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Abstract—This review is the first attempt to consider application of some principles of green chemistry to
reversible-deactivation radical polymerization mediated by nitroxides. The results of controlled synthesis of
easily degradable polymers and polymers synthesized under conditions of green chemistry by photopolymer-
ization, polymerization in supercritical carbon dioxide, and polymerization of monomers from renewable
raw materials are discussed.
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INTRODUCTION
The general concept of green chemistry including

12 principles was first formulated in 1998 by
P.T. Anastas and J.C. Warner at American Chemical
Society [1, 2]. Later, this concept was developed and
corrected and the sequence of its principles was revis-
ited; however, its main provisions and number
remained unchanged [3]. The essence of these princi-
ples is as follows.

1. Prevention: it is better to prevent waste than to
treat it. The quantitative measure of this principle is the
Е factor that relates the weight of waste to the weight of
the desired product [4–6]. Its value varies in a wide
range from 0.1 in oil refining to 100 in pharmaceuticals.
As applied to the synthesis of polymers, this criterion
first of all implies designing a process so that a mono-
mer can be maximally converted to a polymer [5].

2. Atom economy: synthetic methods should be
designed to maximize the incorporation of initial sub-
stances into the final product. This principle is charac-
terized by parameter АЕ equal to the ratio of molecu-
lar weight of a product to the sum of molecular weights
of all initial compounds [7]. The second criterion may
be treated as a specification of the first principle. It
involves the choice of those synthetic methods in
which there would be no byproducts in addition to the
target product. Thus, from the point of view of green
chemistry polymerization is more preferable than
polycondensation for the synthesis of polymers,
because in the latter a low molecular weight product is
usually obtained along with the polymer. For example,
for nylon-6 produced by the ring-opening polymeriza-
tion of caprolactam parameter АЕ close to 100%,
while for its analog, nylon-6,6, manufactured by poly-
condensation AE = 91.3% [5].

3. Nontoxicity of initial and final substances: syn-
thetic methods should be designed to use and generate
substances that are as much as less hazardous to
human health and the environment. In polymeriza-
tion processes, this criterion will only be met by half in
most cases. Although the majority of manufactured
polymers are harmless to nature and human, mono-
mers used in their synthesis are as a rule toxic.

4. Designing safer chemicals: new chemical prod-
ucts should be designed to effect their desired function
while minimizing their toxicity. In this respect, meth-
ods of controlled radical polymerization have both
pros and cons. On the one hand, just methods of con-
trolled radical polymerization are the powerful tool to
produce polymers and especially copolymers of the
specified structure, including gradient and multi-
block, with desired properties [8–12]. On the other
hand, these methods generally use toxic controlling
agents. This concerns to the greatest extent atom
transfer polymerization which leads to the contamina-
tion of products by toxic salts of copper and other
heavy metals; to the lowest extent, polymerization
mediated by reversible inhibitors, nitroxides.

5. Nontoxic solvents and auxiliary chemicals: in
the chemical production, the use of solvents and other
auxiliary chemicals should be avoided or they should
be nontoxic. As applied to controlled radical polymer-
ization, this implies, first, search for nontoxic con-
trolling agents and, second, implementation of the
process in eco-friendly media, among which are not
only aqueous solutions but also ionic liquids and vari-
ous aqueous dispersion media [5].

6. Minimization of energy requirements: chemical
synthesis should be conducted at a temperature close
to room temperature under atmospheric pressure. In
126



REVERSIBLE DEACTIVATION RADICAL POLYMERIZATION MEDIATED 127
the field of controlled radical polymerization, solution
to this task is basically aimed at searching for new con-
trolling agents capable of photopolymerization.

It should be emphasized that one of the first of
attempts to minimize energy requirements in the
polymerization synthesis was made by Soviet theoret-
ical chemists already in the 1970s when a model of
continuous reactor operating under self-heating of the
reaction mixture driven by heat released in the exo-
thermal polymerization reaction was developed [13].

In fact, energy requirements to maintain the
desired temperature of polymerization make up a
small part (<10%) of energy requirements for the
entire manufacturing process [14].

7. The use of renewable feedstocks. Renewable
feedstocks are defined as agricultural raw materials
and waste products of other industries, as opposed of
petroleum, gas, and other natural resources. This area
in the synthesis of polymers has only recently begun to
be developed although the resource of monomers
based on biomass is fairly diverse [15]. The quantita-
tive measure of this criterion is carbon balance ΔC, a
difference between the amount of carbon consumed
from air and released back during synthesis and fuel
consumption. Rule ΔC  0 should be fulfilled.

8. Reduction in intermediate stages: the use of
intermediate stages, for example, protection and
deprotection of reactive groups, should be minimized
because extra stages may cause additional pollution of
the environment. The successful application of con-
trolled radical polymerization to solve this problem is
illustrated in a review [5] with the example of synthesis
of poly(2-hydroxyethyl methacrylate). Earlier, for this
purpose, a group transfer living anionic polymeriza-
tion was used [16] which includes two additional
stages: protection of the ОН group of a monomer and
deprotection when polymerization is completed.
Using atom transfer polymerization the same polymer
can be synthesized directly from the monomer [17].

9. Catalysis: it is better to use a catalytic amount of
substances than the stoichiometric one [18]. The cat-
alytic amount means a concentration of 10–9–
10‒3 mol/L [5]. However, the controlling agents of
radical polymerization do not meet this criterion. For
example, metal halides, which are employed in atom
transfer polymerization, except the ARGET ATRP
option [19], should be used in an amount an order of
magnitude higher than the upper bound of the speci-
fied interval to provide the effective control of MW of
the polymer. This criterion is only met by metallo-
cenes and postmetallocenes, for example, system
Cp2ZrCl2–methylaluminoxane with a productivity of
up to 3 t PE/(h g Zr) [20].

10. Design for biodegradation: chemical products
should degrade easily upon use and should not accu-
mulate in the environment. In this case, all efforts of
researchers working in the field of polymer synthesis
were and remain realizable in the reverse direction, the
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design of materials stable to any external stimuli. Syn-
thetic polymers account for a small fraction of biode-
gradable polymers [21]. In the pre-COVID-19 era, the
global polymer production was 350 million tons per
year, among which biodegradable polymers make up
less than one million tons [22].

11. Real-time monitoring for pollution prevention:
there is need to continue development of analytical
methodologies capable of real-time monitoring and
control in the process of synthesis to avoid the forma-
tion of hazardous substances.

