the data were treated using MestRec software and calibrated 
against tetramethylsilane.

Results and discussions

CAN‑AAm redox‑initiated conventional radical polymerization of AAm

The oxidation of amidyl N–H moieties by CAN into amidyl nitrogen-centered 
radicals has been reported since 1960s, and the polymerization of AAm initiated 
by CAN has been studied by Sato [4–7]. If they function in a similar fashion to 
copper(III) complexes, the CAN-AAm redox-initiated conventional radical homo/
co-polymerization might proceed in a fashion as illustrated in Scheme 1.

Figure  1a shows the kinetic profiles of CAN-AAm redox-initiated conven-
tional radical polymerization of AAm at 50 or 60℃ with an initial concentration 
of CAN ([CAN]0) at 9.12 × 10–3  M. The polymerization occurred readily at 50 
℃. Conversion reached ca. 7% in 0.5  h and gradually increased to ca. 53% in 
1 h. The polymerization appeared to cease when conversion reached ca. 63% in 
2 h. The polymerization performed at 60 ℃ proceeded at a faster rate. Conversion 
reached ca. 42% in 0.5 h, 69% in 1 h and 90% in 5 h. Intrinsic viscosity ([η]) of 
the aqueous solution of PAAm was determined by single-point method using Sol-
omon–Ciuta equation, which displays an error less than ± 4% at neutral media [8]. 

Scheme 1   CAN-AAm redox-initiated conventional radical homopolymerization and co-polymerization 
with DMAAm
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Figure 1b compared MW of PAAm formed during the CAN-AAm redox-initiated 
conventional radical polymerization of AAm as a function of reaction time at 50 
or 60 ℃. In common, MW of PAAm formed during the process grew gradually 
with the increasing conversion. For the process conducted at 50 ℃, MW of the 
PAAm increased from 3.14 × 104 in 0.5 h to 3.31 × 105 in 1 h and further to ca. 
4.70 × 105 in 2 h. On the other hand, for the process conducted at 60 ℃, MW of 
the PAAm increased from 5.00 × 104 in 0.25 h, 3.01 × 105 in 1 h and further to ca. 
6.81 × 105 in 2 h. Typical redox-initiated conventional radical polymerization of 
AAm in aqueous solutions without any chain transfer agents could easily generate 
PAAm with a MW above 106. Such a fact suggested that CAN might oxidize the 
PAAm propagating radicals into dead chains (oxidative elimination), similar to 

Fig. 1   a Conversion ~ Time Profiles of and b MW of PAAm formed as a function of reaction time during 
CAN-AAm Redox-initiated Conventional Radical Polymerization of AAm. Conditions: [AAm]0 = 4.0 M, 
[CAN]0 = 9.12 × 10–3 M, temperature = 50 ℃ or 60 ℃

Fig. 2   a Conversion ~ Time Profiles of and b MW of PAAm formed as a function of reaction time during 
CAN-AAm Redox-initiated Conventional Radical Polymerization of AAm. Conditions: [AAm]0 = 4.0 M, 
[CAN]0 = 9.12 × 10–3, 1.82 × 10–2 and 4.56 × 10–2 M, temperature = 60 ℃
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CuIII complexes [2, 7]. It was implied that although CAN-AAm pairs could form 
a polymerizable redox initiator, such a technique cannot yield high-MW PAAm.

Figure  2a compares the kinetic profiles of CAN-AAm redox-initiated conven-
tional radical polymerization of AAm at 60 ℃ with a different [CAN]0. It was sur-
prising to note that a higher concentration of CAN complexes exerted an adverse 
effect on the rate of polymerization, attributed to the oxidative elimination as stated 
earlier. On the other hand, Fig. 2b suggested that the concentration of CAN com-
plexes exerted an adverse effect on the chain development of PAAm formed. In com-
mon, PAAm underwent further MW increase with the increasing conversion, but 
the polymerization with a higher [CAN]0 corresponded to a more significant MW 
growth. Such a deviation was assigned to the stepwise oxidation of amidyl –NH2 
moieties of -AAm- units by CAN complexes into in-chain amidyl –N•H radicals, 
resulting in side chains, as also sketched in Scheme 1.

