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Abstract
A novel type of copper-based regulating agents was first applied in radical polymerization of methyl methacrylate and 
acrylonitrile. It was shown that systems based on copper complex with redox-active bis(acetonaphthene) ligand (dpp-
BIAN↔CuCl)2, carbon tetrachloride and different activating agents such as ascorbic acid or amines (tert-butylamine, diethyl-
amine, triethylamine and pyridine) were capable to initiate polymerization of the above monomers in wide temperature range 
from 25 to 110 °C. The amine structure and basicity were found to make great impact on polymerization and molecular weight 
parameters of the obtained products. The systems developed are capable of conducting polymerization up to high monomer 
conversions in a wide temperature range leading to polymers with rather low molecular weight and moderate polydispersity. 
The most efficient system in terms of controlling the molecular weight characteristics of poly(methyl methacrylate) among 
others is the system based on (dpp-BIAN↔CuCl)2 and diethylamine, which makes it possible to obtain polymer with a poly-
dispersity index of 1.36–1.60. In case of acrylonitrile polymerization, the highest polymer yield is achieved using a copper 
complex and triethylamine. The results of MALDI TOF mass spectroscopy measurements showed the presence of chlorine 
atoms at the chain ends of macromolecules. The formation of “living” chains during polymerization of methyl methacrylate 
was confirmed by the synthesis of block-copolymers with styrene.
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Introduction

Catalysis of polymerization processes by transition metal 
complexes is one of the most promising and rapidly growing 
directions of modern polymer science and material sciences 
[1, 2]. The use of transition metal complexes allows poly-
olefin synthesis with high degree of stereoregularity at low 
pressure [1], to conduct ring opening polymerization [2] and 
atom transfer radical polymerization (ATRP) [3–5] as well 
as to realize many other valuable polymerization techniques 
[6–8]. These methods of polymerization have been dem-
onstrated as an effective route for preparing new polymer 

structures such as polymer brushes [9], star polymers [10, 
11], block copolymers [12] and graphene nanoplatelets 
[13]. The efficiency of metal-based catalytic systems may 
be finely tuned by varying catalyst structure, e.g. by chang-
ing ligand environment.

From this standpoint, the use of so-called redox-active 
ligands, which can dramatically change reactivity of metal 
centers seems very promising to tune catalyst activity as in 
organic synthesis so in polymerization processes [14–16]. For 
example, complexes of d-metals such as palladium [15–17], 
copper [17], cobalt [18], chromium [19], nickel [20] with 
diimine ligands including acenaphthene imine derivatives 
display high catalytic performance in olefin polymerization, 
exceeding other types of catalysts. Complexes of transition and 
non-transition metals with redox-active ligands were found to 
be active regulators of radical polymerization of vinyl mono-
mers [21]. The presence of redox-active ligands in catalyst 
structure can dramatically change polymerization mechanism. 
It was shown that bis-(triphenylphosphine)-3,6-di(tert-butyl)
benzosemiquinone-1,2-copper(I) revealed a high regulating 
ability in radical polymerization of various monomers under 
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UV- or radical initiation [22]. A mononuclear copper complex 
with acenaphthene ligand  [CuCl2(2,4,6-Me3C6H2-BIAN)] was 
successfully applied in reverse ATRP of styrene in the pres-
ence of azobisisobutyronitrile (AIBN) [23]. Polymerization 
was characterized with first-order kinetic plot. The molecu-
lar weight linearly increased with conversion, but molecular 
weight distribution of obtained samples was rather broad 
(Mw/Mn= 2.2–2.4).

Investigation of methyl methacrylate (MMA) and sty-
rene polymerization in the presence of cobalt complex with 
redox-active ligand showed its ability to regulate molecular 
weight parameters of polymers synthesized using alkyl hal-
ides or AIBN as a radical source [24, 25]. The presence of 
iminobenzosemiquinone ligand in complex structure allows 
minimizing catalytic chain transfer to cobalt center during 
MMA polymerization [26]. It was shown that chain transfer 
constant for explored complex was four orders of magnitude 
lower in comparison with cobalt porphyrins and cobaloxime 
complexes known as catalytic chain transfer agents in meth-
acrylate polymerization [27].

The presence of sterically hindered redox-active quinone-
based ligands in complexes of non-transitional elements of 
14th group allowed these compounds to participate in revers-
ible termination of propagating polymer chain [28, 29]. In this 
case, ligand acts as a redox-active center responsible for the 
regulation of polymerization contrary to transition metal com-
plexes where regulating ability is determined by metal atom. 
Mono- and bis-catecholate complexes of non-transition metals 
are capable of accepting carbon-centered radicals and act as 
regulators of MMA and styrene polymerization, but polymers 
formed in these conditions have rather broad molecular weight 
distributions (Mw/Mn= 2.1–2.6).

