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Abstract—This review summarizes our and published data on the kinetics and mechanism of controlled radical
polymerization of methacrylates mediated by nitroxide radicals. The reasons influencing the possibility or
impossibility of the realization of radical polymerization of methyl methacrylate in the mode of reversible inhi-
bition are analyzed. The main factors determining the specificity of the nitroxide-mediated polymerization of
methacrylates are the interaction of nitroxides with growing radicals by the disproportionation mechanism, the
Fischer hypereffect, a high rate of reinitiation, and an abnormally low rate of reversible termination.
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INTRODUCTION

It is known that not all vinyl monomers are capable
of participating in radical polymerization under con-
ditions of nitroxide-mediated reversible inhibition.
These include MMA and its derivatives. Periodically,
information appears on the “first” implementation of
the controlled polymerization of MMA mediated by
nitroxides; however, in practice, the control area is
usually limited to 30—50% monomer conversion [1—
7]. Researchers put forward various hypotheses to
explain this phenomenon. This was initially attributed
to the absence of spontaneous polymerization in
MMA [8, 9]. Later, it was generally accepted that the
reason is the reaction of disproportionation of the
growing radicals of MMA and its analogs and nitrox-
ides [3, 10, 11]. However, it was found that there are a
number of nitroxides for which the termination reac-
tion with MMA radicals does not occur via the dispro-
portionation mechanism. Nevertheless, the problem
of controlled polymerization of methacrylic mono-

mers under conditions of nitroxide-mediated revers-
ible inhibition has not yet been solved.

In this work, we tried to generalize our new and
published data on the kinetics and mechanism of
MMA polymerization mediated by nitroxides. This
made it possible to formulate the distinctive features of
the process and propose other possible reasons for the
inability of MMA to undergo controlled polymeriza-
tion mediated by nitroxides. Below we will consider
the main features of the kinetics and mechanism of
methacrylate polymerization involving nitroxides.

REACTION OF DISPROPORTIONATION OF
GROWING RADICALS WITH NITROXIDES

The first results on the polymerization of MMA
involving nitroxide radicals were obtained in the late
1980s in our country and then in the late 1990s in Aus-
tralia [12, 13]. It was shown that the bulk polymeriza-
tion of MMA at 90°C mediated by TEMPO and other
nitroxides of various nature
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ends within 1 h and the monomer conversion does not
exceed 10—40%. However, the number average
molecular weight M, of PMMA is close to the theoret-
ical values typical of living processes. Thus, the con-
trolled polymerization decayed over time. In this case,
the purified polymers contained a double bond at the
end of the chain. This was explained by the reaction of
disproportionation of nitroxides with growing radicals
which also leads to the formation of hydroxylamine.
The amount of terminal double bonds and hydrox-
ylamine was determined using NMR spectroscopy and
mass spectrometry. It was shown that, in poly(butyl
methacrylate) obtained in the presence of TEMPO, the
content of terminal double bonds is close to 100% [14].

This cannot be the result of the usual disproportion-
ation reaction between two growing radicals (where this
fraction cannot exceed 50% of the molecules) but only
a consequence of the § hydrogen atom transfer from the
growing radical to TEMPO.

It is believed that just this reaction is the main rea-
son for the irreversible inhibition of MMA polymer-
ization. Therefore, the main attempts to carry out the
controlled synthesis of PMMA are aimed at searching
new nitroxides that are not prone to disproportion-
ation with methacrylate growing radicals.

At the same time, two reactions can lead to the
same products [11]:
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In addition to disproportionation, intramolecular
rearrangement is also possible at the stage of terminal
group decomposition. The first one competes with the
reaction of recombination of the growing radical and
nitroxide and is characterized by a second-order rate
constant kxp, while the second one competes with the
reinitiation reaction and is described by a first-order
rate constant kyp.

In practice, these two mechanisms are almost
indistinguishable [15] and, in both cases, are described
using the concept of a proportion of disproportion-
ation fp = kxp/(kxp + kx) or fp = kqp/(kg + kgp),
respectively. It is believed that the intramolecular
reaction of the H atom transfer in alkoxyamines is
determined by the activation energy of homolytic dis-
sociation but not by the nature of the nitroxide and not
by the geometry of the transition state [16]. Such a
reaction is very likely for alkoxyamines with a strong
C—ON bond (E, > 125 kJ/mol) and is unlikely for
compounds with weak bonds (£, < 115 kJ/mol).

To determine the disproportionation mechanism,
an original approach was proposed at the Tomo-
graphic Center of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk). Alkoxyamine ini-
tiators, which are model compounds for the terminal
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group of PMMA-nitroxide, were decomposed ther-
mally in the presence and absence of an active chain-
transfer agent thiophenol [17]. If the reaction of dis-
proportionation is an intramolecular process, then the
presence of thiophenol will not affect its rate (Ib). But
if this is the reaction between growing radicals and
nitroxide (Ia), then the rate of formation of terminal
double bonds in PMMA in the presence of thiophenol
will sharply decrease, since the latter will become a
competitor to nitroxide.

H - . H
ON-0" N |
iLi N—O +
%
wSH

H H

:j< SN—C k (Ib)
~ — N-O+
_N-O /

It was found that alkoxyamine 4-nitrophenyl-
2-(2,2,6,6-tetramethylpiperidine-1-yloxy)-2-methyl-
propionate disproportionates exclusively according to
the bimolecular mechanism with f, = 3.5%. The same
reaction mechanism is assumed for the reaction of the
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KINETIC FEATURES OF THE RADICAL POLYMERIZATION 13

PMMA macroradical with TEMPO according to the
data obtained for low molecular weight alkyl isobutyr-
ate radicals [18].