CAN‑AAm redox‑initiated conventional radical polymerization of DMAAm

CAN-AAm mono-centered polymerizable initiating pairs were used to initi-
ate the radical polymerization of DMAAm. CAN cannot oxidize DMAAm to ini-
tiate polymerization in the absence of AAm under various conditions since no 
weak C-H or N–H moieties were present in DMAAm. Figure 3 shows the conver-
sion ~ time profiles of CAN-AAm redox-initiated conventional radical polymeriza-
tion of DMAAm with [DMAAm]0 at 4.87 M and [CAN]0 at 2.74 × 10–2 M. First, O2 
retarded the polymerization remarkably, as conversion reached 30% in 6.5 h under 
aerobic media, but conversion reached 91% in 5.1 h under deoxygenated media dur-
ing the polymerization of DMAAm with [AAm]0 at 0.30 M. Such retardation was 
negligible during the CAN-AAm redox-initiated conventional radical polymeriza-
tion of AAm. Second, there was an optimum [AAm]0 (0.30 M) at which the polym-
erization proceeded at the highest rate. Thus, [AAm]0 was fixed at 0.30 M in the 
study.

Figure  4a shows the conversion ~ time profiles of CAN-AAm redox-initiated 
conventional radical polymerization of DMAAm with a [CAN]0 at 1.34 × 10–2, 
1.82 × 10–2, 2.74 × 10–2, 3.65 × 10–2 and 4.56 × 10–2 M, respectively. When [CAN]0 

Fig. 3   Conversion ~ Time 
Profiles of CAN-AAm 
Redox-initiated Conven-
tional Radical Polymerization 
of DMAAm. Conditions: 
[AAm]0 = 0.20, 0.30 or 0.40 M, 
[CAN]0 = 2.74 × 10–2 M, 
[DMAAm]0 = 4.87 M, tempera-
ture = 60 ℃
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was below 2.74 × 10–2 M, the rate of polymerization could be enhanced by adding 
more CAN complexes. However, when [CAN]0 was above 2.74 × 10–2 M, the rate 
of polymerization was further depressed with an increasing [CAN]0, which was also 
assigned to the oxidation of the propagating radicals by CAN complexes. Figure 4b 
shows the MW of PDMAAm formed during the CAN-AAm redox-initiated con-
ventional radical polymerization of DMAAm as a function of reaction time. When 
[CAN]0 was below 2.74 × 10–2 M, no significant oxidative elimination occurred. As 
a result, not only the polymerization gave rise to high-MW PDMAAm, and increase 
in MW was observed with the further polymerization. For instances, during the 
polymerization with [CAN]0 at 1.82 × 10–2  M, MW of PDMAAm increased from 
8.14 × 105 in 1.2 h to 3.22 × 106 in 2 h and further to 6.66 × 106 in 5.5 h. During the 
polymerization with [CAN]0 at 2.74 × 10–2  M, MW of PDMAAm increased from 
5.56 × 106 in 1.9  h to 1.42 × 107 in 4  h and further to 1.56 × 107 in 5.1  h. It was 
implied that stepwise oxidation of amidyl –NH2 moieties of -AAm- units by CAN 
complexes into in-chain amidyl –N•H radicals, resulting in side chains, contributed 
to the gradual MW growth of PDMAAm. Such a tendency would be compromised 
with a higher [CAN]0. In particular, during the polymerization with [CAN]0 at 
4.56 × 10–2 M, MW of PDMAAm increased from 8.18 × 105 in 5.50 h to 2.73 × 106 
in 7.0 h. Due to the low content of -AAm- units in PDMAAm, 1H-NMR spectros-
copy revealed that most units were -DMAAm- units, as shown in Fig. 5.