Among the recently obtained compounds with redox-active 
ligands a binuclear (dpp-BIAN↔CuCl)2 has a great appeal 
to act as efficient catalyst for controlled polymerization. The 
choice of the given complex is determined by the presence 
in its structure the redox-active 1,2-bis(o,o′-bis(isopropyl)
phenylimino)acenaphthene ligand as well as a copper atom. 
As the metal atom, so the ligand in this complex seems to be 
capable of participation in reversible reduction/oxidation pro-
cesses. This fact allowed us to propose this complex to act as a 
catalyst for ATRP. Following this proposition, we investigated 
the peculiarities of polymerization of MMA and acrylonitrile 
(AN) chosen as model monomers in the presence of (dpp-
BIAN↔CuCl)2 and revealed the role of ligand environment 
of this complex and activating agents in initiation and control 
of radical polymerizations.

Experimental

Materials

N-Hexane, methylene chloride, benzene, toluene, tet-
rahydrofuran (THF) and other solvents purchased from 
Component Reaktiv (Russia) were purified, dried and dis-
tilled using standard methods. Dimethylformamide (DMF) 
was dried over KOH and distilled at 46 °C at 2–4 Torr. 
Dimethylsulfoxide (DMSO) was dried over calcium 
hydride and distilled at 50 °C at 2–4 Torr. Tert-butylamine 
(Aldrich, Japan), diethylamine (Aldrich, USA) and tri-
ethylamine (Aldrich, Japan) were distilled over sodium. 
Pyridine was dried over KOH and distilled. Ascorbic acid 
(Aldrich, USA) and 2,2′-bipyridyl (Aldrich, USA) were 
used as received. AIBN (Aldrich, Ireland) was recrystal-
lized from methanol and stored at − 15 °C. Carbon tet-
rachloride (Component Reaktiv, Russia) was dried over 
calcium hydride and distilled. A 0.1 mol L− 1 solution of 
 CCl4 in toluene was used as initiator.

MMA (Aldrich, Japan) was washed from inhibitor by 
10% aqueous alkali solution and then by distilled water, 
separated, dried over calcium chloride and calcium hydride 
and distilled under reduced pressure. AN (Aldrich, The 
Netherlands) was dried over calcium hydride and distilled 
under atmospheric pressure.

Copper BIAN complex was synthesized as described 
in [30].

Polymerization

In a typical polymerization  experiment, a portion of 
copper complex was placed in a glass tube (2.5 ×  10− 3 
mol  L− 1 for MMA or 1.25–5.00 ×  10− 3 mol  L− 1 for 
AN) and a required amount of monomer (MMA—
9.46 mol L− 1  or AN—5.07 mol L− 1), initiator (0.5–1.0 
×  10− 2 AIBN or 1.25–2.5 ×  10− 2 mol L− 1  CCl4), activa-
tor (1–5×10− 2 mol L− 1) in the case of a halogen-based 
initiator and solvent (in case of AN) was added. ATRP 
of MMA was carried out at a molar ratio of components: 
[monomer]:[(dpp-BIAN↔CuCl)2]:[CCl4]:[activator] 
= [3800]:[1]:[10]:[20]. The tube was degassed through 
three freeze–pump–thaw cycles, sealed under vacuum 
and placed in a thermostatic bath. After a period of time, 
the tube was frozen in liquid nitrogen to stop polymeri-
zation, while opened to atmosphere the reaction mixture 
was diluted by ethyl acetate and poured into n-hexane 
(for MMA) or distilled water (for AN). The precipitated 
polymer was dissolved in methylene chloride (MMA) or 
DMF (AN) and re-precipitated by n-hexane (MMA) or 
water (AN) to remove residues of monomer, initiator and 
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copper complex. The prepared polymers were dried under 
reduced pressure to constant weight. The polymer yield 
was calculated as ratio of weight of isolated polymer to 
weight of initial monomer.

Poly(methyl methacrylate)-block-polystyrene copoly-
mers were synthesized using poly(methyl methacrylate) 
(PMMA) as macroinitiator. Initial PMMA was obtained 
through polymerization of MMA at 70 °С in the pres-
ence of (dpp-BIAN↔CuCl)2 (2.5 ×  10− 3 mol L− 1),  CCl4 
(2.5 ×  10− 2 mol L− 1) and activator  (Et3N or ascorbic 
acid, 5 ×  10− 2 mol L− 1). After polymerization the excess 
of monomer was evaporated under reduced pressure and 
the polymer was dried. A required amount of PMMA was 
dissolved in styrene–toluene 1:2 (v:v) mixture to obtain 
15% weight solutions and placed into glass tubes. New 
portions of copper complex (2.5 ×  10− 3 mol L− 1) and 
activators (5 ×  10− 2 mol L− 1) were added, the tube was 
degassed, sealed and placed into the thermostatic bath. 
The polymers formed were precipitated by n-hexane. The 
PMMA and polystyrene homopolymers were extracted 
in Soxhlet apparatus using acetonitrile and cyclohexane, 
respectively. After extraction, polymers were dried up to 
constant weight to determine composition and molecular 
weight parameters.