For alkoxyamines based on five-membered cyclic
nitroxides, the disproportionation mechanism

-Bu

n
7E\/An—Bu
N
\
0.

and only intermolecular disproportionation

depends on the nature of substituents in the 2 and 5
positions of the nitroxide [18]. Below are the struc-
tures of nitroxides based on imidazoline, imidazoli-
dine, and pyrrolidine which are characterized by inter-
molecular and intramolecular disproportionation

xp Sy Sxp oo
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The intramolecular mechanism requires a cyclic tran-
sition state with a good overlap of the nitrogen orbital
ns and the antibonding orbital 6* of the C—H bond.
This is possible in the case of less sterically hindered
compounds, for example, nitroxide with four methyl
groups in positions 2 and 5. The temperature depen-
dence of this reaction obeys the Arrhenius equation for
k4p with the pre-exponential factor 4 = 5.2 x 105 57!
and a high activation energy (£, ~ 140 kJ/mol). On the
contrary, for imidazoline nitroxides with bulky 2 and 5
substituents, the reaction of intermolecular dispropor-
tionation is typical.

Usually the proportion of disproportionation in
vinyl polymerization mediated by nitroxides is small
and this side process is neglected. For example, in the
TEMPO-mediated polymerization of styrene, it is
only 0.4—0.6% [19, 20] and, in the case of nitroxide
SG1, it tends to zero in general. However, it rises
sharply during the polymerization of methacrylates.

The theoretical calculation [15] predicts complete
inhibition of polymerization even if the proportion of
disproportionation is only a few percent. The maxi-
mum achievable conversion ¢q,,,, is related to the prob-
ability of disproportionation by the equation

1/3
G = 1 — €XP —ikp[ _[RX), j ()
2 3fokq(kx + kxp)k,

where [RX], is the initial concentration of the alkoxy-
amine initiator, and k,,, kg4, kx, ki, and kx, are the rate
constants of propagation, reinitiation, termination on
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nitroxides, square-law termination, and dispropor-
tionation of the growing radical and nitroxide, respec-
tively.

Thus, under typical conditions of nitroxide-medi-
ated polymerization with a set of elementary constants
ky=4.5x 1073571, k, = 10® (mol/L)'s7!, ky = 2.2 x
107 (mol/L)~'s™!, and k, = 5 x 10° (mol/L)~' s7" at
[RX], = 0.1 mol/L, the maximum conversion of the
monomer is 93, 81, and 59% at f, = 1, 2, and 5%,
respectively. This prohibition cannot be circumvented
even if the propagation constant or the initiator concen-
tration is increased. With an increase in the propagation
constant by four times (k, = 2 x 10* (mol/L)~" s7!),
polymerization to deep conversions becomes possible
only if the probability of disproportionation is less
than 7%. If, in this case, the concentration of the ini-
tiator is simultaneously increased by an order of mag-
nitude, then the probability of disproportionation
should also be less than 22%.

Hence, for the realization of the living growth of
PMMA chains in the entire range of monomer con-
versions, such nitroxides and/or such reaction condi-
tions are required that would provide a disproportion-
ation probability of less than 1%.

From Eq. (1), it is not difficult to obtain [15] a sim-
plified formula for solving the inverse problem of esti-
mating the proportion of disproportionation over the
time of cessation of polymerization #, = 2/fpk,. This is
how fi, = 20% was estimated for the TEMPO-medi-
ated polymerization of MMA at 120°C [15]. Accord-
ing to other indirect data, it is equal to 10% [21]. Using
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Table 1. Molecular weight characteristics of PMMA obtained by the AIBN-initiated polymerization of MMA mediated by
4-hydroxy-TEMPO and di-fert-butyl nitroxide (DTBN) in bulk ([4-hydroxy-TEMPO] = [DTBN] = [AIBN] = 0.01 mol/L)

Nitroxide T, °C Time, min Conversion, % M, % 103 D

4-Hydroxy-TEMPO 120 3 8 10.1 1.6
10 12 12.5 2.7

160 17 11.8 2.7

4-Hydroxy-TEMPO 90 35 5 8.3 2.1
55 19 16.1 2.4

120 49 20.7 3.7

DTBN 90 40 2 1.0 2.3
60 31 7.8 2.3

80 60 21.3 2.4

The conversion indicated in the tables was determined by the gravimetric method. As a rule, it is slightly higher than the conversion
determined by the calorimetric method, which is associated with instrumental losses during heating of the sample.

this approach we estimated the value of f; as 11 and 9%
at 90 and 80°C, respectively. The direct measurement
of the disproportionation probability according to
NMR data gives fi, < 2% at 60°C [13]. It follows that
the probability of disproportionation decreases sig-
nificantly with decreasing temperature.

This circumstance allowed us to increase the
PMMA vyield up to 60% at 80°C. Moreover, under
such conditions, the molecular weight of the polymer
can be increased with an increase in the monomer
conversion (Table 1). The same features are character-
istic of the polymerization of MMA involving di-ter?-
butyl nitroxide. However, even under these condi-
tions, polymerization decays and does not reach the
complete conversion of the monomer into polymer

(Fig. 1).

Obviously, the nature of substituents in the 2 and 6
positions of the piperidine nitroxide should affect the
probability of disproportionation. However, there are
very few corresponding experimental data. According
to our data, the TEMPO analog with 2,6-cyclohexyl
substituents disproportionates even faster than
TEMPO: the complete conversion of nitroxide to
hydroxylamine (and, accordingly, the termination of
polymerization) occurs at 80°C in just 15 min. The
MMA conversion does not exceed 4%.

The effect of the nature of substituents in imidazo-
line nitroxides on disproportionation with low molec-
ular weight radicals, model for the MMA growing rad-
ical, fert-butyl isobutyrate and nitrophenyl isobutyr-
ate, was described [2, 3, 17, 18, 22—24]. The
disproportionate probability decreased from 23 to
0.3% in the following sequence:

SN .
V >:EEN% PEnOE %}“@» "
Q 1\{0' 1\{0. O o. N\o. 0.

As can be seen, the rule that the probability of dis-
proportination decreases with an increase in the size of
substituents at positions 2 and 5 is fulfilled.

The nature of the alkyl substituent in alkyl methac-
rylate, according to the authors of [18], does not sig-
nificantly affect the disproportionation rate. Never-
theless, as the authors themselves showed, when pass-
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ing from fert-butyl isobutyrate radical to p-nitrophenyl
isobutyrate, the probability of disproportionation with
TEMPO increases by 1.5 times (from 2.2 to 3.5%).