CAN‑AAm redox‑initiated reverse ATRP of AAm

Although CAN-AAm redox-initiated conventional homo/co-polymerization could 
be easily undertaken, several difficulties have to be taken into consideration to per-
form CAN-AAm redox-initiated reverse ATRP of AAm. CAN is a strong oxidizing 
agent, which could oxidize both organic substrates (alcohol, amides, amines, etc.) 
and transition-metal cation complexes in the low oxidation state (such as copper(I) 

Fig. 4   a Conversion ~ Time Profiles of and b MW of PDMAAm formed as a function of reaction 
time during CAN-AAm Redox-initiated Conventional Radical Polymerization of DMAAm. Condi-
tions: [AAm]0 = 0.30  M; [CAN]0 = 1.34 × 10–2, 1.82 × 10–2, 2.74 × 10–2, 3.65 × 10–2 and 4.56 × 10–2  M; 
[DMAAm]0 = 4.87 M; temperature = 60 ℃
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and iron(II)). It was deemed that the rate constant of the latter process might be 
several orders of magnitude higher than the former one. Thus, CuI or FeII complexes 
cannot be used as the catalyst, otherwise most CAN would be consumed in oxidiz-
ing CuI or FeII complexes into CuII or FeIII complexes. Correspondingly, the rate of 
primary initiation by CAN-amide pairs would be greatly depressed, as illustrated 
in Scheme 2a. Thus, CuII or FeIII complexes could be used as the catalyst. It was 

Fig. 5   1H-NMR spectrum of PAAm-co-PDMAAm in D2O

Scheme 2   a Competition between CAN-Amide redox process and CAN-FeII/L redox process; b Plausi-
ble CAN-AAm Redox-initiated reverse ATRP with FeX3/L as the catalyst
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assumed that the CAN-AAm redox-initiated reverse ATRP would proceed in a fash-
ion outlined in Scheme 2b.

The brief screening on catalysts suggested that CuII complexes with typical di- 
or multi-dentate tertiary amine or pyridyl ligands failed to convey the controllabil-
ity. It was attributed probably due to the nitric acid added to enhance the oxidizing 
potential of CAN. As the protonation of tertiary amine or pyridyl ligands by nitric 
acid would deteriorate their coordination with CuII complexes and thus fails to regu-
late their redox potential as ATRP catalysts, which renders direct ATRP of (meth)
acrylic acid rather difficult for copper-based ATRP [9]. Such a challenge has been 
recently won by copper complexes with tris(2-pyridylmethyl)amine (TPMA) as the 
ligand with electrochemical mediation (eATRP) or Cu0 as the supplemental activa-
tor and reducing agent (ATRP) [10, 11]. In comparison, iron-based ATRP appears 
to be more tolerant to acidic media (monomers [12], ligands [13] and additives 
[14]). There have been reports that FeCl3 complexes with EDTA and Phen as the co-
ligands (denoted as FeIII/EDTA:Phen complexes) could mediate persulfate-initiated 
aqueous ATRP of AAm in a better-controlled fashion than those with FeIII/EDTA 
or FeIII/Phen complexes [15]. Thus, FeCl3/EDTA:Phen complexes were used as the 
deactivator to catalyze the CAN-AAm redox-initiated reverse ATRP.

Since the oxidative termination of propagating radicals by CAN complexes was 
prominent at 60 °C, which led to ill-controlled behaviors, the polymerization was 
conducted at 50 ℃. Figure  6a compares the conversion ~ time profiles of CAN-
AAm redox-initiated reverse ATRP at 50 ℃ with [CAN]0 = 9.12 × 10–3 M, [FeCl3/
EDTA:Phen]0 at 1.00 × 10–3  M and [AAm]0 = 2.0, 3.0 and 4.0  M. In general, the 
polymerization displayed no dependence on the concentration of AAm. Figure 6b 
shows the MW of PAAm formed during CAN-AAm redox-initiated reverse ATRP 
as a function of conversion. It was obvious that MW of PAAm increased approxi-
mately in proportion to conversion, characteristic of the controlled radical polym-
erization and suggesting the constant concentration of PAAm chains throughout 
the processes. For the polymerization with [AAm]0 at 3.0 M, MW of PAAm grew 

