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Abstract: Atom Transfer Radical Polymerization (ATRP) is an effective catalytic process leading
to well-defined polymers with desired properties. This process based on reversible deactivation
of propagating chains has a lower rate in comparison with conventional radical polymerization,
especially in the case of obtaining polymers with high molecular weights. Thus, the increase of the
rate of this process with preserving control over molecular weight distribution is a challenging task.
In this work, novel catalytic systems for Activators Generated by Electron Transfer (AGET) ATRP of
acrylonitrile based on copper (II) bromide complexes were proposed. It was found that Rochelle salt
(potassium sodium tartrate tetrahydrate) may be used as a reducing agent for regeneration of copper-
based catalysts to increase the rate of the process. The provided UV-vis spectroscopy experiments
have confirmed the reducing ability of tartaric anion. It was found that the use tandem catalytic
system based on two copper complexes with different ligands also increases the polymerization
rate. The performed experiments allowed us to develop a catalytic system for rapidly obtaining
polyacrylonitrile polymers with desired molecular weights exceeding 100 kDa.

Keywords: acrylonitrile; reversible-deactivation radical polymerization; atom transfer radical
polymerization; copper (II) bromide; tris[(2-pyridyl)methyl]lamine; N,N,N’,N” ,N”-pentamethyldieth-
ylenetriamine; rochelle salt; cyclic voltammetry

1. Introduction

Atom Transfer Radical Polymerization (ATRP) is one of the state-of-the-art ways of
synthesis of well-defined polymers and different macromolecular structures [1-5]. It is
a catalytic process based on reversible halogen transfer between propagating chain and
a complex of a transitional metal (Scheme 1). This transfer is accompanied by oxidation
of the metal complex and formation of a dormant chain. Due to the reversible nature of
the process, dormant chains can be reactivated (k,) and additional monomer units may be
added to the growing chain. Realization of this mechanism results in increase of polymer
molecular weight with conversion and provides opportunity to obtain block-copolymers
and more complex objects [6].

The contribution of the side reaction of bimolecular radical termination (k¢) is reduced
by decreasing the concentration of active species, but it cannot be fully avoided. The
termination results in formation of “dead” chains and leads to the accumulation of the
catalyst in higher oxidation state, making reinitiating the process impossible in spite of the
presence of high amount of dormant chains and leading to the retardation of the process.
This problem is solved by addition of a reducing agent capable to regenerate the catalyst.
This method known as Activators Generated by Electron Transfer (AGET) ATRP [7,8]
allows increasing the rate of polymerization even at low catalysts loadings. In spite of the
recent achievements in ATRP, the rate of polymerization is still lower than of a conventional
one. Because of the simultaneous growth of all chains with increase of conversion, this
problem is especially prevalent when the synthesis of the samples with high molecular
weight is required.
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Scheme 1. The mechanism of AGRET ATRP. Mt"Ly—metal complex in oxidation state n;
Mt"*1L, Hal—metal complex in oxidation state (n+1); Pn-Hal—dormant, halogen-capped polymer
chain; Pp,, Pm—active macroradicals; M—monomer unit; ka, kg, kp, ke—rate constant for activation,
deactivation, propagation, and termination reactions, respectively.

A typical copper-based AGET ATRP system consists of Cu(II) salt, a nitrogen-based
ligand that forms a metal complex in situ, and a reducing agent. Each of the components of
the catalytic system has an impact on the polymerization rate and the molecular weight
distribution (MWD) of polymer samples, thus the tuning of the process is a rather complex
task. The proper choice of reducing agent is crucial for ATRP as it or the by-products
of its oxidation may interact with monomers of propagating species. Among the widely
used reducing agents for copper-mediated AGET ATRP, such organic compounds as
glucose [9] or ascorbic acid should be mentioned [10]. The recent works of Matyjaszewski
indicate that sodium pyruvate may be also used as a reducing agent for photoinduced
polymerization [11,12]. Taking into account that pyruvic acid may be easily obtained from
tartaric acid on heating [13], we decided to test it as a reducing agent for AGET ATRP.
According to the ability of acids to react with nitrogen-containing ligands, a potassium
sodium tartrate tetrahydrate (Rochelle salt, RS) was used instead of acid.

Copper-based complexes with nitrogen-based ligands are known as the most popular
catalysts of ATRP due to their high activity and availability. The proper choice of the ligand
allows for obtaining a catalyst with the desired activity suitable for the polymerization of
the chosen monomer [14,15]. It was shown that the structure of the ligand and its donating
ability influence its redox potential, which correlates with activity [16]. The decrease of the
potential of Cu(I) | Cu(Il) couple leads to an increase in equilibrium constant Katrp = ka/kq,
which is considered a measure of a degree of control over a process [17].