12. Accident prevention: substances used in the
chemical process should be chosen so that to minimize
the potential for chemical accidents (releases, explo-
sions, fire). The quantitative measure for this principle
is a parameter equal to the number of years of life lost
per ton of the product. In the polymer industry, this
parameter does not vary much for various processes
and ranges from 0.002 to 0.005 [23].

The applicability of principles of green chemistry
to polymer production was first comprehensively ana-
lyzed in 2014 by M.А. Dubе and S. Salehpour in a
review paper [5]. Summing up, the authors concluded
that the fulfillment of principles 2, 8, 9, 11, and 12 in
polymer synthesis has reached considerable success;
solution to problems identified in principles 1, 6, and
10 is being developed intensely; principles 3, 4, 5, and
7 offer the greatest potential for the future.

At present, several reviews addressing the applica-
tion of principles of green chemistry to controlled rad-
ical polymerization processes have been published.
Their greater part refers to atom transfer polymeriza-
tion, as the most “dirty”, in terms of green chemistry,
controlled polymerization technique. Noteworthy is
the fact that the first review in this field was published
several years earlier [24] than that mentioned above.
Naturally, main attention was focused on reduction in
the content of residues of catalysts, copper salts, in
polymers produced by atom transfer polymerization
and searching for alternative atom transfer catalysts
derived from iron or nonmetallic compounds [25–30].
There are reviews covering issues of green chemistry in
reversible and degenerative addition fragmentation
chain transfer processes [31–33]. As a green direction in
controlled radical polymerization photoinduced
polymerization stands out as an approach which allows
one not only to reduce energy requirements but, in
some cases, to replace toxic controlling agents with
nontoxic ones and to use no initiators [24, 27, 31].

As far as known, similar reviews in the field of con-
trolled radical polymerization mediated by nitroxides as
controlling agents still do not exist. Therefore, the pres-
ent work should be regarded as the first attempt to ana-
lyze radical polymerization processes under reversible
inhibition conditions in terms of green chemistry.

The attractiveness of nitroxide radicals for the con-
trolled synthesis of polymers regarding the principles
of green chemistry is their low toxicity. The biological
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effects of nitroxides are determined by the fact that
free radicals imitate in part the activity of enzyme
superoxide dismutase (SOD) [34]. This enzyme
reduces the superoxide of anion radical (ОО–•) which
is one of the most dangerous active forms of oxygen
formed in mitochondria in the process of cellular res-
piration. As a result, a much less strong oxidizer, hydro-
gen peroxide, is formed. In cells, nitroxide radicals are
easily reduced to corresponding hydroxylamines under
the action of superoxide, glutathione, or ascorbic acid
[35–37]. Therefore, nitroxides manifest well-defined
antioxidant and radioprotective properties [38, 39] and
prevent the development of inflammation of the blood
vessels of the eye [40]. The antitumor activity of nitrox-
ide radicals is described in [41, 42].

Owing to the presence of an unpaired electron
nitroxide radicals are used in medicine in MRI as con-
trasting agents accelerating spin relaxation and thus
amplifying signal and improving resolution [43, 44].

The cytotoxicity of nitroxides manifesting on cellu-
lar cultures is registered only in millimole concentra-
tions with five-membered cyclic nitroxide radicals
being more toxic than six-membered TEMPO deriva-
tives [45]. It is shown that when taken in millimole
concentrations nitroxides possess the mutagenic
behavior; however, these concentrations are almost
never achieved in the study of biological effects of

polymers synthesized by nitroxide-mediated polymer-
ization [46]. The polymers obtained by this method do
not exhibit noticeable cytotoxicity at concentrations
on the order of 1 mg/mL [47]. Therefore, this method
of controlled radical polymerization satisfies the prin-
ciples of green chemistry to the highest extent.

NITROXIDE-MEDIATED 
PHOTOPOLYMERIZATION

Nitroxide-mediated reversible inhibition polymeriza-
tion is based on the reversible capture of propagating rad-
icals by nitroxides. One of the substantial drawbacks of
this method is related to the need to maintain high tem-
peratures [48–50]. For most widely used nitroxides, such
as TEMPO (1), N-tert-butyl-N-[1-diethylphosphono-
(2,2-dimethylpropyl)] nitroxide (SG-1, 2), tert-butyl-1-
phenyl-2-methylpropyl nitroxide (TIPNO, 3), 2,2-
diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl
nitroxide (4), and di-tert-butyl nitroxide (5), the tem-
perature of polymerization should be 100–130°C. Even
with more efficient agents, such as imidazoline nitroxides
and SG-1, the mechanism of reversible inhibition is real-
ized at temperatures above 70–80°С. Therefore, the
search for nitroxides “operating” at low temperatures
remains an urgent problem [51–54]:

However, as mentioned above, reduction in the
temperature of reaction is a not very effective way to
implement the 6th principle of green chemistry,
decrease in energy requirements, because maintain-
ing reaction temperature is only a small part of total
technological production costs. In this respect, pho-
topolymerization is of interest not only as a method
which makes it possible to decrease energy require-
ments but also, what is more important, as a method
which may lead to an almost complete cessation of
the major side reaction, the reaction of dispropor-
tionation between nitroxide and a propagating radi-
cal. The latter reaction not only yields byproducts,
hydroxylamines, but also decreases the overall yield
of the polymer, violates the control of MW, and wid-
ens the MWD of the product. This problem is espe-
cially pressing in the polymerization of MMA and
other methacrylic monomers [55, 56].

The feasibility of nitroxide-mediated photopoly-
merization was predicted a decade before its imple-
mentation [57]. To this end, two approaches, intro-
duction of a chromophore group into nitroxide [58]
and photosensitization, were applied.

First attempts to employ photoactive alkoxyamine
initiators in controlled radical polymerization failed.
The authors of [58] obtained four TEMPO-based
initiators: three compounds contained benzoyl-
formyl, benzophenoneformyl, and [(xanthen-3-
yl)oxy]acetate groups in nitroxide, and one com-
pound contained benzoylbenzoic group in the alkyl
moiety. Unfortunately, none of them initiated the
photopolymerization of styrene and only alkoxyam-
ine carrying xanthene-substituted nitroxide initiated
the polymerization of MMA via single-initiation
nonliving mechanism.