Fig. 6   a Conversion ~ Time Profiles of and b MW of PAAm formed as a function of conversion dur-
ing CAN-AAm Redox-initiated Reverse ATRP at different [AAm]0. Conditions: [CAN]0 = 9.12 × 10–3 M, 
[FeCl3/EDTA:Phen]0 = 1.00 × 10–3 M, 50 ℃
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from 5.00 × 104 at conversion 15.6% to 2.98 × 105 at conversion 54.9% and further 
to 3.70 × 105 at conversion 80.4%. For the polymerization with [AAm]0 at 4.0 M, 
MW of PAAm grew from 7.45 × 104 at conversion 11.1% to 2.94 × 105 at conversion 
52.7% and further to 4.76 × 105 at conversion 80.2%.

Figure 7a compares the conversion ~ time profiles of CAN-AAm redox-initiated 
reverse ATRP at 50℃ with [CAN]0 at 9.12 × 10–3 M, [AAm]0 at 2.0 M and various 
[FeCl3/EDTA:Phen]0. Within the concentration range, FeCl3/EDTA:Phen complexes 
exhibited little effect on the rate of polymerization. Probably due to the high rate 
constant for propagation [15–20] and low rate constant for termination [16] of AAm 
in aqueous media, as well as hydrolytic instability of deactivating complexes (i.e., 
(FeIII-Cl−)2+/EDTA:Phen complexes), the polymerization could still proceed dur-
ing the process with [FeCl3/EDTA:Phen]0 slightly higher than [CAN]0, but signifi-
cant retardation was observed during the CAN-AAm redox-initiated reverse ATRP 
with [FeCl3/EDTA:Phen]0 at 2.00 × 10–3 M, as conversion reached merely 20% in 
10 h, due to the efficient deactivation of propagating radicals by FeCl3/EDTA:Phen 
complexes. If the reverse ATRP proceeds in a well-controlled fashion, the instan-
taneous concentration of propagating radicals should keep approximately con-
stant. As a result, the semi-logarithmic plots (log([AAm]t/[AAm]0) ~ time) would 
be in a straight line. However, in general, the semi-logarithmic plots derived from 
the processes suggested a moderately controlled behavior. In particular, the linear 
fitting indicated that the CAN-AAm redox-initiated reverse ATRP with [FeCl3/
EDTA:Phen]0 at 6.00 × 10–4 M followed a first-order kinetics with a variance (R2) 
at 0.96. Figure 7b shows the MW of PAAm formed during CAN-AAm redox-ini-
tiated reverse ATRP with [FeCl3/EDTA:Phen]0 at 6.00 × 10–4  M as a function of 
conversion. In general, the MW of PAAm grew simultaneously with the increasing 
conversion.

If the above process proceeded in well-controlled fashion of reverse ATRP, the 
sob-obtained PAAm should contain a C–Cl terminal group. Owed to the high MW 
of the so-obtained PAAm, it was difficult to identify the features from 1H-NMR 

Fig. 7   a Conversion ~ Time Profiles of CAN-AAm Redox-initiated Reverse ATRP with differ-
ent [FeCl3/EDTA:Phen]0 and b MW of PAAm formed as a function of conversion during CAN-AAm 
Redox-initiated Reverse ATRP at different [FeCl3/EDTA:Phen]0. Conditions: [CAN]0 = 9.12 × 10–3  M, 
[AAm]0 = 2.0 M, 50 ℃.