Characterization

The molecular weight distributions of the obtained pol-
ymers were measured by SEC with a chromatographic 
system (Knauer Smart Line, Germany) equipped with a 
Knauer model 2300 refractive-index detector. Tetrahy-
drofuran was used as an eluent in PMMA and PMMA-
b-polystyrene polymerization at a flow rate of 1 mL min−1 
at 25 °C. Styragel packed columns with pore size  103 and 
 105 Å (Phenomenex, USA) were employed. In the case 
of AN, a 0.1 mol L−1 LiBr solution in DMF was used 
as the eluent at a flow rate of 1 mL min−1 at 40 °C. A 
linear styragel packed column (Phenomenex linear (2), 
USA) was employed. The calibration was performed with 
poly(methyl methacrylate) standards (Polymer Stand-
ards Service, Phenomenex, USA) ranging from 2400 to 
970,000 g mol−1. In case of AN, the molecular weight was 
recalculated using Mark–Houwink equation:

The MALDI (matrix-assisted laser desorption/ioniza-
tion) and TOF (time-of-flight) mass spectra were recorded 
using Bruker Microflex LT mass spectrometer (Germany) 
using DCTB as a matrix. A solution of polymer (2 µL, 
10 mg mL−1), a matrix (10 µL, 20 mg mL−1) and sodium 
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trifluoroacetate (5 µL, 5 mg mL−1) were mixed in a vial 
and 2 µL of obtained solution was placed on a stainless 
steel target plate, dried and analyzed.

A cyclic voltammetry was performed in inert atmos-
phere using an IPC Pro Potentiostat (Volta, Russia) using a 
platinum disk working electrode (1 mm), platinum counter 
electrode and a Ag|AgNO3 pseudo-reference electrode [31]. 
Tetrabutylammonium tetrafluoroborate (Aldrich, Switzer-
land) was used as a supporting electrolyte.

IR spectra of thin films of the polymers were recorded on 
the surface of ZnSe glass plates using an Infralum FT–801 
apparatus (Simex Analytical Equipment, Russia) in the 
3500–550 cm− 1 wavenumber range. The compositions of 
the block copolymers were calculated from the calibration of 
the mixture of homopolymers. The bands of stretching vibra-
tions of the carbonyl group of MMA (1730 cm− 1) and out-
of-plane C–H deformation vibrations of the styrene aromatic 
ring (700 cm− 1) were selected as analytical bands. The error 
in determining the composition of the copolymer was ± 5%.

The registration of electronic absorption spectra (ESP) 
for products of model reactions (dpp-BIAN↔CuCl)2 
with amines in benzene was carried out with a UV–vis-
ible Spectrophotometer Uvmini-1240 with scan range of 
200–1100 nm (Shimadzu, Japan) at room temperature.

Results and discussion

Metal complexes bearing redox-active ligands may be con-
sidered as compounds having two reaction centers capable 
of redox processes: a metal and a ligand. So, we decided to 
investigate electrochemical behavior of (dpp-BIAN↔CuCl)2 
in 1,2-dichloroethane solution to estimate oxidative and 
reduction potentials. The presence of one oxidative peak at 
a cyclic voltammetry curve (Fig. S1 in Supplementary file) 
shows that oxidation of this complex proceeds irreversibly. 
This fact allowed us to make a proposition that as (dpp-
BIAN↔CuCl)2 possesses reductive properties it is capable 
of participating in oxidative addition of atoms or radicals. At 
the same time, the irreversible oxidation probably reflects in 
irreversible addition. To test this proposition polymerization 
of MMA and AN in the presence of explored compound was 
investigated in detail.

Radical polymerization of MMA in the presence 
of copper BIAN complex

Polymerization of MMA initiated by AIBN was conducted 
at 70 or 90 °C in the presence or absence of copper com-
plex. The obtained data (Table S1 in Supplementary file) 
indicated that the introduction of (dpp-BIAN↔CuCl)2 into 
the polymerization media had no significant influence on 
polymerization. Monomer conversion and molecular weight 
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parameters of the obtained samples remained invariable after 
the addition of complex. These results indicated very low 
reactivity of the (dpp-BIAN↔CuCl)2 toward propagating 
polyMMA macroradicals. The sterically hindered carbon-
centered radicals reacted neither with the metal center nor 
with the redox-active ligand.