Our recent studies have shown that the simultaneous use of two copper complexes
with different redox potentials allows for increasing the rate of copper-mediated ATRP of
acrylonitirle [18]. In such systems, the more reducing complex acts as an activator rapidly
generating active species, while the more oxidizing one transfers them to the dormant state.

Thus, the use of tandem catalysis and application of novel reducing agents may be
considered as two parallel ways of improving AGET ATRP systems from the point of view
of the acceleration of the process and obtaining polymers with high molecular weights. In
this work, both of the approaches were tested separately and simultaneously to increase
the rate of AGET ATRP of acrylonitrile. Polyacrylonitirle (PAN) is widely used for fiber
production. The molecular weight of the polymer and its dispersity are key parameters that
have a high great influence on the fiber strength and processability [19]. Thus, obtaining
PAN samples with high molecular weight and low dispersity is a challenging task that can
be solved by novel approaches for the ATRP method.
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2. Results
2.1. Rochelle Salt as a Reducing Agent for AGET ATRP of Acrylonitrile

To investigate the possibility of the use of RS as the reducing agent, the polymerization
of acrylonitrile in the presence of a CuBr;-based catalytic system was provided. The poly-
merization was conducted in dimethylsulfoxide (DMSO) media, tris[(2-pyridyl)methylamine]
(TPMA) was used as a ligand to form a catalytically active system. Ethyl-2-bromoisobutyrate,
ethylene-bis(2-bromoisobutyrate) (2FBiB), diethyl-2-bromo-2-methylmalonate, and carbon
tetrachloride (CCly) were used as halogen-containing initiators.

The kinetic plots for AN polymerization in the presence of 2FBiB and CCly as initiators
and different [RS]/[Cu(Il)] ratios are shown in Figure 1. It should be mentioned that the
provided dependences of the logarithm of initial to current monomer concentrations ratio
on time are linear, indicating the constant number of propagating chains during the process.
The process has the first order relative to the monomer typical for ATRP processes. The
decrease of [RS] to [Cu(II)] ratio has no significant influence on the polymerization rate
(lines 1 and 2). At the same time, the use of carbon tetrachloride as initiator results in a
decrease of polymerization rate (lines 2 and 3; 4 and 5). This fact may be explained by the
higher energy of C-Cl bond in comparison with C-Br one. According to the obtained results,
RS seems to be a more effective reducing agent than glucose as the lower quantity of RS
allows for conducting the process at a higher rate (lines 5 and 6). The decrease of initiator
to monomer ratio expectedly resulted in the decrease of polymerization rate, making the
synthesis of the samples with high molecular weight challenging (see lines 2 and 4; 3 and 5).
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Figure 1. The kinetic plots for AN polymerization in DMSO at 60 °C. [AN] = 4 M. 1—
[AN]:[2FBiB]:[CuBr;:[TPMA]:[RS] = 912:1:0.24:2.4:1.2; 2—[AN]:[2FBiB]:[CuBr;]:[TPMA]:[RS]
= 912:1:0.24:2.4:0.48; 3—[AN]:[CCl4]:[CuBry :[TPMA]L[RS] = 912:1:0.24:2.4:0.48; 4—
[AN]:[2FBiB]:[CuBr;:[TPMA]:[RS] = 4000:1:0.24:2.4:0.48; 5—[AN]:[CCl4]:[CuBr;]:[TPMA]:[RS]
= 4000:1:0.24:2.4:0.48; 6—[AN]:[CCl4]:[CuBr;]:[TPMA]:[glucose] = 4000:1:0.24:2.4:1.2; 7—
[AN]:[2FBiB]:[CuBr; ]:.[PMDTA]:[RS] = 4000:1:0.24:2.4:0.48.

The dependences of molecular weights and dispersity (D = M, /M) of the samples on
conversion are provided in Figure 2. The polymerizations at [I]o:[M]o = 1:900 ratio proceed
with the linear increase of molecular weights of the samples with conversion. A good
agreement with theoretically calculated values typical for ATRP processes is observed. The
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highest deviation between the obtained and theoretically calculated values is observed for
the process provided at [Cu(I)]:[RS] = 1:5 ratio. This system also leads to the samples with
the highest dispersity. The decrease of the RS concentration down to [Cu(I)]:[RS] = 1:2
results in the decrease of the dispersity of the samples and leads to better accordance of
the molecular weights with theoretically calculated values. The samples obtained in the
presence of CCly as an initiator are characterized by the lowest dispersities in agreement
with the lower rate of the process.
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Figure 2. The dependences of My, (filled markers) and B (empty markers) on conversion for
AN polymerization. Strait line—theoretically calculated values. (a) [AN]:[initiator]=912:1;
(b) [AN]:[initiator] = 4000:1. 1—[AN]:[2FBiB]:[CuBr;]:[TPMA]:[RS] = 912:1:0.24:2.4:1.2; 2—
[AN]:[2FBiB]:[CuBr;:[TPMAL[RS] = 912:1:0.24:2.4:0.48; 3—[AN]:[CCly]:[CuBr;,]:[TPMA]:[RS]
= 912:1:0.24:2.4:048;,  4—[AN]:[2FBiB]:[CuBr, |:[TPMA]:[RS] = 4000:1:0.24:2.4:0.48;, 5—
[AN]:[CCly]:[CuBr; :[TPMA]:[RS] = 4000:1:0.24:2.4:0.48; 6—[AN]:[CCl4]:[CuBr; :[TPMA]:[glucose] =
4000:1:0.24:2.4:1.2; 7—[AN]:[2FBiB]:[CuBr; ]:[PMDTA]:[RS] = 4000:1:0.24:2.4:0.48.