Introduction of a more efficient quinoline
antenna into TEMPO allowed the photopolymeriza-
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tion of styrene but upon UV irradiation of the reac-
tion mixture for 2 h no more than 10% PS with Mn =
2.7 × 103 and Đ = 1.6 was obtained [59]. As regards
MW control, this nitroxide did not meet expectations
in the atom transfer polymerization of MMA as well
but it was efficient in the stereo control of macromol-
ecules: in its presence the fraction of syndio triads in
PMMA increased from 46 to 60% [60].

The ESR study of photodissociation of six alkoxy-
amine initiators (6–11) containing the photoactive
benzophenone group in different positions with
respect to the N–О bond showed that the rate con-
stant of photolysis is directly proportional to the
intensity of light and with accuracy to the order of
magnitude is proportional to the extinction coeffi-
cient of alkoxyamine [61]:

The key factor affecting the mechanism of photol-
ysis is the remoteness of a chromophore group from
the aminoxyl function [62]. If the π system of a chro-
mophore is directly conjugated with the nitroxide
group (compound 6), then decomposition via С–О
and О–N bonds is feasible. For the selective cleavage
of the С–О bond the presence of a chromophore in
the α position with respect to the nitroxide group in
initiators 7 and 8 is the most favorable. Existence of
the second benzophenone group in nitroxide moiety 7
has no effect on the photolysis of the initiator. As
expected, the lowest photoactivity is exhibited by ini-
tiators 9–11 with the remote chromophore group.

Actually, alkoxyamine 6, which undergoes photol-
ysis to generate not only nitroxide but also alkoxide
and nitrogen-centered radicals, readily initiates the
photopolymerization of butyl acrylate [58, 63]. The
rate of the process is higher by a factor of 4 compared
with initiator 9. Conversion at room temperature
attained for 8 min is 80%. The MW of the polymer
increases with conversion, but it is twice as high as the
theoretical value and dispersion over MW grows to 4
by the end of polymerization. However, the same
uncontrolled process occurs in the photopolymeriza-
tion of isobornyl acrylate initiated by alkoxyamine 7
which photolizes to give rise only to nitroxides [64].
Note that the thermally initiated polymerization of
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styrene at 120°С mediated by alkoxyamines 7 and 11
proceeds in the strictly controlled mode; under the
same conditions the control of molecular weight char-
acteristics in the polymerization of isobornyl acrylate
is much worse [64]. When coupled with triethylamine
compound 7 it acts as a well-known redox pair benzo-
phenone–amine initiating conventional radical
polymerization [64].

As shown for the polymerization of butyl acrylate
mediated by alkoxyamine 12, the higher the intensity

of UV radiation (λ = 360 nm), the higher the rate of
photopolymerization, and the closer the values of MW
to the theoretical ones; in this case, the dispersity of
the product changes from 1.5 to 2.0 [63]. Styrene did
not polymerize under the same conditions, while the
polymerization of MMA stopped at 35% conversion
when oligomers were formed. The replacement of the
benzophenone antenna with naphthalene 13 or pyrene
14 one did not improve the control of MW. In the lat-
ter cases, visible light was used for irradiation:

The authors of [65] studied the photopolymerization
of MMA mediated by the binary system composed of
both photoactive initiator and photoactive nitroxide taken

in the equimolar amount: 2,2-dimethoxy-2-phenylace-
tophenone and 4-substituted TEMPO. The latter was
used in the form of three radicals:

For all systems the rates of polymerization were
similar. Although MW increased during the process, it
was much higher than the theoretical value and disper-
sity changed from 1.3–1.4 at initial and medium con-
versions to the values above 2.0 at high conversions.

The nature of an alkyl moiety in the alkoxyamine
photoinitiator exerts a considerable effect on its pho-
tolysis. In the series of compounds containing the
same isoindoline nitroxide moiety with the anthraqui-
none antenna [66]:

where R is α-methylbenzyl (15), benzyl (16), pentyl
(17), HOC(=O)(CH3)CН• (18), (CN)(CH3)CН•

(19), and EtOC(=O)(CH3)2C• (20), not all com-
pounds can decompose under UV irradiation. Only
three of them, compounds 15, 20, and 16, that is, low

molecular weight models of PS and poly(ethyl meth-
acrylate) nitroxide adducts, dissociate into radicals.
The remaining, including PAN (19) and poly(methyl
methacrylate) (18) models, are photostable for 8 h.
The same difference is observed for alkoxyamines
based on isoindoline nitroxide with the active naph-
thyl antenna. The absorption band of this group is
shifted to the shortwave region, that is, to the region
of light quanta with a higher energy. It could be
expected that styrene and alkyl methacrylates would
be capable of photopolymerization mediated by pho-
toactive derivatives of the same nitroxide while alkyl
acrylates and acrylonitrile would not. In practice,
neither styrene nor butyl acrylate do not polymerize
under exposure to UV radiation in the presence of
compound 15 and its naphthyl-substituted analog.
The authors of [67] synthesized more than 30 various
isoindoline alkoxyamines containing benzophenone,
f luorenone, anthraquinone, naphthyl, antracenyl,
and other groups and studied their photochemistry;
however, the data on their use in photopolymeriza-
tion, as far as we know, are limited to only several iso-
indoline alkoxyamines listed above.
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An ineffective attempt was made to mediate
photopolymerization using photoactive macroni-
troxides which were obtained via polymerization in

situ from nitrones with benzophenone (21), naph-
thalene (22 and 23), and pyrene antennas (24)
[63, 66]:

PS macroinitiators synthesized by thermal polym-
erization initiated by systems AIBN-21 at 125°С and
AIBN-22 and AIBN-23 at 60°С which contained a

photoactive group within chain acted as single pho-
toinitiators of butyl acrylate polymerization yielding
the АВА-type block copolymer:

The products contained a large amount of unreacted
PS. The mechanism of single photoinitiation was also
operative in the polymerization of butyl acrylate medi-
ated by PS with a benzophenone photoactive group
within chain which was synthesized by the click reac-
tion rather than the polymerization technique. Polysty-
rene synthesized using system AIBN-24 almost did not
initiate photopolymerization. Note that the enumer-

ated PS samples behave likewise in the initiation of
thermal polymerization of butyl acrylate at 120°С.