In recent years, new nitroxides have been synthe-
sized which hardly disproportionate with low molecu-
lar weight radicals (f, < 1%) imitating MMA growing
radicals. These are the following [3, 23]:
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n-Bu
t-Bu

N2

Just they are considered now as potential agents for the
controlled synthesis of PMMA [24].

However, it should be borne in mind that, even in
the case when the decomposition products of the
alkoxyamine initiator themselves cannot dispropor-
tionate in an inert medium, such a possibility appears
as soon as MMA growing radicals are formed in the

Conversion, %
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Fig. 1. (a) Integral and (b) differential kinetic curves of
MMA polymerization. [MMA] = 9.4, [4-hydroxy-
TEMPO] = 0.01, and [AIBN] = 0.01 mol/L. 7= (1) 80,
(2) 84, (3) 90, and (4) 96°C. Color drawings can be viewed
in the electronic version.
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system. For example, nitroxide N2 does not really dis-
proportionate with the ethyl isobutyrate radical in
benzene and chlorobenzene. However, when the inert
reaction medium is replaced with the MMA mono-
mer, already 5 min after the start of polymerization,
the system contains 3% hydroxylamine, and after
20 min, its concentration increases to ~15% and does
not change further [25].

A similar result was observed when studying the
behavior of nitroxide

OH

N

0
N1

In an inert medium, the probability of dispropor-
tionation was low. However, in the monomer medium,
already in 15 min, all the nitroxide was converted to
hydroxylamine [25].

This means that high molecular weight radicals dis-
proportionate much better than their low molecular
weight counterparts.

The same pattern is typical of unsubstituted
TEMPO. It was mentioned above that its proportion
of disproportionation during the polymerization of
MMA is 20%. However, if PMMA radicals are
replaced with their low molecular weight analogs it
decreases to 3—4% [17, 26].

The data on the disproportionation of PMMA rad-
icals with nitroxide SG1 are very contradictory. Previ-
ously, it was believed that such a reaction does not
occur at all since PMMA does not contain terminal
double bonds [1, 27]. The kinetic modeling of this
process under the assumption of bimolecular dispro-
portionation gives kyp = 1.7 x 103 (mol/L)~! s~! which
corresponds to fi, = 8.5%. [28]. A direct experiment on
the model reaction between the methyl isobutyrate
radical and SG1 gave the same value [16]. However, in
[29], the proportion of disproportionation products in
PMMA obtained with SG1 ranged from 64 to 100%.
Finally, the authors of [30] assume a different intra-
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molecular disproportionation mechanism, the prod-
ucts of which are PMMA with the terminal double
bond and SG1 N-oxide. It was suggested that these
disagreements are caused by the presence of residual
oxygen in the polymer [2]. Indeed, in less degassed
solutions, that is, under conditions of conventional
degassing by evacuation with an oil pump or bubbling
with an inert gas, the alkene content in the reaction
products is 25% versus 90% for products degassed in a
high vacuum.

Note that a sharp increase in the proportion of dis-
proportionation is observed for nitroxide SG1 as well
when passing from the reaction with the low molecular
weight radical to the reaction with a poly(methyl
methacrylate) radical [2].

Thus, in all the systems described, the dispropor-
tionation reaction in the monomer proceeds much
faster than that in an inert solvent. In other words, the
probability of disproportionation for a high molecular
weight growing radical is significantly higher than that
for a low molecular weight one.

In recent years, there have been high expectations
of DPAIO nitroxide in the nitroxide-mediated polym-
erization of MMA.

In its presence, the controlled polymerization of
MMA can be carried out up to a conversion of 60%
[4]. This is due to the fact that the disproportionation
reaction with MMA radicals is not typical of this
nitroxide. Indeed, it was shown experimentally that
such a reaction between DPAIO and the radical

is absent [17]. For the PMMA radical, as far as we
know, there is no such information yet. Note that the
radical polymerization of MMA also decays in the
presence of this nitroxide [4].

Interesting data were obtained quite recently for
the polymerization of MMA with an alkoxyamine ini-
tiator, which the authors called Dispolreg 007 [31, 32]

POLYMER SCIENCE, SERIES C  Vol. 63
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Unlike SG1 and DPAIO, the nitroxide of this com-
pound contains two H atoms in o positions with
respect to the N—O group, which, according to the
authors, prevents disproportionation. Indeed, the
value of f during MMA polymerization initiated by
Dispolreg 007 at 90°C is only 0.2% and the proportion
of disproportionation products in the final polymer
does not exceed 1%. The polymer yield reaches 90%.
Note that M, hardly increases during polymerization
but is close to theoretical at a conversion of 100%.

Thus, disproportionation is an important but not
the only reason that prevents the implementation
of the reversible inhibition mechanism in MMA
polymerization.

INGOLD—-FISCHER PERSISTENT RADICAL
HYPEREFFECT

It is well known that the polymerization of vinyl
monomers occurs against the background of a high
concentration of free nitroxide (several orders of mag-
nitude higher than the concentration of growing radi-
cals). This is a consequence of the realization of the
persistent radical effect, the Ingold—Fischer effect
[33-35].

The nature of this effect can be easily understood
from the simplest scheme of polymerization initiated
by the alkoxyamine initiator RX. The decay of RX
yields nitroxide X* and an alkyl radical R- starting
chain growth

RX' 5> R"+ X,
R’ + 1M — P..

For primary growing radical P, , the recombination
reaction with both nitroxide and another growing rad-
ical is equally probable

P +X - PX

In the latter case, each event of square-law termi-
nation of macroradicals leads to the formation of a
dead chain and two free nitroxide radicals X:. That is
why, at the beginning of polymerization, there is an
intense accumulation of nitroxide radicals in the sys-
tem.

This usually occurs at the initial short period (from
10 min to 2—3 h), and then the concentration of
nitroxides hardly changes. In terms of relative value,

and P, +P, — loss.