The increase of monomer amount allows for increasing the molecular weight of the
polymers up to 80 kDa. A linear increase of molecular weight with conversion is observed
for polymerizations initiated by 2FBiB, thus by CCly. The later initiator allows for obtaining
samples with lower dispersity. The use of RS as a reducing agent allows for achieving a
close correlation of the molecular weights with the theoretically calculated values. At the
same time, in the case of glucose, the molecular weights of the samples are lower, but the
molecular weight distribution (MWD) is narrower.

Thus, we may conclude that RS can be successfully applied as a reducing agent for
AGET ATRP of AN catalyzed by Cu(Il)/ TPMA system.

It is well-known that the nitrogen-based ligand is a keystone of the catalytic system in
the copper-catalyzed ATRP [3]. To evaluate the possibility of the use of RS as a reducing
agent for other catalytic systems, we have explored the polymerization in the presence of
CuBry/ N,N,N' N’ N"-pentamethyldiethylenetriamine (PMDTA) system [20]. The results
are summarized in Table 1.

The obtained results show that the proposed systems allow for obtaining polyacryloni-
trile with good yields. The highest yields are observed in the case of the use of bromine-
containing initiators. In spite of the obtained samples having broader MWD, the molecular
weights are in good agreement with theoretically calculated values, indicating the con-
trolled nature of the process. The lower dispersities were also obtained in the presence of a
chlorine-based initiator as in the case of the CuBr, /TPMA system.
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Table 1. The results of polymerization of acrylonitrile in the presence of CuBr, /PMDTA and different

initiators. Time—20 h.

Initiator

Conversion, %

M, x 10-3

b

M,,, Theor

2FBiB

Ethyl-2-bromoisobutyrate
Diethyl-2-bromo-2-methylmalonate

CCly

80
67
81
65

54.5
454
39.5
28.8

1.89
1.59
1.57
1.43

38.7
324
39.1
31.4

Ln[M]o/[M]
2.57

20t
15}
1.0¢

05 @

The detailed investigation of the process was performed at [I]:[M] = 1:4000 ratio
using 2FBiB as initiator. The kinetic plot of the process (Figure 1, curve 7) has some
curvature indicating the decrease in the number of propagating chains during the process.
The molecular weights of the samples (Figure 2b, line 7) increase with conversion, but
a deviation from the calculated values is observed. At the same time, the dispersities
of the samples are higher than those obtained in the case of catalytic systems based on
CuBr,/TPMA. These facts indicate that the process is not fully controlled and some parallel
processes occur.

Thus, we may conclude that RS may be used as a reducing agent in copper-catalyzed
AGET ATRP.

2.2. Tandem Catalysis by Two Copper Complexes

It was recently shown that the efficiency of AGET ATRP may be significantly increased
in the case of simultaneous introduction in the polymerization media of two copper com-
plexes with different ligands [18]. In according with this observation, we have studied the
polymerization of AN in the presence of a catalytic system containing both CuBr,/TPMA
and CuBr; /PMDTA complexes with different initiators and reducing agents. The results
are summarized in Figure 3.
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Figure 3. Tandem catalysis of AN polymerization in DMSO at 60 °C. [AN] = 4M. (a) The kinetic plot;
(b) the dependences of My, and D on conversion. 1—[AN]:[2FBiB]:[CuBr,]:[PMDTA]:[ TPMA]:[RS]
= 4000:1:0.24:1.2:1.2:1.2; 2—[AN]:[2FBiB]:[CuBr;]:[PMDTA]:[TPMA]:[glucose] =
4000:1:0.24:1.2:1.2:1.2; 3—[AN]:[CCl4]:[CuBr;]:[PMDTA]:[TPMA]:[RS] = 4000:1:0.24:1.2:1.2:0.48;
4—[AN]:[2FBiB]:[CuBr; :[PMDTA]:[TPMA]:[RS] = 4000:1:0.24:1.2:1.2:0.48.
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The simultaneous use of two complexes leads to the increase of polymerization rate
and monomer conversions for the set times at the earlier stage of the process. At the same
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time, the kinetic plots provided in Figure 3 are not linear, indicating a decrease in the
number of active species during the process. The highest rate of the process was observed
in the case of the use of RS as a reducing agent at [Cu(II)]o:[RS] = 1:5 ratio (Figure 3a, line 1).
In this case, 57% conversion was observed after 5 h of the process. The molecular weights
of the samples gradually increased with conversion, but the molecular weight distribution
was high and D exceeded 1.7 (Figure 3b, line 1). The decrease in RS concentration down
to [Cu(II)] o:[RS] = 1:2 (Figure 1, line 4) allowed to improve the control over the process at
earlier stages but resulted in the decrease in the monomer conversion for the set time.