The reason behind violation of the controlled
mechanism of photopolymerization may be the degra-
dation of acyclic nitroxides under UV irradiation. For
example, the irradiation of di-tert-butyl nitroxide
leads to generation of a nonradical adduct [68]:

In contrast, cyclic nitroxides (TEMPO, proxyl,
isoindoline) are much more stable, since nitrone
resulting from their degradation easily captures nearby
С-centered radical which shifts the equilibrium of dis-
sociation to the left [69, 70]:
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A long UV irradiation of TEMPO and its deriva-
tives does not induce their photolysis but leads to the
formation of hydroxylamine via the splitting of proton
from the surrounding medium by nitroxide [71].

The authors believe that the main reason behind a
poor control of nitroxide-mediated photopolymeriza-
tion is a low rate of reinitiation [66]. It is not impossi-
ble that nitroxide loaded with a photo antenna pos-
sesses a low inhibitory activity.

In view of the foregoing, the results of Chinese sci-
entists seem amazing [72]. They managed to imple-
ment the emulsion photopolymerization of MMA
using common nitroxide, 4-hydroxy-TEMPO, and
photoinitiator Irgacure-184 at room temperature.
Even though neither nitroxide nor polymer contained
chromophore groups, the authors observed a linear
growth of Mn of the polymer with conversion and Đ =
1.27–1.36. Unfortunately, the mechanism of pho-
toinitiation was not discussed in [72].

The second direction, photopolymerization car-
ried out using photosensitizers, was studied in most
detail by E. Yoshida [73] for the polymerization of
MMA performed using an azo initiator, 4-methoxy-
TEMPO, and a number of cationic photoinitiators.
Bis(alkylphenyl)iodonium hexafluorophosphate
(alkyl = С10–С14) used a photoinitiator was added in
an amount comparable with that of nitroxide. Initially

it was assumed that these compounds function like
photoacid generators in cationic polymerization [74],
but later a typical free-radical photosensitizing mech-
anism was unveiled [75]. Upon the introduction of
diaryliodonium salt the rate of polymerization and the
MW of the polymer increased but MWD became
much broader (Đ ~ 3.2). The sensitizer himself did not
enter the composition of a macromolecule: according
to 1Н NMR spectroscopy, the polymer contained an
azo initiator moiety and nitroxide at chain ends. In this
case, the kinetics of the process was of the first order
with respect to the monomer concentration and the
Mn of the polymer linearly increased with conversion.

The nature of an azo initiator insignificantly influ-
enced the yield and molecular weight characteristics of
PMMA; they were determined only by the initiator-
to-nitroxide molar ratio [76]. At their equivalent ratio
polymerization occurred quantitatively for 3 h and
afforded a polymer with М = (30–40) × 103 and Đ > 3.
At the twofold excess of methoxy-TEMPO the yield
and MW decreased by 2 to 3 times and dispersity
became as low as 1.5–1.7.

The authors advanced the cation radical mecha-
nism for polymerization photoreinitiation which
included equilibrium between the polymer-nitroxide
adduct, MMA propagating radical, and 4-methoxy-
TEMPO cation:

This mechanism is evidenced by the fact that upon
the addition of triphenylamine, a compound decom-
posing the cationic form of nitroxide, in the system,
photopolymerization becomes uncontrollable [75].

A similar behavior is exhibited by other cationic
photoinitiators, various salts of triarylsulfonium and
(η6-benzene)(η5-cyclopentadienyl)Fe(II) hexafluo-
rophosphate [77, 78]. The living mechanism of MMA
photopolymerization was also observed when
4-methoxy-TEMPO was replaced with macronitrox-
ide 4-(poly-THF)–TEMPO [79].

It is reported that these systems can be used to per-
form the photopolymerization of MMA in acetonitrile
[77] and the dispersion polymerization of MMA in the

medium methanol–water [80]. However, in both cases,
the living mechanism of polymerization is violated.

The photopolymerization of glycidyl methacrylate
carried out using (4-tert-butylphenyl)diphenylsulfo-
nium trif late coupled with nitroxide proceeds in a sim-
ilar manner. During the reaction the cleavage of only
double bonds С=С of the monomer rather than of the
epoxy cycle is observed. This confirms the radical
mechanism of photopolymerization [81].

Interestingly, when under the same conditions the
binary system azo initiator–4-methoxy-TEMPO was
replaced with the alkoxyamine initiator 1-(cyano-1-
methylethoxy)-4-methoxy-2,2,6,6-tetramethylpiperi-
dine, the adduct of an AIBN moiety with the same
nitroxide, the control over the MW of the polymer
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worsened considerably and MWD became broader
[82]. In this case, the mechanism of polymerization
photoinitiation changed dramatically: the iodonium

salt itself became an initiator, as evidenced by the pres-
ence of end phenyl groups in PMMA. The author pro-
posed the following mechanism of photoinitiation [73]:

Thus, even though photopolymerization makes it
possible to realize nitroxide-mediated polymerization
under milder conditions, in terms of control of molec-
ular weight characteristics, it markedly ranks below
conventional high-temperature polymerization. Nev-
ertheless, just this process has already been actively
used for manufacturing luminescent coatings, laser
photoprinting, and synthesis of functional polymer
multilayers on the surface of silicon plates [83–86].
Theoretical work also continues in this field [87].

DISPERSION POLYMERIZATION IN 
SUPERCRITICAL CARBON DIOXIDE

Radical polymerization in various aqueous disper-
sion media (emulsion, microemulsion, miniemulsion,
suspension, precipitation) is treated in green chemis-
try as an eco-friendly alternative to technological pro-
cesses in bulk or organic solvents [24, 33, 88]. Revers-
ible-deactivation controlled radical polymerization
(atom transfer and nitroxide-mediated) performed
under heterogeneous conditions is distinguished by
special kinetic effects that influence the molecular
weight characteristics of the products [89, 90].

Various techniques of nitroxide-mediated disper-
sion polymerization were developed intensely almost
immediately after the advent of this process. At pres-
ent, a huge amount of information in the field has
been accumulated and summarized in several reviews
[91–96]. Within the framework of this review we will
limit ourselves to a relatively new direction rapidly
developing during the past decade and a half, nitrox-
ide-mediated precipitation and dispersion polymer-
izations in supercritical carbon dioxide (scСО2). Just
polymerization mediated by nitroxides made a much
greater progress in this field compared with other con-
trolled radical polymerization techniques [92].