No. 1 2021
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Fig. 2. Time dependences of the concentration of (a) N1
and (b) N2 for MMA polymerization. [Al] = [A2] = (1)
0.03, (2) 0.01, and (3) 0.003 mol/L; 7= 80°C. Here and
below, the data obtained for bulk polymerization in vac-

uum are presented.

the fraction of released nitroxide is from 0.1 to 1% of
the initial initiator. On the hand, this concentration is
not enough to stop the process; on the other hand, it is
quite sufficient for an almost complete suppression of
further irreversible loss of macroradicals. In this case,
the mode of reversible inhibition is realized which is
characterized by the establishment of an equilibrium
between the reaction of reinitiation and the reversible
termination of growing chains on nitroxides. Although
it is not possible to completely suppress the square-law
termination and other side reactions, the fraction of
living macromolecules remains predominant up to
limiting conversions. Such a picture is observed for the
polymerization of styrene mediated by TEMPO, SG1,
imidazoline, indoline, and other nitroxides. In the
polymerization of alkyl acrylates and other acrylic
derivatives, the concentration of free nitroxide accu-
mulated according to the Fischer effect is lower and
insufficient to suppress the square-law termination of
No. 1
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macroradicals. Therefore, an additional amount of
free nitroxides is initially added to these systems.

A distinctive feature of MMA polymerization is the
Fischer hypereffect. According to our studies, in a
short initial period, the concentration of free nitroxide
reaches 5—20% of the concentration of the initial ini-
tiator.

Let us consider this feature for the polymerization
of MMA initiated by alkoxyamines using the example
of initiators Al and A2 based on nitroxides N1 and N2:

OH
oo
N o
0
7&0
07 >0 HO k
A2

Al

On the kinetic curves of change in the concentra-
tion of nitroxide, as in the polymerization of styrene
[33], two regions can be distinguished (Fig. 2). In the
first region, an increase in nitroxide concentration is
observed, which is associated with the square-law ter-
mination of primary radicals. In the second region,
the TEMPO concentration reaches a constant value.
The higher the initial concentration of the initiator,
the more free nitroxide is released.

o -Z

For the piperidine initiator Al, the fraction of
nitroxide in the second region is 10—20% of the initial
concentration of Al (Fig. 2a). In this case, accumula-
tion occurs in a short initial period of 10—15 min.
Almost the same regularity is characteristic of the
imidazoline initiator A2 (Fig. 2b).

For the polymerization of MMA proceeding in the
presence of binary systems radical initiator—nitroxide,
the effect of accumulation of stable radicals is some-
what different from that considered above.

On the kinetic curves of change in nitroxide con-
centration of (Fig. 3), an additional short initial region
of a sharp drop appears, which is due to the rapid
decomposition of the initiator and the capture of pri-
mary radicals by nitroxides. Then, the same regions of
growth and reaching the limiting inhibitor concentra-
tion are observed as in the polymerization of MMA
initiated by alkoxyamines. The role of the latter is
played by adducts of primary growing radicals with
nitroxides formed in situ.

In these systems, the concentration of free nitrox-
ide is also fairly high. For example, in the polymeriza-
tion of MMA carried out in the presence of the
AIBN-TEMPO system at 120°C, it is 1.5 orders of
magnitude higher than that for styrene under the same
conditions (Fig. 3a).
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Fig. 3. Time dependences of TEMPO concentration for the polymerization of (a, b) MMA and (a) styrene at 120°C. a: (/) MMA
and (2) styrene; [AIBN] = 0.01 mol/L and [TEMPO], = (/) 0.01 and (2) 0.012 mol/L; b: [AIBN] = [TEMPO], = (/) 0.1,

(2) 0.01, and (3) 0.0025 mol/L.

A decrease in the initial concentration of TEMPO
while maintaining the molar ratio of AIBN—TEMPO
leads to a decrease in its fraction in the stationary
region. As in the case of styrene polymerization [37],
dilution of the monomer with a solvent causes a sharp
increase in the steady-state concentration of TEMPO
(Table 2).

From a comparison of the curves of the change in
the concentration of nitroxide (Figs. 2, 3b) with the
Kinetic data [25, 36], it follows that the polymerization
of MMA both initiated by alkoxyamines and with
binary systems radical initiator—nitroxide is possible
only in the initial period when the concentration of
free nitroxide is small. This corresponds to the first
region on the curves in Fig. 2 and the “pit” on the
curves in Fig. 3b. On the stationary region, polymer-
ization is almost completely stopped. This is the fun-

POLYMER SCIENCE, SERIES C  Vol. 63

damental difference between the polymerization of
styrene and MMA mediated by nitroxides. If for sty-
rene stationary conditions are the main stage of
polymerization, in which living chains grow in the
reversible inhibition mode, then for MMA this is a
dead region, in which owing to the high concentration
of free nitroxide the equilibrium between the growing
and dormant chains shifts to the side of the latter and
polymerization decays until it stops completely. Note
that, at an initial concentration of AIBN and TEMPO
of 0.1 mol/L, when the concentration of free TEMPO
does not fall below 10~3 mol/L, the polymerization is
inhibited completely.

Thus, in all the studied systems (with piperidine
and imidazoline nitroxides, in bulk and solution
polymerization, in initiation with alkoxyamines, and
in the presence of AIBN—nitroxide binary systems),

No. 1 2021
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Table 2. The fraction of TEMPO released during MMA
polymerization (7= 120°C)

Fraction of
[AIBN], mol/L [X*]y, mol/L released TEMPO,
%
0.10 0.10 15
0.010 0.010 12
0.012 0.010 10
0.0025 0.0025 8
2x 1074 2.4 %107 4 [36]
7 % 1073 8 x 1073 4[36]
0.036* 0.030* 33%

* Polymerization in 50% benzene solution.

the MMA polymerization is characterized by the
hypereffect of accumulation of stable radicals. The
reason for this phenomenon will be discussed below.