The use of CCly as an initiator (Figure 3a, line 3) led to a decrease in the polymerization
rate as in the case of CuBr,/TPMA systems discussed above. Note that the molecular
weights of the samples were slightly lower than theoretically calculated, but D did not
exceed 1.5.

Polymerization of AN in the presence of glucose (Figure 3, line 2) as a reducing agent
taken in [Cu(II)]o:[glucose] = 1:5 ratio also resulted in the formation of samples with rather
low D. The use of this system allowed for obtaining samples with M, exceeding 100 kDa in
20 h. The rate of polymerization is comparable with the same for [Cu(II)]:[RS] = 1:2.

Thus, we may conclude that the use of CuBry /(TPMA + PMDTA) complex polymer-
ization system with RS or glucose as reducing agents allows for obtaining polyacrylonitrile
samples with high molecular weights.

2.3. UV-VIS Study of Cu(Il) Reduction by Roshelle Salt

Experimental confirmation of the ability of RS to reduce Cu(Il) species was provided
by the use of UV-Vis spectrometry. The recorded UV-Vis spectra in DMSO are shown in
Figure 4.
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Figure 4. The UV-VIS spectra of DMSO solutions of copper complexes in DMSO. [Cu] = 0.005 M,
[ligand] = 0.0075 M, [RS] = 0.05 M. T = 25 °C: (a) Complexes with PMDTA; (b) Complexes with TPMA.

Cu(I) and Cu(II) complexes have different spectra in the range of 500-1000 nm. In-
dependent of the nature of the ligand, the maximal absorbance for Cu (II) complexes is
observed at higher wavelengths in comparison with Cu(I) species. The addition of RS
to the solution of CuBr,; /PMDTA or CuBr; /TPMA results in the shift of the absorbance
maximum to the shortwave area. In both cases, the Apax for the spectra of Cu(Il) solution
containing RS is the same for the corresponding Cu(I) complex. The performed experiments
indicate that RS is capable to reduce Cu(Il) species even at room temperatures. The high
reducing ability of RS allows for using it in lower concentrations than glucose.
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2.4. Electrochemical Studies of Copper-Based Catalytic Systems

To understand the performance of the proposed complex catalytic system based on
two complexes and tartrate as a reducing agent, cyclic voltammetry (CVA) experiments
were performed. The experiments were conducted in DMSO to provide the proper weight
to the solvent coordination ability. The recorded CVA curves and the values of measured
redox potentials are provided in Figure 5. The CuBr, complexes with PMDTA and TPMA
undergo a reversible reduction in DMSO media, similarly as was observed by Tang and
Matyjaszewski in acetonitrile [21]. The difference between cathodic and anodic peaks is
80 mV, ia/ip = 1. According to the provided data, the reduction of CuBry /TPMA complex
occurs at lower potentials in accordance with previous observations. At the same time,
the absolute values of potentials in DMSO are lower than those measured in acetonitrile.
According to [21], the E; s, values for CuBr, /PMDTA and CuBr,/TPMA in acetonitrile are
-80 and —240 mV versus SCE, respectively. Taking into account that the oxidation potential
of ferrocene E; /»(Fc | Fc*) = 430 mV versus SCE [22], the corresponding potentials referred
to ferrocene in acetonitrile should be —510 and —670 mV, respectively. Another point that
should be mentioned is that the change of solvent results in a decrease in the difference
between oxidation potentials of the complexes from 160 to 65 mV.

2

0.5 pA

L I I I
-1200 -1000 -800 -600 -400 -200

E, mV ver Fc|Fc”

Figure 5. The CVA curves recorded in DMSO media at 25 °C. Supporting electrolyte—n-Bu4PFg
(0.2 M). [CuBr,] = 0.0045 M. [ligand] = 0.005 M. [RS] = 0.009 M. 1—CuBr, /PMDTA, Ep, = —610 mV.
Epc = =690 mV, E; /» = —650 mV; 2—CuBry /TPMA, Ep, = =675 mV, Ep. = =755 mV, E; ; = =715 mV;
3—CuBrp /TPMA:CuBr, /PMDTA = 1:1, Ep, = —640 mV, Ep. = —740 mV, E; /, = —690 mV; 4—CuBr;
+ RS + (TPMA:PMDTA = 1:1), Epa = =730 mV, Ep. = —930 mV.