For carbon dioxide the supercritical state is realized
under relatively mild conditions: Tsc = 31°C and Psc =
7.4 MPa [97]. This nontoxic, inexpensive, nonflam-
mable, and easily removable solvent meets principles
of green chemistry. It is characterized by an order of
magnitude lower viscosity and one to two orders of
magnitude higher diffusion of reagents compared with
common organic media. Almost all polymers (except
fluorinated and silicon polymers) are insoluble in
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Table 1. Conditions of styrene polymerization in scСО2 and characteristics of the product

*Weight fraction of the monomer.

System w*, % Т, °С P, MPa Time, h Yield, % Mn ×10–3 Ð References

AIBN-TEMPO–SO2 – 125 26.8 18 – 29.9 1.6  [98]
Bz2O2-TEMPO-CF3(CF2)7SO3H – 125 26.7 24 86 1.67 1.6  [99]
AIBN-SG-1 60 110 42 48 95 19.1 1.45  [100]
AIBN-SG-1 70 110 30 ± 5 – 82 23.8 1.36  [101, 102]
AIBN-TIPNO 70 110 30 ± 5 – 29 16.0 1.26  [101, 102]
Compound 25 40 110 30 61 39 20.0 1.29  [103]
Compound 26 – – – 69 38 19.5 1.32 –
scСО2 [92]. Therefore, polymerization in scСО2 pro-
ceeds in the precipitation mode.

The polymerization of styrene mediated by nitrox-
ides of various nature in scСО2 was studied in most
length. The first two patents on the manufacture of PS
with the participation of TEMPO in scСО2 were got
by Xerox already in 1996 [98, 99]. Further studies were
carried out under similar conditions (Table 1). The
polymerization of styrene carried out at 110°С using
the system AIBN-SG-1 proceeds to ultimate conver-
sions; Mn nonlinearly grows with conversion but Đ
changes from 1.12 to 1.35 [100]. As regards molecular
weight characteristics, PS synthesized by precipitation
polymerization in scСО2 is almost the same as the
polymer synthesized under the same conditions in
bulk or toluene solution at atmospheric pressure.
Moreover, at a high content of the monomer (70 wt %)
its dispersity is even lower compared with the polymer
prepared under homogeneous conditions. However,
the rate of the precipitation process is 1.6 times lower
than that in bulk.

Upon replacement of nitroxide SG-1 with TIPNO
the rate of polymerization in scСО2 decreased by
almost half, the MW of the polymer increased, and
MWD broadened [101]. To achieve a good control
over MW in scСО2 no less than a 2-fold excess of SG-1
and a 3.3-fold excess of TPIN with respect to AIBN
were required. The MWD of polystyrene synthesized
with SG-1 as a mediator was independent of monomer
concentration, while for the polymer synthesized
using TPIN in 40% solution of the monomer MWD
was even narrower than that in 70% solution. Accord-
ing to the authors, these differences can be explained
by the different solubility of polar SG-1 and nonpolar
TIPNO in scСО2 and styrene [102].

To improve the solubility of nitroxide in scСО2
(and, accordingly, to improve the control of MW), for
the precipitation polymerization of styrene, the
authors of [103] recently synthesized new alkoxyam-
ine initiators containing perfluoroalkyl groups:

However, the rate of polymerization was lower than
the rate of polymerization mediated by SG-1 or TIPNO.
The molecular weight characteristics of PS were unaf-
fected by the position of the fluorinated group: in the
alkyl moiety of the initiator or nitroxide (Table 1) [104].

It is interesting that when polymeric alkoxyamines
containing analogous perfluoroalkyl acrylate substitu-
ents were used as initiators styrene did not polymerize.

The nitroxide-mediated precipitation polymeriza-
tion of tert-butyl acrylate and dimethylacrylamide in
scСО2 is described in [105]. The polymerization of the
first monomer performed using the system AIBN-
SG-1 (50 wt %, 118°С, 30 MPa) proceeds by the
reversible inhibition mechanism: Mn linearly increases
with conversion, and Đ amounts to 1.3–1.7. The living
mechanism was also observed for polymerization of

O
N

O
Si

Rf O
N

O
Rf

Rf = C10F21

Rf = C8F17

25 26
POLYMER SCIENCE, SERIES C  Vol. 63  No. 2  2021



REVERSIBLE DEACTIVATION RADICAL POLYMERIZATION MEDIATED 135
the second monomer (20 wt %, 120°С, 30 MPa). In
both cases, a 3-fold excess of nitroxide with respect to
the initiator was required; the fraction of living chains
by the end of the process was 82%. Both polymers can
reinitiate the polymerization of styrene accompanied
by the formation of block copolymers [106].

Dispersion polymerization in scСО2 is usually car-
ried out in the presence of an amphiphilic block copo-

lymer; polydimethylsiloxane more often serves as a
СО2 philic block. The SG-1-mediated dispersion
polymerization of styrene was studied in length in
[107–109].

In the first run on the nitroxide-mediated disper-
sion polymerization of styrene, PDMS VPS-0501
containing 6–10 azo groups in a chain was used as an
initiator and stabilizer [107]

During the decomposition of azo groups PDMS
initiated polymerization and transformed into a block
copolymer stabilizing dispersion. Styrene was polym-
erized out using the system VPS-0501/SG-1 (or
TEMPO) at 100°С and a pressure of 42 MPa. In both
systems, conversion was below 20% and MWD was
bimodal. The latter fact was attributed to the forma-
tion of two types of block copolymers, PS–block–
PDMS and PS–block–PDMS–block–PS.

Controlled dispersion polymerization was accom-
plished according to several approaches: (i) decrease in
the concentration of PDMS from 20 to 1.5% and the
use of AIBN as the main initiator, (ii) an increase in the
ratio of SG-1 : AIBN to 3.5, and (iii) partial decompo-
sition of PDMS and thus a reduction in the number of
azo groups in a chain to two. As a result, the block copo-
lymer with a yield of 90%, Mn = 5 × 104, and Ð = 1.6
was obtained. Under all conditions irregular particles
with a wide size distribution were formed.

For the polymer with the monomodal MWD the
stabilizer was a polymer synthesized by dispersion
polymerization mediated by nitroxides. For example,
triblock copolymer SG-1–PS–block–PDMS–
block–PS–SG-1 synthesized according to the above
technique was used as an initiator and stabilizer in the
polymerization of styrene in scСО2 [107]. However, in
this case, MWD was also bimodal which was explained
by impurity of the monofunctional initiator in the
block copolymer.