The degree of its manifestation in the polymeriza-
tion of MMA can be reduced by lowering the reaction
temperature. As seen in Fig. 4, with a decrease in tem-
perature to 80—90°C, the concentration of free
TEMPO decreases to 1074—10~> mol/L. Under such
conditions, as noted above, the polymerization of
MMA proceeds up to a conversion of 50—60%. In this
case, not only the probability of disproportionation
decreases, but also the effect of accumulation of stable
radicals degenerates. However, even in this case, the
polymerization of MMA mediated by TEMPO decays
over time.

The experiments show that there is one more rea-
son, along with disproportionation, due to which
MMA cannot polymerize by the mechanism of revers-

log[T"]

ible inhibition: the equilibrium between the dormant
and growing chains is shifted toward the former under
the action of a high concentration of free nitroxide
accumulating in the system. For nitroxides that are not
prone to disproportionation, such as N2, just this fac-
tor is the main reason for the decay of polymerization.

It should be noted that for the first time the
assumption about the decay of MMA polymerization
due to the accumulation of nitroxides during polymer-
ization was made in 1998 on the basis of kinetic mod-
eling [13]. However, the calculations were performed
using constants of elementary events far from reality,
unknown at that time.

HIGH INITIATION RATE AND ABNORMALLY
LOW TERMINATION RATE

Naturally, the question arises: What is the reason
for such a pronounced effect of accumulation of stable
radicals? In our opinion, this is the result of a large dif-
ference between the rate constants of reversible and
irreversible termination and a high value of the reiniti-
ation rate. The rate of accumulation of nitroxides will
depend on the ratio of the rates of these reactions.

It is obvious that the degree of manifestation of the
Fischer effect will increase with the increase in the dif-
ference in the rates of irreversible and reversible termi-
nation. What is less obvious is that it will increase with
an increase in the rate of reinitiation. The physical
meaning of this phenomenon is an increase in the
probability of square-law termination of a large num-
ber of primary radicals at the beginning of polymeriza-
tion. This reason, as the main one hindering the
implementation of the living mechanism of nitrox-
ide-mediated polymerization of MMA, was men-
tioned in [33].

0 100

200

400
Time, min

300

Fig. 4. Time dependence of the concentration of 4-hydroxy-TEMPO for the polymerization of MMA in bulk at (/) 80, (2) 84,
(3) 90, and (4) 96°C in the presence of 0.01 mol/L of AIBN and 0.01 mol/L of 4-hydroxy-TEMPO.
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Table 3. Comparison of the constants of elementary events for the reactions of nitroxides with the growing radicals of

styrene and MMA

ZAREMSKI, ODINTSOVA

Nitroxide Growing radical kg % 103s71/T, °C ky % 10°M-1g! kx x 107 M1 5!
TEMPO MMA 3/93[36] 1.6 [36] 60
Styrene 0.2/100 [37, 38] 15 [33] 30
SG1 MMA 2400/120 [39] 0.014 [1] —
Styrene 3.4/120 [40] 0.26 [27] —
Styrene 11/120 [41] 0.5 [42] -
Styrene 0.6 [40] —

* Average data [43].

According to the simplest Fischer model, the con-
centration of nitroxide X is proportional to the ratio
[34, 35]

[X] ~ (kki k)" 2)

While for the polymerization of styrene and alkyl
acrylates mediated by nitroxides the values of both ter-
mination constants are approximately equal [33], for
MMA, the value of ky is one or two orders of magni-
tude lower than k, [25]. Moreover, the value of k, for
nitroxide adducts of PMMA is one to two orders of
magnitude higher than that for the adducts of PS [25].
This feature was considered in detail in our work using
the example of imidazoline nitroxides [25]; therefore,
here we will restrict ourselves to only comparing these
constants for other known systems (Table 3).

Using the table values, we find that the parameter

(k. /ky)"? increases on going from a polystyrene
radical to a poly(methyl methacrylate) radical by a
factor of 30 and 500 for nitroxides TEMPO and SG1,

logh
1.8

1.4}

1.2+

1.0

respectively. All the factors should lead to an increase
in the concentration of free nitroxide by tens to hun-
dreds of times, which is observed in the experiment.

DEPENDENCE OF POLYMERIZATION RATE
ON INITIATOR CONCENTRATION

According to the Fischer model [34, 35], the
polymerization of vinyl monomers at the stage of
accumulation of nitroxides is characterized by the
order of the reaction rate n with respect to the concen-
tration of alkoxyamine initiator equal to 1/3. Our data
give the values of # = 0.37 and 0.53 for the initial rate
of MMA polymerization initiated by A2 and Al,
respectively (Fig. 5). In the first case, the kinetics of
polymerization obeys the indicated law. In the second
case, the order with respect to the initiator is indicative
of the predominant square-law termination of growing
radicals in comparison with the reversible one. Unfor-
tunately, we failed to find information on the order

-2.5

-2.0 -1.5
log[I]

Fig. 5. Dependence of the initial rate of polymerization of MMA with participation of (/) Al and (2) A2 on initiator concentration

in logarithmic coordinates. 7= (/) 100 and (2) 80°C.
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with respect to initiator for other cases of MMA
polymerization mediated by nitroxides.

INFLUENCE OF VARIOUS FACTORS
ON THE KINETICS OF MMA
POLYMERIZATION MEDIATED
BY NITROXIDES

It follows from the above that the absence of the dis-
proportionation reaction between MMA growing radi-
cals and nitroxides is a necessary but not sufficient con-
dition for the process to proceed in the reversible inhibi-
tion mode. In addition, free nitroxide should not
accumulate in such amounts that completely suppress
polymerization owing to the shift of equilibrium toward
dormant chains. Currently, there are two approaches to
shift the equilibrium toward dissociation, copolymeriza-
tion with a more active monomer and lowering the back-
ground concentration of nitroxide.

The first approach is based on the fact that even a
small addition (sometimes only a few percent) of an
active monomer (e.g., styrene) can direct the process by
the mechanism of reversible inhibition because living
nitroxide adducts with the terminal radical of the active
monomer will be predominantly formed. This method
was first described in [44], substantiated in [45], and
discussed in detail in the review [11]. Here we will focus
on the second approach, which involves reducing the
background concentration of nitroxide. It was men-
tioned above that this can be reached by lowering the
polymerization temperature. The same result can be
achieved using special additives. These include strong
acids, polar compounds, and radical initiators.