The position of cathodic and anodic peaks on the CVA curve recorded for the equimolar
mixture of complexes is approximately in the middle between the peaks of the pure
complexes. At the same time, the increase in the distance between Ep, and Ep. up to 100 mV
is observed, similar to the earlier studied system based on TPMA and MeTREN [18]. The
separation of anodic and cathodic peaks confirms the proposition that the more reducing
CuBr/TPMA complex probably acts as an activator, while more oxidizing CuBr, /PMDTA
complex acts as a deactivator.

It should be noted that the addition of RS neither to any of the discussed CuBr; /ligand
complexes nor to its mixture has no influence on the CVA curve. At the same time, the
change in the order of the addition of the components led to unexpected results. The CVA
curve recorded to the solution obtained by the addition of the equimolar mixture of PMDTA
and TPMA to the solution of CuBr; and RS in DMSO is clearly shifted to the area of low
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potentials relative to the previously discussed for CuBr, /TPMA, CuBr, /PMDTA, and their
mixture. The cathodic peak is smoothed, while the anodic one is observed at —730 mV
versus ferrocene. This fact testifies to the formation of novel more complex species in the
presence of RS.

3. Discussion

In this paper, two ways of increasing the rate of AN AGET ATRP were proposed. The
first one is the use of RS as a reducing agent. Due to its ability to reduce Cu(ll) species
at room temperature, it can be used in a lower amount than glucose. It is noteworthy
that the use of RS as a reducing agent allows for achieving a perfect correlation between
experimental and theoretically calculated molecular weights.

The reducing ability of tartaric acid towards transition metal cations had been observed
by Fenton in 1894 [23] and was further confirmed by numerous studies. It was found that
tartaric acid may be oxidized by strong oxidizing agents like Cr(VI) [24] or V(V) [25], so
by the more mild ones, such as Mn(Il) [26] or Ce(IV) [27]. It can be also oxidized in an
electrochemical cell [28]. In the latter case, two subsequent one-electron peaks are observed.
The proposed schemes of oxidation of tartaric acid include different intermediate products
such as oxalic or formic acid, indicating the complex nature of the process. At the same
time, the electrochemical exploration of the catalytic system indicates that in the presence
of RS, some novel copper complexes with high reducing ability may be formed. Formation
of such species during polymerization should result in the activation of dormant chains
and increasing the rate of the process. The discussed species may be considered either as an
intermediate in the process of Cu(Il) reduction or act as a real catalyst of ATRP. The detailed
study of the mechanism of oxidation of RS by Cu(Il) species is undoubtedly interesting
and will be studied by us later. Independent of the mechanism of the process, we may
conclude that RS along with sodium pyruvate [11] may be used in AGET ATRP. Moreover,
we may propose that the salts of the related hydroxy acids or oxyacids may be also used as
reducing agents.

The second way of accelerating of copper-catalyzed AGET ATRP is tandem catalysis
based on the simultaneous use of two complexes. Similar to the earlier studied Cu(I)/TPMA
+ Cu(I)/MegTREN system [18], the proposed Cu(Il)/ TPMA + Cu(Il)/PMDTA one shows
faster polymerization relative to the systems containing only one of the mentioned com-
plexes. The acceleration of polymerization is due to the activation of the process by
the more reducing complex with Cu(I)/TPMA and its deactivation by more oxidizing
Cu(Il)/PMDTA.

The combination of the mentioned approaches allowed for obtaining PAN with My
exceeding 100 kDa in 5 h using only 0.06 ppm of copper catalyst relative to monomer. In
spite of the D of the obtained samples being rather broad, the linear increase of My, with
conversion in good agreement with theoretically calculated values confirms the AGET
ATRP mechanism of the process.

4. Materials and Methods
4.1. General Considerations

Acrylonitrile (AN, Aldrich, The Netherlands) was purified by distillation over cal-
cium hydride under argon immediately before use. Dimethyl sulfoxide (DMSO, Com-
ponent Reactive, Moscow, Russia) and dimethyl formamide (DMF, Component Reac-
tive, Moscow, Russia) were dried over sodium hydroxide, distilled under reduced pres-
sure, redried over the calcined 4-A zeolite, and then again distilled. Copper (II) bro-
mide (Aldrich, Germany), lithium bromide (Aldrich, Germany), pentamethylethylenedi-
amine (PMDTA) (Aldrich, USA), potassium sodium tartrate tetrahydrate (Khimreactive,
Moscow, Russia) were used without further purification. Tris(2-pyridylmethyl)amine
(TPMA) was obtained according to the known procedure from 2-picolylamine (Aldrich,
Germany) and 2-(chloromethyl)pyridine hydrochloride (Aldrich, China) [29]. Ethyle-bis(2-
bromoisobutyrate) (2FBib) was obtained by previously published procedure [30].
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4.2. Polymerization Procedure