1762	 Polymer Bulletin (2022) 79:1751–1765

1 3

spectrum. Therefore, we used the so-obtained PAAm (PAAm-Cl) as the macro-ini-
tiator to initiate polymerization of AAm and DMAAm via AGET ATRP with ascor-
bic acid (AA) as the reducing agent, during which, AA continuously in situ regener-
ated FeIII/EDTA:Phen complexes into FeII/EDTA:Phen complexes as the activator 

Fig. 8   1H-NMR spectrum of PAAm-block-PDMAAm in D2O

Scheme  3   FeCl3/EDTA:Phen-catalyzed AGET ATRP of AAm or DMAAm with PAAm-Cl as the 
Macro-initiator and AA as the reducing agent
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to catalyze ATRP initiated by PAAm-Cl. The process is outlined in Scheme 3. After 
the polymerization, MW of PAAm-b-PAAm and PAAm-b-PDMAAm was deter-
mined by viscometry and listed in Table 1. The polymerization occurred and led to 
polymer with a higher MW. Since CAN complexes have been depleted in preparing 
PAAm-Cl or oxidizing AA, the chain initiation during the block polymerization was 
exclusively initiated by PAAm-Cl. Thus, the CAN-AAm initiated radical polymeri-
zation in the presence of FeCl3/EDTA:Phen complexes proceeded in a reverse ATRP 
mechanism and formed PAAm-b-PAAm and PAAm-b-PDMAAm.

Figure 8 shows the 1H-NMR spectrum of PAAm-b-PDMAAm in D2O. The peaks 
with a chemical shift (δ) in a range from 1.0 ppm to 1.75 ppm were attributed to the 
protons of in-chain methene (-CH2-) moieties of both -AAm- units and -DMAAm- 
units. Those with δ from 1.75 ppm to 2.7 ppm were assigned to in-chain methine 
(-CH-) moieties of both -AAm- units and -DMAAm- units. The peaks with δ from 
2.70 ppm to 3.2 ppm were associated with the pendant amidyl methyl (-CON(CH3)2) 
units of -DMAAm- units. The 1H-NMR results suggested that -DMAAm- units took 
a predominant presence in the PAAm-b-PDMAAm, in a good agreement with the 
MW growth. Thus, it was implied that CAN-AAm redox-initiated radical polymeri-
zation in the presence of FeCl3/EDTA:Phen proceeded in a reverse ATRP fashion 
and led to PAAm-Cl. On the other hand, the attempt to carry out CAN-AAm redo-
initiated controlled radical polymerization of DMAAm with FeCl3/EDTA:Phen 
complexes as the deactivator led to no success, which was attributed to much slow 
primary initiation in the presence of a much lower concentration of AAm.

Conclusion

CAN-AAm redox-initiated radical homo/co-polymerization in conventional or con-
trolled manner was exploited with AAm as the intrinsically reducing inimer. CAN 
oxidized AAm to initiate conventional radical homopolymerization of AAm at 
50–60℃, and MW of polyacrylamide (PAAm) steadily increased with the conver-
sion, but MW was in a range from 104 to 105. CAN-AAm redox-initiated radical 
co-polymerization of DMAAm formed PAAm-co-PDMAAm with a MW from 105 
to 106. CAN-AAm redox-initiated reverse ATRP was carried out in the presence of 
FeCl3 complexes. MW of PAAm would increase in proportion to conversion and the 
PAAm contained a C–Cl terminal, confirming a mechanism of reverse ATRP.

Table 1   Experimental Details of Reverse ATRP to prepare the Macro-initiator and MW of PAAm-Cl, 
PAAm-b-PAAm and PAAm-b-PDMAAm

Sample CAN (mol/L) FeCl3/EDTA:Phen) 
(mol/L)

Conv. (%) MW

PAAm-Cl 9.12 × 10–3 6.0 × 10–4 32 1.53 × 105

PAAm-b-PAAm 0 6.0 × 10–4 22 4.52 × 105

PAAm-b-PDMAAm 0 6.0 × 10–4 31 1.18 × 106
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