Weak acids have no noticeable effect on nitroxide-
mediated polymerization. This is convincingly evi-

Hs
/\/\/CHZ _(|:. .
COOCHj3;

This mechanism of TEMPO hydrolysis was ascer-
tained experimentally by boiling TEMPO in sulfuric
acid [51].
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denced by the fact that the mechanism of polymeriza-
tion of acrylic acid does not differ from the mecha-
nism of polymerization of alkyl acrylates [46, 47]. On
the contrary, strong organic and mineral acids signifi-
cantly increase the rate of such polymerization. This
approach was first applied in 1996 by the example of
using camphor sulfonic acid in the polymerization of
MMA mediated by TEMPO [48]. Upon addition of
an acid equivalent relative to nitroxide, the PMMA
yield increased from 16 to 40%, the value of M, grew

from 2 x 10*to 4 x 10%, but at the same time the MWD
broadened (the value of P changed from 1.5 to 2.5).
The “accelerating” effect was explained by the proton-
ation of the nitroxide group in the polymer adduct,
which, according to the authors, facilitated dissocia-
tion of the C—ON bond.

Unusual results were reported [49, 50] for the
TEMPO-mediated polymerization of MMA carried
out in the presence of sulfuric acid. With the addition
of a sevenfold excess of acid with respect to the alkoxy-
amine initiator based on TEMPO and 4-oxo-
TEMPO, the polymerization of MMA proceeded
according to the mechanism of reversible inhibition at
both 70 and 130°C. The MMA conversion in both
cases reached 90%, and the dispersion of PMMA at
limiting conversions was 1.04—1.15. Finally, not only
the kinetic dependence In([M],/[M]) = f{(r) but also
the dependence of conversion on the polymerization
time was linear up to the limiting conversions. Accord-
ing to the authors, the role of sulfuric acid is that it
“removes” free TEMPO from the polymer, converting
it into hydroxylamine, thereby avoiding dispropor-
tionation between the growing radical and nitroxide:

+
C—-*'HO—N
COOCH3
+
HO—N +0=N
H,0

traces

According to our data, sulfuric acid performs a
double function: firstly, it instantly “binds” a part of
the nitroxide close to equivalent, and, secondly, it
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Fig. 6. Dependence of TEMPO concentration for the
AIBN-initiated polymerization of MMA in the presence

of H,SO4 at 80°C. (1) [T*] = [AIBN] = 0.1 and [H,SO4] =
0.7 mol/L, (2) [T*] = [AIBN] = 0.05 and [H,SO4] =
0.035 mol/L, (3) [T*] = [AIBN] = 0.05 and [H,SO,] =
0.05 mol/L, (4) [T*] = [AIBN] = 0.05 mol/L (without
acid), and (5) [T*] = [AIBN] = 0.01 mol/L (without acid).

continues to react with free TEMPO during polymer-
ization, which contributes to a significant decrease in
its concentration. The addition of sulfuric acid in an
amount of 70 and 100% of the initial concentration of
TEMPO leads to a decrease in its background concen-
tration during MMA polymerization by 2 and 2.5
orders of magnitude, respectively (Fig. 6). Naturally,
this causes a sharp increase in the polymerization rate
(Fig. 7). However, in these cases, the polymerization
also proceeds in the decaying mode and the limiting
conversion does not exceed 60%.

Conversion, %

ZAREMSKI, ODINTSOVA

With a multiple (sevenfold or higher) excess of sul-
furic acid, the protonated form of TEMPO arises as a
red oil that is incompatible with MMA and does not
take part in polymerization. In this case, the monomer
is polymerized according to the usual mechanism with
a typical pronounced gel effect (Fig. 7, curve ).

It should be noted that the approach involving the
introduction of small additions of sulfuric acid allowed
us to carry out the controlled copolymerization of
MMA with poly(ethylene glycol) methacrylate. As
seen in Fig. 8a, the copolymerization rate and copoly-
mer yield increase with increasing acid content. The
reason for this effect, as in the homopolymerization of
MMA, is a decrease in the concentration of the free
inhibitor against the background of which polymeriza-
tion proceeds (Fig. 8b). Despite the fact that copoly-
merization proceeds in the decaying mode, the
molecular weight of the copolymers increases linearly
with conversion at a low value of the polydispersity
coefficient (Table 4).

Note that this additive has an adverse effect on the
polymerization of MMA mediated by N2. Polymer-
ization proceeds during the first few minutes, reaches
a conversion of 8—10%, and then is inhibited.

Among the highly polar compounds, malononitrile
[52] and trifluoroacetic anhydride (TFA) are used
most effectively in the nitroxide-mediated polymer-
ization of MMA [53]. The nature of their effect is not
completely clear. Interestingly, acetic anhydride,
which is widely used to increase the rate of styrene
polymerization mediated by TEMPO [54—56], was
inefficient in the polymerization of MMA. It has
almost no effect on the concentration of nitroxide in
the polymerization of MMA initiated by Al (Table 5).
On the contrary, TFA makes it possible to obtain nar-
rowly dispersed and high molecular weight PMMA in
the presence of TEMPO [53]. With an equivalent
addition of TFA, the PMMA vyield increases to 50%,
and the dispersion decreases to 1.17; with a 2.5-fold
excess of TFA, these values are 96% and 1.14, respec-

w/[M] x 103, s7!

90 - 3r
60 F 2r
30 1
et I I ] 0 y
0 50 100 150 200 0 50 100 150 200
Time, min Time, min

Fig. 7. (a) Integral and (b) differential kinetic curves of MMA polymerization in the presence of the system TEMPO—AIBN—
H,S0O, at 80°C. [TEMPO] = [AIBN] = (1, 2) 0.1 and (3) 0.05 mol/L and [H,SO4] = (1) 0.7, (2) 0.07, and (3) 0.035 mol/L.