A typical polymerization procedure is listed below. The experiments with different
ratios between components were conducted in the same manner. The determined amounts
of copper (II) bromide (2.8 mg, 0.012 mmol), a TPMA ligand (33 mg, 0.12 mmol), 2FBiB as
an initiator (17.6 mg, 0.05 mmol), RS (16.9 mg, 0.06 mmol) were placed in a Schlenk flask
equipped with a magnetic stirrer. The flask was degassed three times and filled with argon.
The calculated amounts of argon-flushed DMSO (15 mL, 211 mmol), and acrylonitrile
(3 mL, 46 mmol) were then added. The resulting mixture was dispensed into prepared
ampoules. The ampoules were degassed by three freeze-pump-thaw cycles, sealed, and
placed in a thermostat at 60 °C for a predetermined time. The polymerization was stopped
by freezing the ampoule in liquid nitrogen. The polymerization product was dissolved in
dimethyl formamide and precipitated in distilled water. The polymer obtained by filtration
was dried to constant weight at 70 °C under reduced pressure. The monomer conversion
was determined gravimetrically.

4.3. Polymer Characterization

The molecular weight characteristics of (co)polymers were determined by gel-permeation
chromatography on a Knauer system equipped with a linear column with the exclusion
limit of 2 x 10° (Phenomenex, Nucleogel GPCM-10, Torrance, CA, USA) at 40 °C;. The
detector was an RI Detector K-2301 differential refractometer, and the eluent was DMF
containing 10 mmol LiBr. The instrument was calibrated using narrow-dispersed PMMA-
based standards (Polymer Standards Service) ranging from 2400 to 970,000 g/mol. The
molecular weight of PAN was calculated from a universal calibration curve and the Mark-
Kuhn-Houwink equation using the coefficients for PAN and PMMA known from the
literature [31]. The calculation formula was as follows:

1+ XPMMA |\ n 1 Kpmma
1+ apan EVIPMMA 17 apaN ~ Kpan

lgMpan =

4.4. UV-VIS Spectrometry

The UV-VIS spectra were recorded at 25 °C in DMSO solution in a 10 mm quartz
cuvette using Shimadzu UV-mini spectrometer. The typical procedure is listed below. 5 mg
of CuBry, 9.6 mg of TPMA and 62 mg of RS were placed in a glass vial, followed by 5 mL of
DMSO. After dissolution, the solution was transferred in a quartz cuvette and a spectrum
was recorded.

4.5. Cyclic Voltammetry

Electrochemical measurements were conducted in DMSO at 25 °C with 0.2 M n-
BuyPFg¢ as the supporting electrolyte. These measurements were carried out under argon
atmosphere in a conventional three-electrode cell with a Pt disk (0.8 mm in diameter) as the
working electrode, a Pt wire as the counter electrode and Ag/0.01 M AgNO;3 plus 0.2 M
n-BuyNPFy in acetonitrile as the reference electrode [22]. Electrochemical measurements
were performed with an IPC Pro-M potentiostate with the digital recording of the results.

Author Contributions: CVA study, manuscript concept, supervision, and manuscript writing, 1.D.G.;
polymerization experiments, UV-VIS study E.I.Z.; polymerization experiments, MWD determi-
nation, Y.S.P.; supervision, D.F.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Russian Scientific Foundation (proj. 23-23-00087).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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



Catalysts 2023, 13, 444 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Corrigan, N.; Jung, K.; Moad, G.; Hawker, C.J.; Matyjaszewski, K.; Boyer, C. Reversible-deactivation radical polymerization
(Controlled /living radical polymerization): From discovery to materials design and applications. Progr. Polym. Sci. 2020, 111,
101311. [CrossRef]

Zhou, Y.N,; Li, J.].; Wang, T.T.; Wu, Y.Y.; Luo, Z.H. Precision polymer synthesis by controlled radical polymerization: Fusing the
progress from polymer chemistry and reaction engineering. Progr. Polym. Sci. 2022, 130, 101555. [CrossRef]

Dworakowska, S.; Lorandi, F; Gorczynski, A.; Matyjaszewski, K. Toward Green Atom Transfer Radical Polymerization: Current
Status and Future Challenges. Adv. Sci. 2022, 9, 2106076. [CrossRef] [PubMed]

Grishin, I.D. New Approaches to Atom Transfer Radical Polymerization and Their Realization in the Synthesis of Functional
Polymers and Hybrid Macromolecular Structures. Polym Sci. Ser. C 2022, 64, 106-119. [CrossRef]

Messina, M.S.; Messina, KM.M.; Bhattacharya, A.; Montgomery, H.R.; Maynarda, H.D. Preparation of biomolecule-polymer
conjugates by grafting-from using ATRP, RAFT, or ROMP. Progr. Polym. Sci. 2020, 100, 101186. [CrossRef]