Experiments on the polymerization of MMA in the pres-
ence of (dpp-BIAN↔CuCl)2 with carbon tetrachloride as 
initiator showed that the proposed mixture was capable of 
initiating polymerization in wide temperature range from 
25 to 110 °C. The data summarized in Table 1 indicated 
that polymerization proceeded with rather slow rate and 
monomer conversion does not exceed 20% after 100  h 
of polymerization. Introduction of aliphatic amines into 
polymerization mixture resulted in increase of polymeriza-
tion rate and monomer conversion. At the same time, the 
polymerization rate increased in the range of used activators: 
t-BuNH2 < Et2NH < Et3N.

The molecular weights of obtained the polyMMA var-
ied in broad range depending on monomer conversion 

and nature of initiating system. In spite of the rather high 
polydispersity of the obtained polymer (Mw/Mn=1.3–2.5) 
the molecular weight distribution remained unimodal 
(Fig. 1). The polymers with the lowest Mw/Mn values were 
obtained when diethylamine was used as activating agent. 
The increase of the polymerization temperature resulted in 
higher polymerization rate and formation of polymers with 
broader molecular weight distribution. The polymerization 
rate tended to increase with increasing amine basicity.

Pyridine (Py) had less activating influence on MMA 
polymerization in the presence of the copper complex in 
contrast to aliphatic amines. With pyridine, the increase of 
polymerization temperature from 70 to 90 °C resulted in 
significant drop in polymerization rate. This is probably due 
to the substitution of BIAN ligand by pyridine resulting in 
formation of less active copper complexes. The obtained 
data are in agreement with earlier published results indi-
cating that copper pyridine complexes are characterized 
by low catalytic activity in ATRP process [5]. Moreover, 
the introduction of pyridine into reaction media results in 

Table 1  Results of MMA polymerization  ([MMA]0= 9.46 mol L− 1) 
in the presence of 2.5 ×  10− 3 mol  L− 1 (dpp-BIAN↔CuCl)2; rea-
gent concentrations:  CCl4: 2.5×10− 2 mol  L− 1, activator: 5 × 

 10− 2 mol  L− 1 (molar ratio of components: [Monomer]:[(dpp-
BIAN↔CuCl)2]:[CCl4]:[Activator] = [3800]:[1]:[10]:[20])

C6H8O6 ascorbic acid

Entry T (°C) Activator Time (h) Conversion (%) Mn×10−3 Mw/Mn

1 25 – 70 6 144 5.89
2 25 Et2NH 70 3 2 1.27
3 25 Et3N 70 20 16 3.47
4 25 C6H8O6 70 30 346 3.44
5 70 – 100 14 10 2.20
6 70 t-BuNH2 100 34 16 1.94
7 70 Et2NH 26 9 4 1.37
8 70 Et2NH 100 26 11 1.36
9 70 Et2NH 200 43 13 1.37
10 70 Et3N 2 14 71 2.13
11 70 Et3N 9 38 55 1.96
12 70 Et3N 18 99 56 2.18
13 70 C6H8O6 12 34 86 2.57
14 70 C6H8O6 30 60 75 2.70
15 70 Py 100 32 38.6 35.5
16 90 – 100 17 18 2.21
17 90 t-BuNH2 100 99 43 2.40
18 90 Et2NH 11 2 2 1.42
19 90 Et2NH 35 29 11 1.77
20 90 Et2NH 100 96 37 1.60
21 90 Et3N 19 99 43 2.09
22 90 C6H8O6 55 62 29 2.78
23 90 Py 100 6 3 1.58
24 110 Et2NH 7.5 72 29 1.49
25 110 Et2NH 16 90 36 3.13
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the absence of color change during the sample preparation 
through freeze–pump–thaw cycle in contrast to initial (dpp-
BIAN↔CuCl)2 complex. The characteristic feature of the 
latter one is the change of solution color on freezing due to 
intermolecular electron transfer between metal and ligand. 
So, the absence of color change confirms the substitution of 
the dpp-BIAN ligand by pyridine which reflects on pecu-
liarities of polymerization. The polymers formed in these 
conditions were characterized by extremely broad and mul-
timodal molecular weight distribution (Fig. 1) which may 
be caused by the formation of new reaction centers during 
polymerization.