Polystyrene with the monomodal MWD and Ð ~
1.3 was synthesized using diblock copolymer PDMS–
PS–SG-1 which was prepared via atom-transfer polym-
erization followed by radical replacement of the end
group Br with SG-1 [109]. Spherical particles with an
average diameter of 132 nm were produced. Similar data
were obtained for the commercially available stabilizer
PDMS–block–PMMA (42 MPa, 110°С, 40%) [108].

The “initiator-stabilizer” approach was effective in
the dispersion copolymerization of MMA with 9%
styrene in scСО2 (30 MPa, 70°С) [110]. Macroinitia-
tor SG-1-terminated poly(heptadecafluorodecyl

acrylate) was used as a stabilizer. The yield of the
copolymer was about 90%, Mn was close to theoreti-
cal, and Đ = 1.26–1.31. Spherical particles with the
narrow distribution over size 16 ± 2 μm were obtained.

Using TEMPO-mediated dispersion polymeriza-
tion the block copolymer PS–block–poly(butyl acry-
late) was synthesized [111]. Various block copolymers
PDMS–block–PS and poly(3,3,4,4,5,5,6,6,7,8,8,8-
dodecafluoro-7-(trif luoromethyl)octyl methacry-
late)–block–PS were used as stabilizers. The best con-
trol over MW was achieved in the case of the f luori-
nated copolymer.

Monomers poorly soluble in scСО2 were involved
in inverse suspension polymerization [106, 112, 113].
For example, the polymerization of N-isopropylacryl-
amide (NIPAM) was carried out at a pressure of 27–
30 MPa, a temperature of 120°С, and a monomer con-
centration of 10 wt % using AIBN and SG-1. Under
these conditions NIPAM melted and formed droplets
of suspension in scСО2. In this case, an almost com-
plete conversion of the monomer was attained, the Mn
of the polymer linearly increased with conversion, and
Đ changed from 1.3–1.4 at the onset of the process to
2.0 at high conversions. Block copolymers
polydimethylacrylamide (PDMA)–block–PNIPAM,
poly(tert-butyl methacrylate) (PTBA)–block–PNI-
PAM, poly(acrylic acid)–block–PNIPAM, and PS–
PNIPAM were synthesized by the sequential polymer-
ization of monomers (Table 2).

In concluding this section, let us mention the prac-
tical application of this method for the synthesis of
graft copolymers for medical applications [114]. With
this aim in view, the copolymer styrene–maleic anhy-
dride was grafted onto high molecular weight chitosan
in scСО2. Initially 19% ОН groups in chitosan were
replaced with 4-hydroxy-TEMPO via chemical modi-
fication. The as-modified chitosan initiated the graft-
ing dispersion copolymerization of styrene and maleic
anhydride.
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Table 2. Molecular weight characteristics of block copoly-
mers synthesized in scСО2 in the presence of nitroxide
SG-1 [113]

*Index implies the degree of polymerization of the block.

Block copolymer* Mn, 103 Ð

PDMA58–PNIPAM82 13.4 1.5
PDMA58–PNIPAM 117 21.4 1.6
PDMA58–PNIPAM217 29.2 2.1
PTBA62–PNIPAM81 20.6 1.4
PTBA62–PNIPAM192 30.7 1.3
PTBA62–PNIPAM254 34.6 1.3
PS62–PNIPAM266 34.2 1.5
POLYMERIZATION OF MONOMERS
OF BIOLOGICAL ORIGIN

As noted above, the polymerization of monomers
derived from renewable natural resources (usually of
plant origin) is considered one of the promising direc-
tions in green chemistry. These are basically mono-
PO
mers for polycondensation or ionic ring-opening
polymerization [115]; less often, for cationic and con-
trolled radical polymerizations [116, 117].

Vinyl compounds of bio origin are extremely rarely
used directly in controlled radical polymerization.
More often scientists find a compromise solution in
the form of monomers produced by the chemical
modification of biological raw materials, for example,
derivatives of itaconic acid and (meth)acrylic esters of
terpenes, which were tested in atom transfer polymer-
ization and reversible addition fragmentation chain
transfer processes [115, 118–121].

The controlled synthesis of polymers from terpene
derivatives, cyclademol acrylate and cyclademol
methacrylate

and tetrahydrogeraniol acrylate and tetrahydrogera-
niol methacrylate

O

O

O

O

O

O

O

O

in toluene and miniemulsion mediated by alkoxy-
amine Dispolreg 007  was

described in [122]. Polymerization proceeds to high
conversions at 97оC. The controlled mode is realized
up to a degree of polymerization of Pn = 200 during
synthesis in solution and Pn = 500 with dispersity Đ =
1.2–1.4 during synthesis in miniemulsion.

The sequential polymerization of the given meth-
acrylates yielded soft/hard block copolymers with
Mn = (7–12) × 104, in which the elastic block was the
polytetrahydrogeraniol derivative and the glassy block
was the polycyclademol derivative [122].

Another example of monomers synthesized by the
chemical modification of natural raw materials is iso-

N

CN

O

NC
bornyl methacrylate (IBMA) 

obtained from camphene and methacrylic acid as well
as С-13–МА, a mixture of alkyl methacrylates with an
average carbon number in the alkyl group of 13. Their
polymerization and copolymerization in toluene solu-
tion at 90–110°С mediated by alkoxyamine Dispolreg
007 occurred with an incomplete conversion (<80%)
[123]. According to the authors, this is associated with
a high viscosity of the polymerization product [123].
Under the same conditions miniemulsion polymer-
ization proceeded almost quantitatively. However, in
both cases, MW was several times higher than the the-
oretical value and Đ was 1.39–1.66 for polymerization
in solution and 1.50–1.73 for polymerization in
miniemulsion. The ternary copolymerization of the
said monomers with methacryloyl silsesquioxane pro-
ceeded in a similar manner [124]. The sequential

OO
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polymerization of monomers makes it possible to syn-
thesize their block and gradient copolymers.

The miniemulsion block copolymerization of
IBMA and С-13–МА initiated by a macroinitiator,
SG-1-terminated copolymer of oligo(ethylene glycol
methacrylate) with acrylonitrile, also occurs by the
reversible inhibition mechanism and is accompanied
by a linear growth of Mn of the product with conver-
sion but Đ is close to two [125].