Grishin, D.F,; Grishin, L.D. Modern trends in controlled synthesis of functional polymers: Fundamental aspects and practical
applications. Russ. Chem. Rev. 2021, 90, 231-264. [CrossRef]

Jakubowski, W.; Matyjaszewski, K. Activator Generated by Electron Transfer for Atom Transfer Radical Polymerization.
Macromolecules 2005, 38, 4139—4146. [CrossRef]

Yuan, M.; Cui, X.; Zhu, W.; Tang, H. Development of Environmentally Friendly Atom Transfer Radical Polymerization. Polymers
2020, 12, 1987. [CrossRef]

Jakubowski, W.; Min, K.; Matyjaszewski, K. Activators Regenerated by Electron Transfer for Atom Transfer Radical Polymerization
of Styrene. Macromolecules 2006, 39, 39-45. [CrossRef]

Min, K.; Gao, H.; Matyjaszewski, K. Use of Ascorbic Acid as Reducing Agent for Synthesis of Well-Defined Polymers by ARGET
ATRP. Macromolecules 2007, 40, 1789-1791. [CrossRef]

Szczepaniak, G.; Fu, L.; Jafari, H.; Kapil, K.; Matyjaszewski, K. Making ATRP More Practical: Oxygen Tolerance. Acc. Chem. Res.
2021, 54, 1779-1790. [CrossRef] [PubMed]

Szczepaniak, G.; Lagodzinska, M.; Dadashi-Silab, S.; Gorczynski, A.; Matyjaszewski, K. Fully oxygen-tolerant atom transfer
radical polymerization triggered by sodium pyruvate. Acc. Chem. Res. 2021, 54, 1779-1790. [CrossRef] [PubMed]

Howard, ].W.; Fraser, W.A. Pyruvic acid. A Publication of Reliable Methods for the Preparation of Organic Compounds. Org.
Synth. 1925, 4, 63. [CrossRef]

Lorandi, F.; Matyjaszewski, K. Why Do We Need More Active ATRP Catalysts? Isr. J. Chem. 2020, 60, 108-123. [CrossRef]
Matyjaszewski, K. Advanced Materials by Atom Transfer Radical Polymerization. Adv. Mater. 2018, 30, 1706441. [CrossRef]
Ribelli, T.G.; Fantin, M.; Daran, J.-C.; Augustine, K.E; Poli, R.; Matyjaszewski, K. Synthesis and Characterization of the Most
Active Copper ATRP Catalyst Based on Tris[(4-dimethylaminopyridyl)methyl]lamine. J. Am. Chem. Soc. 2018, 140, 1525-1534.
[CrossRef]

Tang, W.; Tsarevsky, N.V.; Matyjaszewski, K. Determination of Equilibrium Constants for Atom Transfer Radical Polymerization.
J. Am. Chem. Soc. 2006, 128, 1598-1604. [CrossRef]

Stakhi, S.A.; Grishin, D.F,; Grishin, I.D. Tandem catalysis of Atom Transfer Radical Polymerization of acrylonitrile based on
simultaneous use of two copper complexes. |. Polym. Res. 2021, 28, 457. [CrossRef]

Cai, ].Y.; McDonnell, ].; Brackley, C.; O’Brien, L.; Church, ].S.; Millington, K.; Smith, S.; Phair-Sorensen, N. Polyacrylonitrile-based
precursors and carbon fibers derived from advanced RAFT technology and conventional methods—The 1st comparative study.
Mat. Today Comm. 2016, 9, 22-29. [CrossRef]

Nanda, A .K.; Matyjaszewski, K. Effect of [PMDETA]/[Cu(I)] Ratio, Monomer, Solvent, Counterion, Ligand, and Alkyl Bromide
on the Activation Rate Constants in Atom Transfer Radical Polymerization. Macromolecules 2003, 36, 1487-1493. [CrossRef]
Tang, W.; Kwak, Y.; Braunecker, W.; Tsarevsky, N.V.; Coote, M.L.; Matyjaszewski, K. Understanding Atom Transfer Radical
Polymerization: Effect of Ligand and Initiator Structures on the Equilibrium Constants. J. Am. Chem. Soc. 2008, 130, 10702-10713.
[CrossRef]

Vorotyntsev, M.A.; Casalta, M.; Pousson, E.; Roullier, L.; Boni, G.; Moise, C. Redox properties of titanocene-pyrrole derivative and
its electropolymerization. Electrochim. Acta 2001, 46, 4017-4033. [CrossRef]

Fenton, H.J.H. LXXIIL.-Oxidation of Tartaric Acid in presence of Iron. J. Chem. Soc. Trans. 1894, 65, 899-910. [CrossRef]