It is well-known [32] that amines are capable of react-
ing with organic halides under photoirradiation conditions 
leading to free radicals through single electron transfer. The 
radicals formed due to this reaction may further initiate 
polymerization. In this work, the polymerization of MMA 
in the presence of 2.5 ×  10− 2 mol L− 1 carbon tetrachloride 
and 5 ×  10− 2 mol L− 1 of the explored amines was con-
ducted to estimate the contribution of the reaction in the 
absence of light. The results of experiments showed that 
monomer conversion reached only 10–20% in 100 h in using 
 CCl4–amine systems. These values are significantly lower 
than those obtained in the presence of (dpp-BIAN↔CuCl)2 
complex. Moreover, the obtained polymers had very high 
molecular weights (3000–4000 kDa) which were two orders 
of magnitude higher than the case of using copper complex. 
The obtained values clearly indicated that copper complex 
participated in MMA polymerization process playing a key 
role in it.

Using ascorbic acid as an activating ligand allowed 
MMA polymerization process with rather high rate at 
25–70 °C (Table 1). The obtained polymers had unimodal 
molecular weight distribution (Fig.  1) but rather high 
polydispersity (Mw/Mn ≈ 2.5–2.7) relative to polymers 
obtained in presence of amines. The molecular weights 
of the obtained polymers were about 300 kDa and slightly 
decreased with temperature increase while the polydisper-
sity remained the same. Thus, diethylamine seemed to be 
the most preferable activating agent for obtaining narrow-
dispersed polymers, while triethylamine and ascorbic acid 
provided the most accelerating effect.

The detailed investigation of MMA polymerization in 
the presence of  [CCl4–(dpp-BIAN↔CuCl)2–amine] sys-
tems showed that semi-logarithmic kinetic plots were not 
linear (Fig. 2a). Polymerizations tended to self-accelera-
tion at conversions over 50%. Amine nature and its basic-
ity had an impact on polymerization rate. Using triethyl-
amine allowed conducting process with high rate up to 
high monomer conversion at 70 °C. At the same time, 
monomer conversion was significantly lower in case of 
diethylamine (Table 1). Polymerization of MMA using 
ascorbic acid as an activating agent also resulted in uncon-
trollable polymerization. In this case initial polymeriza-
tion rate was close to that in case of tertiary amine, but 
monomer conversion was limited by 60%.

The dependency of molecular weight on conversion, 
depicted in Fig. 2b, indicates the absence controlled polym-
erization when using triethylamine or ascorbic acid as acti-
vating agents. On the contrary, some decrease of polymer 
molecular weight observed is an indication of chains forma-
tion with lower molecular weights at later stages of polym-
erization. This fact can be explained either by an increase 
of initiation rate throughout the process or by chain trans-
fer processes. The polymers formed under these conditions 
had rather broad molecular weight distributions: Mw/Mn ∼ 
2.0–2.2 for  Et3N and Mw/Mn ∼ 2.5–2.7 for ascorbic acid; an 
independency on conversion (Fig. 2c).

The use of diethylamine instead of tertiary amine, as an 
activating agent, dramatically changed polymerization pro-
cess. In such case, increase of monomer conversion results in 
an increase of polymer molecular weight in good agreement 
with the theoretical values calculated from assumption that 
each  CCl4 molecule generates one polymer chain (Fig. 2b). 
Despite that polymerization was not fully controlled as it 
proceeded with non-linear kinetic plot at 90 °C (Fig. 2a). 
The increase of polymerization rate at high monomer con-
versions was caused by higher quantity of propagating spe-
cies and resulting in an increase of molecular weight distri-
bution at high conversions (Fig. 2c). At the same time, the 
molecular weight distribution curves remained unimodal and 
gradually shifted towards the area of high molecular weights 
with increase of conversion (Fig. 2d).

Fig. 1  MWD curves of PMMA obtained at 70 °C. Reagent concentra-
tions: (dpp-BIAN↔CuCl)2: 2.5 ×  10− 3 mol  L− 1,  CCl4: 2.5 ×  10− 2 
mol L− 1, activator: 5×10− 2 mol L− 1
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The end-group analysis of polymers formed during 
polymerization in the presence of diethylamine was per-
formed using MALDI-TOF MS. The spectrum depicted 
in Fig. 3 represented three series of signals separated by 
100 Da corresponding to MMA unit (Table 2). A major 
one corresponds to macromolecules containing trichloro-
methyl group in one end of the molecule and terminated 
either by a hydrogen atom or by a double bond formed 
during disproportionation. A second one corresponds to 
polymer molecules with trichloromethyl group at α-end 
and chlorine atom at ω-end. In both cases, the presence 
of a sodium cation coordinated to macromolecule was 
observed. The third less intensive series of signals may be 

referred to macrocations formed from polymer molecules 
during the addition of diethylamine moiety at ω-end. For-
mation of similar structures was observed during copper-
catalyzed ATRP in the presence of nitrogen-based ligands 
[33]. The chlorine-ended macromolecules give the oppor-
tunity for re-initiation of polymerization and increase of 
molecular weight with conversion. The presence of a large 
amount of “dead” chains determines high polydispersity 
of the obtained samples.