A comparative study of the copolymerization of
methyl cinnamate (methyl ester of cinnamic acid)
mediated by various types of radical polymerization
controlling agents, namely, RuCpCl(PPh3)2 (atom
transfer polymerization), 2-cyano-2-propyl ethyl
trithiocarbonate (reversible addition fragmentation
chain transfer polymerization), and nitroxide TIPNO,
demonstrated that control is feasible in all systems.
The derivative itself as a 1,2-disubstituted vinyl com-
pound is uninvolved in homopolymerization but easily
copolymerizes with both styrene and methyl acrylate.
In all cases, chain growth occurs regioselectively via
the attack of styrene or acrylate radical at the carbon
atom nearest to the ester carbon of methyl cinnamate
to generate the propagating radical of styrene. In these
systems, Mn linearly increases with conversion and
Đ = 1.05–1.20 for copolymerization with styrene and
Đ = 1.2–1.4 for copolymerization with methyl acrylate.

Nonmodified terpenes, highly active dienes, such
as β-myrcene (7-methyl-3-methylene-1,6-octadiene)
[126–128], a component of essential oils of laurel,
ylang-ylang, wild thyme, lemongrass, and juniper, can
also be polymerized by the nitroxide-mediated revers-
ible inhibition mechanism. Its polymerization product
is a valuable low-temperature elastomer with a glass
transition temperature of ‒75°С [129]:

The polymerization of β-myrcene mediated by the
SG-1-based alkoxyamine (BlocBuilder) occurs up to
70% conversion for 200–400 min [126]. The rate of
reaction is of the first order with respect to the mono-
mer, the Mn of the product linearly increases with con-
version, and Đ is close to 1.2. The product of propaga-
tion rate constant kp by the constant of equilibrium К
between dormant and growing chains characterizes
the livingness of the process and in the order of mag-
nitude of kpK = 4.3 × 10–5 s–1 corresponds to the value
observed in the controlled polymerization of styrene.
Under the same conditions β-myrcene is easily
involved in controlled copolymerization with styrene to
afford block and random copolymers. In the latter case,
its activity is almost an order of magnitude higher com-
pared with styrene (r1 = 1.88 ± 0.12, r2 = 0.25 ± 0.04).

The copolymerization of β-myrcene with IBMA
mediated by the SG-1-based macroinitiator Bloc-
POLYMER SCIENCE, SERIES C  Vol. 63  No. 2  2021
Builder at 100°С yields gradient copolymers [127].
The activity of β-myrcene is higher than that of IBMA
by two orders of magnitude (r1 = 1.90–2.16, r2 = 0.02–
0.07); therefore, polymerization affords macromole-
cules the head of which is enriched in terpene and the
tail is enriched in methacrylate. IBMA does not
polymerize under the same conditions via the revers-
ible inhibition mechanism; therefore, its copolymer-
ization with myrcene proceeds in the decaying mode.
The controlled synthesis of β-myrcene random copo-
lymers mediated by a given macroinitiator was investi-
gated in detail in the PhD thesis [128]. It is interesting
that all the synthesized copolymers have a narrow
MWD and their MW is much lower than the theoreti-
cal value (Table 3).

A similar behavior is exhibited by another terpene
1,3-diene with a close structure, farnesene [130]:

Its copolymerization with glycidyl methacrylate
mediated by the BlocBuilder alkoxyamine proceeds
like the copolymerization of β-myrcene with IBMA.
However, when the initiator was replaced with Dispol-
reg 007 the control of the process was lost and the
copolymer with the bimodal MWD was formed.

SYNTHESIS OF EASILY DEGRADABLE 
POLYMERS

Synthetic biodegradable or easily hydrolyzable poly-
mers are produced by either polycondensation or ionic
polymerization of heterocycles [131–133]. Neverthe-
less, several strategies, which allow the controlled syn-
thesis of these polymers by controlled radical polymer-
ization techniques, were detailed in recent reviews [134,
135]. They can be reduced to three options: insertion of
easily degradable units into a polymer chain, block or
grafting copolymerization accompanied by the forma-
tion of degradable blocks, and crosslinking of polymers
by easily degradable crosslinks.

The first idea, which was advanced for the synthe-
sis of easily degradable polymers via nitroxide-medi-
ated controlled polymerization, consisted in the
involvement of cyclic oxygen-containing vinyl mono-
mers, ketene acetals, in this process. It should be men-
tioned that similar syntheses had already been known.
For example, the controlled ring-opening polymer-
ization of 2-methylene-1,3-dioxepane carried out
using system di-tert-butyl peroxide–TEMPO at 125°С
was described already in 1996 [136, 137]. The authors
proposed the following mechanism of polymerization:
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The ring-opening polymerization of two cycles,
2-methylene-1,4,6-trioxaspiro[4,4]nonane and
8,9-benzo-2-methylene-1,4,6-trioxaspiro[4,4]nonane,
mediated by TEMPO which occurs by the reversible
inhibition mechanism was described almost simulta-
neously [138, 139]:

However, no data on degradation of the resulting
polymers was available at that time.

The targeted synthesis of degradable polymers in
the presence of ketene acetals was reported in a series
of papers by French researchers [47, 140–143]. With

this aim in view they synthesized 5,6-benzo-2-methyl-

ene-1,3-dioxepane  and a new ketene acetal,

2-methylene-4-phenyl-1,3-dioxolane 

It was shown that the homopolymerization of
these monomers initiated by the BlocBuilder macro-
initiator at 110–130°С provides a poor control of MW
[140]. In contrast, in the radical copolymerization of
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Table 3. Molecular weight characteristics of β-myrcene random copolymers [113]

*Conversion of myrcene/comonomer.