Brose, D.A.; James, B.R. Hexavalent Chromium Reduction by Tartaric Acid and Isopropyl Alcohol in Mid-Atlantic Soils and the
Role of Mn(IILIV)(hydr)oxides. Environ. Sci. Technol. 2013, 47, 12985-12991. [CrossRef] [PubMed]

Takashima, K.; Ziglio, C.M.; Ronconi, C.M. Kinetic and mechanistic aspects for the tartaric acid oxidation by vanadium(V) in
sulfuric acid medium. Int. J. Chem. Kin. 1998, 30, 55-61. [CrossRef]

Kaizaki, S.; Nakahanada, M.; Fuyuhiro, A.; Ikedo-Urade, M.; Abe, Y. Synthesis, characterization and redox reactivity of 1 -tartrato
bridged dinuclear manganese complex with 2,2-bipyridine. Inorg. Chim. Acta 2009, 362, 5117-5121. [CrossRef]

Sahu, S.; Padhy, R.K.; Nanda, S.P. Surfactant catalyzed electron transfer mechanism in the oxidation of racemic tartaric acid by
Ce(IV). Mater. Today Proc. 2022. [CrossRef]

Cai, Z.Y,; Pei, L.Z,; Yang, Y.; Pei, Y.Q.; Fan, C.G.; Fu, D.G. Electrochemical behavior of tartaric acid at CuGeO3 nanowire modified
glassy carbon electrode. J. Solid State Electrochem. 2012, 16, 2243-2249. [CrossRef]


http://doi.org/10.1016/j.progpolymsci.2020.101311
http://doi.org/10.1016/j.progpolymsci.2022.101555
http://doi.org/10.1002/advs.202106076
http://www.ncbi.nlm.nih.gov/pubmed/35175001
http://doi.org/10.1134/S1811238222700035
http://doi.org/10.1016/j.progpolymsci.2019.101186
http://doi.org/10.1070/RCR4964
http://doi.org/10.1021/ma047389l
http://doi.org/10.3390/polym12091987
http://doi.org/10.1021/ma0522716
http://doi.org/10.1021/ma0702041
http://doi.org/10.1021/acs.accounts.1c00032
http://www.ncbi.nlm.nih.gov/pubmed/33751886
http://doi.org/10.1021/acs.accounts.1c00032
http://www.ncbi.nlm.nih.gov/pubmed/33751886
http://doi.org/10.15227/orgsyn.004.0063
http://doi.org/10.1002/ijch.201900079
http://doi.org/10.1002/adma.201706441
http://doi.org/10.1021/jacs.7b12180
http://doi.org/10.1021/ja0558591
http://doi.org/10.1007/s10965-021-02821-6
http://doi.org/10.1016/j.mtcomm.2016.09.001
http://doi.org/10.1021/ma0340107
http://doi.org/10.1021/ja802290a
http://doi.org/10.1016/S0013-4686(01)00717-4
http://doi.org/10.1039/CT8946500899
http://doi.org/10.1021/es401903s
http://www.ncbi.nlm.nih.gov/pubmed/24102200
http://doi.org/10.1002/(SICI)1097-4601(1998)30:1&lt;55::AID-KIN7&gt;3.0.CO;2-T
http://doi.org/10.1016/j.ica.2009.07.038
http://doi.org/10.1016/j.matpr.2022.10.276
http://doi.org/10.1007/s10008-012-1654-2

Catalysts 2023, 13, 444 11 of 11

29. Liu, X.-H.; Zhang, G.-B.; Li, B.-X; Bai, Y.-G.; Li, Y.-S. Copper(0)-mediated living radical polymerization of acrylonitrile: SET-LRP
or AGET-ATRP. |. Polym Sci. Part A: Polym. Chem. 2010, 48, 5439-5445. [CrossRef]

30. Zhang, C.; Ling, J.; Wang, Q. Radical Addition-Coupling Polymerization (RACP) toward Periodic Copolymers. Macromolecules
2011, 44, 8739-8743. [CrossRef]

31. Liu, X,; Wang, J; Yang, J.; An, S.; Ren, Y.; Yu, Y.; Chen, P. Fast copper catalyzed living radical polymerization of acrylonitrile
utilizing a high concentration of radical initiator. J. Polym Sci. Part A: Polym. Chem. 2012, 50, 1933-1940. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/pola.24350
http://doi.org/10.1021/ma201843n
http://doi.org/10.1002/pola.25967

	Introduction 
	Results 
	Rochelle Salt as a Reducing Agent for AGET ATRP of Acrylonitrile 
	Tandem Catalysis by Two Copper Complexes 
	UV-VIS Study of Cu(II) Reduction by Roshelle Salt 
	Electrochemical Studies of Copper-Based Catalytic Systems 

	Discussion 
	Materials and Methods 
	General Considerations 
	Polymerization Procedure 
	Polymer Characterization 
	UV-VIS Spectrometry 
	Cyclic Voltammetry 

	References