Thus, the use of secondary amine instead of tertiary 
amine resulted in higher control over polymerization 
process. It should be mentioned that the increase of 
polymerization temperature up to 110 °C led to higher 

Fig. 2  a Semi-logarithmic kinetic plots for MMA polymerization, b 
the dependence of Mn on conversion for MMA polymerization.  Line: 
theoretical Mn values were calculated using equations: 
Mn,th =

[M]0×Conv.×Mmonomer

[Initiator]0
+Minitiator. , c The dependence of  Mw/Mn on 

conversion for MMA polymerization, and d MWD curves of PMMA 

obtained in the presence of  Et2NH. The monomer conversion is indi-
cated near the curves. Polymerization conditions: in the presence of 
 Et3N or ascorbic acid at 70  °С; in the presence of  Et2NH at 90  °C. 
Reagent concentrations: 9.46 mol L− 1  [MMA]0, 2.5 ×  10− 3 mol L− 1 
(dpp-BIAN↔CuCl)2, 2.5 ×  10− 2 mol  L− 1  CCl4, and 5 ×  10− 2 
mol L− 1 activator
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polymerization rate, though it was accompanied by the 
loss of control over the process (Table 1).

The polymers obtained in the presence of triethylamine 
or ascorbic acid as activating agents were high molecular 
weights based on MALDI-TOF MS analyses. To estimate 
the ratio of “dead” and “living” chains formed during 
polymerization with these activators an attempt was made 
to obtain block-copolymers with styrene. The obtained 
data summarized in Table 3 indicated that about 50% of 
the initial macroinitiator entered into block copolymer 
independent of the nature of activating agent. These results 
indicated that the polyMMA formed in the presence of 
copper BIAN complex contained, as in chlorine-capped 
“living” chains, “dead” chains incapable of further propa-
gation. The molecular weight of the copolymer formation 
relatively increased the molecular weight of the initial 
polyMMA.

The molecular weight distribution curves obtained 
using refractive index and UV detectors were uniform 
corroborating the homogeneity of styrene distribution in 
macromolecules with different molecular weights (Fig. 4). 
Using triethylamine as activator resulted in the formation 
of block-copolymers with slight higher molecular weight 
distribution relative to macroinitiator, while using ascorbic 
acid led to slight decrease of polydispersity (Table 3).

The obtained data on polymerization of MMA in the 
presence of copper complex with BIAN ligand and dif-
ferent activating agents indicate that the proposed system 
is not suitable for achieving high degree of control over 
polymerization contrary to conventional copper-based 
ATRP systems [34–36] and reversible-deactivation radical 
polymerization [37]. This may be determined by different 
factors such as low activity of complex with redox-active 
ligand in reversible activation/deactivation of polymer 
chain as well as by its decomposition during polymeriza-
tion at high temperature leading to products which can 
participate in chain termination and transfer reactions.

Fig. 3  MALDI-TOF mass spectra recorded for PMMA formed in the 
presence of (dpp-BIAN↔CuCl)2 (2.5 ×  10− 3 mol  L− 1),  CCl4 (2.5 
×  10− 2 mol L− 1) and diethylamine (5 ×  10− 2 mol L− 1) (Entry 7 in 
Table 1)

Table 2  The possible macromolecule structures formed during 
 MMAa and  ANb polymerization conducted in the presence of (dpp-
BIAN↔CuCl)2,  CCl4, and amine

a In the presence of (dpp-BIAN↔CuCl)2 (2.5 ×  10− 3 mol L− 1),  CCl4 
(2.5 ×  10− 2 mol L− 1) and diethylamine (5 ×  10− 2 mol L− 1) at  70 °C
b  In the presence of (dpp-BIAN↔CuCl)2 (2.5 ×  10− 3 mol  L− 1); 
 CCl4 (1.25 ×  10− 2 mol L− 1) and triethylamine (5 ×  10− 2 mol L− 1) at 
90 °C. V(AN):V(solvent) = 1:2

Monomer Formed polymer Molecular 
weight 
(Da)