POLYMER SCIENCE, SERIES C  Vol. 63

No. 1 2021



KINETIC FEATURES OF THE RADICAL POLYMERIZATION

Conversion, %
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Fig. 8. (a) Kinetic curves and (b) changes in TEMPO concentration for the copolymerization of MMA—PEGMA (10 wt %) in
presence of the system AIBN—TEMPO—H,SO, at 90°C. [TEMPO] = [AIBN] = 0.1 mol/L and [H,SO4] = (1) 0.07 and

(2) 0.035 mol/L.

tively. However, the process cannot be called control-
lable, since M, increases linearly only up to a conver-
sion of 60% and the MW values are an order of magni-
tude higher than theoretical ones.

According to our data, the effect of TFA on the
polymerization of MMA involving Al is less pro-
nounced. When an equivalent to a fivefold excess of
TFA is added, the nitroxide concentration decreases
by an order of magnitude (Fig. 9). As a result, the
polymer yield increases to 20% (Fig. 10). The molec-
ular weight of the polymer does not increase so notice-
ably (Table 5). TFA in essence “does not work” in the
case of imidazoline nitroxides: the degree of conver-
sion hardly changes (Fig. 11a), and the nitroxide con-
centration remains at the same level (Fig. 11b). The
MW values are comparable with the results obtained
during polymerization without the addition of TFA
(Table 6). The reason for this phenomenon has not yet
been explained.

Table 4. Yield and molecular weight characteristics of the
PMMA—-PEGMA copolymers (JAIBN] = [TEMPO] =
0.05 mol/L and [H,SO,4] = 0.035 mol/L; 7= 80°C)

Fraction of Tim Conversion
PEGMA, ne, |LOMVEISION, |  10-3|  p
min % n
wt %
10 105 22 33.7 1.2
125 40 44.6 1.3
150 59 52.4 1.4
250 88 67.7 1.4
30 115 11 28.5 1.2
122 22 41.7 1.4
250 53 71.4 2.5
POLYMER SCIENCE, SERIESC Vol.63 No.1 2021

The effect of polar additives on the polymerization
of MMA mediated by aromatic p-dimethoxydiphenyl
nitroxide was studied in detail [57]. In the sequence
diethyl malonate < acetylacetone < malononitrile, the
polymerization rate increases by an order of magni-
tude. It increases in proportion to the amount of addi-
tive in the range from an equivalent to a threefold (with
respect to the initiator) excess, and then it stops
changing. In all systems, there is the linear growth of
M. of the polymer to a conversion of 70% and the dis-
persion is 1.3—1.5. Interestingly, the effect of malono-
nitrile is based not on a decrease in the background
concentration of free nitroxide during polymerization,
but on a twofold increase in the rate constant of reini-
tiation. Note that camphor sulfonic acid has no signif-
icant effect on the polymerization of MMA mediated
by this nitroxide.

To accelerate the polymerization of MMA medi-
ated by nitroxides, we tried to use metal salts, such as
ZnCl, or iron ammonium sulfate, but polymerization
remained uncontrolled [50].

The rate of nitroxide-mediated polymerization of
MMA may be increased and the process switched to the
reversible inhibition mode by adding a high-tempera-
ture initiator. The latter supplies additional active radi-
cals to the system, “binds” the free nitroxide, and
thereby shifts the equilibrium toward dissociation. In
this case, the term “high-temperature initiator” in rela-
tion to AIBN is not entirely successful. It implies that
the rate of additional initiation with its help is much less
than the rate of reinitiation. For the polymerization of
MMA initiated by Al or A2, such an initiator can be
AIBN, the half-life of which is an order of magnitude
longer than that of the named alkoxyamines.

To reach a noticeable effect on the polymerization
of MMA initiated by alkoxyamine Al, it is necessary to
add AIBN at a molar ratio of (0.5—1.0) : 1 with respect
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Table 5. Yield and molecular weight characteristics of PMMA obtained with the participation of 0.01 mol/L of adduct A1l

at 80°C

Additive

Additive concentration, Time, min Conversion, % M, % 103 b
mol/L

- - 500 7 5.5 1.6

AA 0.010 500 6 3.5 1.9

TFA 0.010 500 20 7.4 1.6

AIBN 0.005 500 36 18.7 2.6

AIBN 0.010 500 54 16.2 3.0

to Al. This makes it possible to lower the concentra-
tion of free nitroxide by more than an order of magni-
tude and, accordingly, to increase the degree of con-
version by more than 10 times (Figs. 9, 10). The more
initiator in the system, the better the polymerization
proceeds. Comparison with the system without addi-
tive shows that the M, of the polymer increases by
almost two times, but the dispersion also increases
(Table 5). The latter is obviously associated with the
constant supply of additional radicals to the system
initiating the nucleation of new chains.

The same regularities are characteristic of the
polymerization of MMA initiated by A2. AIBN sig-
nificantly lowers the concentration of nitroxide, which
makes it possible to bring the monomer conversion to
86% (Fig. 11), that is, to the limiting value. The
molecular weight of the polymer increases by a factor
of 5 during polymerization (Table 6).

and/or

In other words, the nitroxide itself plays the role of a
high-temperature initiator. As a consequence, two pos-
itive effects are realized: firstly, the concentration of the
free inhibitor decreases, and, secondly, new active
growing radicals are supplied, which prevents the decay
of MMA polymerization. The negative effect of this

POLYMER SCIENCE, SERIES C  Vol. 63

It is important that the dependence of the molecu-
lar weight of PMMA on conversion does not change
upon the addition of TFA and AIBN. Although the
experimental points lie below the theoretical straight
line, they are close to those observed in the absence of
additives at the same conversions (Fig. 12). This
means that the additives do not affect the growth
mechanism of the molecular weight of macromole-
cules but only prolong this process to higher conver-
sions. Thus, the addition of AIBN and TFA increases
the rate of MMA polymerization but does not com-
pletely prevent “decay.”

The polymerization of MMA mediated by DPAIO
can also be assigned to the category of processes “with
the addition of high-temperature initiators.” The
specificity of this nitroxide is that, in the course of
polymerization, its partial destruction occurs to gen-
erate an active O-centered radical [4, 58, 59].