Comonomer (М2) Myrcene : М2 Conversion, % Mn × 10—3 Mn(theor) × 10–3 Ð

Methyl acrylate 1 : 9 46 5.5 29 1.23

tert-Butyl acrylate 1 : 9 65 16.7 40 1.31

tert-Butyl acrylate 3 : 7 66 10.4 43 1.19

Methyl methacrylate 1 : 1 85 6.4 39 1.25

Methyl methacrylate 1 : 1 59 8.4 30 1.24

Styrene 9 : 1 47/39* 12.6 – 1.25

Styrene 7 : 3 41/37* 8.4 – 1.24

Styrene 1 : 1 50/45* 11.7 – 1.19

Styrene 3 : 7 54/45* 13.9 – 1.24

Styrene 1 : 9 84/78* 19.8 – 1.31

Isobornyl methacrylate 9 : 1 86/36* 18.3 – 1.57

Isobornyl methacrylate 7 : 3 84/32* 10.9 – 1.35

Isobornyl methacrylate 1 : 1 75/30* 9.4 – 1.28

Isobornyl methacrylate 3 : 7 78/35* 7.5 – 1.29

Isobornyl methacrylate 1 : 9 30/67* 5.9 – 1.34
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2-methylene-4-phenyl-1,3-dioxolane with MMA
under the same conditions at a molar fraction of ace-
tal ≥20% the Mn of the copolymer linearly increases
with conversion; the higher the fraction of acetal, the
narrower the MWD [141]. The copolymer degrades in
5% alkaline medium at room temperature for 1 h to a
degree of polymerization of ~3. Similar data were
reported for the binary copolymerization of oligo(eth-
ylene glycol methacrylate) with 2-methylene-4-phe-
nyl-1,3-dioxolane, 5,6-benzo-2-methylene-1,3-diox-
epane, or 2-methylene-1,3-dioxepane [140, 142].
Both copolymers and their degradation products were
nontoxic.

The hydrolytic degradation of dioxolane copoly-
mers with MMA (dioxolane-со-MMA) and
oligo(ethylene glycol methacrylate) (dioxolane-со-
OEGMA) was studied in detail in comparison with the
known biodegradable polymers, polylactide (PL),
polycaprolactone (PCL), and the copolymer of lac-
tide with glycolide (poly(lactide-co-glycolide), PLG)
[134]. The rate of hydrolysis in the phosphate buffer
(рН 7.4, 37°С) decreased in the sequence: PLG >
PL > dioxolane-со-OEGMA > PCL > dioxolane-со-
MMA.

The molecular weight of PLG decreased by 90%
after one month; in the case of dioxolane-со-MMA, it
decreased by 15–20% only after one year. Copolymers
dioxolane-MMA were resistant to biodegradation like
PMMA and oligo(ethylene glycol methacrylate), and
the degree of enzymatic degradation of dioxolane-со-
OEGMA induced by Candida Antarctica was 13–15%
for one week.

The developed approach, the controlled synthesis
of degradable copolymers in the presence of ketene
acetals, is also applicable to ternary copolymers [143].
For example, terpolymers MMA-AN-2-methylene-
4-phenyl-1,3-dioxolane and oligo(ethylene glycol
methacrylate)–AN–2-methylene-4-phenyl-1,3-dioxol-
ane synthesized under the same conditions and con-
taining 40–70 mol % dioxolane easily hydrolyze in an
alkaline medium.

Another approach to the controlled synthesis of
degradable polymer which includes the nitroxide-
mediated grafting polymerization of vinyl monomers
onto various polysaccharides (cellulose, chitosan,
starch) was briefly reviewed in 2021 [144]. The prod-
ucts of this synthesis cannot be treated as degradable,
because only a polysaccharide part degrades.

POLYNITROXIDES AS CATALYSTS

To conclude, we will present several examples of
catalysis with participation of polymeric nitroxides
based on easily accessible TEMPO. These examples
are not directly related to nitroxide-mediated polym-
POLYMER SCIENCE, SERIES C  Vol. 63  No. 2  2021
erization but are important from the point of view of
the 9th principle of green chemistry.

It is well known that nitroxides show catalytic
activity in the oxidation of alcohols to aldehydes,
ketones, and acids [145]. The main drawback of this
process is the need to purify products from stable rad-
icals. To circumvent this drawback polymers contain-
ing nitroxide radicals in side groups (polymeric nitrox-
ides) are used [146]

The first attempt to use such a polymeric nitroxide,
PS with side TEMPO radicals, instead of low molec-
ular weight 4-methoxy-TEMPO for the oxidation of
benzyl alcohol failed [147]. The yield of benzaldehyde
was not above 50% compared with 100% attained in
the presence of 4-methoxy-TEMPO. However, the
oxidation process was very successful with the product
of oxidation of the commercially available oligomer
Chimassorb 944 [148]:

The yield of aldehydes and ketones in the oxidation
of 12 alcohols with sodium hypochlorite in the pres-
ence of this oligomer was close to quantitative.

An efficient heterogeneous catalyst of oxidation of
benzaldehyde to benzoic acid and cellulose to
poly(uronic acid) with sodium hypochlorite was the
polymer of 4-oxyvinyl–TEMPO [149]:

As catalysts of the aerobic oxidation of benzyl alco-
hol the authors of [150, 151] used newly synthesized
poly(ether ketones) and polyamides functionalized by
TEMPO
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After six recycles the activity of the catalysts was
80–100%.

The special study of PS and polyurethane with
TEMPO side radicals as catalysts in the oxidation of
various alcohols using sodium hypochlorite and
bis(acetoxy)iodo benzene as co-oxidants demonstrated
that the polymer nature has no effect on the catalytic
activity of nitroxide [152]. No “polymer effect,” that is,
no increase in the activity of the catalyst owing to the
concentration of catalytic sites on a macromolecule,
was described in all the cited publications.

CONCLUSIONS
The controlled synthesis of polymers by the nitrox-

ide-mediated reversible inhibition method was actively
developed for almost three decades. This direction
became not only the “versatile lab tool” of synthetic
chemists making it possible to synthesize polymers with
desired properties but it went on “industrial rails.” The
application of this method in the manufacture of adhe-
sives, coatings, dispersers, and compatibilizers is
expanding [94]. Therefore, the problems of green
chemistry are very urgent and important for the speci-
fied processes, although special attention has been
given to them only in the last decade.

This review covers only some, in our opinion, most
urgent and promising ways to solve the issues of green
chemistry in nitroxide-mediated reversible inhibition
processes. The analysis of the published data shows
that, in the field of dispersion polymerization in
scCO2, encouraging results have been obtained for the
controlled synthesis of polymers. In nitroxide-medi-
ated photopolymerization, the desired degree of con-
trol has not yet been reached despite a considerable
amount of publications in this area. Studies on the
nitroxide-mediated controlled synthesis of polymers

from renewable raw materials and easily degradable
polymers are very few in number. Only few examples
of these objects are available. However, first results
demonstrate that these directions are promising. Just
they, in our opinion, will deserve major attention from
researchers in the nearest future.
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