MMA CCl3(CH2CCH3COOCH3)31ClNa 3280.4
CCl3(CH2CCH3COOCH3)31Na+ 3245.0
CCl3(CH2CCH3COOCH3)31N(C2H5)2H+ 3295.1

AN CCl3(CH2CHCN)31ClNa+ 1609.5
CCl3(CH2CHCN)31Na+ 1574.1

Table 3  The results of 
PMMA to styrene block-
copolymerization

Reagent concentration: (dpp-BIAN↔CuCl)2: 2.5 ×  10− 3 mol L− 1, activators: 5 ×  10− 2 mol L− 1 at 70 °С, 
time: 100 h
a Initial PMMA macroinitiator was obtained in the presence of (dpp-BIAN↔CuCl)2 (2.5 ×  10− 3 mol L− 1), 
 CCl4 (2.5 ×  10− 2 mol L− 1), activator (5 ×  10− 2 mol L− 1,  Et3N for MI1,  C6H8O6 for MI2) at 70 ºС. MI1: 
Mn= 49,000, Mw/Mn= 1.99, MI2: Mn= 110,000, Mw/Mn= 2.57
b  Molecular weight parameters were calculated using PMMA calibration

MIa Activator Composition of block-copolymeriza-
tion product

Mn ×  10−3,b Mw/Mn Part of MI introduced 
into block-copolymer, 
(wt%)

Poly-
styrene 
(wt%)

PMMA (wt%) Block-
copolymer 
(wt%)

MI1 Et3N 26 50 24 248 2.38 50
MI2 C6H8O6 30 48 22 355 2.05 52
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Polymerization of acrylonitrile in the presence 
of copper BIAN complex

It is well-known that monomer structure has a significant 
impact on polymerization conducted in the presence of metal 
complexes [3–5]. So, we decided to investigate the influence 

of copper complex on polymerization of acrylonitrile, which 
is characterized by more active propagating radicals.

The introduction of (dpp-BIAN↔CuCl)2 into polym-
erization of acrylonitrile performed in DMF or DMSO 
and initiated by AIBN resulted in lower yield as well as in 
the molecular weight of the obtained polymers (Table S1 
in Supplementary file). The molecular weight distribu-
tion slightly decreased independent of solvent nature. It 
should be mentioned that using DMSO as a solvent resulted 
in the formation of PAN with higher yield and molecular 
weights. So, copper complex acts as a poor inhibitor for AN 
polymerization.

We have also performed the polymerization of AN initi-
ated by carbon tetrachloride, (dpp-BIAN↔CuCl)2 in con-
junction with different activating agents: amines or ascorbic 
acid in various solvents. We first tried to use benzene as 
a solvent for polymerization as (dpp-BIAN↔CuCl)2 com-
plex has a very good solubility in benzene. The results of 
experiments summarized in Table 4 indicated that moderate 
polymer yield was observed only when triethylamine was 
used as an activator. Even in this case the formation of sam-
ples with low molecular weight and high polydispersity was 
observed. The poor efficiency of the proposed system may 
be determined by low solubility of acrylonitrile in benzene 
resulting in precipitation of the polymer obtained.

DMF is known to be a good solvent for AN polymeriza-
tion and is often used in PAN preparation in industry [38]. 
We have performed some experiments using triethylamine as 

Fig. 4  MWD curves of PMMA macroinitiators and PMMA-b-pol-
ystyrene obtained at 70  °C. (Polymerization conditions provided in 
Table 3)

Table 4  Results of AN 
polymerization  ([AN]0= 
5.07 mol L− 1) in the presence 
of (dpp-BIAN↔CuCl)2 at 
90 °C; reagent concentrations: 
 CCl4:1.25 ×  10− 2 mol L− 1, 
V(AN):V(solvent) = 1:2

C6H8O6 ascorbic acid

Entry Solvent Activator/ concentra-
tion×102 (mol L− 1)

[(dpp-
BIAN↔CuCl)2] 
×103 (mol L− 1)

Time (h) Conver-
sion (%)

Mn ×  10−3 Mw/Mn

1 С6Н6 – 1.25 70 3 – –
2 С6Н6 t-BuNH2 /5 1.25 70 5 – –
3 С6Н6 Et2NH /5 1.25 70 3 – –
4 С6Н6 Bipy /5 1.25 70 2 – –
5 С6Н6 C6H8O6 /5 1.25 70 – – –
6 С6Н6 Et3N /5 1.25 10 32 10.7 1.83
7 DMF Et3N /1 1.25 10 28 11.3 2.11
8 DMF Et3N /2.5 1.25 10 31 11.9 2.10
9 DMF Et3N /5 1.25 10 30 11.4 1.72
10 DMF Et3N/5 2.50 10 29 10.3 1.69
11 DMF Et3N /5 5.00 10 36 9.8 1.68
12 DMF Et3N /5 – 10 3 – –
13 DMSO Et3N/1 1.25 10 51 16.7 2.34
14 DMSO Et3N /2.5 1.25 10 49 16.3 2.17
15 DMSO Et3N /5 1.25 10 56 13.9 1.98
16 DMSO Et3N /5 2.50 10 83 13.3 1.84
17 DMSO Et3N /5 5.00 10 81 11.6 1.80
18 DMSO Et3N /5 – 10 7 – –
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activating agent and DMF as a solvent. The solvent change 
did not result in a significant increase in monomer conver-
sion (entries 6 and 9 in Table 4). The increase of amine 
concentration had no influence on polymer yield but resulted 
in slight decrease of polydispersity index. Conduction of AN 
polymerization at higher catalyst concentration resulted in 
narrowing of molecular weight distribution (Table 4).