“destruction,” naturally, is the broadening of the MWD
of the product. Under typical conditions, the polymer-
ization of MMA mediated by DPAIO at 130°C runs
until a conversion of 60%. In this case, the M, of the

polymer grows linearly and reaches (40—70) x 103 and
the dispersion of PMMA is 1.4—2.4.

No. 1 2021
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Fig. 9. Time dependence of the concentration of nitroxide
radicals for the polymerization of MMA in bulk in the
presence of 0.01 M of adduct Al at 80°C (/) without addi-
tives and using 0.01 mol/L of (2) TFA and (3) AIBN.

It should be noted that all the regularities and
effects described above refer to the polymerization of
MMA involving low molecular weight nitroxides. In
addition to them, to control the process, it was pro-
posed to use macronitroxides which were obtained in
situ from spin traps (nitrons) [60—63]. As a result, it
was possible to lower the polymerization temperature
to 40—50°C and increase the PMMA yield to 80%;
there was the linear growth of M, with conversion

Conversion, %
60

40

20

25

[60—62]. However, the molecular weight of the poly-
mer was more than an order of magnitude higher
than that predicted by theory and the width of the
molecular weight distribution was of the same order
of magnitude as that in the case of low molecular
weight nitroxides. Unfortunately, we were unable to
find information on the change in the concentration
of nitroxides, the presence of disproportionation,
and the values of the constants of elementary events
in the case of MMA polymerization mediated by
macronitroxides.

CONCLUSIONS

In conclusion, let us give examples of the successful
controlled polymerization of MMA mediated by
nitroxides over the past five years, that is, since the
publication of the last review [11].

Aromatic nitroxides began to be used for the first
time for these purposes [57]. As noted above, polym-
erization in their presence ends at the initial conver-
sions, as for most nitroxides. However, the use of var-
ious “accelerating” additives makes it possible to
accomplish the controlled polymerization of MMA up
to a conversion of 70% and to synthesize PMMA with
a molecular weight of up to 60 x 10? and dispersion of
~1.3—1.4.

The search continues for new nitroxides which
would make it possible to simultaneously carry out the
controlled polymerization of MMA and other mono-
mers. It is reported that block copolymers PS—block—
poly(butyl methacrylate) and PMMA—block—PS can
be synthesized in the presence of Dispolreg 007 [32].
However, the value of D ~ 2 for the copolymers is

Fig. 10. Time dependences of conversion for the polymerization of MMA in bulk in the presence of 0.01 M of adduct A1 at 80°C
(1) without additives and using (2) 0.01 and (3) 0.05 mol/L of TFA and (4) 0.005 and (5) 0.01 mol/L of AIBN.

POLYMER SCIENCE, SERIESC  Vol.63 No.1 2021
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Fig. 11. Dependences of (a) conversion and (b) nitroxide concentration for the polymerization of MMA in bulk in the presence
of 0.01 M of A2 adduct at 80°C (/) without additives and using 0.01 mol/L of (2) TFA and (3) AIBN.

clearly higher than that for controlled polymerization.
The random copolymers of MMA with butyl acrylate
obtained with the same nitroxide are characterized by
a high yield (more than 80%), MW coinciding with
that calculated according to the law of living chains,
and D~ 1.5—-1.6 [10].

One of the effective tools for improving control in
the nitroxide-mediated polymerization of MMA is to
lower the reaction temperature, which allows one to
minimize the contribution of side reactions. There-
fore, the most interesting works concern photopoly-
merization. For example, a photoactive alkoxyamine

Table 6. Molecular weight characteristics of PMMA
obtained by the polymerization of MMA in bulk with the
participation of A2 and additives TFA and AIBN (additive
concentration, 0.01 mol/L; 7= 80°C)

Additive | Time, min C"“V;;Sion’ M, x 1073 p2)
TFA 5.5 5 6.8 1.5
12 8 7.3 1.6
20 10 7.7 1.8
30 15 12.2 1.5
500 33 12.4 2.1
AIBN 9 20 8.4 2.6
17 27 10.5 2.3
29 32 20.4 1.5
64 45 27.8 1.6
500 86 40.8 1.8

POLYMER SCIENCE, SERIES C  Vol. 63

based on the quinoline derivative of TEMPO was syn-
thesized, which allowed the polymerization of MMA
at room temperature. Although from the point of view
of MW control this nitroxide did not meet expecta-
tions, it was effective in the stereo control of macro-
molecules: in its presence, the fraction of syndio triads
in PMMA increased from 46 to 60% [64].

Finally, the “copolymerization direction” contin-
ues to develop. Traditionally, styrene is used as an
active comonomer to improve the control of polymer-
ization of MMA. Recently, 4-vinylpyridine and a
number of halogenated styrenes have been successfully
used for this purpose [65, 66]. A small amount (5—
11%) of the aforementioned comonomers is sufficient
to transfer the uncontrolled polymerization of MMA
mediated by SG1 into the reversible inhibition mode.
This approach remains the main one for the design of
MMA-based copolymers of various structures
through polymerization mediated by SG1 [67—71].

Summarizing all the accumulated data on the
polymerization of MMA mediated by nitroxides, we
can draw some conclusions that are useful from the
practical point of view. The “additive method” is cur-
rently the main method for the controlled synthesis of
PMMA and its copolymers by nitroxide-mediated
polymerization.

Ongoing attempts to search for new nitroxides that
are incapable of disproportionation with MMA grow-
ing radicals may be unsuccessful, since the absence of
disproportionation is not the only reason for the dis-
ruption of the living polymerization mechanism. In
our opinion, the main efforts should be directed at the
search for such agents of controlled synthesis that
would allow polymerization of MMA at low tempera-
tures close to room temperature. It is under these con-
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Fig. 12. Dependence of the M, of polymer on conversion

for the polymerization of MMA in the presence of A2 (1)
without additives and using (2) TFA and (3) AIBN.
Straight line is the theoretical dependence. The synthesis
conditions are given in Table 6.

ditions that not only the contribution of dispropor-
tionation decreases but also the Fischer effect is
reduced to a minimum.
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