The use of DMSO as a solvent resulted in higher mono-
mer conversion (Table 4) due to the better solubility of the 
polymer product in this solvent. The increase of amine con-
centration led to slight reduction of polydispersity but had 
no influence on polymer yield. At the same time a double 
increase of (dpp-BIAN↔CuCl)2 concentration resulted in 
a significant increase of monomer conversion. The obtained 
data indicated that the polymer formed in DMSO solution 
had higher MW in comparison with polymers obtained in 
DMF. This fact may be explained either by non-covalent 
interactions of propagating polymer chains with DMF for 
example by hydrogen bonding or by difference in the chain 
transfer constants for DMSO (Cs

60 °С = 5.9 ×  10− 5) and 
DMF (Cs

60°С = 5.0 ×  10− 4) [39]. The molecular distribu-
tion curves were unimodal despite of solvent nature (Fig. 
S2 in Supplementary file).

The MALDI mass spectrum of PAN samples obtained 
in the presence of triethylamine is represented by two main 
series of peaks separated by 53 Da corresponding to the 
mass of the PAN unit (Fig. S3 in Supplementary file). The 
analysis of absolute m/z values indicates that the major series 
of peaks correspond to polymer molecules with trichlorome-
thyl group at α-end and chlorine atom at ω-end. The second 

one corresponds to chains bearing trichloromethyl group 
at the start and double bond or hydrogen atom at the end 
(Table 2). In case of PAN samples the amount of polymer 
chains capped by amine fragment is negligible.

It should be mentioned that as in the case of MMA 
polymerization almost no polymer was formed when we 
tried to initiate polymerization using binary  CCl4–amine 
system without copper complex. Polymerization of AN con-
ducted in DMF or DMSO resulted in negligible polymer 
yield in comparison with experiments with metal complex.

The results obtained in the polymerization of MMA and 
AN in the presence of proposed system based on copper 
BIAN complex indicated that addition of aliphatic amines 
increases the efficiency of initiation. We suppose that split-
ting of binuclear copper complex by amine forms more 
active species which further interact with carbon tetrachlo-
ride by producing active radicals to initiate polymerization 
(Scheme 1). This proposition was unambiguously confirmed 
using UV–Vis spectrometry (Supporting information). 
Introduction of amines to the benzene solution of (dpp-
BIAN↔CuCl)2 results in dramatic change in its UV absorp-
tion spectrum. The initial (dpp-BIAN↔CuCl)2 complex is 
characterized by three absorption maxima at 275, 326 and 
437 nm. Introduction of the amines results in hypochromic 
effect at 326 and 437 nm up to full end of absorption. At the 
same time, the significant increase of absorption accompa-
nied by bathochromic effect is observed for the short-wave 
band (275 nm) (Fig. S4 and Table S2 in Supplementary file).

The nature of the amine has a great influence on activity 
of initiating system. The latter depends, as its basicity on 

Scheme 1  Mechanism of initiation in presence of a system based on (dpp-BIAN↔CuCl)2 and amine
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amine structure as well. For example, a primary amine is 
less effective as an activator. At the same time the use of 
more basic amines such as pyridine or 2,2′-bipyridyl results 
in the decay of copper complex with the loss of BIAN ligand 
leading to a less active species. This fact is clearly seen at 
90 °C for MMA or AN polymerization. It should be men-
tioned that the effectiveness of a catalytic system depends 
not only on amine basicity but is also governed by steric 
hindrance and peculiarity of its coordination with copper 
atom in complex structure [5].

Conclusion

Thus, we can conclude that the explored systems based on 
(dpp-BIAN↔CuCl)2, alkyl halide and amines as activators 
are capable of initiating polymerization of monomers with 
various structures: MMA and AN. In spite of the presence 
of copper atom and redox-active ligand the proposed sys-
tems do not act as ATRP catalysts and do not show a good 
control over polymerization. It was shown that the introduc-
tion of diethylamine into polymerization media results in 
significant increase of control over process. The developed 
compositions allow conducting polymerization of MMA and 
AN up to high conversions in wide temperature range giv-
ing polymers with high yield and moderate polydispersity 
at 1.6–2.0 level.
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